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Protein prenylation is a critical mediator in several diseases including cancer and acquired immunodefi-

ciency syndrome (AIDS). Therapeutic intervention has focused primarily on directly targeting the

prenyltransferase enzymes, FTase and GGTase I and II. To date, several drugs have advanced to clinical tri-

als and while promising, they have yet to gain approval in a medical setting due to off-target effects and

compensatory mechanisms activated by the body which results in drug resistance. While the development

of dual inhibitors has mitigated undesirable side effects, potency remains sub-optimal for clinical develop-

ment. An alternative approach involves antagonizing the upstream mevalonate pathway enzymes, FPPS

and GGPPS, which mediate prenylation as well as cholesterol synthesis. The development of these inhibi-

tors presents novel opportunities for dual inhibition of cancer-driven prenylation as well as cholesterol ac-

cumulation. Herein, we highlight progress towards the development of inhibitors against the prenylation

machinery.

Introduction

Post-translational lipidation extends the functional and struc-
tural diversity of the eukaryotic proteome through the cova-
lent attachment of a non-peptidic hydrophobic moiety. Collec-
tively termed lipidation, lipid modifications can include
N-myristoylation,1 palmitoylation,2 glycosylphospha-
tidylinositol (GPI) anchor addition,3 cholesterol attachment,3

and prenylation.4 In all cases, covalent attachment of a lipid
to a protein dramatically alters the physical chemical proper-
ties and activity of a protein as well as its cellular distribu-
tion.5 This process facilitates the interaction of several pro-
teins with cellular membranes and subsequently mediates
multiple cell signalling pathways.6

In this review, we will focus on small molecule efforts to
inhibit protein prenylation. Prenylation involves the thio-
linkage of either a farnesyl (C15) or geranylgeranyl (C20) iso-
prenoid. The isoprenoids utilized by the prenyltransferases
are initially generated from acetyl-coenzyme A (CoA) through
the multistep mevalonate pathway.7 (Fig. 1) Following genera-
tion of the isoprenoid, prenylation is carried out by one of
three distinct prenyltransferases: farnesyl transferase (FTase),
geranylgeranyl transferase I (GGTase I), RabGGTase (GGTase
II), and the recently identified GGTase III.8,9 FTase and

GGTase I are heterodimeric proteins that recognize a consen-
sus sequence at the C-terminus of target substrates, referred
to as the CAAX box, where C refers to Cys and A is an ali-
phatic residue. Although both proteins share an identical α
subunit, the identity of X is most commonly a Leu or Glu for
GGTase I recognition and a Met, Ser, Gln, Ala, or Cys for
FTase recognition.8 The GGTase II recognition motif is at the
C-terminus of the target protein, but differs from the other
two prenyltransferases as it is more variable in sequence
(XXCC, XCXC, CCXX, CCXXX or CXXX).10,11 The recently iden-
tified GGTase III differs drastically from its counterparts, and
consists of a unique α subunit, referred to as prenyltrans-
ferase α subunit repeat-containing protein 1 (PTAR1), and
shares the same β subunit as GGTase II. GGTase III recruits
the additional protein, F-box/LRR-repeat protein 2 (FBXL2),
through the LRR domain of F-box protein by the α subunit
and its target through CAAX recognition motifs via the β

subunit.9

Following prenylation by FTase and GGTase I, the –AAX
residues are cleaved by Ras-converting enzyme 1 (Rce1), a
protein-specific endoprotease of the endoplasmic reticu-
lum.8,12 The resulting free carboxyl group of the prenylated
Cys is methylated by the methyl transferase, isoprenylcysteine
carboxyl methyltransferase (Icmt).13 Dysregulation of the post-
isoprenylation process as seen in Rce1 and Icmt deficiency
can lead to protein mislocalization and detrimental effects in
cell growth and viability.13–15 Substrates of GGTase II are dou-
bly geranylgeranylated and often remain uncleaved although
methylation has been observed in specific cases.11,16 GGTase
III recognizes a similar CAAX sequence as GGTase I,
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suggesting similar post-prenylation processing to its targets
as well.9

Other post-translational modifications to the human pro-
teome are of therapeutic interest, including phosphorylation
(30–75% proteome),17,18 acetylation (80–90% proteome),19

and ubiquitination (∼60% proteome).20 To date, 30 clinical
drugs target phosphorylation through inhibition of the ki-
nases and only 2 target the ubiquitin system.21 By compari-
son, prenylation modifies 0.5–2% of the proteome.22,23 How-
ever, given that oncogenic proteins, Ras1 and Ras-like
proteins, are prenylation substrates, there was significant
interest in developing prenylation-targeting pharmacologic
agents. Moreover, early preclinical success against prenyla-
tion pathways further propagated interest.

The most well-known prenylated substrates are Ras sub-
family members, important signalling cascade initiators that
play a major role in tumorigenesis. K-RAS, the most fre-
quently mutated form of RAS, is found to be present in 90%
of patients with pancreatic cancer.24,25 The activity of K-RAS
greatly affects downstream proteins including RALA and
RALB in enhancing oncogenesis.26 In addition to cancer, ab-

normal prenylation levels, resulting from a surplus of the iso-
prenoid pool, may be indicative of a variety of disorders, in-
cluding cardiac hypertrophy,27 neuronal apoptosis,28 and a
plethora of metabolic conditions.29

Current therapeutic strategies for targeting prenylation in-
clude inhibiting the three different prenylation enzymes di-
rectly, as well as indirect inhibition of these same enzymes
by targeting the mevalonate pathway, which disrupts the
intracellular concentrations of the isoprene pool. Herein, we
will review the advances in inhibiting the mevalonate path-
way enzymes and prenylation precursors as well as the three
prenylation enzymes. More complex therapeutic methods are
geared towards hijacking the lipidation machinery to repur-
pose it towards delivering a specific therapeutic to a desig-
nated site.

The mevalonate pathway

The mevalonate pathway, also known as the isoprenoid path-
way, or the hydroxymethylglutaryl-CoA (HMG-CoA) reductase
pathway, produces isoprenoids that are essential for various

Fig. 1 To target the isoprenoid synthesis in this pathway, inhibition strategies are predominantly aimed towards FPPS, GGPPS, and
prenyltransferases. Alternative approaches involve targeting the post-prenylation processing enzymes, Rce1 and ICMT.
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cellular functions such as cholesterol synthesis and growth
control in eukaryotes, archaea, and some bacteria.30,31 This
pathway exclusively converts acetyl-Coenzyme A (acetyl-CoA)
to isopentenyl pyrophosphate (IPP). IPP is utilized for synthe-
sis of farnesyl pyrophosphate (FPP) that branches into either
squalene synthesis for cholesterol production or
geranylgeranyl pyrophosphate (GGPP) for prenylation. Deple-
tion of IPP can be replenished through isomerization of di-
methylallyl pyrophosphate (DMPP).32 (Fig. 1) Strategies for in-
hibition of cholesterol synthesis have generally focused on
upstream enzymes, such HMG CoA reductase, whereas
prenylation inhibition is targeted towards the downstream
enzymes of the mevalonate pathway.

