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Farnesyl pyrophosphate synthase (FPPS) is an established
target for the treatment of bone diseases, but also shows
promise as an anticancer and anti-infective drug target. Cur-
rently available anti-FPPS drugs are active-site-directed bi-
sphosphonate inhibitors, the peculiar pharmacological profile
of which is inadequate for therapeutic indications beyond
bone diseases. The recent discovery of an allosteric binding
site has paved the way toward the development of novel non-
bisphosphonate FPPS inhibitors with broader therapeutic po-
tential, notably as immunomodulators in oncology. Herein we

Introduction

Farnesyl pyrophosphate synthase (FPPS) is the main molecular
target of nitrogen-containing bisphosphonates (N-BPs), one of
the most transformative class of drugs of the past 25 years!"
that had a huge impact on the treatment of bone diseases
such as osteoporosis, Paget’s disease of bone, and bone meta-
stasis.”¥ FPPS is a key node of the mevalonate pathway and
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report the discovery, by an integrated lead finding approach,
of two new chemical classes of allosteric FPPS inhibitors that
belong to the salicylic acid and quinoline chemotypes. We
present their synthesis, biochemical and cellular activities,
structure-activity relationships, and provide X-ray structures of
several representative FPPS complexes. These novel allosteric
FPPS inhibitors are devoid of any affinity for bone mineral and
could serve as leads to evaluate their potential in none-bone
diseases.

provides the isoprenoid precursors geranyl- (GPP) and farnesyl-
(FPP) pyrophosphate necessary for the synthesis of cholesterol,
dolichol, and ubiquinone, and for post-translational prenylation
of small GTPases such as Ras, Rac, and Rho. Bisphosphonate
drugs such as zoledronic acid (ZOL) 1 (Scheme 1) strongly bind
to bone and are then selectively taken up into bone-resorbing
osteoclasts by fluid-phase endocytosis, subsequently inducing
apoptosis and thereby inhibiting bone resorption.
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Scheme 1. Structures of zoledronic acid 1 and selected allosteric FPPS inhibi-
tors 2 and 4, discovered by fragment-based screening."® Compound 3 rep-
resents a series of new FPPS inhibitors that consist of a salicylic acid frag-
ment substituted at C4.
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Intriguingly, N-BPs have been found to exhibit a surprising
variety of other pharmacological activities that include in-
creased longevity in a mouse model of progeria,” as well as
antiviral® and antiparasitic’”? effects. In the clinic, antitumor ef-
fects have been observed in breast cancer® and multiple mye-
loma® patients. The exact mechanisms underlying the antitu-
mor activity are not yet fully understood. They may include
apoptosis of tumor cells due to increased demand for prenyla-
tion in rapidly proliferating cells, and activation of v Tcells by
accumulating and presenting phospho-antigens such as iso-
pentenyl pyrophosphate (IPP), one of the FPPS substrates."*"
Both mechanisms involve FPPS inhibition, therefore pointing
to FPPS as a potential novel drug target for direct antitumor
therapy.

N-BPs have unusual pharmacokinetic (PK) properties charac-
terized by rapid and strong binding to bone mineral, associat-
ed with low plasma drug concentration soon after administra-
tion, low permeability into non-endocytic cells, and low oral
bioavailability.” While this peculiar PK profile is a blessing for
the treatment of bone diseases and contributes to the excep-
tional safety and potency of this class of drugs, it severely
compromises the efficacy of N-BPs as antitumor drugs, for
which high cell permeability and high plasma levels over an
extended period of time are required.

Crystallographic analyses of human FPPS complexes with
marketed N-BPs">'® have revealed how these drugs mimic
one of the FPPS substrates, dimethylallyl pyrophosphate
(DMAPP), and explained why early attempts to move away
from the bisphosphonate chemotype were largely unsuccess-
ful™ Currently marketed N-BPs are very small in size but are
highly efficient inhibitors. The geminal bisphosphonate moiety
of these drugs fills the site normally occupied by the pyro-
phosphate group of DMAPP, and plays a major role in recogni-
tion and binding through strong electrostatic interactions with
a trinuclear Mg”"™ center and three basic side chains: Arg112,
Lys200, and Lys257. As all bisphosphonate oxygen atoms make
important contributions to these interactions, modifying or re-
placing the bisphosphonate moiety by a less polar isostere
long seemed virtually impossible, leaving the central carbon
atom as the only available position for chemical elaboration of
novel inhibitors. In particular, N-BPs with extended, lipophilic
side chains exploiting the GPP/FPP pocket have been investi-
gated, with the goal to expand the clinical utility of FPPS inhib-
itors.>""7

