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Abstract: Bisphosphonates such as zoledronic, alendronic and risedronic acids are a class of drugs clinically used to prevent bone density loss and osteoporosis. Novel P-C-P bisphosphonates were synthesized for targeting human farnesyl pyrophosphate synthase (hFPPS) and human geranylgeranyl pyrophosphate synthase (hGGPPS), key enzymes of the mevalonate pathway, and capable of anti-proliferative action on a number of cell lines (PC3, MG63, MC3T3, RAW 264.7, J774A.1, bone marrow cells and their co-colture with PC3) involved in bone homeostasis, bone formation and death. Among sixteen compounds, [1-hydroxy-2- (pyrimidin-2-ylamino)ethane-1,1-diyl]bis(phosphonic acid) (10) was effective in reducing PC3 and RAW 264.7 cell number in crystal-violet and cell-dehydrogenase activity assays at 100 mM concentration. 10 reduced differentiated osteoclasts number similarly with zoledronic acid in osteoclastogenesis assay. At nanomolar concentrations, 10 was more effective than zoledronic acid in inducing mineralization in MC3T3 and murine bone marrow cells. Further, 10 significantly inhibited the activity of hFPPS showing an IC50 of 0.31 mM and a remarkable hydroxyapatite binding of 90%. Docking calculations were performed identifying putative interactions between some representative novel bisphosphonates and both hFPPS and hGGPPS. Then, 10 was found to behave similarly or even better than zoledronic acid as a antiresorptive agent.










1. Introduction
Advanced cancers usually spread from the primary tumor site to other parts of the body. Bone metastasis is the result of some tumors [1]. About three out of four cases of bone metastasis result from breast, prostate, or kidney tumors [2]. However, also thyroid, lung, bladder, renal and skin cancers, or multiple myeloma can spread to bone [3]. Almost 70% of people with advanced breast or prostate cancer have bone metastasis [3]. Bone metastases are a major clinical concern that can cause severe pain, bone pathological fractures, spinal cord compression, hypercalcemia, anemia, spinal instability, decreased mobility, and rapid degradation in the quality of life [3]. Three types of bone metastasis are known: osteolytic, characterized by destruction of normal bone, osteoblastic or sclerotic, in which there is a deposition of new bone, and mixed if a patient has both osteolytic and osteoblastic lesions [1]. Bisphosphonates (BPs) are primarily known for their ability to inhibit osteoclast-mediated bone resorption [4]. They are an indispensable part of therapy for patients with cancers that cause osteolysis. However, there is a growing body of evidence from preclinical research6 showing that BPs also exhibit antitumor activity [5]. They can affect molecular mechanisms of tumor cell adhesion, invasion, and proliferation; reinforce the effects of cytotoxic agents in a synergistic manner; and exhibit antiangiogenic and immunomodulatory effects [6].
These preclinical findings reveal exciting ways of optimizing BP therapy in oncology to fully exploit their antitumor potential. Currently, zoledronic acid (6, Fig. 1) is the most used BP to prevent and treat skeletal-related events (SREs) in metastatic castration-resistant prostate cancer (mCRPC) patients [7]. BPs are pyrophosphate structural analogues, where a carbon atom replaces the central oxygen atom, making the P-C-P backbone non-hydrolysable and hence more metabolically stable [6]. Furthermore, the P-C-P backbone structure allows the BPs binding to hydroxyapatite in bone tissue through the chelation of calcium ions [8-11]. Subsequently to bone adsorption phase, BPs are locally internalized by bone-resorbing osteoclasts [12-14] leading to cell apoptosis [15-19].
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Fig. 1. Representative active principle ingredients of non-N-BPs and N-BPs drugs.
Currently used BPs, despite their extensive use in therapy and their recognized therapeutic benefit, show side effects and severe reactions associated with accumulation in not target bone tissues and unselective cytotoxicity such as, for instance, osteonecrosis of the jaw. Therefore, novel BPs with improved profile are needed.
BPs are grouped into two classes, based on their biochemical targets and chemical structure [20-22]. To the first class belongs BPs without nitrogen (non-N-BPs, Figure 1), such as 1 (etidronate) and 2 (clodronate). They are incorporated into the corresponding non-hydrolysable β,γ-methylene analogs of adenosine 5’-triphosphate (ATP) [16,23], causing the osteoclast apoptosis via intracellular formation of toxic ATP-metabolites [16,24]. The second class is constituted by nitrogen-containing bisphosphonates (N-BPs, Figure 1), such as 3 (pamidronic acid), 4 (alendronic acid), 5 (risedronic acid) and 6 (zoledronic acid), that exert their action by suppressing bone resorption via inhibition of human farnesyl pyrophosphate synthase (hFPPS), a mevalonate pathway enzyme in osteoclasts [25-29].
hFPPS is active as a dimer [30], composed of 10 α-helices, and has highly conserved sequences [first aspartate rich motif (FARM), and second aspartate rich motif (SARM)] involved in the substrate binding [31]. This enzyme catalyzes the bio-synthesis of geranyl pyrophosphate (GPP) and farnesyl pyrophosphate (FPP) by successive condensations of isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP) [32]. FPP is in turn the substrate of the human geranylgeranyl pyrophosphate synthase (hGGPPS), by which is converted into geranylgeranyl pyrophosphate (GGPP).
The covalent attachment of the FPP or GGPP lipid tail to a highly conserved cysteine residue of a GTPase protein imparts the membrane localization of this protein, promotes specific interactions with other proteins and plays a crucial role in the control of intracellular trafficking. The isoprene moieties from FPP and GGPP are post-translationally incorporated into several proteins, including many members of the Ras family of small GTPases, which control cell growth and proliferation [33], and of Rho family of small GTPases, that are important mediators of cell migration [34].
Therefore, N-BPs cause the disruption of small GTPases prenylation through hFPPS and/or hGGPPS inhibition [35], leading to inactivity and apoptosis of the osteoclasts [20-22,25].
Herein, we report the design and synthesis of a novel set of BPs, their evaluation as hFPPS and hGGPPS inhibitors and as anti-proliferative agents of a number of cell lines (osteoblast-like murine cell line MC3T3, osteoclast-like murine cell line RAW 264.7 and J774A.1, human osteosarcoma cell line MG63, human prostate cancer cell line PC3, ex vivo murine bone marrow cells) involved in bone homeostasis and mineralization. The hFPPS and hGGPPS heterologous expression and purification and their use in the BPs inhibition assay are described in detailed. Hydroxyapatite affinity of the novel BPs is also reported together with their effect on bone marrow cells in co-colture with PC3, as a capability test to induce bone osteoblastogenesis and mineralization. Docking calculations were performed to rationalize the hFPPS and hGGPPS inhibitory activity of some representative novel bisphosphonates through the identification of putative interactions between such BPs and the two enzymes.


2. Results and discussion

2.1 Novel BPs Design
Structure–activity relationship studies of N-BPs confirm that the presence of two phosphonate residues [(HO)2OP-] in the molecule is crucial for the binding to the hFPPS that occurs through the interaction with the two Asp-rich motifs (FARM and SARM) via three Mg2+ ions coordination [36]. The complete removal or the replacement of a phosphate moiety with a bioisostere group (i.e., a carboxylate group) leads to a dramatic decrease of hFPPS inhibition [37]. In fact, the derivative of 5 in which the (HO)2OP-C-PO(OH)2 moiety is replaced by HOOC-C-PO(OH)2 was found to be 44,000-fold less active than 5. This is mainly due to the enzyme–inhibitor complex inability to be in a still active isomerized state.
The hydroxy group linked to the central carbon atom of the P-C-P structure contributes to hFPPS binding via polar interaction with Asp243. The absence of OH in the BPs molecule reduces the ability of the N-BP to hold the complex in the active isomerized state, leading to a decrease of the drug inhibitory activity. This result was confirmed by X-ray investigation of FPPS:6:IPP crystal, which shows that the presence of the hydroxy improves the packing with IPP by forming a stable ternary complex [37]. The side chain features of a number of hFPPS inhibitors led to identify two N-BPs sub-groups [38,39]: the alkyl-amino BPs [as in pamidronic acid (3) and alendronic acid (4), Fig. 1] and the heterocyclic N-BPs [as in risedronic acid (5) and zoledronic acid (6), Fig. 1].
The position of the nitrogen with respect to the P-C-P backbone represents a further crucial factor to be taken into consideration in the attempt to optimize the interaction of N-BPs and the enzyme binding site [40].
NMR studies and quantum mechanical calculations demonstrated that N-BPs bind to hFPPS in their protonated form [41]. The absence of a nitrogen atom in the BP molecules leads to a reduction of the inhibitory potency and complete loss of slow-binding kinetics [28].
The alkyl-amino group of BPs interacts with the hydroxyl of Thr201 or Tyr204, however, only the heterocyclic N-BPs make strong bifurcated hydrogen bonds in hFPPS binding site that explains the heterocyclic N-BPs higher hFPPS inhibitory potency than alkyl-amino BPs [41].
With the aim of discovering novel drugs useful to treat bone related diseases including metastatic SREs [7], we designed a new N-BPs set bearing nitrogen-containing heterocycles, such as pyrimidine, quinazoline, benzothiazole and benzimidazole. 
Preliminarly, 10-13 (Figure 2) were designed using 5 (risedronic acid) as a “lead compound”. Then, the pyridine ring and the methylene group present in the side chain of 5 were replaced by the pyrimidine nucleus and a NH moiety, respectively, possibly involved in additional hydrogen bonding in the hFPPS active site. Modifications in length of the spacer between the heterocycle and P-C-P backbone were also evaluated by compounds 11–13 (Figure 2).

Figure 2: Structure of compounds 10–28
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The same strategy was followed for the benzimidazole 26 and benzothiazole 27 and 28 derivatives; compound 26 is mimetic of 6 (zoledronic acid), and the presence of condensed aromatic ring would increase the molecule lipophilicity, a crucial determinant of BPs anti-resorptive activity. To gain a deeper understanding of the isosteric modification effects, the NH group was replaced by a sulfur atom obtaining the benzothiazole 27 and 28. 
To investigate the lipophilic effect on the pyrimidine scaffold, compounds 14-18 containing a quinazoline ring and their regioisomers 19-23 were designed.
Finally, compounds 24 and 25 (Fig. 2) were projected to evaluate the steric and electronic effects of an additional phenyl ring in position 2 on quinazolin-4-yl nucleus.
Then, a suitable synthetic strategy was identified for all new 10-28 BPs. The pure compounds were submitted to hFPPS and hGGPPS inhibition assays and were examined for their in vitro effect on the viability of PC3 human prostate cancer cell line, MG63 human osteosarcoma cell line, osteoclasts like murine cell lines J774A.1 and RAW 264.7, osteoblasts like murine MC3T3-E1 cells and ex-vivo murine bone marrow cells. The affinity for hydroxyapatite and the capability of these new drugs to induce in vitro mineralization were also investigated. Docking of some representative novel BPs into the active site of both hFPPS and hGGPPS was also carried out.