Upstream mevalonate pathway enzymes

The first steps of the mevalonate pathway are focused on gen-
erating DMPP from acetyl CoA. HMG CoA synthase 1
(HMGCS1) is the first enzyme in the mevalonate pathway
which catalyzes the condensation reaction of acetyl CoA and
acetoacetyl CoA into HMG CoA.33 The molecule is reduced to
mevalonate by HMG CoA reductase (HMGCR) through a four-
electron reductive deacylation which is the rate limiting step
in the pathway.30,34,35 Statins reversibly bind the active site of
HMGCR and inhibit cholesterol synthesis for treatment of
cardiovascular diseases such as hypertension and hypercho-
lesterolemia.34,36 The statins have been comprehensively
reviewed and are published elsewhere.37–39 Mevalonate ki-
nase (MK) catalyzes the transfer of the γ-phosphoryl group of
ATP onto the C5 hydroxyl oxygen of mevalonic acid, resulting
in the production of mevalonate-5-phosphateĲMP).40–42 Prog-
ress has been made towards the development of MK inhibi-
tors, particularly for use as antibacterial agents.43

Phosphomevalonate kinase (PMK) transfers the γ-phosphoryl
group from ATP onto MP, yielding 5-diphosphomevalonante
(MPP).44,45 Despite discovery of lead compounds for PMK in-
hibitor development, to the best of our knowledge no com-
pounds have demonstrated drug-like efficacy to progress clini-
cally.46 Mevalonate pyrophosphate decarboxylase (MPDC)
catalyzes the ATP-dependent decarboxylation of MPP to form
IPP.47 Despite the promising MPDC drug candidate,
6-fluoromevalonatepyrophosphate, discovered in 1985, its suc-
cessors failed to yield higher efficacy compared to the parent,
and no MPDC-targeting drugs have been approved to date.48–50

Farnesyl pyrophosphate synthase
inhibitor

Farnesyl pyrophosphate synthase (FPPS) is the most attractive
upstream target for inhibition of prenylation. This enzyme
catalyzes the sequential condensation of IPP with DMPP to
form a molecule of geranyl pyrophosphate (GPP) which fur-
ther reacts with a second molecule of IPP to form farnesyl py-
rophosphate (FPP).51,52 The molecular mechanism of cataly-
sis has been well characterized through crystallography and
is described as a concerted three-step reaction involving ioni-

zation, condensation, and elimination steps.53,54 Initially,
DMPP is held at the active site (often referred to as S1, A1 or
the allylic site) containing three octahedral coordinated Mg2+

ions and a series of Asp motifs that assist in stabilizing the
pyrophosphate (PPi) tail. These interactions help stabilize the
release of PPi and formation of the DMPP carbocation. The
hydrophobic portion of the DMPP substrate stretches deeper
into the active site where it can also reach the opposing di-
mer. IPP binding occurs at the S2 (often referred to as I or
homoallylic) site and is directed by salt bridges with the
C-terminal tail and PPi, which positions the double bond of
IPP for nucleophilic attack on the carbocation.54,55 Binding
of IPP, triggers ordering of the C-terminal tail, which steri-
cally closes the active site. The PPi bound in the Mg2+

subpocket acts as a catalytic base to abstract a proton in an
elimination reaction. The condensation reaction is repeated
to yield FPP.56 Adjacent to the active site, there is a S3 (or al-
losteric) site which inhibits activity of FPPS when occupied. A
subpocket below the S3 allosteric site, termed the S4 site, has
also been suggested as a potential site for FPPS inhibitors
(Fig. 2).57

Bisphosphonates

Currently, clinically available FPPS inhibitor structures focus
around a bisphosphonate (BP) moiety that targets the FPPS
active site, predominantly through mimicking PPi of the al-
lylic substrates within the S1 site. However, BPs are unusual
scaffolds due to their hydrophilicity and poor oral bioavail-
ability (<1–5% for most BPs).58,59 Furthermore, BPs have a
high propensity for Ca2+ ion chelation and rapidly target the
skeletal system. As such, BP-class drugs are commonly used
to treat osteoporosis and hypercalcemia through inhibition
of bone resorption.60,61 The use of nitrogen-containing BPs
(NBPs), such as pamidronate and alendronate, was also
found to successfully inhibit cholesterol biosynthesis in a

Fig. 2 Structure of FFPS with possible small molecule binding sites. S1
represents the allylic subpocket; S2 depicts the homoallylic/IPP
subpocket; S3 illustrates the allosteric pocket; S4 portrays a plausible
binding groove on the protein surface.
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mouse macrophage cell line, J774.62 However, these mole-
cules showed limited activity against squalene synthase
which suggested a target further upstream in the mevalonate
pathway, later confirmed to be FPPS.51 There are 7 FDA ap-
proved NBPs which include pamidronate, risedronate,
alendronate, zoledronate, etidronate, tiludronate, and
ibandronate (Table 1).63,64 An interesting correlation between
in vitro FPPS inhibition potency and in vivo anti-resorptive po-
tency was revealed. Upon treatment, the compound
prevented leaching of hydroxyapatite, Mg2+, Na+, and HCO3

−

into the blood stream.65 Through inhibition of bone resorp-
tion, NBPs deprive tumor cells of bone-derived factors re-
quired for growth resulting in anti-tumor activity.

The binding mechanism of NBPs to FPPS has been re-
solved through crystallography and biophysical studies.66

NBP binding at the S1 site is competitive with DMPP and ini-
tially reversible. Sequestering of IPP at the S2 site results in a
ternary complex and subsequent closing of the C-terminal
tail, potentially leading to irreversible inhibition.67

NBPs induce tumor cell apoptosis in cellulo, when used as
single agents or in combination with chemotherapeutic
agents.68–70 In vivo, several studies provide evidence that
NBPs can inhibit the growth of soft tissue tumors and vis-

ceral metastases in animals.71–73 However, in some meta-
static settings, the treatment involving NBPs and anticancer
therapeutics have shown delay in skeletal morbidity associ-
ated with bone metastasis but have yet to provide benefit in
overall patient survival.74,75 Molecular dynamics simulations
and crystallographic studies revealed the importance of resi-
dues, Thr201, Gln240 and Lys200, in the binding of NBPs
(risedronate and zoledronate) which is similar to the binding
mode of DMPP. However, mutagenesis studies revealed that
mutation of Thr201 does not reduce NBP affinity, suggesting
additional sites of interaction. Further investigation revealed
Tyr204 as a critical residue for NBP binding, which also par-
ticipates in orienting Gln96 and Arg60 for IPP binding. Muta-
tion of Tyr204 reduces FPPS activity which can be partially re-
covered at lower pH conditions, demonstrating the role of
the hydroxyl group in substrate binding.76 These studies vali-
dated the role of the S1 and S2 sites in NBP binding.