With the same goal in mind, we initiated a drug discovery
project aimed at novel FPPS inhibitors based on an integrated
lead finding approach combining fragment-based screening
(FBS), high-throughput screening (HTS), in silico screening,
SAR-by-inventory, biophysical validation of hits, and hit-to-lead
chemistry. The fragment-based screen rapidly identified the
first allosteric non-bisphosphonate inhibitors of FPPS, and
quickly led to the benzoindole derivative 2 (Scheme 1),
a novel, potent (IC;,=80 nm) FPPS inhibitor devoid of avidity
toward bone mineral."® This part of our work has already been
described in detail elsewhere."® Building on these results,
other research groups have recently reported further examples
of non-bisphosphonate allosteric FPPS inhibitors.!*"
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Herein we describe two additional chemical lead series of al-
losteric FPPS inhibitors that were discovered during the course
of our integrated lead finding efforts. These two series, salicylic
acid and quinoline derivatives, are fivefold more potent in
vitro than our first lead series represented by the benzoindole
derivative 2, and are equally potent to the best bisphospho-
nates. They are again devoid of significant affinity toward bone
mineral, and therefore represent interesting lead molecules for
the treatment of non-bone-related diseases as anticancer or
anti-infective agents.

In an accompanying report, we describe how such lead mol-
ecules can also be optimized for bone indications by fine-
tuning their affinity toward bone mineral through covalent at-
tachment of a suitable bone-affinity tag, while simultaneously
retaining desirable properties such as oral bioavailability.””

Results and Discussion

Discovery of the salicylic acid class of allosteric FPPS
inhibitors

The fragment screen by NMR and fragment optimization work
were performed so rapidly that compound 2 had already been
discovered"® by the time the high-throughput screen was run.
The HTS was based on a scintillation proximity assay (SPA) that
monitored the incorporation of *H-labeled IPP into [*HIfarnesyl
pyrophosphate ([*HIFPP) by capturing the latter onto a phos-
phatidylserine-coated scintillating microtiter plate (“flash-
plate”).”™ In total, 850000 compounds were screened at a con-
centration of 10 um. The best non-bisphosphonate hits had
IC5, values in the single-digit to double-digit micromolar range.
Of particular interest was compound 3a (Scheme 1, R=H),
a salicylic acid derivative with an ICs, value of 54 um in the SPA
identified by a similarity search from a salicylic acid fragment
identified by NMR. Although the activity of 3a was close to
the detection limit, we noticed that this hit shared some sub-
structures (naphthyl and benzyloxy moiety, carboxylic acid
functionality) with other NMR fragment hits or optimized allo-
steric inhibitors, such as 2 and 4 (Scheme 1). As this compound
was also deemed chemically attractive, it was selected for
follow-up validation and characterization studies.

FPPS was co-crystallized with 3a, and the X-ray structure of
the complex was determined. Crystallographic analysis con-
firmed that this hit was a genuine allosteric inhibitor of FPPS,
binding to the same allosteric pocket as the previously identi-
fied NMR fragment hits, with the enzyme in the open state
and the flexible C-terminal tail disordered (Figure 1A)."” This
allosteric pocket is mainly lined by a-helices o, ag, oy, and a,
and also involves Tyr10 from helix o, as well as Lys57 from the
loop connecting helices ag and ac. The naphthyl group binds
to the hydrophobic base of the pocket, making close contacts
to Tyr10, Phe206, Phe239, Leu344, Thr63, and to the alkyl por-
tion of the side chains of Lys347, Arg60, and Asn59 (Figure 1B).
The side chain amide of Asn59 is in a parallel orientation with
respect to the naphthyl group and contributes amide-m stack-
ing interactions. The salicylic acid ring forms a face-to-edge ar-
omatic—aromatic interaction with Phe239, while one carboxylic
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Figure 1. Crystal structure of the binary complex of FPPS with the allosteric
inhibitor 3a. A) Overall view of one FPPS subunit showing the location of
the allosteric site (green stick) in relation to the DMAPP/ZOL (red) and IPP
(yellow) binding sites. Note the different conformational states adopted by
the enzyme in the binary complex with 3a (open state, blue ribbon) and in
the ternary complex with ZOL and IPP"'? (closed state, gray ribbon).