2.2 Chemistry
The synthetic strategy used to prepare the arylamino bisphosphonic acids 10-25 is depicted in Scheme 1. In particular, N-phthaloylglycine (B1) and N-phthaloylalanine (B5) were commercially available, whereas N-phthaloylamino acids B2-B4 were synthesized by reacting the aminoacids A1-A3 and phthalic anhydride. B1-B5 were converted into the corresponding acyl chlorides by thionyl chloride and used as reagents in a modified Arbuzov’s reaction [42], in which the phosphorylating agent was the tris(trimethylsilyl)phosphite (step c, Scheme 1). The silyl esters of the geminal bisphosphonic acid intermediates were hydrolyzed to compounds C1-C5. Deprotection of the amine group, achieved by 12 N HCl at reflux, affords N-BPs 3, 4, 7-9. Finally, arylamino bisphosphonic acids 10-25 were prepared through the amination reaction of the free amino group of the corresponding N-BPs and the appropriate heteroaromatic chlorides (2-chloropyrimidine, 2-chloroquinazoline, 4-chloroquinazoline and 4-chloro-2-phenylquinazoline). Such a reaction was performed in water and in the presence of K2CO3, the reaction temperature was modified from 90 to 180 °C, based on the reactivity of different starting compounds 3, 4 and 7-9 (see Experimental section). The reaction progress was monitored using 31P NMR, recorded on crude reaction mixture, by following the decreasing of the 31P NMR signal of each starting N-BPs. After removal of the solvent by evaporation, pure 10-25 were obtained by washing the crude reaction residue with hot ethanol or chloroform, followed by a crystallization (0.4 N HCl) at 5 °C.	Comment by PAF: This way was chosen instead of the most common synthetic procedures reported in literature in order to overcome the instability of N-aryl carboxylic chloride
The synthesis of benzoimidazole 26 and benzothiazole-bisphosphonic acid derivatives 27 and 28 is reported in Scheme 2. Their synthesis started from the preparation of the precursors E1 and E4, performed through bromide nucleophilic substitution in bromoacetic acid by 2-mercaptobenzoimidazole and 2-mercaptobenzothiazole. 2-Aminobenzothiazole acid E3 was obtained by hydrolysis of its ethyl ester E2, in turn obtained by reacting 2-aminobenzothiazole and ethyl bromoacetate. The benzoimidazole- 26 and benzothiazole- bisphosphonic acid 27 and 28 were prepared from the corresponding carboxylic acids by a mixture of phosphorous acid and phosphorus trichloride (Michaelis−Arbuzov reaction) [42], then quenched with water. The purification occurred by treating the crude reaction mixtures with charcoal. The filtrates were kept at room temperature to obtain white crystals of pure products.
[image: ]
Scheme 1. Synthesis of pyrimidine- and quinazoline-BPs. Reagents and conditions: a) phthalic anhydride, Et3N(cat.), toluene, reflux, 5 h; b) thionyl chloride, reflux, 2h; c) tris(trimethylsilyl)phosphite, THF, 0 °C to r. t., 15 min–overnight; d) MeOH, r.t., 1h; e) 12 N HCl, reflux, 5.5-20 h; f) ArCl, K2CO3, H2O, 90-180 °C, 5h – 25 h.
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Scheme 2. Synthesis of benzoimidazole- and benzothiazole-BPs. Reagents and conditions: a) 2-bromoacetic acid, KOH, EtOH, r.t., 3 h; or ethyl 2-bromo acetate, K2CO3, acetone, reflux, 16 h; b) HCl, dioxane, reflux, 3 h; c) PCl3, H3PO3, CH3CN, reflux, 5 h.




2.3 Biology
2.3.1 Effects of target BPs on osteoblasts and osteoclasts cell lines and cancer cell lines 
The novel synthesized compounds showed different capability in reducing cell number and cell dehydrogenases activity in murine pre-osteoclasts like J774A.1 and RAW 264.7 cells (Figure 3A, B), human pre-osteoblast MG63 and human tumour prostate cancer PC3 cell lines (Figure 3C, D). The maximal anti-proliferative effect of the novel BPs was evaluated in each cell line after 72 hours of incubation (Supporting information, Table S4), using the crystal violet (CV) assay. The data reported refer to the effects of the novel BPs at 100 M that is the lowest tested concentration inducing the saturating effect on the cell proliferation. The antiproliferative effects of the compounds have been investigated in range of concentrations 0.1-500 M.
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Figure 3. Anti-proliferative effects of zoledronic acid (ZOL) and novel synthesized compounds at 100 µM on murine pre-osteoclasts like cells J774A.1 (A), murine pre-osteoclasts like cells RAW264.7 (B), human osteosarcoma cells MG63 (C) and human prostate cancer cells PC3 (D). Cell viability was evaluated by crystal violet (CV) assay. Data are the mean ± E.S. of nine replicates and expressed as percentage (%) of proliferation changes. Negative value indicates a reduction of cell proliferation vs controls. Data were statistically different between groups as determined by ANOVA one way (p < 0.05). 

Even if a number of the new compounds affect the viability of the cell lines (Figure 3A, B, C, D), the anti-proliferative profile of compound 10 appeared to be similar to that of zoledronic acid being effective in all cell lines. Based on this result, the compound 10 was further investigated in cell dehydrogenase activity (DH) assay in comparison with zoledronic acid (ZOL), alendronic acid (ALE) and risedronic acid (RIS) used as references being the pharmaceutical active principle ingredients of drugs already approved to treat bone metastases and staurosporine (STS) (Figure 4A, B, C, D). STS is a well-known apoptotic agent acting as a PAN inhibitor of tyrosine kinases including protein kinase C.
The rank order of efficacy of the drugs (100 M) in J774A.1 and RAW 264.7 cell lines using the DH activity assay was RIS > ALE > ZOL > 10 (Figure 4A) and ZOL > RIS > ALE > 10 (Figure 4B), respectively. In MG63 and PC3 cells, all drugs (100 M) were less effective than staurosporine (STS) in reducing cell number resulting in the following rank order: ZOL > ALE > 10 > RIS (Figure 4C) and 10 > ZOL > ALE > RIS (Figure 4D), respectively.
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Figure 4. Anti-proliferative effects of zoledronic acid (ZOL), alendronic acid (ALE), risedronic acid (RIS) and 10 at 100 µM and staurosporine (STS) at 2.14 µM on murine pre-osteoclasts like cells J774A.1 (A), murine pre-osteoclasts like cells RAW264.7 (B), human osteosarcoma cells MG63 (C) and human prostate cancer cells PC3 (D). Cell viability was evaluated by cellular dehydrogenase (DH) activity assay CCK8. Data are the mean ± E.S. of nine replicates and expressed as percentage (%) of DH activity changes. Data were statistically different between groups as determined by ANOVA one way (p < 0.05).
Therefore, 6 (ZOL) and the compound 10 showed a similar anti-proliferative profile, among the novel compounds, being effective in all cell lines. Then, 10 was investigated for its effects on cell proliferation and osteoclastogenesis in differentiated RAW264.7 in comparison with the 6 (ZOL), 4 (ALE) and 5 (RIS). In differentiated RAW 264.7 cells, the rank order of efficacy of the drugs (0.1 mM) using the DH assay was:  ZOL > 10 > ALE > RIS (Figure 5A), suggesting that cell differentiation enhanced the anti-proliferative response of the compound 10 reducing that of ALE and RIS.
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Figure 5. (A) Anti-proliferative effects of zoledronic (ZOL), alendronic (ALE), risedronic acid (RIS) and 10 at 100 µM and staurosporine (STS) at 2.14 µM on RANK ligand differentiated RAW264.7. The cell number and viability were evaluated by crystal violet (CV) and cell dehydrogenase (DH) activity assays. Data were statistically different between groups as determined by ANOVA one way (p < 0.05). (B) Effects of BPs on multinucleated RANK ligand differentiated RAW 264.7 osteoclasts evaluated by Trap assay. *Data significantly different vs controls (CTRL) as evaluated by student t test (p < 0.05).
In the osteoclastogenesis assay performed on differentiated RAW 264.7 cell line (Figure 5B), the compounds under investigation were capable to inhibit osteoclastogenesis in the micromolar concentration range, after 7 days of cells incubation with the receptor activator of NF-kB ligand (RANKL), that in turn plays a critical role in the formation of osteoclasts by stimulating precursor cells when binds to receptor activator of NF-kB (RANK) on the cell membrane of osteoclast precursors. The rank order of efficacy to reduce the numbers of differentiated osteoclasts was ZOL = 10 > RIS = ALE. It appears clearly enough that 10 activates RANK, similarly to ZOL.

2.3.2 hFPPS and hGGPPS expression and their inhibition 
The novel BPs were therefore investigated for their capability to inhibit the human recombinant enzymes. hFPPS and hGGPPS were over-expressed in BL21 E. coli cells with a hexahistidine (6xHis) tag at the C-terminus of the proteins (Supporting Information Figures S1-S2) to allow purification by immobilized metal affinity chromatography (IMAC). The proteins were efficiently purified with Nickel-nitrilotriacetate (Ni-NTA) agarose matrix using a stepwise imidazole gradient (Supporting Information Figures S3-S4).
The assay of hFPPS and hGGPPS activity inhibition by the novel set of BPs was based on the detection of pyrophosphate (PPi) or phosphate (Pi), the byproducts of hFPPS and hGGPPS catalyzed reactions. The PPi (or Pi) reacts quantitatively with ammonium heptamolybdate, under acidic conditions, to afford a PPi-molybdate (or Pi-molybdate) complex. These colorless complexes can be converted to stable colored molybdate blue adducts by the addition of reducing agents (bisulfate reagent and 2-mercaptoethanol) [43]. The colored product can be monitored using UV/Vis spectrophotometer (absorption peaks at  = 615 nm and 846 nm for PPi and Pi, respectively).
[bookmark: OLE_LINK1]A preliminary assay of the new N-BPs was performed at 100 μM to evaluate hFPPS and hGGPPS inhibition (%) using 5 (risedronic acid) and 6 (zoledronic acid) as reference compounds (Table 1). For the most active compounds 10 and 15, the corresponding IC50 values were determined by a curve fitting of residual relative activity versus inhibitor concentration (Figure 6, Table 2). 
Among pyrimidin-2-yl-N-BPs, compound 10 characterized by a pyrimidine ring and a methylenamino spacer, showed a complete inhibition of hFPPS at 100 µM, whereas the elongation of the spacer (compounds 11-13) determined a 100-fold reduction of the inhibitory activity. Concerning hGGPPS inhibition, compounds 10-13 showed a different pattern of inhibition with respect to that observed for hFPPS. Compound 10 showed the same inhibitory activity of 11 and 12, but was less active than 13. 
As far as the quinazolin-2-yl-N-BPs is concerned, the best hFPPS inhibitor was 15 [n = 1; inhibition (%) = 79 ± 6], whereas no significant difference in hFPPS inhibition was observed for the other congeners. Compounds 16 (n = 2) and 17 (n = 3) were the most active against hGGPPS, whose activity was inhibited by 52% and 44%, respectively. The presence of a methyl group, in the side chain of 18 with respect to 14, did not modify the inhibitory effect of hFPPS, whereas it led to a complete loss of activity against hGGPPS. 
Quinazolin-4-yl derivatives with one or two methylenes as a spacer afforded 19 and 20 that showed a comparable inhibition for both enzymes. Chain elongation decreased by a half the activity on hFPPS, and a remarkable increase against hGGPPS was observed for compound 22. Furthermore, the isosteric substitution of a hydrogen atom in compound 19 with a methyl group (23), resulted in the same inhibitory effect. 
Finally, compounds 24 and 25, bearing a phenyl ring in position 2 on quinazolin-4-yl nucleus, showed a low inhibitor effect on the enzyme hFPPS and found quite inactive against hGGPPS as well as the compounds 26-28, in which the benzothiazole and benzoimidazole rings seem to be detrimental to the both enzymes inhibition activity. 