The wealth of structural data on FPPS coupled with chemi-
cal diversity that can be accommodated by the R2 site on
NBPs, has triggered the emergence of compound libraries
with improved lipophilicity. Despite the development of sev-
eral NBP-based inhibitor libraries, improved potency over the
FDA approved zoledronate (IC50 = 28 nM, in vitro) has not

Table 1 List of BP-based FDA approved drugs

Name Structure Approval date (company) Treatment

Alendronate (Fosamax) 11/24/1999 (Merck Research Laboratories) Osteogenesis imperfecta in pediatric patients (age
>4)
Bone manifestations of Gaucher disease
Paget's disease
Glucocorticoid-induced osteoporosis
Osteoporosis

Risedronate (Actonel) 3/27/1998 (Procter and Gamble
Pharmaceuticals)

Osteogenesis imperfecta

Ibandronate (Boniva) 5/16/2003 (Hoffmann-La Roche Inc.) Osteoporosis in post-menopausal women

Pamidronate (Aredia) 9/22/1998 (Novartis) Osteoporosis
Hypercalcemia

Etidronate (Didronel) 4/20/1987 (MGI Pharma Inc.) Osteoporosis
Paget's disease

Tiludronate (Skelid) 3/7/1997 (Sanofi Aventis US) Paget's disease

Zoledronate (Zometa,
Reclast)

2/22/2002 (Novartis) Tumor-induced hypercalcemia
Hypercalcemia of malignancy
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been achieved.77 Nonetheless, significant advances in BP in-
hibitors have been made in recent years to expand our under-
standing of FPPS inhibition. Many of these have focused on
manipulating the affinity of BPs for bone or re-targeting in-
hibitors towards the homoallylic or allosteric sites.

Modulating affinity of BPs for the skeletal system

The high affinity of BPs for the skeletal system has elicited
specific safety concerns, such as drug accumulation in the
jaw resulting in osteronecrosis.78 Thus, lowering bone affinity
would assist in a more uniform drug distribution. Replace-
ment of the hydroxyl moiety with fluorine substantially re-
duces BP Ca2+-chelating properties. Binding studies of
1 - f luoro -2 - ( imidazo - [1 ,2a lpha ]py r id in -3 - y l ) - e thy l -
bisphosphonate (1), revealed equivalent inhibition of FPPS to
currently used NBPs (IC50 = 2.6 nM), while demonstrating re-
duced skeletal binding. However, it should be noted that low-
ering compound 1 dosage resulted in no significant differ-
ences in inhibitory activity between control and treated
groups.79 Contrastingly, growth inhibition of osteoclasts
(bone cells responsible for bone resorption) has been
exploited by BPs to initiate localized release of H2S. This was
accomplished through the fusion of aryl-isothiocyanate with
alendronate into DM-22 (2). Although specific binding
against FPPS was not examined, reduced FPPS binding affin-
ity was expected based on lower cytotoxicity in cells treated
with 2, compared to treatment with the parent inhibitor,
alendronate, and well as known structural properties of the
protein.80 The addition of the bulky aryl-isothiocyanate moi-
ety alters the coordination between the NH2 and Thr201,
suggesting a rationale for the reduced affinity of 2 compared
to the parent.81 These compounds propose new strategies in
tailoring the affinity of BPs to bone.80

An alternative approach for manipulating NBP bone affin-
ity, involves encapsulating zoledronate within a liposome,
which bypasses direct chemical modification of the backbone.
Liposome-encapsulated zoledronate containing phosphatidyl-
choline from egg yolk/cholesterol/1,2-diacyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy-(polyethylene glycol)-2000],
referred to as Lipozol, was shown to mask many of the off-
target effects and improve bioavailability. Lipozol treatment
significantly reduced mechanical hypersensitivity of mice with
spared nerve injury (SNI), compared to zoledronate treatment
alone. Moreover, in SNI afflicted mice, fluorescence-activated
cell sorting analysis (FACS) of tissue samples indicated that
Lipozol demonstrated bioavailability in the spinal cord and
brain. These studies highlight progression in FPPS inhibition
that is independent of bone resorption properties.82

Thienopyrimidine bisphosphonate and monophosphate
derivatives

A theme central to several efforts aimed at improving NBP in-
hibitors involves increasing drug lipophilicity without
compromising potency. Thienopyrimidine (Th) derivatives (3)
represent one of the most successful NBP classes, exhibiting

low nM activity against FPPS. The addition of long alkyl
groups significantly increases the hydrophobicity whilst
maintaining high affinity for hydroxyapatite (HAP). Similar to
NBPs, co-crystal structures of FPPS-thienopyrimidine
bisphosphonate (ThBP) derivatives in the presence of Mg2+

revealed interactions at the active site as well as displacement
of Thr201 and Lys200 by the steric bulk of Th.63 As shown by
differential scanning fluorimetry (DSF), binding of ThBP pre-
vents IPP from interacting at the S2 site likely due to steric
clashes between the Th core and the prenyl side chain. How-
ever, FPPS still adopts a closed conformation resulting in a
similar irreversible inhibition observed with NBPs.63

Modification of ThBP to Th-monophosphate (ThMP) (4)
resulted in allosteric site selectivity with only a modest loss of
potency. In contrast, both binding and biological potency were
abolished in the monophosphate analogs of NBPs.51 In the ab-
sence of Mg2+, ThMPs are proposed to adopt an alternative up-
side down binding pose in the allosteric site. However, The
physiological relevance of the Mg2+-free binding mode remains
unclear.83 ThMPs have been shown to alter intracellular p-Tau
levels in human immortalized neurons, providing a tool for
the interrogation of the biochemical link between prenylation
and the accumulation of p-Tau in neurons.83

The effects of monophosphate (MP) on allosteric-site
targeting were investigated on the clinically-used drug,
AMP397 (5). Although a HAP binding assay assessing 5
showed 18-fold weaker affinity when compared to
zoledronate, these strategies inspired the replacement of car-
boxylic acid functionalities with MPs on allosteric-targeting
inhibitors. This was accomplished for S3 site-targeting com-
pounds of a benzoindole (6a) (IC50 = 0.2–0.4 μM), salicylic
acid (6b) (IC50 = 0.02–0.52 μM), and quinolone (6c) (IC50 =
0.04–1.0 μM) derivatives of allosteric inhibitors. Despite sub-
stitution of the carboxylate functionality with MP, bone affin-
ity was insufficient for efficient osteoclasts-targeting. How-
ever, increasing the linker length between the MP and the
allosteric scaffold modestly increased bone affinity.84

Future of NBPs

While NBPs dominate the FPPS inhibitor landscape, inhibi-
tion strategies have shifted from targeting the S1 site to the
allosteric pockets. NBP re-purposing, as with zoledronate
(breast cancer and glioblastoma cell proliferation), has been
gaining traction with inhibitors registering IC50 values in
the 1–50 μM range.85 These treatments result in autophagy
but can be reversed by treating cells with geranylgeraniol.
Similar results were also obtained in treated cervical cancer
cell lines, where key markers of autophagy, ATG5, beclin1,
and LC3-II were monitored.86 These orthogonal effects high-
light the importance of exploring FDA approved drugs across
oncology indications, and to explore combinatorial therapies
that can lead to lower dosing regimens. Finally, FPPS inhibi-
tors are increasingly explored as anti-parasitic agents
targeting Plasmodium or Trypanosoma. This work has been
reviewed elsewhere.87
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Additional targeting of the S1 and S2 sites