B) Close-up view of the complex with 3a (green stick) with protein side
chains within 4.0 A distance shown in blue stick.

oxygen atom and the ether oxygen engage in short hydrogen
bonding contacts with the side chain amide of Asn59. In addi-
tion, the carboxylic group makes strong electrostatic interac-
tions with Arg60 (Figure 1B). The side chain amino group of
Lys57 forms a cation-m interaction with the aromatic ring of
the salicylic acid group.

To guide the optimization of 3a, a virtual library of 17000
salicylic acid analogues was created, and high-throughput
docking simulations into FPPS were performed using the crys-
tal structure of the complex with 3a as a template. The virtual
library allowed substitutions at the salicylic acid and naphthyl
rings, and for a and f3 linkage of the naphthyl ring. Analysis of
the results of the docking simulations indicated that the o-
linked naphthyl ring fit the allosteric pocket best. Regarding
the salicylic acid ring, the position para to the carboxylic acid
seemed to offer the best opportunities for improvement.
Therefore, we decided to prepare the key intermediate 3b
with a bromine at this position that could be used as a starting
point for the parallel synthesis of derivatives by Suzuki cou-
pling or Buchwald-Hartwig amination (Scheme 2). The result-
ing derivatives were tested in an LC-MS-based biochemical
assay (see Supporting Information), and their IC;, values were
determined (Table 1). In this assay, 3a had an ICs, value of
6.8 uMm. Gratifyingly, these efforts resulted in several improved
FPPS inhibitors with IC, values in the double-digit nanomolar
range. Notably, 4-substituted phenyl groups were particularly

Br R
COzMe COQH

(0] library synthesis (0]
a

O 3,

Scheme 2. Synthesis of the salicylic acid library. Reagents and conditions:
a) 1. boronic acid, Pd(PPh,),Cl,, Na,CO;, DME/EtOH/H,0, MW (110°C), 10 min,
2. LiOH, MeOH/THF, MW (120°C), 12 min.
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Table 1. Inhibition of human FPPS by salicylic acid derivatives.
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Compd ICso [um]®
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3d ©Y 0.85
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N
31 @ 0.27
NH,
3m OJ\@\/ 0.11
o
HN
3n Q 0.017
o)
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~N
N
H)‘\EjV 0.14

[a] Determined by LC-MS assay; all values are the average of at least
three independent measurements.
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efficient in enhancing binding affinity, with the 4-acetamido-
phenyl derivative 3n showing a 400-fold improvement over
the parent compound 3a. The activity of the 6-methoxy-
naphthyl derivative 3g was similar to that of 3n. The N-meth-
ylindole derivative 31 was selected for isothermal titration calo-
rimetry (ITC) analysis. Enthalpically driven binding was ob-
served (—8.03 kcalmol™") with a favorable entropic contribu-
tion (+3.10 kcalmol™'K™") and an estimated K, value of
280 nm, well in line with the ICs, value in the LC-MS assay.
However, these salicylic acid derivatives were, at best, only
weakly active in a cellular plasma membrane translocation
assay.?” With an ICs, value of 20 um, compound 3i was found
to be among the most active compounds in this cellular assay.
The poor cellular permeability of this compound series, result-
ing from the carboxylic acid functionality, probably precluded
a higher cellular potency.