Table 1. hFPPS and hGGPPS inhibitory activity by aryl bisphosphonic acids (Ar-N-BPs) 10-28, risedronic (5) and zoledronic (6) acid.
	Compound
	hFPPS
inhibition (%)a
	hGGPPS
inhibition (%)a

	5 (RIS)
	93.5 ± 2.5 b 
	17 ± 7 

	6 (ZOL)
	91.1 ± 1.4 b 
	38 ± 4 

	10
	96 ±3 
	20 ± 8

	11
	54 ± 4
	23 ± 5

	12
	43 ± 7
	25 ± 8

	13
	51 ± 9
	40 ± 8

	14
	39.9 ± 1.3
	23.9 ± 2.7

	15
	79 ± 6 
	n.a.c

	16
	30 ± 6
	52.2 ± 2.8

	17
	48 ± 8
	44 ± 3

	18
	40 ± 6
	3.3 ± 2.3

	19
	52 ± 6
	25 ± 4

	20
	56 ± 9
	38 ± 7

	21
	25 ± 7
	33 ± 6

	22
	29 ± 12
	45 ± 7

	23
	56 ± 8
	24 ± 5

	 24
	21 ± 6
	n.a. c

	25
	25 ± 8
	17 ± 7

	26
	24 ± 8
	n.a. c

	27
	n.a. c
	n.a. c

	28
	26 ± 9
	n.a. c



Data are means ± SD from three independent experiments performed in triplicate; athe inhibition extent of hFPPS and hGGPPS, expressed as a percentage (%), determined in the presence of 100 µM of the inhibitors with respect to the activity of the enzymes in the absence of any inhibitor (at 1 μM and 10 μM the inhibition values (%) of 10-28 ranged from inactive to 68 or 79%, respectively; bhFPPS percentage of inhibition at 1 M final concentration 5 (risedronic acid) and 6 (zoledronic acid); cn.a. = not active. 
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Figure 6. hFPPS residual activity vs inhibitor concentration. hFPPS inhibition by 10, 15 and reference compounds 5 and 6.

Table 2. hFPPS IC50 values of 5-6, 10 and 15.
	Compound
	IC50 (µM) a

	5 (RIS)
	0.07 ± 0.01

	6 (ZOL)
	0.06 ± 0.02

	10
	0.31 ± 0.07

	15
	41 ± 11









aIC50 values are from concentration-response plots as a mean ± SD from five independent experiments performed in triplicate.

The hFPPS IC50 values obtained for the reference compounds 5 and 6 were comparable (IC50 = 0.07 M and IC50 = 0.06 M, respectively) to already reported data [37,44,45]. Among the novel Ar-N-BPs, compound 10 showed a potent inhibitor activity in the low micromolar range (IC50 = 0.31 M), although it is about four times less potent than 5 and 6. Within quinazoline derivatives, compound 15 showed IC50 = 41 M, resulting approximately three order of magnitude less active than the reference compounds.
As far as hGGPPS inhibition is concerned, the new Ar-N-BPs showed a lower, comparable or higher inhibitory activity than 5 and 6 which showed in our experiments IC50 values >100 µM consistent with previously published data [46-48]. Specifically, 13, 16, 17 and 22, with the longest spacer, were found to be the most active compounds against hGGPPS.

2.3.3 Docking calculations
In order to have an insight about the putative interactions between our newly synthesized ligands and studied enzymes, docking calculations were carried out in the hFPPS and hGGPPS binding sites (PDB IDs respectively 4H5D and 2Q80).
Concerning the docking in the hFPPS catalytic site, a previously setup procedure has been followed that allowed to obtain a quantitative model for a diverse set of FPPS inhibitors [49]. In that case, the binding mode of N-BPs into the hFPPS active site were modeled exploiting the information from similar X-ray complexes and not taking into account sequential FPPS adaptation and isomerization or stabilization by IPP binding. The 3D structure of hFPPS and the docking protocol used in the present work were setup as described in the previous article where a cross-docking run allowed to identify the protein structure best performing in the reproduction of the experimental binding geometry of ligands. The same procedure highlighted the role of X-ray water molecules close to Mg2+ ions in determining the correct binding mode and energy. The same water molecules have been explicitly considered in the docking calculations [49].
All docked ligands occupy the DMAPP/GPP binding pocket, similarly to known N-BPs. The bisphosphonic portion establishes very conserved interactions, coordinating the three Mg2+ ions and forming ionic interactions with Lys200, Lys257 and Arg112, while the OH function forms a H-bond with the Asp243 side chain. 
Main differences have been observed in the side-chain interactions. As previously stated, N-BPs bind the hFPPS with their protonated side chain acting as carbocation transition state analogues [50]. In particular, the heterocyclic N-BPs potency is due to their ability to form a bifurcated H-bond interaction with Thr201 side chain and backbone carbonyl oxygen of Lys200 via their protonated heterocyclic ring. 
In this respect, compound 10 locates the piperidine ring in the proximal part of the hydrophobic DMAPP/GPP site as well as risedronate (Figure 7A, C); differently to this latter, the longer spacer between the bisphosphonic portion and the aromatic ring allows the H-bonding to Lys200 carbonyl oxygen, but not with Thr201. Moreover, compound 10 presents a piperidine ring with more acidic heterocyclic nitrogen atoms (calculated pKa = 3.9) with respect to the pyridinic one of risedronate (calculated pKa = 5.18); to account for this effect, docking calculations have been carried out in both protonated and deprotonated forms. 
Compound 15 maintains the BP interactions, its larger aromatic portion gains an interaction with Phe99 side chain (the same interaction has been detected for minodronate), but no H-bond involving the side chain has been detected (Figure 7B). The same result has been obtained for all the other docked ligands that do not show any H-bond interaction with the protein: larger ligands occupy the whole binding pocket, improving the Van der Waals interactions. However, the analysis of the energetic contributions to the docking score reveals that the electrostatic component better correlates to the experimental activity, confirming that H-bond/electrostatic interaction overcomes the hydrophobic contribution in determining the binding affinity to hFPPS [41]. 
hGGPPS has 17% sequence identity to hFPPS and, probably, it shares the same catalytic mechanism.  With respect to hFPPS, it presents a longer hydrophobic tunnel surrounded by lipophilic and aromatic residues [51]. Potent hGGPPS inhibitors, in fact, possess long alkyl chains, while the presence of cationic functions is not required. hGGPPS binding, therefore, differently from hFPPS, is mainly driven by hydrophobic interactions. As a matter of fact, also risedronate has been found to be inactive toward hGGPPS [52], while dual binding compounds (hFPPS/hGGPPS) present a long hydrophobic tail [53].
The bisphosphonic function of all docked ligands aligns well with the pyrophosphate group of co-crystallized hGGPP, providing coordination of the two Mg2+ ions and ionic and/or H-bonding interactions with Lys212, Gln185, Lys202, Arg73, Asp188 and Lys151. Most active compounds (13, 16, 17, 22) have longer linkers that bring the ligand aromatic portion in a sandwich interaction with His57 and Phe156 side chains (Figure 7D). However, they occupy the hydrophobic pocket only partially. Ligands with a shorter linker are not able to interact with these aromatic residues and locate the NH function in an unfavorable position.
[image: ]Docking results can thus explain the opposite behavior of our compounds with respect to the hFPPS/hGGPPS inhibition, i.e. the effect of linker elongation that reduces the hFPPS inhibition, while improves the binding affinity to hGGPPS.

Figure 7. Docked poses of compounds 10 (green carbon atoms, A), 15 (cyan carbon atoms, B) and X-ray pose of risedronate (yellow carbon atoms, C) in the FPPS active site (grey cartoon), and superimposed docked geometry of compounds 13 (light green carbon atoms), 16 (salmon carbon atoms), 17 (blue carbon atoms) and 22 (gold carbon atoms) in the GGPPS binding site (light grey cartoon). More relevant residues are reported as sticks, Mg2+ ions are represented as purple spheres, H-bonds are depicted as yellow dashed lines. Water molecules are omitted for sake of clarity.


2.3.4 Hydroxyapatite (HAP) Affinity Assay
BPs affinity for bone mineral represents an essential feature which allows to predict the in vivo interaction with bone tissue and eventually the possible clinical efficacy. All BPs with P-C-P backbone structure have a high affinity for bone [54]. The modification of their side chain could affect the affinity of the compounds for bone tissue. Then, the bone mineral affinity of the most active new N-BPs [10, 15 and 19] was investigated evaluating their binding to hydroxyapatite (HAP) powder and compared with 5 (risedronic acid) and 6 (zoledronic acid). The N-BPs ranking, according to their HAP binding affinity, was determined by ESI-MS analysis, quantifying the residual abundances of N-BPs, in the sample, after the interaction with HAP. In particular, the rank order of binding affinities to HAP is 6 (ZOL) > 10 > 5 (RIS) > 15 ≈ 19 (Table 3).

Table 3. Hydroxyapatite (HAP) binding (%) assay.
	Compound
	5 (RIS) 
	6 (ZOL) 
	10
	15
	19

	HAP binding (%) 
	87
	> 95
	90
	84
	81




2.3.5 Effects of novel BPs on mineralization of pre-osteblastic cell line 
In the mineralization assay performed on pre-osteoblastic like cell line MC3T3-E1, the compounds under investigation were capable to induce osteoblastogenesis and mineralization in the nanomolar concentration range (30-500 nM) after 10-15 days of incubation of the cells with the mineralization medium (MM). No effects were observed at micromolar concentration range. The most effective drugs in inducing mineralization were ZOL and 10 (Figure 8A) at 30 nM concentration, whereas at 50 nM the compound 10 was more effective than ZOL.
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Figure 8. Percentage (%) of mineralization in the absence (CTRL MM) or in the presence of zoledronic (ZOL), alendronic (ALE), risedronic acid (RIS) and 10 at 30 nM and 50 nM concentrations in MC3T3-E1 murine osteoblast like cells (A) and bone marrow cells (B) and at 50 nM and 100 nM concentrations in bone marrow cells co-cultured with PC3 (C). *Data significantly different vs controls (CTRL MM) as evaluated by student t test (p < 0.05).