Binding of non-BPs to FPPS has also been shown with N6-
isopentenyladenosine (7), an adenosine derivative.88 Com-
pound 7 exhibits anti-tumoral effects as well as FPPS inhibi-
tion through occupancy of the S1 site via the sugar core
through to the S2 isoprenoid and S3 allosteric pocket by the

isopentenyl group. Inverse virtual screening identified FPPS
as a potential target of 7 from a panel of 296 (+50 blank) PDB
structures. Saturation transfer difference (STD) NMR con-
firmed binding of 7 to FPPS which was not dependent on the
presence of IPP.89 These studies highlight the efficacy of
novel computational strategies to identify and characterize
FPPS inhibitors.
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Further studies on benzyl modification of the N6 position
of the adenosine, yielded compound CM223 (8) (Kd ∼ 200
μM, compared to Kd (7) ∼ 1 mM, STD-NMR). The improved
binding affinity was suggested to arise from the increase in
stabilization of the H-bond interaction with Asp257 and
Lys214 and π–π stacking between Phe113 and Tyr218. Regard-
less of binding mechanism, the compounds exhibited cellu-
lar cytotoxicity IC50 ∼ 1000 fold lower than in vitro activity
IC50. This suggests additional in cellulo targets that may con-
tribute to the observed cellular apoptosis, including the sig-
nal transducer and activator of transcription 3 (STAT3) pro-
tein pathway, as STAT3 phosphorylation was also shown to
be inhibited upon treatment with 10 μM of 8 in patient-
derived glioma cell lines, GBM37 and GBM50.90

Targeting FPPS outside S1 and S2

The allosteric site of FPPS has been targeted, although the
biological relevance of this site was only speculated to be in-
volved in negative feedback inhibition. Initial allosteric inhib-
itors were identified by Novartis with nanomolar interactions
with FPPS.91 Since these initial discoveries, the popularity of
targeting the allosteric site has increased, as shown with pre-
viously discussed ThBPs and ThMPs.

Crystallographic studies have shown FPP interactions at the
allosteric site and are postulated to result in feedback inhibi-
tion of FPPS via a conformational change that locks the pro-
tein in an open conformation that prevents additional sub-
strate conversion to FPP. The α-phosphate of FPP participates
in H-bonding with Asn59 as well as electrostatic interactions
with Phe239 at the entrance of the allosteric sub-pocket. The
β-phosphate forms an ionic interaction with Lys57 and Arg60.
Furthermore, the prenyl tail forms van der Waals interactions
with the interior cavity of the pocket. These interactions result
in conformational changes that likely impede binding of
DMPP to FPPS and result in enzyme inhibition.92

The identification of FPP as an allosteric inhibitor pro-
vides an alternative strategy in FPPS inhibition. From an
850 000-compound library screen, a salicylic acid derivative
(9a), and a quinolone derivative (10a) were discovered with
an IC50 of 54 μM and 1.2 μM in the scintillation proximity as-
say and LC-MS high-throughput (HTS) assay, respectively.
Crystallography of the complex revealed interactions between
9a and Asn59 and Phe239, similar to the allosteric interac-
tions of FPP with FPPS with additional side-on interactions
to the aromatic ring of Phe239. The naphthyl group of 9a sits
in a hydrophobic pocket where it participates in an amide-π
stacking interaction with Asn59. Further optimization of
compound 9a yielded 9b and 9c with IC50 values of 38 nM
and 17 nM, respectively. Despite impressive IC50 values, poor
cellular permeability was observed, likely due to the carbox-
ylic acid substituent. Crystal structures of compound 10a
bound to FPPS revealed an analogous binding pose, with
H-bond interactions present between the quinolone nitrogen
and Asn59. The increase in inhibitory activity was suggested
to arise from improved hydrophilic interactions between R1/

R2 group and the enzymatic allosteric site. An SAR study of
10a yielded 10b and 10c with IC50 values of 24 nM and 37
nM, respectively.93

Additional allosteric inhibitors have been identified, such
as a diamidine-based compound, N-[3-(4,5-dihydro-1H-
imidazol-2-yl)phenyl]-4-[4-[[3-(4,5-dihydro-1H-imidazol-2-yl)
phenyl]carbamoyl]phenyl]benzamide dihydrochloride (11)
(hFPPS, IC50 = 1.8 μM). This molecule is unique in that it oc-
cupies both the S2 and S3 binding sites and stretches deeper
into the allosteric site, termed S4. These allosteric inhibitors
represent an alternative approach to inhibiting FPPS without
the use of a non-drug-like phosphate moiety.57

Geranylgeranyl pyrophosphate
synthase inhibitor

GGPPS catalyzes condensation of FPP and IPP to form
geranylgeranyl pyrophosphate (GGPP),94 similar to its up-
stream enzyme, FPPS. However, inhibition of GGPPS results
in GGTase inhibition through the depletion of cellular GGPP
level. This approach is postulated to be more selective for
GGTase targets as opposed to FPPS-targeting, which depletes
cellular FPP utilized in both prenylation and cholesterol syn-
thesis. As a result, fewer off-target effects should be observed
with a GGPPS targeting drug.95

Similar to FPPS, the catalytic mechanism involves an ioni-
zation–condensation–elimination reaction. The allylic site con-
tains acidic residues that coordinate three Mg2+ ions and a hy-
drophobic pocket that extends deep into the GGPPS cavity.
The homoallylic site also contains basic residues to stabilize
the PPi group and is lined with hydrophobic residues to ac-
commodate the lipophilic IPP tail. As previously discussed,
NBPs do not target GGPPS, likely due to the long hydrophobic
channels present in the enzyme. Inhibition of GGPPS was orig-
inally achieved with the so-called “V-shaped” BPs that possess
long isoprene derivatives on the R1 and R2 position.

94,96,97

A co-crystallized structure of GGPPS complexed with GGPP
identified an allosteric pocket. The binding pose showed the
PPi of GGPP at the allylic site and the hydrophobic tail
stretching beyond the active site.94 As with FPPS, the natural
product is suspected to result in feedback inhibition. Other
GGPPS inhibitors have been co-crystalized in yeast homologs
with similar conformations observed, where the hydrophilic
head group occupies the allylic site with the hydrophobic tail
positioned in the allosteric site.98,99 Here, we highlight nota-
ble advancements in GGPPS inhibitor development.

Bisphosphonates

GGPPS inhibitors also possess the BP scaffold. Initial efforts
to develop GGPPS inhibitors yielded digeranyl
bisphosphonate (DGBP) (12) (IC50 = 260 nM, in vitro), which
can simultaneously occupy the FPP binding cavity and the
GGPP product subpocket.100 Wills et al. have developed novel
triazole bisphosphonate (TBP) inhibitors of GGPPS from
DGBP. A triazole moiety was predicted to optimally link the
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hydrophobic digeranyl group and the BP moiety to mimic the
length of the natural substrate, GGPP. Crystallographic data
indicated that DGBP activity can be attributed to the V-shape.
This allows one hydrophobic chain to simultaneously block
FPP from entering the pocket and GGPP exiting from the ac-
tive site. All TBPs were found to offer selective inhibitory activ-
ity against GGPPS compared to the related enzyme, FPPS, in
an in vitro enzymatic assay. However, in cellulo experiments
showed reduced potency, likely due to poor cell permeabil-
ity.101 Studies involving modifications to the V-shaped motif
showed that combinations of DGBPs and TBPs improved inhi-
bition 40-fold compared to treatment with the geranyl isomer
alone.102 The homoneryl triazole (HNT) (13) exhibited higher
cellular geranylgeranylation than homogeranyl triazole (HGT).
(14) An increasing trend in inhibitory activity was observed as

the concentration of HGT to HNT was increased from 1 : 3, 1 :
1 and 3 : 1. The highest potency was observed with mixtures of
homogeranyl/homoneryl (3 : 1) TBP (IC50 of 45 nM).101 Molecu-
lar docking of HNT and HGT to the GGPP and FPP site
suggested that both isomers have preferential occupancy to
each of the two sites with HNT favoring the FPP binding sites
and HGT favoring the GGPP binding sites. The requirement
for specific concentrations of both isomers may be correlated
to changes in the multimeric state of GGPPS due to coopera-
tive binding between HNT and HGT.103,104