Discovery of the quinoline class of allosteric FPPS inhibitors

A third lead series emerged from our integrated lead finding
efforts. Compound 5, an HTS hit with an ICs, value of 7.1 um in
the LC-MS assay, also attracted our attention because of its
fragment-like character (M, =287 Da), its relatively good ligand
efficiency (LE: 0.32), and its structural features which suggest-
ed, in light of our previous results, that this compound might
be an allosteric inhibitor as well. A crystal structure of 5 in
complex with FPPS could be obtained, indeed revealing clear
electron density for 5 bound to the allosteric site. Remarkably,
the mode of binding of 5 was highly similar to that of 3a, as
demonstrated by a structural overlay (Figure 2 A). The naphthyl
groups of the two ligands superimpose with each other almost
exactly. The indole moiety of 5 made an angle of 63.5° with re-
spect to its naphthyl group, placing the carboxylic acid in the
same location as its counterpart in compound 3 a. The two car-
boxylic groups showed a distinct orientation, but one of their
oxygen atoms, the one closest to Arg60, virtually superim-
posed in the two complexes (Figure 2A). In spite of the short
connection to the naphthyl group, the indole moiety of 5, like
the salicylic acid ring of 3 a, formed favorable face-to-edge aro-
matic-aromatic interactions with Phe239. Thus, compound 5
appeared as an attractive, more compact, rigid analogue of 3a.
Interestingly, 5 was not able to form the set of strong hydro-
gen bonding interactions with Asn59 that were a recurring fea-
ture of many FPPS complexes with allosteric inhibitors ob-
served thus far, including compound 3a in particular. The car-
boxylic acid group of 5 was rotated away from this residue.
Furthermore, 5 did not have any counterpart for the ether
oxygen atom of 3a. The C3 atom rather than the indole nitro-
gen was in close contact (3.2 A) with Asn59, as a consequence
of the attachment of the naphthyl group at position 4, rather
than 7, of the indole six-membered ring. Moreover, the indole
nitrogen atom did not seem to form any direct polar contacts
with FPPS. Hence, compound 5 also showed clear potential for
affinity improvement, as its indole-carboxylate/naphthyl scaf-
fold seemed suboptimal.

In a first step, we therefore looked for a better combination
of ring systems using the corresponding non-decorated scaf-
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Figure 2. Crystal structures of FPPS in complex with A) compound 5 (green
carbon atoms), also showing a structural overlay with compound 3a
(orange); B) compound 6, observed in two alternate conformations (green
and orange models); C) compound 8a (green). Protein side chains within
4.0 A distance of the allosteric inhibitor are shown in blue stick. See text for
details.

folds. Replacing the naphthyl group with an indole (compound
6, Table 2) slightly weakened the activity to 13.9 pm. Instead,
retaining the naphthyl group and replacing the indole carbox-
ylate with a quinoline carboxylate with the naphthyl attached
at position 8 of the quinoline system led to a clear improve-
ment in potency (compound 8a, ICs,=1.2 um), whereas replac-
ing the naphthyl group in 8a with an indole to form com-
pound 7 again decreased the activity to 20 um (Table 2). The
crystal structure of the FPPS complex with 6 confirmed that an
indole moiety was not a snug fit into the base of the allosteric
pocket, and therefore not a suitable replacement for the naph-
thyl group. The observed electron density indicated the pres-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Biaryl allosteric inhibitors of human FPPS.
Compd ICso [um]®
H
N O
o,
5 7.1
H
N o}
v
OH
6 13.9
(1)
N
H
98
N7 >O
7 OH 20.0
(1)
N
H
I
—
N (0}
8a OH 1.2
[a] Determined by LC-MS assay; all values are the average of at least
three independent measurements.

ence of two alternate binding modes, corresponding to oppo-
site orientations of the buried indole group (Figure 2B). In one
orientation, the indole nitrogen atom was within hydrogen
bonding distance of Thr63 Oy, while in the other orientation it
appeared to interact with Ser205 O. In contrast, the crystal
structure of the FPPS complex with the quinoline derivative 8a
confirmed that an 8-substituted quinoline 2-carboxylic acid
group was a better match to the binding site than the original
4-substituted indole 2-carboxylic acid of 5 (Figure 2C). In par-
ticular, the hydrogen bonding interactions involving Asn59
were largely restored in this complex. The quinoline
nitrogen was engaged in a short (2.6 A) hydrogen
bonding contact to Asn59 NO§2, and one carboxylic
acid oxygen atom appeared to form a bifurcated hy-
drogen bond with the main chain nitrogen (2.9 A) as
well as with the side chain amide (3.1 A) of Asn59.
The analysis of this X-ray structure also suggested
that suitable substituents at positions 5 or 6 of the
quinoline group may increase binding affinity.

