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ABSTRACT: We synthesized 30 lipophilic bisphosphonates and o, PH

“P-OH
tested them in malaria parasite killing (targeting parasite % H,G\N/%f\] Malaria
geranylgeranyl diphosphate synthase, GGPPS) and human y§ T 1 Gl "= /jﬁﬁg: Parasite
cell activation (targeting human farnesyl diphosphate synthase, O oH

=

FPPS). Similar patterns of activity were seen in inhibiting human
FPPS and Plasmodium GGPPS, with short to medium chain-

length species having most activity. In cells, shorter chain-length species had low activity, due to poor membrane permeability,
and longer chain length species were poor enzyme inhibitors. Optimal activity was thus seen with ~C,, side-chains, which have
the best combination of enzyme inhibition and cell penetration. We also solved the crystal structure of one potent inhibitor,
bound to FPPS. The results are of interest since they suggest the possibility of a combined chemo/immuno-therapeutic approach
to antimalarial development in which both direct parasite killing and y0 T cell activation can be achieved with a single compound.
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Malaria is a major cause of mortality and morbidity from
parasitic protozoan diseases worldwide' and drug
resistance is of concern.” There is thus interest in new
drugs and new drug targets, as well as unconventional
approaches involving host innate immunity.* Activated y5 T
cells are of interest in this context since they can not only kill
tumor cells,” bacteria® and influenza virus-infected cells,” 75 T
cells can also produce TNF-a on activation, and TNF-a is
known to prevent the development of pre-erythrocytic stage
parasites.® One class of drug molecules called bisphosphonates
are known to activate 5 T cells (containing the Vy2 V52 T cell
receptor), so these molecules might be used as immunomo-
dulators.” Most bisphosphonates are, however, Ipoorly taken up
into cells and bind tightly to bone mineral."® Recently, we
showed that lipophilic bisphosphonates'" did not bind to bone
mineral’® and, in addition, were more active in y0 T cell
activation'” than were the current bisphosphonate drugs used
to treat bone resorption diseases and cancer. We also
discovered that lipophilic bisphosphonates were active in
killing liver stage malaria parasites’> and that a lipophilic
analogue of the bisphosphate zoledronate was a potent
inhibitor of intraerythrocytic Plasmodium both in vitro and in
vivo in mice."

Bisphosphonates such as zoledronate (1) activate y5 T cells
by inhibiting the enzyme farnesyl diphosphate synthase
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(FPPS). This results in accumulation of the FPPS substrates,
isopentenyl diphosphate (IPP), and dimethylallyl diphosphate
(DMAPP), both of which are phosphoantigens that activate y&
T cells.'**> However, zoledronate has essentially no effect on
the intraerythrocytic form of the malaria parasites since it is
poorly membrane permeable. In contrast, lipophilic bi-
sphosphonates (containing N-alkyl side-chains) do kill the
parasites.'* Here, the target is the Plasmodium geranylgeranyl
diphosphate synthase (GGPPS). This enzyme is unusual in that
it is structurally more similar to human FPPS than human
GGPPS and, unlike human GGPPS, is potently inhibited by
bisphosphonates. Inhibiting GGPPS in the parasite blocks
formation of protein prenylation'® as well as carotenoid,"”
menaquinone,18 and vitamin E formation,19 Figure 1, and
results in direct parasite killing. Plus, this killing effect is
blocked by the addition of geranylgeraniol,'* confirming a
GGPPS target.

Here, we sought to find a lipophilic bisphosphonate that
would kill malaria parasites as well as activate y6 T cells, a
possible new route to malaria chemo-immunotherapy.
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Figure 1. Schematic illustration of pathways involved in zoledronate—
analogue activity in y0 T cells and in malaria parasites. Green = human
cell; cyan = malaria parasite. HMG-CoA = hydroxymethylglutaryl
coenzyme A; IPP = isopentenyl diphosphate; DMAPP = dimethylallyl
diphosphate; FPP = farnseyl diphosphate; GAP = glyceraldehyl-3-
phosphate; HMBPP = 4-hydroxyl-3-methyl-but-2-enyl diphosphate;
GGPP = geranylgeranyl diphosphate; TNF-a = tumor necrosis factor
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Figure 2. Chain length dependence of enzyme and cell growth
inhibition/activation and effects of the 1-OH group. (a) Structures of
compounds investigated; (b) HsFPPS; (c) y8 T cell activation/ TNF-a
release; (d) PvGGPPS inhibition; (e) intraerythrocytic P. falciparum
cell growth inhibition.
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Table 1. Enzyme Inhibition Together with y6 T Cell
Activation and P. falciparum Cell Growth Inhibition