Despite favourable GGPPS inhibitory observed, synthesis
of a cell permeable prodrug version of 14 was deemed prob-
lematic due to acidity of proton at the α position. Thus, de-
velopment of α-methylated isoprenoid triazole BP yielded 15
which demonstrated an IC50 comparable to its parent (IC50 =
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86 ± 22 nM) and 693-fold selectivity for GGPPS over FPPS.106

Additional studies revealed that 14 was capable of inhibiting
geranylgeranylation and inducing apoptosis in cellular models
in 7 pancreatic ductal adenocarcinoma (PDAC) cell lines.107

Modification of triazole to thienopyrimidine on BP-based
compounds results in ThBP GGPPS inhibitors (16, 17). Crys-
tallographic studies of GGPPS with ThBP revealed a binding
mechanism reliant on electrostatic interactions between the
BP and Asp-rich motifs to compete with the PPi tail of FPP.
Moreover, the extension of the thienopyrimidine moiety into
the IPP binding site contributed towards the observed in-
crease in potency. Cell viability assays in multiple myeloma
(MM) cell line, RPMI-8226, showed inhibition of cell prolifer-
ation and was concomitant with inhibition of GGPPS. Admin-
istration of 16 in a Vk*MYC transgenic MM mouse model (3
mg kg−1 per day, 14 days) validated down regulation of Rap1A
geranylgeranylation, as well as reduction of M-proteins, a dis-
ease burden indicator in the serum. This study highlighted
GGPPS as a potential therapeutic target in MM cancer.105

Non-bisphosphonates

The development of non-BP GGPPS inhibitors allows for
greater specificity and reduces off-target FPPS inhibition. This
can result from lack of PPi-tunel targeting interactions and uti-
lization of steric hindrance from the GGPP-FPP isoprenyl size
difference to prevent FPPS binding. A library of >100000 com-
pounds was docked against the allosteric site of GGPPS. The
top 1% of compounds were used to create rules to guide inhib-
itor structure selection based on a site-moiety map. These
rules were based on charge distribution within the molecule
and bond angles and were computationally validated using
known GGPPS inhibitors. Stratification of inhibitors based on
these rules yielded 10 compounds, with top hits (17 and 18).
Although the observed binding affinities were relatively weak,
these molecules provided a potential starting point for hit-to-
lead optimization of a non-BP molecule.106

Benzoic acids

Similar to FPPS, advances in GGPPS inhibitors originated
from anti-parasitic agents targeting malaria-carrying Plasmo-
dium vivax. Inhibition has focused around blocking GGPP
synthesis through the enzyme GGPPS. However, pvGGPPS is
structurally similar to human FPPS in comparison to human
GGPPS, offering the basis for the preliminary design of
pvGGPPS inhibitors. Since pvGGPPS is only weakly inhibited
by BPs, benzoic acid derivatives were investigated for enzyme
inhibition.107 Novel lipophilic benzoic acids were tested
against pvGGPPS in vitro with the most potent compound,
19, exhibiting an IC50 of 50 μM. Co-crystals revealed the
benzoic acid occupies the IPP/GGPP binding sites forming
electrostatic interactions with Arg135, Arg136, and Lys301.
Additionally, molecular dynamic simulations have predicted
stabilization of loops which control accessibility to the bind-
ing pocket, similar to the C-terminal tail of FPPS. Regardless
of the weak affinity observed, in silico approaches to

rationale-designed drug offer an alternative method in lead
compound identification.108

Farnesyl transferase

Early characterization of farnesyl transferase (FTase) revealed
its involvement in the activation of the oncogenic Ras signal-
ling pathway and subsequently triggered multiple inhibitor
development programs.109 Despite promising in vitro data,
poor in vivo profiles, attributed to a compensatory
upregulation of GGTase, precluded clinical develop-
ment.110,111 However, select molecules still retain their effi-
cacy against cancer, parasites, and progeria.

There are four key pockets in the FTase protein active site,
including the lipid binding site, substrate binding site, metal
binding site, and exit cavity. The catalytic mechanism is initi-
ated by FPP binding at the lipid binding site (Kd = 2 nM)112

followed by substrate binding to the CAAX pocket. The CAAX
containing substrate binds in an extended conformation,
with the Cys residue coordinating to the active site Zn2+. The
Cys residue reacts with FPP forming a thioester linkage to
the isoprenoid. A second FPP molecule binds to FTase and
repositions the lipidated C-terminal CAAX in the ‘exit
groove’. Product release is kinetically slow, thus limiting the
rate in the entire FTase mechanism.113–116

Based on the mechanism of action, different FTase inhibi-
tors have been broadly classified as CAAX-targeting
(peptidomimetics) or lipid binding (FPP-mimicking analogues).
An overview on the evolution of FTIs is given by Ochocki and
Distefano.11 The authors attribute the lack of FPP-based drugs
to the high affinity of the enzyme for its natural substrate, the
likelihood for off-target effects, and the necessary incorporation
of non-drug-like hydrophilic head groups. The use of CAAX
mimicking motifs is the conventional strategy as various potent
compounds have been developed with high affinities to FTase.
The majority of these CAAX-mimicking compounds have trans-
itioned into non-peptidics due to lack of cell permeability,
hydrolysation via peptidases, and greater chemical diversity.117

While FTase inhibition has seen a tremendous increase in both
basic research and clinical studies, toxicity and poor efficacy
in vivo have hampered clinical development. Here we will high-
light the recent advancements in FTI.

Zn2+ dependent inhibitor coordination at the CAAX site

An attractive molecular target for thiol-based CAAX
peptidomimetics is the functionally critical Zn2+ metal centre.
However, this approach is complicated by metal-binding moi-
eties which non-specifically interact with metalloproteins and
disarm their catalytic activity, leading to over-estimation of
in vitro or in cellulo activities. As such, several identified com-
pounds also require additional off-target screening.