2.3.6 Ex vivo investigation on the effects of BPs on murine bone marrow cells 
In the mineralization assay, performed on bone marrow cells extracted from tibia and femur of the mice, the compounds under investigation were capable to induce osteoblastogenesis and mineralization in the nanomolar concentration range (30-50 nM), after 10-15 days of incubation of the cells with the MM. The rank order of efficacy in inducing mineralization at 50 nM was: 10 > ZOL > RIS = ALE (Figure 8B). No effects were observed at micromolar concentration range.
The compounds under investigation were capable to induce osteoblastogenesis and mineralization in the nanomolar concentration range (30-50 nM) after 10-15 days of co-incubation of the cells with PC3 tumor prostate cancer cells. The compound 10 and ZOL were equally effective in inducing mineralization while RIS and ALE were not effective (Figure 8C). No effects were observed at micromolar concentration range.
To evaluate the specificity of cytotoxic action of the novel BPs, the effects of these compounds were tested on murine bone marrow cells (30 nM-500 M) in control condition. The incubation of native cells with RIS and ALE for 72 hours did not produce any significant effects on proliferation of bone marrow cells (Figure 9). The significant change in variance calculated by one-way ANOVA was due to the proliferative effects of the structural analogue 10 at 30 nM and ZOL at 100 nM concentrations and to the anti-proliferative effects of ZOL at 100 µM and 500 µM concentrations.  

[image: ]
Figure 9. Effects of commercially available bisphosphonates and their novel structural analogues 10 on viability of murine bone marrow cells at different concentrations by crystal violet (CV) assay after 72 hours of incubation. Data were statistically different between groups as determined by ANOVA one way (p < 0.05). 

3. Conclusion
The novel synthetized compound 10 was more effective than ZOL in inducing mineralization of osteoblasts in native murine bone marrow cells following long term exposure of the cells (14 days) still maintaining antiproliferative action against osteoclasts. This compound induced mineralization of osteoblast cell line in the absence and in the presence of cancerous PC3 cells, suggesting an interesting capability to preserve bone volume and density in bone lytic diseases associated with SRE.  
The specificity of the antiproliferative action of the compound 10 was demonstrated in cell-based proliferation assay in which this compound was capable to reduce cell viability in all cell lines including osteoclasts showing a large spectrum of action with respect to the other novel synthetized compounds. A further point of interest is the fact that the compound 10 did not produce significant anti-proliferative effects in the native murine bone marrow cells suggesting the lack of unselective cytotoxic effects, while ZOL significantly reduced cell proliferation of about -20% in the same cells. Therefore, the lack of unselective cytotoxicity against native cells of the compound 10 combined with the osteoblastogenesis and osteoclastogenesis actions explains the observed efficacy in “ex vivo” experiments in murine bone marrow cells. 
 The compound 10 was effective in the hydroxyapatite (HAP) binding (%) assay as well as in binding the purified hFPPS recombinant enzyme responsible for the anti-proliferative action of BPs. Docking calculations suggest a putative binding mode for compound 10 in the hFPPS binding site, providing indications for its optimization. These data support the use of the compound 10 as a “lead molecule” for future investigation.

3. Experimental section
3.1 Chemistry. 
3.1.1 General
Phthaloylglycine (B1) and phthaloylalanine (B5) were commercially available. N-Phthaloyl propionic acid (B2) [55], N-phthaloyl butyric acid (B3) [55], N-phthaloyl valeric acid (B4) [56],  3 (palmidronic acid) [55], 4 (alendronic acid) [42], 5 (risedronic acid) [57], 6 (zoledronic acid) [58] were prepared according to known procedures.
All other chemicals and solvents were purchased from Sigma-Aldrich and used without any further purification.  
Proton (1H) and phosphorous (31P) NMR spectra were recorded on a 600 MHz Bruker/Advance Spectrometer or on an Agilent Spectrometer Technologies (500 MHz for 1H; 202 MHz for 31P) using DMSO-d6, D2O, or NaOD/D2O as solvents. Chemical shifts are given in parts per million (ppm) (δ relative to residual solvent peak for 1H and 13C). Absolute values of coupling constants (J) are reported. Electrospray Mass Spectrometry (ESI-MS) experiments were performed with a dual electrospray interface and a quadrupole time-of-flight mass spectrometer (Agilent 6530 Series Accurate-Mass Quadrupole Time-of-Flight (Q-TOF) LC/MS, Agilent Technologies Italia S.p.A., Cernusco sul Naviglio, Italy). The samples were infused via a KD Scientific syringe pump at a rate of 10 mL/min. Ionization was achieved in the negative or positive ion mode. The pressure of the nebulizer gas was 20 psi. The drying gas was heated to 325 °C at a flow of 10 L/min. Full-scan mass spectra were recorded in the mass/charge (m/z) range of 50–800 Da. The purity extent of the target compounds 10-28 was found to be > 98% at a specific pH value (pH = 4-7). It was determined by HPLC on a reverse phase C3 column (Agilent Zorbax 300SB-C3) and a mixture of acetonitrile/sodium acetate 20:80 (10mM, pH = 4, 5, 6 and 7) as a mobile phase. The samples to be analyzed were prepared by solubilizing 10-28 in the mobile phase (10mM, pH = 5) at 1mM final concentration.

3.1.2 Procedures for 7-25 synthesis
The synthesis of the new arylamino bisphosphonic acids 10–25 (Scheme 1) has been carried out, by converting N-phthaloyl amino acid B1-B5 into C1-C5, by a modified Arbuzov reaction. The hydrolysis of phthalimide moiety, with 12 N HCl, yielded the N-BPs [3 (pamidronic acid), 4 (aledronate), 7-9] with the necessary free amino group to be linked to heteroaromatic rings through the heteroaromatic chlorides (2-chloropyrimidine, 2-chloroquinazoline, 4-chloroquinazoline and 4-chloro-2-phenylquinazoline) to give the target 10–25. A similar procedure was followed to prepare 4 (alendronic acid) and 6 (zoledronic acid).