side-chain TNF-a
length HsFPPS ICy, PvGGPPS  P. falciparum

D (OH/H) ICo(M) (M)  ICo (M) 1Cq M)
1 0, OH 0.10 170 0.13 >400
2 1, OH 0.080 210 0.15 >400
3 2, OH 0.049 160 0.12 >400
4 3, OH 0.034 190 0.16 >400
S 4, OH 0.030 250 0.14 390
6 5, OH 0.049 170 0.12 97
7 6, OH 0.044 81 0.12 25
8 7, OH 0.040 47 0.11 14
9 8, OH 0.036 23 0.10 9.6
10 9, OH 0.080 11 0.12 59
11 10, OH 0.23 7.6 0.12 3.6
12 11, OH 0.21 8.0 0.32 4.1
13 12, OH 0.49 8.8 0.40 5.6
14 13, OH 4.2 110 2.7 44
15 14, OH 42 160 32 >400
16 15, OH 60 280 7.1 >400
17 0, H 0.14 140 0.16 >400
18 1,H 0.19 210 0.16 >400
19 2, H 0.08 180 0.17 >400
20 3,H 0.066 200 0.14 >400
21 4, H 0.079 280 0.13 S1
22 5, H 0.11 160 0.20 22
23 6, H 0.058 56 0.21 8.6
24 7, H 0.044 36 0.17 72
25 8, H 0.040 17 0.16 4.1
26 9, H 0.043 12 0.10 3.3
27 10, H 0.10 11 0.11 1.3
28 11, H 0.28 10 0.14 2.5
29 12, H 0.37 13 0.31 2.7
30 13, H 0.35 S1 0.38 8.8
31 14, H 3.0 94 1.1 120
32 15, H 8.3 210 4.5 150

We synthesized the 16 pairs of zoledronate (1) species (1—
32) shown in Figure 2a in which we varied the length of the
alkyl chain (n = 0 through n = 15 carbons) and the presence or
absence of the 1-OH group that is involved in bone-binding
and that has been proposed (with zoledronate, 1) to be
important in 8 T cell activation.'®*® Synthesis and character-
ization details are provided in the Supporting Information. We
then tested all 32 compounds for human FPPS inhibition
activity. The most potent FPPS inhibitors were those with
medium length side-chains, and these were ~3—10X more
potent than zoledronate itself, Figure 2b and Table 1. As the N-
alkyl chain length increases beyond C,;, FPPS inhibition
decreases, due presumably to the onset of steric repulsion with
the highly conserved Phe 98 and 99 residues in the FPPS active
site that limit chain elongation.”"

We next investigated the effects of chain-length and the
presence/absence of the 1-OH group on 76 T cell activation, as
determined in a TNF-q release assay.”> As can be seen in Table
1 and Figure 2c, there is a monotonic increase in activity
beyond C, with both series of compounds with increasing chain
length up to n & 11, then activity rapidly decreases with n > 12.
The decrease in activity with the longer chain species occurs at
a longer chain length in cells than in FPPS inhibition due, we
believe, to the importance of hydrophobicity with the more
lipophilic species, which facilitates cell entry. These results also
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Figure 3. Structural results in stereo representation. (a) X-ray structure of HsFPPS/S complex (cyan, PDB ID code 4GA3) superimposed on
PvGGPPS structure (purple, PDB ID code 3RBM). The Car rmsd over 331 residues in 1.44 A. (b) Comparison between the X-ray structures of §
bound to HsFPPS, GPP (yellow), and FPP (green) bound to avian FPPS (PDB ID codes, 1UBX and 1UBW). The bisphosphonate § binds to the
allylic (GPP) site. Chain elogation in FPP is blocked by F98 and F99, corresponding to decreased HsFPPS inhibition by bisphosphonate inhibitors
with N-alkyl chains longer than ~Cy. (c) Structures of HsPPPS/S (cyan) overlaid on 29 (BPH-703; pink) bound to PvGGPPS (PDB ID code
3RBM). The bisphosphonate, imidazolium, and N-alkyl side-chain structures are quite similar. Optimum activity in PvGGPPS is at ~C,, then steric

repulsion ensures.

clearly show, at least with the 5 T cell lines we have used, that
there is no major difference in activity due to the presence or
absence of the 1-OH group.