Structure-based screening and virtual library optimization
resulted in a class of pentanedioic acid derivatives (20) with
observed potency against FTase (IC50 = 0.0029–7.1 μM,
in vitro). Although this class of compounds interacts with the
bound FPP, the mechanism of action is principally based on
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COOH-mediated coordination of the Zn2+ centre. Esterifica-
tion of the carboxylate or replacement with a sulphonamide
leads to a loss of activity. SAR studies on 20 revealed the im-
portance of sterics in the binding pocket. Removal of the

para-chloro- from the phenyl ring resulted in a 35-fold drop
in activity whereas substitution with a larger halogen, Br,
resulted in greater potency. At the opposite end of the mole-
cule, substitution with hydrophilic groups was observed to
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strongly reduce binding, as a result of exclusion from the hy-
drophobic pocket.118

Simultaneous targeting of both the Zn2+ centre and the
FPP binding cavity was explored to develop a multi-site bind-
ing inhibitor. SN1, a dithiol compound that inhibits Zn2+

metalloenzymes, was fused with FPP to give compound 21, as
well as other FTase targeting compounds such as napthylene
(22). Docking studies predicted that the first thiol group
binds to the Zn2+ and Tyr361 and the secondary thiol inter-
acts with Arg202. The farnesyl moiety occupies the FPP bind-
ing pocket hindering substrate entry. Previous studies into
dual targeting of the FPP binding site and the active site have
been plagued by challenges of inhibitor solubility as well as
outcompeting the high affinity natural substrate, FPP. In vitro
assays revealed an IC50 of 0.9 μM for 21 against human
FTase. Compound 21 also inhibited the proliferation of pan-
creatic cell line AsPC-1 expressing the cancer-driving K-Ras
mutant.119

Pyroglutamic derivatives

Fluorescence-based activity assays identified pyroglutamic
acid derivative, 23, as a single digit nanomolar FTase in-
hibitor. Different binding modes have been predicted
using computational modelling, but in all cases, the com-
pounds remain in close proximity to FPP and Zn2+. Al-
though proximal to the Zn2+, they are not predicted to
chelate the metal center, which was confirmed by UV-vis
spectroscopy.120

Thiazole derivatives

Computational predictions of previously generated FTI-2148
(24) suggests interactions of the aliphatic spacers from the
CAAX motif with the FTase hydrophobic pocket. Molecular
docking studies based on 24 proposed interactions between
2-o-tolylbenzoyl and the hydrophobic cavity of FTase. The sub-
stitution of the tolyl with a bulky aromatic system (25) was
hypothesized to provide additional interactions and increase
inhibitory potential. However, the most potent compound ap-
pears to be the non-modified system. This indicates the im-
portance of inhibitor positioning within the active site
through increasing protein-drug contacts.121

N-Ylides

Different functionalities were designed to explore the poten-
tial of the secondary aliphatic CAAX site. A series of
N-ylides 26 were discovered to inhibit with potencies in the
μM range. Binding was shown to be dependent on three
substituents. Firstly, the pyridine ring and the phenothia-
zine moiety were found to stabilize the compound within
the active site by engaging in π-stacking interactions with
two Tyr residues. Secondly, Zn2+ chelation was achieved by
interaction with the cyano ethylacetate moiety. Finally, the
addition of a para-chloro/bromo on the phenyl ring provided
increased inhibitory activity against FTase (in vitro). Despite

well-defined interaction motifs, FTase inhibitory activity of
the SAR library was not observed to be lower than low μM
range.122

Indolizine derivatives

Indolizin-3-ylĲphenyl)methanone (27) exhibited single digit
μM potency against FTase. An SAR study around 27 revealed
the biological importance of halogens at the p-benzyl posi-
tion.123 While replacement of the amide with an ester
afforded an increase in potency (11.4 to 1.3 μM) the effects
were not as drastic as those seen in the phenothiazine class
for the analogous modification.

A follow-up study was conducted to investigate the effects
of the conjugation of chalcone, a compound class known to
exhibit anti-cancer properties, as a linkage between
indolizine and phenothiazine derivatives. An SAR study
around the indolizine–chalcone–phenothiazine core revealed
several compounds with strong inhibitory activity with the
most active compound 28 possessing an acrylamide moiety
with IC50 of 9 nM (hFTase). These findings highlight the de-
velopment of novel scaffolds for FTI activity and instigate fur-
ther investigation of linking pharmacologically active moie-
ties together to improve biological inhibitory activity.124 The
acrylamide moiety also suggests the possibility of a covalent
targeted approach, on the basis that target selectivity can be
maintained.

High-throughput screening

Through virtual screening, Yu et al. investigated approximately
260 000 compounds with diverse scaffolds against FTase where
hits were clustered according to their structural redundancy
and similarity. The screen identified 22 promising compounds
that were tested against FTase and human breast cancer cell
lines (MCF-7). The most potent compound (29), showed IC50

values of 48.9 nM and 14.28 μM, respectively. Docking of 29
suggested key interactions with the allosteric subpocket and
effective occupancy of the product exit cleft.125

IMB-1406 (30) was identified by Jin et al. from a virtual
screen of over 900 compounds upon docking against
FTase. Each molecular docking pose obtained from the
screen was compared against a known ethylenediamine-
based FTase inhibitor (FTI) (31). Cytotoxicity was evaluated
in 4 cancer cell lines where 30 was demonstrated to be
equipotent (IC50 = 6.92–8.99 μM) with FDA approved inhib-
itor, sunitinib (IC50 = 7.60–10.36 μM). Moreover, com-
pound 30 was shown to induce apoptosis through S-phase
arrest within the cell cycle.126 In spite of the cytotoxic po-
tency, experimental validation against the direct target,
FTase, was not reported. Thus, the observed potency may
be due to an accumulation of effects include the inhibi-
tion of FTase and off-target toxicity and thereby only
suggesting 29 as a possible FTase inhibitor without further
evidential support.

Chaetomellic acid A (32a) isolated from microbial
coelomycete, Chaetomella acutiseta, was identified as an FTI

RSC Medicinal Chemistry Review

Pu
bl

is
he

d 
on

 2
3 

D
ec

em
be

r 
20

19
. D

ow
nl

oa
de

d 
on

 9
/1

1/
20

20
 1

2:
06

:2
2 

PM
. 

View Article Online

https://doi.org/10.1039/c9md00442d


62 | RSC Med. Chem., 2020, 11, 51–71 This journal is © The Royal Society of Chemistry 2020

(IC50 = 55 nM, hFTase) from screening of a natural product
library. Compound (32a) spontaneously cyclizes upon
in vitro synthesis (32b), and is hydrolyzed at physiological
pH to yield the dicarboxylate anion (32c). Notably, inhibi-
tion of FTase by 32c is non-competitive to the native CAAX-
acceptor peptide but is highly competitive towards the iso-
prenoid, FPP.127 Bellesia et al. identified 32d (IC50 = 190

nM, rat FTase) which possesses a higher potency compared
to 32a (IC50 = 910 nM, rat FTase). Analysis of the SAR data
revealed a direct correlation between increasing hydrocar-
bon tail length and inhibitory activity. Molecular docking of
32d predicts binding to the active site in the same orienta-
tion as FPP. The aliphatic tail occupies the hydrophobic
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pocket while forming van der Waals contacts with the sec-
ond aliphatic residue of the CAAX peptide.128

Tecomaquinone I (33) was identified as a potent inhibitor
from a focused natural product library screen against hFTase
(IC50 = 65 nM), Trypanosoma brucei FTase (IC50 = 112 nM)
and Plasmodium falciparum FTase (IC50 > 22 μM). The major-
ity of 32 analogues prepared revealed selective inhibitory pro-
files for hFTase and TbFTase while showing minimal activity
against PfFTase, with 33 exhibiting the lowest selectivity. Con-
trary to the findings with 32a and its derivatives, increasing
the aliphatic chain length of 33 did not confer increased
bioactivity.129