Br

Synthesis of biaryl and quinoline derivatives

The synthesis of compounds 5 and 6 is shown in
Scheme 3, and the synthesis of 7 and 8a is shown in

H

N O

P a
OH >
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pled under palladium catalysis to the biaryl systems 14 and 13.
Transfer hydrogenation with ammonium formiate and palladi-
um on charcoal yielded the corresponding acids 7 and 8a.

A variety of quinoline derivatives were then synthesized.
Scheme 5 illustrates the synthesis of the 6-amino-8-(naphtha-
len-1-yl)quinoline-2-carboxylic acid derivatives 8¢, 8d, and 8f.
Nitration of 8-bromoquinoline-2(1H)-one™ in a boiling mixture
of fuming nitric and acetic acids occurs preferably at the 6-po-
sition.”® However, in our hands the reaction was dangerously
exothermic under the described conditions. By exchanging the
acetic acid for trifluoroacetic acid this nitration could be safely
executed at or below room temperature. Suzuki coupling of
the crude nitro derivative 15 with naphthyl boronate then
gave 16. Chlorination with POCI; in the presence of N,N-dime-
thylaniline and Et,NCI®” yielded 17. Palladium-catalyzed car-
bonylation of 17 was accompanied by reduction of the nitro
group, yielding a mixture of products from which the 6-amino-
2-ethoxycarbonyl derivative 18 was isolated in moderate yield.
Additionally, 19 and 20 were isolated as side products. Saponi-
fication finally gave the corresponding acids 8¢, 8d, and 8 f.

The 6-aryl-8-(naphthalen-1-yl)quinoline-2-carboxylic acid de-
rivatives 8b and 8e were synthesized as depicted in
Scheme 6: Sandmeyer-type conditions transformed 18 into the
iodide 21, which was cross-coupled with aryl-3-boronic acids
to give 22 or 23. Saponification or acidic hydrolysis and cleav-
age of the Boc protecting group finally lead to 8b or 8e, re-
spectively.

SAR of quinoline derivatives

The inhibitory potencies of all quinoline derivatives were evalu-
ated by LC-MS biochemical assay (Table 3). As with the salicylic
acid series, low double-digit nanomolar activity against human
FPPS was achieved with the most potent compounds, 8 c-f. By
comparison, zoledronic acid showed an ICs, value of 150 nm
under the same experimental conditions (without pre-incuba-
tion). X-ray analysis of the FPPS complex with 8e confirmed
a conserved mode of binding with respect to the parent com-
pound 8a, with additional contacts involving the pyrrole sub-

H
N
v
HO\B,OH
1

O

OH

5
H H H
N (0] N (0] N O
b c
@_(OH 7 o 7" “oH
| Ho. OH |
Br B
0y (I 49
N N
N H H
9 6

Scheme 4. Esterification of 8-hydroxyquinoline-2-car-
boxylic acid under Mitsunobu conditions gave the
benzyl ester 10. The 8-hydroxy functionality was con-
verted into the boron pinacolate 12, which was cou-

ChemMedChem 2015, 10, 1884 - 1891 www.chemmedchem.org

1888

Scheme 3. Synthesis of 5 and 6. Reagents and conditions: a) Na,COs, [(C¢H;);P1,Pd, EtOH,
3 h, reflux 80%; b) Na,CO;, [(C4Hs);P1,Pd, dioxane, 12 h, 90°C, 44%; c) NaOH, MeOH, 2 h,
60°C 48 %.
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N X stituent. However, also with this

‘ J_ o O series, cellular activities were

N found to be in the double-digit

X / O (t:ij micromolar range, presumably

Q\/NJYO H b due to poor permeability. At-
OH OH

tempts to replace the carboxylic
acid by a tetrazole met with lim-

a d ited success in the cellular assay.
h = = Conclusions
N/ o —> N/ o —> N/ (0]
OH o 0. 0 o B. o FPPS is a. highly validated d'rug
0=% o o target with an armamentarium