To see how these lipophilic zoledronate derivatives bound to
FPPS, we obtained the X-ray crystallographic structure of $§
(ICsy = 30 nM) bound to human FPPS (HsFPPS), as shown in
Figure 3a (in cyan; PDB ID code 4GA3). Full crystallographic
data acquisition and structure refinement details are given in
Supporting Information Table S1. Compound § binds into the
same site as does zoledronate®** with its two phosphonate
groups bound to the [Mg**]; cluster, and there is a 0.7 A rmsd
between the [Mg*'];, bisphosphonate, and imidazole rings in
the two structures. The alkyl chain extends into the GPP/FPP
side-chain site, Figure 3b (FPPS structures, PDB ID code
1UBX and 1UBW). The origin of the more potent FPPS
inhibition by the N-alkyl bisphosphonates over that seen with
the unsubstituted species is likely due to an enhanced
hydrophobic interaction as opposed to a purely Coulombic
interaction since the results of a solid-state NMR and quantum
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chemical investigation®® show that the imidazole nitrogen in
zoledronate also carries a +1 charge (due there to protonation),
when bound to FPPS.

We next investigated the inhibition of Plasmodium vivax
GGPPS (PvGGPPS) and the direct killing of intraerythrocytic
parasites by 1—32. As can be seen in Figure 2d,e and Table 1,
several of the compounds most effective in inhibiting
PvGGPPS were also very effective in inhibiting P. falciparum
growth. The correlation between PvGGPPS and cell growth
inhibition was poor (R = 0.26) but improved to R = 0.80 on
addition of the log P and solvation energy descriptors reported
previously.”® The ability to inhibit FPPS and GGPPS with the
same chain length compounds is likely due to their mimicking
the FPP product (in human FPPS) or the FPP substrate (in
Plasmodium GGPPS), together with the presence of the third
Asp in PvGGPPS that is essential for bisphosphonate binding
to [Mg?"]; with, and as can be seen in Figure 3c, the structures
of 5§ bound to HsFPPS and 29 bound to PvGGPPS being very
similar (rmsd = 0.9 A).

dx.doi.org/10.1021/ml4000436 | ACS Med. Chem. Lett. 2013, 4, 423—427



ACS Medicinal Chemistry Letters

In conclusion, the results we have presented here are of
interest for a number of reasons. First, we constructed a library
of 31 N-alkyl analogues of the bisphosphonate drug,
zoledronate, with and without 1-OH groups, and tested them
(and zoledronate) for activity in inhibiting human FPPS. The
results show that medium chain length species inhibit human
FPPS most potently, while longer chain species are inactive,
due, we propose, to a steric clash with the FPPS chain-length-
determining residues Phe 98 and 99. Second, we investigated
the activity of all 32 compounds in y6 T cell activation: the
most active species had 10 + 1 carbons in the N-alkyl side-
chain. We propose that the increased activity of these lipophilic
zoledronate—analogue bisphosphonates in cells compared with
zoledronate itself is due to the improved cell uptake of the
more lipophilic compounds. Third, we determined the X-ray
crystallographic structure of one potent inhibitor of human
FPPS bound to the enzyme, finding that the bisphosphonate
and imidazole groups occupied the same position as in
zoledronate bound to FPPS, as well as 29 bound to GGPPS.
Fourth, we find that the most potent Vy2 V62 T cell activators
also kill malaria parasites in vitro (and in vivo'*). This opens up
the intriguing possibility of a combined chemo-immunother-
apeutic approach to the development of new antimalarials in
which both host innate immunity (host FPPS inhibition/y5 T
cell activation/TNF-a-mediated killing) and direct killing (via
parasite  GGPPS inhibition, carotenoid, menaquinone, and
vitamin E biosynthesis inhibition) are targeted by a single
molecule.
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Experimental details of inhibitor syntheses, HsFPPS and
PvGGPPS expression, purification, and inhibition, y5 T cell
activation, P. falciparum growth inhibition, and HsFPPS X-ray
crystallography. This material is available free of charge via the
Internet at http://pubs.acs.org.
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