(2-Amino-1-hydroxyethane-1,1-diyl)bis(phosphonic acid) (7) [42]. Commercially available N-phthaloylglycine (B1, 200 mg, 0.975 mmol) was dissolved in SOCl2 (2.84 mL) and refluxed for 2 h. After evaporation of the solvent under reduced pressure, the obtained white solid was solubilized in THF (1.7 mL), and treated with tris(trimethylsilyl)phosphite (978 L, 2.92 mmol) at 0 °C for 15 min, and then stirred at room temperature for 15 min. Methanol (4 mL) was added and the solution was stirred for 1 h at room temperature. The solvent was evaporated under vacuum and the white solid was washed three times with a toluene/hexane mixture (1:1) (4 mL), washed with Et2O and dried under vacuum, obtaining the intermediate C1. Yield: 337 mg (98.5%). 1H NMR (500 MHz, DMSO-d6,  4.17-4.21 (m, 2H), 7.82-7.89 (m, 4 H). 31P NMR (202 MHz, DMSO-d6,  15.6.
[bookmark: _Hlk486343637]A solution of C1 (337 mg, 0.96 mmol) in 8 mL of 12 N HCl was refluxed for 5.5 h. The solvent was removed under reduced pressure obtaining a white solid that was washed with 50 mL of ethanol at 70 °C. The solid was then isolated by filtration of the solution, washed with warm ethanol and dried under vacuum. The product 7 was isolated in 86% yield (183 mg). 1H NMR (500 MHz, D2O,  3.38 (t, 2H, J = 11.8 Hz). 31P NMR (202 MHz, D2O,  14.9.
[bookmark: _Hlk481157951](5-Amino-1-hydroxypentane-1,1-diyl)bis(phosphonic acid) (8). N-Phthaloyl valeric acid [56] (B4, 500 mg, 2.02 mmol) was solubilized in SOCl2 (5.9 mL) and refluxed for 3 h. The solvent was evaporated under reduced pressure, affording a white solid, that in turn, was dissolved in dry THF (4 mL) at 0 °C before the tris(trimethylsilyl)phosphite (2.02 mL, 6.06 mmol) addition for 40 min. Then, the mixture was stirred overnight at room temperature. Methanol (3 mL) was added and the resulting solution was stirred for 5 h at room temperature. The solvent was evaporated under vacuum and the white solid was washed three times with a toluene/hexane mixture (1:1) (10 mL), then with diethyl ether and dried under vacuum, obtaining the intermediate C4. Yield: 790 mg (99%). 1H NMR (500 MHz, DMSO-d6,  1.42-1.62 (m, 4H), 1.76-1.87 (m, 2H), 3.49-3.54 (m, 2H), 6.01-6.95 (brs, 5H, OH protons), 7.79-7.87 (m, 4H). 31P NMR (202 MHz, DMSO-d6,  20.2 (s, 2P).
A solution of C4 (790 mg, 2.01 mmol) in 12 N HCl (17 mL) was refluxed for 22 h. The solvent was removed under reduced pressure obtaining a white solid that was washed with ethanol (70 mL) at 70 °C. The solid was then isolated by filtration of the solution, washed with warm ethanol and dried under vacuum. Yield: 441 mg (83 %). 1H NMR (500 MHz, D2O/NaOD,  1.09-1.38 (m, 2H), 1.48-1.55 (m, 2H), 1.75-1.85 (m, 2H), 2.55 (t, 2H). 31P NMR (202 MHz, D2O/NaOD,  21.44 (s, 2P).
(RS)-(2-Amino-1-hydroxypropane-1,1-diyl)bis(phosphonic acid) (9). A commercially available (±)-phthaloylalanine (B5, 500 mg, 2.28mmol) dissolved in SOCl2 (6.652 mL, 91.2 mmol) was refluxed under N2 atmosphere for 2.5 hours and then the solvent was evaporated under reduced pressure. The residue was solubilized in THF (2 mL) and tris(trimethylsilyl)phosphite (2.286 mL, 6.84 mmol) was added dropwise at 0 °C. The mixture was stirred overnight at room temperature under N2 atmosphere. Then, methanol (2 mL) was added to the reaction mixture and stirred at room temperature for 4 hours. The solvent was removed under vacuum and the residue was washed first with toluene/hexane and then with diethyl ether/methanol to obtain a white precipitate. The suspension was stirred overnight and filtered to afford C5 as a white solid. 1H NMR (500 MHz, DMSO-d6,  1.48 (d, 3H, J = 6.9 Hz), 5.08-5.12 (m, 1H), 7.82-7.85 (m, 4H). 31P NMR (202 MHz, DMSO-d6,  17.1 (ABq, 2P, JP,P = 28.2 Hz). 
C5 was hydrolyzed with 12 N HCl (c) under reflux for 24 hours. The solvent was evaporated under vacuum and the residue was refluxed with ethanol until 9 was obtained as a white powder (303 mg, 1.3 mmol, 57% yield). 1H NMR (500 MHz, D2O,  1.40 (d, 3H, J = 7.5 Hz), 3.64-3.71 (m, 1H). 31P NMR (202 MHz, D2O,  14.8 (ABq, 2P, JP,P = 24.4 Hz).
[bookmark: _Hlk478122591][bookmark: _Hlk478130676][1-Hydroxy-2-(pyrimidin-2-ylamino)ethane-1,1-diyl]bis(phosphonic acid) (10). 2-Chloropyrimidine (93 mg, 0.81 mmol) was added to a solution of 7 (90 mg, 0.41 mmol) and K2CO3 (141 mg, 1.02 mmol) in water (3.5 mL). The resulting reaction mixture was kept under reflux for 18 h. The solvent was removed under reduced pressure and the crude residue was washed three times with ethanol (3 x 5 mL) at 70 °C. Ethanol was removed by decantation, obtaining a pale yellow solid that was dissolved in water (2 mL). The solution of the crude product was acidified until pH = 1 with 4 N HCl, the volume was reduced to 1 mL obtaining a suspension that was kept at 5 °C overnight, affording white crystals of 10 that were washed with cold water (500 µL) and dried under vacuum. Yield: 88 mg (72%). 1H NMR (500 MHz, D2O/NaOD,  3.73-3.78 (m, 2H), 6.64 (t, 1H, J = 4.9 Hz), 8.25 (d, 2H, J = 4.9 Hz). 31P NMR (202 MHz, D2O/NaOD,  16.8 (s, 2P).
[bookmark: _Hlk477944471][1-Hydroxy-3-(pyrimidin-2-ylamino)propane-1,1-diyl]bis(phosphonic acid) (11). 2-Chloropyrimidine (97 mg, 0.85 mmol) was added to a solution of 3 (pamidronic acid, 100 mg, 0.43 mmol) and K2CO3 (147 mg, 1.06 mmol) in water (3.5 mL). The resulting reaction mixture was kept under reflux for 23 h. The solvent was removed under reduced pressure and the reaction crude residue was washed with ethanol (3 x 10 mL) at 70 °C. Ethanol was removed by filtration of the solid, obtaining a pale yellow product that was dissolved in water (2 mL). The solution of the crude product was acidified until pH = 1 by adding 4 N HCl, the volume was reduced to 1 mL obtaining a suspension that was kept at 5 °C for 48 h, affording white crystals of 11, that were washed with cold water (2 mL) and dried under vacuum. Yield: 95 mg (71%). 1H NMR (500 MHz, D2O,  2.16-2.24 (m, 2H), 3.70 (t, 2H, J = 7.3 Hz), 6.86 (t, 1H, J = 5.4 Hz), 8.40 (d, 2H, J = 5.4 Hz). 31P NMR (202 MHz, D2O,  17.9 (s, 2P).
[bookmark: _Hlk478132103][1-Hydroxy-4-(pyrimidin-2-ylamino)butane-1,1-diyl]bis(phosphonic acid) (12). 2-Chloropyrimidine (92 mg, 0.80 mmol) was added to a solution of 4 (alendronic acid, 100 mg, 0.40 mmol) and K2CO3 (139 mg, 1.01 mmol) in water (3.5 mL). The resulting reaction mixture was kept under reflux for 5 h. The solvent was evaporated under reduced pressure and the crude residue was washed with ethanol (3 x 3 mL) at 70 °C. Ethanol was removed by filtration from the solid, obtaining a pale yellow product that was dissolved in water (2 mL). The solution of the crude product was acidified until pH = 1 by adding 4 N HCl and kept at 5 °C overnight, affording white crystals of 12, that were washed with water (2 mL) and dried under vacuum. Yield: 100 mg (76%). 1H NMR (500MHz, D2O/NaOD,  1.80-1.84 (m, 4H), 3.15 (t, 2H, J = 6.4 Hz), 6.55 (t, 1H, J = 4.9 Hz), 8.14 (d, 2H, J = 4.9 Hz). 31P NMR (202 MHz, D2O/NaOD,  18.8 (s, 2P).
[bookmark: _Hlk478131614][bookmark: _Hlk478132197][bookmark: _Hlk480459204][1-Hydroxy-5-(pyrimidin-2-ylamino)pentane-1,1-diyl]bis(phosphonic acid) (13). 2-Chloropyrimidine (69 mg, 0.60 mmol) was added to a solution of 8 (80 mg, 0.30 mmol) and K2CO3 (104 mg, 0.75 mmol) in water (3 mL). The resulting mixture was kept under reflux for 7 h. The solvent was removed under reduced pressure and the reaction crude residue was washed three times with ethanol (3 x 6 mL) at 70 °C. The pale-yellow solid obtained from ethanol by decantation, was dissolved in water (2 mL). The solution of the crude product was acidified to pH = 1 with 4 N HCl, isopropyl alcohol (400 µL) was added and the resulting mixture was kept at 5 °C overnight, obtaining white crystals of 13 that were washed with water (2 mL) and dried under vacuum. Yield: 91 mg (89%). 1H NMR (500 MHz, D2O/NaOD,  1.55-1.60 (m, 2H), 1.63-1.70 (m, 2H), 1.85-1.94 (m, 2H), 3.32 (t, 2H, J = 6.9 Hz), 6.77 (t, 1H, J = 4.9 Hz), 8.26 (d, 2H, J = 4.9 Hz). 31P NMR (202 MHz, D2O/NaOD,  18.9 (s, 2P).
[bookmark: _Hlk478130993][bookmark: _Hlk478131510] [1-Hydroxy-2-(quinazolin-2-ylamino)ethane-1,1-diyl]bis(phosphonic acid) (14). 2-Chloroquinazoline (132 mg, 0.80 mmol) was added to a solution of 7 (88 mg, 0.40 mmol) and K2CO3 (138 mg, 1.00 mmol) in water (10 mL). The resulting reaction mixture was kept under reflux for 18 h. The solvent was evaporated under reduced pressure and the reaction crude residue was washed three times with CHCl3 (3 x 6 mL). The solid, recovered by decantation from chloroform, was dissolved in water (2 mL). The solution was acidified with 4 N HCl obtaining a precipitate that was removed by filtration. The solution was kept at room temperature overnight, affording yellow crystals that were separated by decantation of the solvent. The obtained crystals were suspended in water (18 mL) and filtered. The filtrated solution was concentrated to 3 mL and an excess of acetone was added to the filtrate to yield a yellow precipitate. The isolated product was washed with acetone and dried under vacuum. Yield: 55 mg (40%). 1H NMR (500 MHz, D2O/NaOD,  3.89-3.93 (m, 2H), 7.33-7.35 (m, 1H), 7.56-7.58 (m, 1H), 7.80-7.83 (m, 1H), 7.85-7.87 (m, 1H), 9.07 (s, 1H). 31P NMR (202 MHz, D2O/NaOD,  16.9 (s, 2P).
[bookmark: _Hlk477946265][bookmark: _Hlk478132567][1-Hydroxy-3-(quinazolin-2-ylamino)propane-1,1-diyl]bis(phosphonic acid) (15). 2-Chloroquinazoline (106 mg, 0.65 mmol) was added to a solution of 3 (pamidronic acid, 100 mg, 0.43 mmol) and K2CO3 (147 mg, 1.06 mmol) in water (10 mL). The resulting mixture was kept under reflux for 22 h. The solvent was evaporated under reduced pressure and the crude residue was washed three times with CHCl3 (3 x 20 mL). The solid, recovered by decantation from chloroform, was dissolved in water (2 mL). The solution was acidified to pH = 1 with 4 N HCl and kept at 5 °C for 24 h, obtaining pale yellow crystals of 15 that were washed with 0.4 N HCl (3 mL) and dried under vacuum. Yield: 97 mg (62%). 1H NMR (500 MHz, D2O,  2.03-2.06 (m, 2H), 3.51 (t, 2H, J = 7.6 Hz), 7.09-7.11 (m, 1H), 7.28-7.30 (m, 1H), 7.55-7.59 (m, 2H), 8.79 (s, 1H). 31P NMR (202 MHz, D2O,  18.4 (s, 2P).
[bookmark: _Hlk478133107][1-Hydroxy-4-(quinazolin-2-ylamino)butane-1,1-diyl]bis(phosphonic acid) (16). 2-Chloroquinazoline (132 mg, 0.80 mmol) was added to a solution of 4 (alendronic acid, 100 mg, 0.40 mmol) and K2CO3 (139 mg, 1.01 mmol) in water (10 mL). The resulting reaction mixture was kept under reflux for 25 h. The solvent was removed under reduced pressure and the crude residue was washed three times with CHCl3 (3 x 20 mL). The solid, recovered by decantation from chloroform, was dissolved in water (3 mL). The solution was acidified to pH = 1 with 4 N HCl and kept at 5 °C for 24 h, obtaining pale yellow crystals of 16 that were washed with 0.4 N HCl (3 mL) and dried under vacuum. Yield: 120 mg (80%). 1H NMR (500 MHz, D2O/NaOD,  1.78-1.82 (m, 4H), 3.18-3.20 (m, 2H), 7.08-7.10 (m, 1H), 7.27-7.29 (m, 1H), 7.55-7.57 (m, 2H), 8.75 (s, 1H). 31P NMR (202 MHz, D2O/NaOD,  18.8 (s, 2P).
[bookmark: _Hlk477948099][1-Hydroxy-5-(quinazolin-2-ylamino)pentane-1,1-diyl]bis(phosphonic acid) (17). 2-Chloroquinazoline (74 mg, 0.45 mmol) was added to a solution of 8 (80 mg, 0.30 mmol) and K2CO3 (104 mg, 0.75 mmol) in water (8 mL). The resulting reaction mixture was kept under reflux for 18 h. The solvent was evaporated under reduced pressure and the reaction crude residue was washed three times with CHCl3 (3 x 20 mL). The solid, recovered by decantation from chloroform, was dissolved in water (3 mL). The solution was acidified to pH = 1 with 4 N HCl and kept at 5 °C for 72 h, obtaining pale yellow crystals of 17 that were washed with 0.4 N HCl (3 mL) and dried under vacuum. Yield: 90 mg (77%). 1H NMR (500 MHz, D2O/NaOD,  1.38-1.69 (m, 4H), 1.69-1.88 (m, 2H), 3.18-3.38 (m, 2H), 7.18-7.20 (m, 1H), 7.37-7.39 (m, 1H), 7.60-7.66 (m, 2H), 8.83 (s, 1H). 31P NMR (202 MHz, D2O/NaOD): δ 18.9 (s, 2P).
(RS)-[1-Hydroxy-2-(quinazolin-2-ylamino)propane-1,1-diyl]bis(phosphonic acid) (18). 2-Chloroquinazoline (105 mg, 0.64 mmol) was added to a solution of 9 (100 mg, 0.43 mmol) and K2CO3 (147 mg, 1.06 mmol) in water (8 mL). The resulting reaction mixture was kept under reflux for 21 h. The solvent was evaporated under reduced pressure and the reaction crude residue was washed three times with CHCl3 (3 x 20 mL). The solid, recovered by decantation from chloroform, was dissolved in water (3 mL). The solution was acidified to pH = 1 with 4 N HCl and kept at 5 °C for 24 h, obtaining pale yellow crystals of 18 that were washed with water (3 mL) and dried under vacuum. Yield: 112 mg (72%). 1H NMR (500 MHz, D2O/NaOD,  1.38 (d, 3H, J = 6.9 Hz), 4.34-4.43 (m, 1H), 7.13 (m, 1H), 7.34-7.36 (m, 1H), 7.60-7.65 (m, 2H), 8.87 (s, 1H). 31P NMR (202 MHz, D2O/NaOD,  17.2 (ABq, 2P, JAB = 20 Hz).
[bookmark: _Hlk477950817][bookmark: _Hlk478134781][1-Hydroxy-2-(quinazolin-4-ylamino)ethane-1,1-diyl]bis(phosphonic acid) (19). 4-Chloroquinazoline (112 mg, 0.68 mmol) was added to a solution of 7 (pamidronic acid, 100 mg, 0.45 mmol) and K2CO3 (156 mg, 1.13 mmol) in water (10 mL). The resulting reaction mixture was kept at 95 °C for 20 h. The resulting suspension was filtered. The filtrate was evaporated under vacuum and the reaction crude residue was washed three times with hot CHCl3 (3 x 20 mL). The white solid, recovered by decantation from chloroform, was dissolved in water (3 mL). The obtained solution was acidified to pH = 1 with 4 N HCl and kept at 5 °C for 24 h. The formed crystals of 19 were isolated by filtration and washed with 0.4 N HCl (5 mL). Yield: 103 mg (65%). 1H NMR (500 MHz, D2O/NaOD,  3.75-3.79 (m, 2H), 7.42-7.44 (m, 1H), 7.49-7.51 (m, 1H), 7.65-7.68 (m, 1H), 7.84-7.86 (m, 1H), 8.18 (s, 1H). 31P NMR (202 MHz, D2O/NaOD,  16.9 (s, 2P).
[bookmark: _Hlk477949370][1-Hydroxy-3-(quinazolin-4-ylamino)propane-1,1-diyl]bis(phosphonic acid) (20). 4-Chloroquinazoline (105 mg, 0.64 mmol) was added to a solution of 3 (pamidronic acid, 100 mg, 0.43 mmol) and K2CO3 (149 mg, 1.08 mmol) in water (10 mL). The resulting reaction mixture was kept at 95 °C for 24 h. The resulting suspension was filtered. The filtrate was evaporated under vacuum and the reaction crude residue was washed three times with hot CHCl3 (3 x 20 mL). The white solid, recovered by decantation from chloroform, was dissolved in water (2 mL). The solution was acidified to pH = 1 with 4 N HCl obtaining pale yellow crystals of 20 that were isolated by filtration and washed with water (5 mL). Yield: 128 mg (82%). 1H NMR (500 MHz, D2O/NaOD,  2.13-2.21 (m, 2H), 3.62-3.65 (m, 2H), 7.36-7.38 (m, 1H), 7.45-7.47 (m, 1H), 7.61-7.63 (m, 1H), 7.94-7.96 (m, 1H), 8.14 (s, 1H). 31P NMR (202 MHz, D2O/NaOD,  18.5 (s, 2P).
[bookmark: _Hlk478636173][1-Hydroxy-4-(quinazolin-4-ylamino)butane-1,1-diyl]bis(phosphonic acid) (21). 4-Chloroquinazoline (79 mg, 0.48 mmol) was added to a solution of 4 (alendronic acid, 80 mg, 0.32 mmol) and K2CO3 (111 mg, 0.80 mmol) in water (10 mL). The resulting reaction mixture was kept at 90 °C for 20 h. The resulting suspension was filtered. The filtrate was evaporated under vacuum and the reaction crude residue was washed three times with hot CHCl3. The white solid, recovered from chloroform by decantation, was dissolved in water (3 mL). The obtained solution was acidified to pH = 1 with 4 N HCl and kept overnight at 5 °C. The obtained crystals of 21 were isolated by filtration and washed with water (5 mL). Yield: 102 mg (83%). 1H NMR (500 MHz, D2O/NaOD,  1.92-2.12 (m, 4H), 3.51-3.53 (m, 2H), 7.54-7.57 (m, 1H), 7.67 (d, 1H, J = 8.3 Hz), 7.79-7.82 (m, 1H), 8.12 (d, 1H, J = 8.3 Hz), 8.34 (s, 1H). 31P NMR (202 MHz, D2O/NaOD,  18.5 (s, 2P).
[bookmark: _Hlk478134132][bookmark: _Hlk480467788][bookmark: _Hlk480465126] [1-Hydroxy-5-(quinazolin-4-ylamino)pentane-1,1-diyl]bis(phosphonic acid) (22). 4-Chloroquinazoline (74 mg, 0.45 mmol) was added to a solution of 8 (80 mg, 0.30 mmol) and K2CO3 (104 mg, 0.75 mmol) in water (10 mL), and the resulting reaction mixture was kept at 90 °C for 18 h. The resulting suspension was filtered. The filtrate was concentrated under vacuum and the reaction crude residue was washed three times with hot CHCl3. The white solid recovered from chloroform by decantation was dissolved in water (4 mL). The obtained solution was acidified to pH = 1 with 4 N HCl and kept overnight at 5 °C. The obtained crystals of 22 were isolated by filtration and washed with water (5 mL). Yield: 106 mg (91%). 1H NMR (500 MHz, D2O/NaOD,  1.65-1.75 (m, 4H), 1.88-1.94 (m, 2H), 3.52-3.55 (m, 2H), 7.51-7.54 (m, 1H), 7.64 (m, 1H), 7.77-7.80 (m, 1H), 7.99 (m, 1H), 8.29 (s, 1H). 31P NMR (202 MHz, D2O/NaOD,  18.7 (s, 2P).
(RS)-[1-Hydroxy-2-(quinazolin-4-ylamino)propane-1,1-diyl]bis(phosphonic acid) (23). 4-Chloroquinazoline (105 mg, 0.64 mmol) was added to a solution of 9 (100 mg, 0.42 mmol) and K2CO3 (147 mg, 1.06 mmol) in water (13 mL), and the resulting reaction mixture was kept at 90 °C for 20 h. The resulting suspension was filtered. The filtrate was evaporated under vacuum and the reaction crude residue was washed three times with hot CHCl3. The white solid recovered from chloroform by decantation, was dissolved in water (3 mL). The obtained solution was acidified to pH = 1 with 4 N HCl and kept overnight at 5 °C. Crystals of 23 were isolated by filtration and washed with water (5 mL). Yield: 63 mg (41%). 1H NMR (500 MHz, D2O/NaOD,  1.59 (d, 3H, J = 6.9 Hz), 4.57-4.66 (m, 1H), 7.58-7.61 (m, 1H), 7.68 (d, 1H, J = 8.3 Hz), 7.80-7.83 (m, 1H), 8.05 (d, 1H, J = 7.8 Hz), 8.33 (s, 1H). 31P NMR (202 MHz, D2O/NaOD,  16.15 (d, 1P, JPP = 21 Hz), 17.32 (d, 1P, JPP = 21 Hz).
[bookmark: _Hlk478136088][bookmark: _Hlk477953276][1-Hydroxy-2-((2-phenylquinazolin-4-yl)amino)ethane-1,1-diyl]bis(phosphonic acid) (24). In a sealed round bottom flask, 4-chloro-2-phenylquinazoline (173 mg, 0.72 mmol) was added to a solution of 7 (80 mg, 0.36 mmol) and K2CO3 (149 mg, 1.08 mmol) in water (2 mL). The resulting reaction mixture was kept at 180 °C for 22 h and then filtered. The filtrate was concentrated under vacuum and the reaction crude residue was washed with CHCl3 (3 x 20 mL). The solvent was removed by decantation, obtaining a solid that was dissolved in water (5 mL). The solution was acidified to pH = 1 with 4 N HCl, affording white crystals of 24 that were isolated by filtration and washed with of 0.4 N HCl (5 mL). Yield: 40 mg (26%). 1H NMR (500 MHz, D2O/NaOD,  3.96-4.08 (m, 2H), 7.43-7.45 (m, 4H), 7.62 (m, 1H), 7.67-7.70 (m, 1H), 7.90 (m, 1H), 8.14-8.16 (m, 2H). 31P NMR (202 MHz, D2O/NaOD,  17.1 (s, 2P).
[bookmark: _Hlk477952700][1-Hydroxy-3-((2-phenylquinazolin-4-yl)amino)propane-1,1-diyl]bis(phosphonic acid) (25). In a sealed round bottom flask, 4-chloro-2-phenylquinazoline (164 mg, 0.68 mmol) was added to a solution of 3 (pamidronic acid, 80 mg, 0.34 mmol) and K2CO3 (141 mg, 1.02 mmol) in water (2 mL). The resulting reaction mixture was kept at 180 °C for 20 h and then filtered. The filtrate was evaporated under vacuum and the reaction crude residue was washed with CHCl3 (3 x 20 mL). The solid, obtained from chloroform by decantation, was dissolved in water (3 mL). The solution was acidified to pH = 1 with 4 N HCl, obtaining white crystals of 25 that were filtered and washed with of 0.4 N HCl (5 mL). Yield: 68 mg (46%). 1H NMR (500 MHz, D2O/NaOD, δ): 2.24-2.29 (m, 2H), 3.89-3.91 (m, 2H), 7.37-7.44 (m, 4H), 7.57-7.59 (m, 1H), 7.64-7.67 (m, 1H), 8.03-8.09 (m, 3H). 31P NMR (202 MHz, D2O/NaOD, δ): 18.63 (s, 2P).
3.1.3 Procedures for E1- E4, 26-28 synthesis.
The benzoimidazole (26) and the benzothiazole (27 and 28) bisphosphonic acid were synthesized starting from the corresponding acid E1, E3 and E4 by the Michaelis−Arbuzov’s reaction.42 In particular, E1 and E2 were synthesized from the commercial available 2-mercaptobenzimidazole (D1) and 2-aminobenzothiazole (D2) in the presence of bromoacetic acid, instead E3 was obtained by hydrolysis of E2, previously synthesized from 2-mercaptobenzothiazole (D3), and ethyl-2-bromoacetate (Scheme 2).
[bookmark: _Hlk486354321]2-[(1H-Benzo[d]imidazol-2-yl)thio]acetic acid (E1). A solution of bromoacetic acid (1.39 g, 10 mmol) in ethanol (15 mL) was dropwise added to a solution of D1 (751 mg, 5 mmol) in ethanol (15 mL). Then, 2 M KOH (30 mL) was added and the reaction mixture was stirred for 3 h at room temperature. The reaction progress was monitored by TLC (CHCl3/MeOH = 8:2). Water and 6 N HCl were added till pH acid to obtain the precipitation of the product E1 that was separated by filtration (427 mg, 2.05 mmol). Yield: 41%. 1H NMR (500 MHz, DMSO-d6, δ): 4.23 (s, 2H), 7.20-7.22 (m, 2H), 7.48-7.50 (m, 2H). GC-MS (70 eV) m/z (rel. int.) = 190 (100), 162 (80). 
[bookmark: _Hlk486354069]Ethyl benzo[d]thiazol-2-ylglycinate (E2). D2 (750 mg, 5 mmol) and ethyl bromoacetate (554 µL, 5 mmol) were dissolved in acetone (15 mL). Potassium carbonate (2.073 g, 15 mmol) was added to the solution and the reaction mixture was refluxed overnight at room temperature. After TLC control (CHCl3/MeOH 9:1), the reaction was quenched on ice-crushed and then extracted twice with ethyl acetate. The collected organic layer was dried over Na2SO4, filtered and the solvent distilled under vacuum to obtain E2 (892 mg, 3.77 mmol). Yield: 75%. 1H NMR (500 MHz, CDCl3, δ): 1.29 (t, 3H, J = 7.2 Hz), 4.24 (q, 2H, J = 7.2 Hz), 4.72 (s, 2H), 6.74-6.75 (m, 1H), 7.03-7.05 (m, 1H), 7.21-7.23 (m, 1H), 7.28-7.29 (m, 1H).
(Benzo[d]thiazol-2-ylglycine)acetic acid (E3). Compound E2 was dissolved in dioxane (6 mL) and diluted with 6 N HCl (6 mL). The reaction was refluxed for 3 hours and after TLC control (CHCl3/MeOH 8:2) was cooled down to room temperature and the solvent distilled under vacuum to obtain the product E2 (410 mg, 1.97 mmol). Yield: 95 %. 1H NMR (500 MHz, CD3OD, δ): 5.16 (s, 2H), 7.47-7.50 (m, 1H), 7.58-7.60 (m, 2H), 7.87-7.90 (m, 1H). 
2-(Benzo[d]thiazol-2-ylthio)acetic acid (E4). Bromoacetic acid (1.390 g, 10 mmol) in ethanol (15 mL) was dropwise added to a solution of D3 (836 mg, 5 mmol) in ethanol (15 mL). Then, 2 M KOH (30 mL) was added and the reaction mixture was stirred for 3 hours at room temperature. After TLC control (EtOAc/Hexane 5:5), the reaction mixture was diluted with water (60 mL) and acidified with 6 N HCl, affording a solid product E4 that was isolated by filtration (1 g, 4.44 mmol). Yield: 89 %. 1H NMR (500 MHz, DMSO-d6, δ): 4.21 (s, 2H), 7.32-7.34 (m, 1H), 7.42-7.45 (m, 1H), 7.79-7.81 (m, 1H), 7.97-7.99 (m, 1H), 13.02 (brs, 1H, exchanges with D2O). 
{2-[(1H-Benzo[d]imidazol-2-yl)thio]-1-hydroxyethane-1,1-diyl}bis(phosphonic acid) (26). To a suspension of E1 (208 mg, 1 mmol) in acetonitrile (5 mL), H3PO3 (246 mg, 3 mmol) was added and the reaction mixture was heated to 75 °C. Subsequently, PCl3 (329 µL, 3 mmol) was dropwise added and the resulting reaction mixture stirred at 75 °C for 5 h.  Then, the solvent was distilled under vacuum and water (5 mL) was added to the residue, obtaining a yellow-orange suspension. A spoon of charcoal was added and the mixture was stirred for 1 h, then filtered through celite obtaining a clear solution that was refluxed for 7 hours. A white precipitate appeared after cooling at room temperature. The precipitate was filtered obtaining the product 26 (141 mg, 0.4 mmol). Yield: 40%. 1H NMR (500 MHz, DMSO-d6, δ): 4.10 (s, 2H), 7.09-7.10 (m, 2H), 7.29-7.42 (m, 2H). 31P NMR (202 MHz, D2O/NaOD, δ): 14.95 (s, 2P).
[2-(Benzo[d]thiazol-2-ylamino)-1-hydroxyethane-1,1-diyl]bis(phosphonic acid) (27). To a suspension of compounds E3 (208 mg, 1 mmol) in acetonitrile (5 mL), H3PO3 (246 mg, 3 mmol) was added and the reaction mixture was heated at 75 °C. Subsequently, PCl3 (329 µL, 3 mmol) was dropwise added and the mixture was left at 75 °C for 5 hours.  The solvent was distilled under vacuum and then water (5 mL) was added to the residue obtaining a yellow suspension. A spoon of charcoal was added and the mixture was stirred for 1 h; then, the solution was filtered through celite obtaining a clear solution that was refluxed for 7 h. After cooling at room temperature a white precipitate appeared. The precipitate was filtered obtaining the product 27 (142 mg, 0.4 mmol). Yield: 40%. 1H NMR (500 MHz, D2O/NaOD, δ): 4.28 (s, 2H), 6.70-6.72 (m, 1H), 6.91-6.93 (m, 1H), 7.10-7.12 (m, 1H), 7.24-7.26 (m, 1H). 31P NMR (202 MHz, D2O/NaOD, δ): 14.73 (s, 2P).
[2-(Benzo[d]thiazol-2-ylthio)-1-hydroxyethane-1,1-diyl]bis(phosphonic acid) (28). To a suspension of compound E4 (450 mg, 2 mmol) in acetonitrile (10 mL), H3PO3 (492 mg, 6 mmol) was added and the mixture was heated at 75 °C. Subsequently, PCl3 (659 µL, 6 mmol) was dropwise added and the reaction mixture was stirred at 75 °C for 5 h.  The solvent was removed under vacuum and water (5 mL) was added to the residue obtaining a yellow-orange suspension. A spoon of charcoal was added and the mixture was stirred for 1 h; then, the solution was filtered through celite obtaining a clear solution that was refluxed for 7 h. A white precipitate appeared after cooling down at room temperature. The precipitate was filtered affording the product 28 (75 mg, 0.20 mmol). Yield: 10%. 1H NMR (500 MHz, D2O/NaOD, δ): 1.96 (t, 2H, JH-P = 11.2 Hz), 6.47 (t, 1H, J = 7.6 Hz), 6.66-6.67 (m, 2H), 6.94 (d, 1H, J = 7.6 Hz). 31P NMR (202 MHz, D2O/NaOD, δ): 15.72 (t, 2P, JPP = 16.16 Hz).