F;)\F M of safe and highly efficient ap-
proved drugs. However, all the
currently  available  anti-FPPS

¢ drugs belong to the same class,
the so-called nitrogen-containing
bisphosphonates (N-BPs). The

O N g O A unique pharmacokinetic proper-

NP N ties of this class of drugs, domi-

OH o) nated by its avidity to bone min-

OO OO eral, has largely restricted its use
8a 14

to bone related indications, in-
cluding metastatic bone diseas-
Scheme 4. Synthesis of 7 and 8a. Reagents and conditions: a) benzyl alcohol, P(C¢Hs)s, diethyl azodicarboxylate, es. Nevertheless, evidence has
THF, 0°C (88%); b) (F;CS0O,),0, pyridine, CH,Cl,/dioxane, —78 °C—RT (~quant.); ) bis(pinacolato)diboron, KOAc, been accumulating over the past
molecular sieves (4 A), [1,1-bis(diphenylphosphino)ferrocenelpalladium(ll) chloride, DMF, 80°C; d) 4-bromoindole, d R
ecade that FPPS inhibitors have
Cs,CO;, [(C¢Hs);P1,Pd, DMF, 80°C (50%, two steps); €) ammonium formiate, Pd/C, MeOH, 65 °C (83 %); f) 1-bromo-

10 1" 12

naphthalene, K,CO,, [(C¢H;);P1,Pd, toluene, 90°C (56 %, two steps); g) ammonium formiate, Pd/C, MeOH, 65 °C a much broader potentlal as
(89%). cancer chemotherapeutic
agents.532

To fully realize this potential,
however, novel non-bisphospho-

N nate FPPS inhibitors are needed.
@l This objective seemed elusive
H 0 for a long time, as the first X-ray

Br analyses had confirmed that N-
la BPs were substrate mimetics and

had indicated that the design of

o = b o O = c =N ‘ = non-bisphosphonate  substrate
H ¢} HO., ,OH H o N” >l analogues as a rational approach

Br toward new FPPS inhibitors was
OO OO doomed. The recent discovery of

15 16 17 allosteric FPPS inhibitors, howev-
er, has revolutionized the field
d and opened new avenues

toward the development of

O A N O A FN O N novel classes of anti-FPPS drugs.
This article complements the

available chemical matter for al-

losteric inhibition of FPPS by

R = Et 20 R = Et 19 R = Et 18 two new lead s.erles. These new
e e e classes were discovered by an
R=H: 8f R=H-8d =— R=H: 8c integrated lead finding ap-

Scheme 5. Synthesis of 8¢, 8d, and 8 f. Reagents and conditions: a) fuming HNO;, TFA, 0°C—RT; b) K,CO,, proach, which was essential for

[(CeHs);P1,PdCl,, DMF/H,0, 80-92°C (57 %, two steps); c) POCl;, Et,NCI, N,N-dimethylaniline, CH,CN, T (78%); the rapid identification and char-
d) CO, [(C4Hs);P1,PACL,, Et;N, EtOH, 110°C; e) LiOH, H,O/dioxane (31-63 %). acterization of promising, but
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Scheme 6. Synthesis of 8b and 8e. Reagents and conditions: a) 1. NaNO,, HCl, H,0, —15°C, 2. KI, 0°C—RT (28%);
b) thiophen-3-boronic acid; Na,CO,, [(C¢Hs);P1,PdCl,, DMF, 100°C (81 %); c) LiOH, H,O/dioxane (83 %); d) [1-(tert-bu-
toxycarbonyl)-1H-pyrrol-2-yl]boronic acid, Na,COs, [(C4Hs);P1,PdCl,, DMF, 100°C (69%); e) 2m HCl in THF/H,0 (1:1),

Table 3. Structures and FPPS inhibitory activities of analogues 8.

RZ
R1
O A
N

8
ool
Compd R' R? ICso [um]®
8a H H 12
~
s
8b Qy H 0.10
8¢ NH, H 0.069
8d NH, OEt 0.024
a
8e N H 0.077
o N
8f g g H 0.037

[a] Determined by LC-MS assay; all values are the average of at least
three independent measurements.

weak hits from a high-throughput screen. In particular, the
knowledge we had gained from our initial fragment-based
work greatly helped us focus on a few compounds that exhib-
ited the expected pharmacophore for putative new allosteric
site binders.