The future of FTIs

Modest efficacy/potencies coupled with elevated toxicity pro-
files, necessitate further exploration in FTI development,
whether it be identification of a new lead scaffold or
repurposing of known FTI clinical candidates. For instance,
tipifarnib, a highly potent FTI, has been reinvestigated
against other cancers such as juvenile myelomonocytic leuke-
mia (JMML) following rejection by the FDA for the treatment
of acute myeloid leukemia.130 Due to promising data in nu-
merous phase II trials, tipifarnib remains under investigation
in both single agent and combinatorial therapy for indica-
tions that it can excel in such as solid tumors and hemato-
logic malignancies.134 Other strategies for FTI improvement
have involved nanoparticle conjugation of FTIs in an attempt
to minimize off-target effects.131 Finally, targeting species-
specific FTase isoforms can assist in selective treatments with
anticancer (hFTase), anti-malaria (PfFTase) and antibacterial
(TbFtase) therapies as shown with 33.129

Geranylgeranyl transferase inhibitors

Since inhibition of FTase has been associated with a com-
pensatory GGTase I upregulation, the development of selec-
tive GGTase (specifically GGTase I) inhibitors is particularly
popular. There are three isoforms of GGTase, GGTase I,
GGTase II (also referred to as RabGGTase), and GGTase III.
The structures and reaction mechanisms of GGTase I are
highly similar to FTase, whereas GGTase II is unique in
that substrate specificity is achieved through complexation
with REP (Rab escort protein). REP complexes with a Rab
protein and results in a REP-Rab-GGTase II ternary com-
plex.132 As with other prenyltransferases, dissociation of the
prenylated (Rab-REP) substrate is initiated by GGPP binding.
GGTase III shares the same β subunit as RabGGTase while
recognizing similar CAAX sequence as GGTase I of FBXL2
substrate receptor subunits of SKP1-CUL1-F-box protein
(SCF) ubiquitin ligase complexes.133 The PTAR1 α subunit
of GGTase III specifically recruits FBXL2 for geranylge-
ranylation via interaction at its conserved N-terminal exten-
sion (NTE). Through evidence of GGTase III – FBXL2 com-
plexation, the fourth prenyltransferase family member
which can geranylgeranylate ubiquitin ligases is now
revealed.9

While limited structural differences in GGTase-I and
GGTase-II favor pan-isoform inhibitors, current strategies
have focused on improving selectivity between GGTases.

GGTase-I
Tetrahydropyridine derivatives

A small molecule library, created by phosphine-catalyzed an-
nulation reactions, was screened to reveal two novel classes
of GGTI, dihydropyrrole (P5-H6) (34) and tetrahydropyridine
(P3-E5) (35). Both of these compounds demonstrated selectiv-
ity for GGTaseI over RabGGtase (>160-fold and >20-fold, re-
spectively) in a radiolabelled in vitro activity assay.134 Mecha-
nistic studies revealed these scaffolds operate through
competitive displacement of the target protein substrate, but
are non-competitive towards the GGPP site. The lead tetra-
hydropyridine, P3-E5 compound (35), was further modified
with a L-Leu methylester in place of the free carboxylic acid
to yield, P61-E7 (36).135 This compound was shown to have
improved GGTase inhibition, demonstrated by accumulation
of cytosolic RalA and RhoA as well as increased potency in
Jurkat cell lines (IC50 = 20 μM, 35; IC50 = 3.5 μM, 36). Despite
the high selectivity observed in vitro, GGTase-I inhibition
in vivo has not been achieved.136

RabGGTase
Phosphonocarboxylate

Phosphonocarboxylates (PCs) are derived from bisphos-
phonates (BPs) and involve the replacement of a phosphate
group with a carboxylic acid. PC derivatives of risedronic acid
(3-(3-pyridyl)-2-hydroxy-2-phosphonopropanoic acid) (37) and
mindronic acid (2-hydroxy-3-(imidazoĳ1,2-a]pyridin-3-yl)-2-
phosphonopropanoic acid) (38) were found to be inhibitors of
RabGGTase.137,138 Compound 38 exhibited a 25-fold in-
creased potency as compared to the + enantiomer of (37).139

An SAR study around the effects of the α-OH position showed
less potency compared to the lead compound 38. Molecular
docking studies suggested binding proximal to the first
geranylgeranylated Cys residue. Compound binding is pre-
dicted to be mediated by multiple interactions including H-
bonding, salt bridges and van der Waals interactions of the
imidazoĳ1,2-a]pyridine heterocycle in the hydrophobic
pocket.140 Cell-based FRET studies revealed a significant re-
duction in membrane localization of dual geranylgeranylated
Rab proteins but not of mono-geranylgeranylated substrates.
This suggested that the mechanism of inhibition occurs
through the second geranylgeranylation event.137 N-Oxide de-
rivatives of 37 were found to lower the inhibitory activity
against Rab GGTase to 1.8 mM from the parent compound
(0.7 mM), supporting the author's hypothesis that the inclu-
sion of uncharged substituents or bulk may increase the
compound's potency.141 Inhibitory activity was identified for
PC with GGTase II but not against FPPS/GGPPS, due to the
presence of a chiral center at the α-carbon. However, substi-
tution of the α-OH with an alkyl chain restores activity
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against FPPS/GGPPS with a strong correlation to hydropho-
bicity and chain length.142

Psoromic acid

Screening >10000 compounds for activity against GGTase II
identified, psoromic acid, (39) a natural product derived from
lichen (IC50 = 1.4 μM, in vitro fluorometric assay) in a gel-based
assay, analogues of 39 selectively inhibited GGTase II over re-

lated prenyltransferases, FTase and GGTase I. A fluorometric
assay revealed 39-analogues compete for the IPP binding site
and covalently bind to the N-terminus of GGTase II (α subunit)
through formation of a Schiff base with the aldehyde function-
ality of 39. Crystallographic analysis of the 39-GGTaseII com-
plex suggested that the compound binding mode exploits an
auto-regulatory function unique to GGTase II. In the apo-state,
activity is regulated by an N-terminal adjacent His residue
which coordinates the Zn2+ ion. Displacement of the N-
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terminus, as a result of 39-covalent binding, allows for further
interactions of 39 at the active site and occupancy of the lipid
substrate binding site. Despite the molecule's interesting
in vitro mode of inhibition, no inhibitory activity was detected
in HeLa cells up to a concentration of 300 μM. This may be a
consequence of low cell membrane permeability of 39 as
shown by PAMPA assays. These studies do however provide a
novel mechanism of action for RabGGTase inhibition.143

GGTase III

GGTase III was recently identified as a prenylation enzyme,
and thus there have been limited targeted efforts to generate
enzyme-specific inhibitors. However, this discovery presents
a unique opportunity for the inhibition of ubiquitin ligase
prenylation via the accessory protein, FBXL2 which prevents
the recruitment of the target proteins.152,157
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Dual inhibitors

An alternative and arguably more effective strategy for
inhibiting prenylation involves simultaneous targeting of
FPPS and GPPS or FTase/GTase, with dual inhibitors. The
overall strategy involves potently reducing Ras prenylation
while exploiting the structural similarities of the
prenylsynthase/transferase enzymes. Importantly, this ap-
proach seeks to circumvent the challenges of traditional BP-
based inhibitors that accumulate in the skeletal system.