3.2 Biological evaluation. Gene expression and protein purification.
Expression vectors containing cDNA sequences encoding for hFPPS or hGGPPS, pET-6xHis/hFPPS [NM_001135822.1] and pET-6xHis/hGGPPS [NM_001037277.1], respectively, were purchased from Cyagen Biosciences (Santa Clara, CA) and were individually used to transform E. coli BL21 competent cells [59]. The expression and the purification methods were the same for both enzymes. Specifically, single transformants were used to inoculate a starter culture that, in turn, was added to a larger volume of LB medium containing 100 μg/mL of ampicillin to expand the culture. When the culture density reached OD600 = 0.4-0.6, the expression of the target enzyme was induced by the addition of 0.7 mM isopropyl-1-thio-β-galactopyranoside (IPTG) at 30 °C overnight with shaking at 240 rpm. Cells were harvested by centrifugation at 5,000 rpm, at 4 °C for 10 minutes (Beckman JA-10 rotor) and the pellet was resuspended in 25 mM Tris–HCl (pH 8) (2 mL) containing 5 mM MgCl2, 1.5 mM β-mercaptoethanol (BME) and Protease Inhibitor Cocktail (cOmplete ULTRA Tablets, Roche). The cells were then lysed by sonication using a 1/8th inch microtip (Branson Digital Sonifier Model 500, 0.5 s pulses, 3 minutes, 11 W and at ~ 0°C) [45], Cell lysate was centrifuged at 12,000 rpm, at 4 °C for 15 minutes (Eppendorf Refrigerated Microcentrifuge, Model 5417R) and the supernatant, containing the soluble recombinant protein, was immediately adjusted to 150 mM NaCl and 5 mM imidazole. Both enzymes were purified by Immobilized Metal Ion Affinity Chromatography (IMAC) using the Ni-NTA resin which presents nitrilotriacetic acid (NTA), a tetradentate chelating ligand, in a highly cross-linked 6% agarose matrix. hFPPS and hGGPPS purification was performed as described by Sen et al.
with minor modifications [43,60].
Briefly, the supernatant containing the target protein was incubated with Ni-NTA Agarose resin (Nickel metal-affinity resin, ThermoFisher) (500 µL), that had been pre-equilibrated with a buffer containing 25 mM Tris–HCl (pH 8.0),5 mM MgCl2, 2 mM BME, 150 mM NaCl and 5 mM imidazole, for 10 minutes at 4°C using gentle agitation to keep the resin suspended. Then, the resin, to which the target protein is bound, was washed three times with a buffer containing 25 mM imidazole. Both hFPPS and hGGPPS proteins were eluted with 25 mM Tris–HCl (pH 7.0) containing 5 mM MgCl2, 2 mM BME and 150 mM imidazole. Protein concentrations were assessed using the Bio-Rad protein assay reagent (Bio-Rad). Purification extent was verified by SDS–PAGE followed by Comassie Blue staining using the Image LabTM Touch software (Bio-Rad Laboratories, CA USA). 