One of the best inhibitors of our previous benzoindole lead
series, compound 2, had an ICs, value of 200 nm in the scintil-
lation proximity assay."® In our new LC-MS-based assay, which
was used throughout the current study, compound 2 showed
an 1Cy, value of 350 nm. The two new classes reported herein
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comprise compounds that are
10- to 20-fold more potent than
the initial lead series. These com-
pounds are exemplified by 3f
and 3n for the salicylic acid
series, and by 8d and 8f for the
quinoline series.

Notably, the in vitro potencies
lc of these allosteric inhibitors are
in the same range or even
higher than those of the most
potent N-BPs, even if the latter
are pre-incubated with FPPS
before the start of the reaction,
which increases their activities
by a factor of 10-100.® More-
over, both classes of FPPS inhibi-
tors lack the bisphosphonate
functionality and are thus radi-
cally distinct from the N-BPs. The
bisphosphonate moiety is the
“bone hook” that targets these
drugs to bone, thus compromis-
ing their broader utility for non-skeletal indications. Allosteric
inhibitors of FPPS, in contrast, are not substrate mimetics and
therefore do not require a bisphosphonate group for binding
affinity. With this major limitation of the N-BP class circumvent-
ed, and also in view of their relatively small size, there is still
ample room for further chemical elaboration of these allosteric
inhibitors, and, in particular, for improving their permeability
and pharmacokinetic properties. So far, the cellular activity of
our allosteric inhibitors in the membrane translocation assay
was disappointing, with the best IC,, values in the double-digit
micromolar range. Nevertheless, this is a first step forward in
comparison with N-BP drugs, such as zoledronic acid.

The allosteric binding site of FPPS is relatively basic owing
to its vicinity to the IPP binding site, the nearby basic C-termi-
nal tail of the enzyme with the sequence motif **KRRK?*>, and
the presence of several positively charged residues—Arg60,
Lys57, and Lys347—uwithin the pocket itself. Not too surprising-
ly, our best allosteric inhibitors feature at least one carboxylic
acid functionality, which is absolutely critical for binding affini-
ty. While carboxylic acid groups do not necessarily preclude
cell permeability and are found in a wide variety of common
drugs, including in particular NSAIDs (aspirin, ibuprofen) and
cholesterol-lowering agents (Lipitor, Lescol, Crestor), further
medicinal chemistry efforts are clearly required to develop one
of these three series of allosteric FPPS inhibitors into a useful
drug. A number of potential bioisosteres of carboxylic acid
have been described,®” and prodrug approaches for carboxylic
acids are also well documented.” Pursuing all available op-
tions appears to be a very worthwhile endeavor. An allosteric
FPPS drug should prove useful for a broad range of important
indications with significant medical unmet needs. In oncology,
the direct antitumor effects, synergistic effects with existing
chemotherapies, as well as indirect immunostimulatory antitu-
mor effects observed with zoledronic acid and other N-BPs
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hold great promise for a next-generation allosteric FPPS drug
with a superior pharmacokinetic profile. In addition, such
a drug may prove useful as a novel cholesterol-lowering agent
and whenever excessive lipid production causes disease, either
by excessive prenylation of target proteins or overproduction
of downstream products by the mevalonate pathway. As one
example, the involvement of this pathway in human prema-
ture aging has raised the possibility of developing FPPS inhibi-
tors for the treatment of devastating human progeria syn-
dromes. Last but not least, the allosteric FPPS inhibitors report-
ed herein may also serve as lead molecules for the develop-
ment of new anti-parasitic agents, notably for the treatment of
Chagas disease, malaria, and leishmaniasis, which affect several
million people worldwide. For all of these indications, bi-
sphosphonates have shown activity as tool compounds, again
demonstrating the value of FPPS as a therapeutic target, but
they are hardly suitable as drugs. While it is still unclear if the
allosteric pocket of FPPS has any natural ligand or function, ex-
ploiting the Achilles’ heel of this important therapeutic target
will remain a fascinating scientific and medical endeavor for
years to come.
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