3.3 IC50 values determination using a colorimetric assay
hFPPS and hGGPPS enzymatic assays were performed using a known procedure [43,60] with minor modifications. Briefly, the reaction was carried out in 96-well plates flat bottom. 400 ng of purified hFPPS or hGGPPS were assayed in a final volume of 100 μL of assay solution that had a final concentration of 50 mM Tris-HCl pH 7.0, 5 mM MgCl2, 1 mM BME and 5 μg/mL BSA (and 100 μU/μL of inorganic pyrophosphatase only for hGGPPS). Purified enzymes were incubated with the synthesized compounds for 15 minutes using gentle agitation at room temperature and then substrates were added to start the reaction. Based on previous work [45], the concentrations of the two hFPPS substrates, DMAPP and IPP, were 25 μM and 50 μM, respectively. The concentration of the two hGGPPS substrates, IPP and FPP, was 25 μM. Reaction was allowed to proceed for 1 hour at 37 °C and terminated by the addition of 10 μL/well of 2.5% ammonium molybdate reagent (in 5 N H2SO4); the plate was gently mixed on a plate shaker for 10 minutes at room temperature. Then, 0.5 M 2-mercaptoethanol (10 μL) and Eikonogen reagent (20 μL) (0.25 g of sodium sulfite and 14.7 g of meta-bisulfite were dissolved in 100 mL water) were added to each well. The plate was incubated with gentle mixing on a plate shaker for 20 minutes at room temperature. After this time, the absorbance was measured (at  = 615 nm for hFPPS and 846 nm for hGGPPS) using a Microplate Reader (Tecan Microplate Reader Infinite M1000 PRO, Lifesciences). The control experiment was performed with the incubation mixture in the absence of enzyme for background deduction. Percent inhibition was calculated from control wells without inhibitor; IC50 values were determined using GraphPad Prism 5, and are expressed as mean ± SD of five  independent measurements in triplicate.

3.4 Hydroxyapatite (HAP) binding assay by ESI/MS
A solution of each sodium salt N-BP of interest (100 µM) was prepared. It was divided into two aliquots (0.8 mL), to carry out the experiment in duplicate, then added with 1 mg of HAP powder [54]. After 5 minutes of incubation with gentle mixing, the aliquots were centrifuged for 10 minutes at 8,000 rpm (Eppendorf MiniSpin Microcentrifuge). The supernatants were filtered (0.22 µm syringe’s filter) and the clear solutions were analyzed by ESI-MS with an electrospray interface and an ion trap mass spectrometer (1100 Series LC/MSD Trap System Agilent Technologies). The ionization was achieved in the negative ion mode, the appropriated peaks were selected as [M-H]- and [M-2H+Na]- and the abundances were recorded. The unknown samples were quantified by a calibration curve.

3.5  Biological evaluation. In vitro and ex vivo assay
Cell lines and murine bone marrow cells were cultured in medium supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine and 1% antibiotics (penicillin-streptomycin), under standard conditions, at 37 °C in a humidified atmosphere containing 5% CO2.
PC3 human prostate cancer cells were cultured in Rosewell Park Memorial Institute 1640 Medium (RPMI), MG63 human osteosarcoma cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM), MC3T3-E1 pre-osteoblastic like cells from mouse were cultured in Minimum Essential Medium (MEM), J774A.1 pre-osteoclasts like cells from mouse were cultured in DMEM and RAW 264.7 pre-osteoclasts like cells from mouse were cultured in MEM [61,62]. All cell lines were certified and provided by SIGMA-ALDRICH (Milan, Italy). 

3.6 Ethical Statements
For ex vivo experiments, bone marrow cells were isolated, under sterile condition, from the femoral and tibialis tissues [63]. In accordance to 3R RULE (DIRECTIVE 2010/63/EU) Replace, Reduce, Refine the tissues were collected from wild type male mice C57BL sacrificed for other scientific purposes (project: DGSAF0024012) [63].

3.7  Crystal violet assay
Cell number was assessed indirectly by staining with crystal violet dye, binding ribose type molecules such as DNA in nuclei, so that the total amount of cell-bound dye was proportional to cell number [64,65]. The cells were seeded in 96-well plates at a density of 8 x 103 cells/well and pre-incubated for 24 h in a humidified atmosphere; cells were counted using Scepter™ 2.0 (Merck Millipore Corporation, New York, USA) that used an impedentiometric method. After this time of incubation, different concentrations of the drug solution (10, ZOL, ALE, RIS) were added. Each drug solution was obtained by diluting the drug stock solutions in phosphate buffered saline (PBS). The control condition was obtained culturing cells without drugs, the negative control was obtained incubating cell with Staurosporine (STS) from Streptomyces sp. After incubation for an appropriate time (72 h), the cell viability was determined by crystal violet staining. In details, after incubation, the medium was removed, the cells were gently rinsed with PBS, were fixed with 10% formaldehyde/PBS for 15 min and were stained for 10 min at room temperature with crystal violet dye (0.1% w/v in dd H2O); after staining, the cells were washed four times with water and then dried. Then, the cells were lysed with 10% acetic acid and the absorbance was measured at  = 590 nm using a microplate reader (Victor 3V PerkinElmer). The changes of the cell viability were expressed as percentage (%) of changes of cell viability induced by drugs or toxin with respect to the control. Each experiment was carried out in triplicate.

3.8. CCK-8 Intracellular dehydrogenase assay 
The activity of the intracellular dehydrogenases was assessed by using the Cell Counting Kit-8 (CCK- 8) (Sigma Aldrich, Mi) that utilizes highly water-soluble tetrazolium salt. WST-8 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium monosodium salt produces a water-soluble formazan dye upon reduction in the presence of an electron carrier. It is reduced by dehydrogenases in cells to give an orange colored product (formazan), which is soluble in the culture medium. The detection sensitivity of CCK-8 is higher than other tetrazolium salts [65]. The cells were seeded in 96-well plates at a density of 8 x 103 cells/well and pre-incubated for 24 h under a humidified atmosphere. Then, different concentrations of the drug solution were added. After 72 h, CCK-8 solution (10 μL) was added to each well. The absorbance at  = 450 nm was measured after 2 h of incubation with CCK-8 solution, using a microplate reader. The changes of the cell viability were expressed as percentage (%) changes of cell viability induced by drugs and toxin with respect to the control. Each experiment was carried out in triplicate.

3.9  Mineralization assay
This assay was performed to evaluate cells capability to mineralize, that is their ability to create calcium deposits or nodules [64]. Because only mature osteoblasts are able to produce inorganic matrix, it was necessary to express a mature osteoblast phenotype. Differentiation was induced using mineralization medium (MM), obtained by the addition of 100 ng/mL ascorbic acid and 10 mM β-glycerophosphate (Sigma, USA) to standard growth medium (MEM+ for MC3T3-E1 cells and DMEM+ for bone marrow cells). The cells (1x106 cells/mL/well) were cultured in MM using 12 and 24 well plates in the presence of different concentrations of the drug solution for approximately 10-15 days at 37 °C in a humidified 5 % CO2 atmosphere. The medium was changed every 3 days by adding fresh medium. After culture, cells were stained with the Alizarin Red solution 2% m/v and washed for 3 times with PBS. Alizarin Red is an anthraquinone derivative able to form an Alizarin Red S-calcium complex in a chelation process, forming a product that is a bright red stain. For quantitation, 10 % acetic acid solution was added to each well to elute the dye. After complete elution, the absorbance at  = 405 nm on a microliter plate reader was measured. The changes of mineralization ability were expressed as percentage (%) changes of mineralization induced by drugs with respect to the control. The experiment was carried out in triplicate.

3.10  Mineralization co-culture assay
The capability of a number of BPs in inducing mineralization in bone marrow cells was also investigated in co-culture in the presence of prostate cancer cells. Bone marrow cells (1x105 cells/ml/well) were cultured for 2 days, and then the cells were co-cultured with PC3 cells (1x104/ml/well) in MM in the presence or absence of drugs at different concentrations for 10-15 days at 37 °C in a humidified 5 % CO2 atmosphere; the medium was changed every 3 days by adding fresh medium. After culture, cells were stained with Alizarin red and washed for 3 times with PBS. For quantitation, 10 % acetic acid solution was added to each well to elute the dye. After complete elution, the absorbance at  = 405 nm on a microliter plate reader was measured [66]. The changes of mineralization ability were expressed as percentage (%) changes of mineralization induced by drugs with respect to the control. The experiment was carried out in triplicate.

3.11  Osteoclast differentiation 
As far as pre-osteoclasts like cells RAW 264.7 differentiation is concerned, cells were incubated at 8x104 cells/mL/well in 6-well plates for 7 days with MEM+ containing Receptor activator of NF-κB Ligand (RANKL, 50 ng/ml) [67]. The medium was refreshed every 2 days. Differentiated RAW 264.7 cells were treated with drugs for 72 h. Dehydrogenases activity and cell viability were assessed by CCK8 assay and CV assay. The experiments were carried out in triplicate.
3.12  Tartrate-resistant acid phosphatase (TRAP) staining	
 TRAP kit (Sigma-Aldrich, St. Louis, USA) was used to demonstrate the presence of tartrate resistant acid phosphatase in mature osteoclasts. RAW 264.7 cells were plated in a 6-well culture dish and the differentiation process was induced using RANKL (50 ng/mL) [67]. After 7 days of culture, cells were treated with drugs for 72 h. The control condition was obtained culturing cells in the medium with RANKL without drugs. The negative control was obtained culturing cells in the normal medium. Then, the assay was performed in accordance with the official protocol provided with the kit. Staining of random selected areas at each well was evaluated at the microscopy. This procedure was repeated 3 times. 
3.13 Statistic 
Data were collected and analysed by Excell software (Microsoft) unless otherwise specified. The data were expressed as mean ± standard error (E.S.). Significance between mean were evaluated by student t test (p < 0.05). Significance between data groups was evaluated by ONE WAY ANOVA analysis of variance (p < 0.05). 

3.14 Docking calculations
Structures of studied inhibitors were manually built using the Build facility in Maestro version 11.4 [68].
The protonation state at pH 7.4 was generated for all ligands using Epik, version 4.2. [68] According to experimental data, N-BPs bind hFPPS with protonated side chains, therefore both protonated and deprotonated form for each ligand was considered, independently of the predicted preferred form at physiological pH. The obtained structures were minimized to a derivative convergence of 0.01 kJ Å−1 mol−1 using the Polak−Ribiere conjugate gradient (PRCG) minimization algorithm, the OPLS3 force field, and the generalized Born/surface area (GB/SA) water solvation model implemented in MacroModel version 11.8 [68]. The same parameters have been used to carry out a conformational search applying the mixed-torsional/low-mode sampling to generate the global minimum geometry of each molecule, which was then submitted to docking calculations. 
Docking calculations in the hFPPS binding site have been carried out using an already setup procedure [49], where the protein structure with PDB ID 4H5D has been selected through a cross-docking calculation and thirteen water molecules surrounding the magnesium ions were considered in the final protein structure. A similar procedure has been applied also to dock new ligands in the hGGPPS binding site. Therefore, X-ray structure of hFPPS and hGGPPS (PDB IDs 4H5D and 2Q80 respectively) were downloaded from the PDB. Each crystallographic structure was prepared using the Protein Preparation Wizard in Maestro, that allows eliminating ligands and defined water molecules, fixing bond orders, adding hydrogen atoms, computing the residue protonation state, optimizing the H-bond network and relaxing the structure with a constrained minimization. The so-prepared structures were submitted to subsequent docking studies. Docking calculations have been carried out using Glide, version 7.7 [68]. The Glide Grid Generation protocol was applied to each protein structure. The docking region was defined by the X-ray coordinates of the co-crystallized ligands. The docking calculations were carried out using the Virtual Screening Workflow imposing an enhanced exploration of the ligand conformational space. Both Glide SP (standard precision) and XP (extra precision) methods were applied. Ten poses were saved for each ligand.
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