FPPS/UPPS inhibitors

The use of non-BPs as FPPS drugs is an attractive inhibition
strategy since they are less vulnerable to accumulation in cal-
cified tissues. Through molecular docking, 23 compounds
were predicted as possible inhibitors of Trypanosoma brucei
FPPS (a carrier of Chagas disease). In vitro assays revealed
compound 40, as the most potent hit against various bacte-
rial and human FPPS isoforms (IC50 = 5.7 to 237 μM). Bind-
ing interactions were predicted to be driven by sulfonate–
Mg2+ coordination within the active site, similar to the phos-
phate–Mg2+ coordination pose observed by traditional BPs. In
addition to pan-FPPS isoform inhibitory activity, (40) was ob-
served to possess therapeutic effects against undecaprenyl di-
phosphate synthase (UPPS), an enzyme essential for bacterial
cell growth.144 However, further evaluation of antibacterial
activity as well as cellular cytotoxicity is necessary to conclude
the efficacy of this class of compounds as a dual inhibition
agents of FPPS/UPPS.

Lipophilic bisphosphonates

Various FPPS-targeting BPs demonstrated off-target binding
for GGPPS due to structural similarity of the two enzymes.
Given these selectivity challenges, dual FPPS/GGPPS inhibi-
tors were explored. Several BPs were engineered with posi-
tively charged groups adjacent to the BP-pharmacophore for
increasing FPPS inhibitory activity. Additionally, incorpora-
tion of large hydrophobic motifs in the scaffold results in re-
duction of bone uptake and drug bioavailability. Cationic BPs
such as 41, show higher inhibitory profiles (IC50 = 100–200
nM) compared to established BPs, such as zoledronate and
pamidronate (IC50 = 15–140 μM), possibly due to the increase
in cell permeability. Large hydrophobic BPs, such as 42, also
demonstrated greater growth inhibition with reversibility was
observed upon the addition of 20 μM geranylgeranylhydro-
xide (GGOH). In vivo experiments with lipophilic BPs,
performed in murine xenograft models with SK-ES-1 sarcoma
cells, elucidated greater tumour reduction than zoledronate.
The combined effects of electrostatics and hydrophobicity in
lipophilic-BP treatments improved a traditional class of com-
pounds furthering their utility as therapeutic agents.145 From
the demonstrated potential of lipophilic bisphosphonates,
the top hits from this class of compounds were investigated
for the treatment of KRAS-driven lung cancer in a combina-
tion treatment with rapamycin. Substantial tumour suppres-

sion was observed by 43, a lipophilic zoledronate analogue,
in mouse syngeneic orthotopic graft models. However, the
development of ascites at the injection site was observed
resulting in the discontinuation of the study suggesting that
43, in the current delivery system, also acts an irritant.146 Fur-
ther research also revealed efficacy against activated hepatic
stellate cells, which are responsible for liver fibrogenesis.147

Isoprenoid analogues

Synthetic isoprenoid analogues mimic the natural ligand of
prenyltransferases which leads to high selectivity for both
GGTase and FTase. However, administration of synthetic iso-
prenoids is challenging due to high lipophilicity and meta-
bolic instability of the PPi moiety. To improve the drug-like
attributes, a pro-drug approach was employed using mimicry
of pathway intermediates by the replacement of PPi with a
hydroxyl group. The synthetic isoprenoids, anilinogeraniol
(44) and anilinofarnesol (45) behave as the natural products,
farnesol or geranylgeraniol, and are converted to their PPi
analogues. The resulting anilinoprenylpyrophosphate is
transferred to the target substrate by the prenyltransferase
without translocating to the membrane.148,149 Chen et al.
have investigated the utility of the synthetic isoprenoids as
prodrugs to inhibit breast cancer invasion in a 3D in cellulo
assay and cell cytotoxicity assay in the MDA-MB-231 (breast
cancer) and MCF10A (non-malignant) cell lines. Compound
44, a GGTase substrate, appears to demonstrate higher po-
tency compared to compound 45, a FTase substrate, in the
inhibition of the metastatic cell line. This effect originates
from the longer carbon chain required for GGTase recogni-
tion of 45, which may play a larger role in breast cancer in-
vasion, demonstrating the applicability of hijacking the
prenyltransferase activity to modify targets with a non-
membrane directing functionality.150

Bivalent inhibitors

Disruption of transient protein–protein interactions (PPI) can
impact signalling cascades utilized by various regulatory
pathways. Although the mechanism of action for PPIs is
highly variable between different systems and challenging to
investigate, a recent study on PPI within the mitogen acti-
vated protein kinase (MAPK) family revealed the importance
of the electrostatic surface potential. Disruption of the sur-
face charges can dramatically alter PPI. A similar approach
was adopted for inhibition of prenyltransferases to block
their interactions with cancer-driving K-Ras4B. The positively
charged poly-Lys C-terminus of K-Ras4B was found to interact
with the acidic surfaces of FTase and GGTase. Machida et al.
developed a bivalent inhibitor mimicking K-Ras4B containing
positively charged poly-Lys and the tetrapeptide CVIM (46) to
block both the active site and acidic surface of the
prenyltransferases, inhibiting transient PPI and thus, the
prenylation of K-Ras4B by both FTase (Ki = 5 ± 1 nM) and
GGTase I (Ki = 344 ± 86 nM), which demonstrates the utility
of bivalent inhibitors. However, due to the size of 46, the
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compound has limited cell permeability, halting further eval-
uations of the compound series.151

To improve cell permeability of bivalent inhibitors,
Tsubamoto et al. explored the utilization of C3-alkylated gua-
nidine moiety and FTI-249 to improve upon the previous
peptide-based scaffold (46). The guanidinium cation interacts
with the lipid phosphate head and disrupts membrane curva-
ture thereby allowing the C3-alkyl side chain to insert into
the membrane and increase membrane penetration. Alterna-
tively, FTI-249 was developed as a CVIM peptidomimetic
which possesses FTase selectivity. Upon comprehensive SAR
development, the FTI-249-based core was substituted with a
biphenyl-based peptidomimetic, FTI-276 to improve potency
of the scaffold. Despite increased inhibitory activity against
FTase, GGTase I inhibitory activity remains moderate (Ki =
710 ± 2 nM). Regardless, a methyl ester derivative 47 was able
to induce G1 arrest and cytosolic delocalization of K-Ras and
its c-Raf association, revealing potential therapeutic strategy
for K-Ras targeting through dual inhibition of both the active
site and acidic surfaces.156

Piperazinedione analogues

Piperazinedione analogues, derived from the CAAX recogni-
tion sequence, inhibit the action of both FTase and GGTase I.
Compound 48 was found to be the most potent inhibitor
from an SAR study with an in vitro IC50 of 13.1 nM and 21
nM against FTase and GGTase I, respectively. Based on ki-
netic studies, compound 48 was predicted to interact with
both the isoprenoid and CAAX binding cavities and adopts a
U-shaped conformation according to in silico docking.153 This
strategy improves on the traditional peptidomimetic ap-
proach by incorporating the isoprenoid binding region to fa-
cilitate dual inhibitory activity.

Conclusions

Development of mevalonate pathway inhibitors to halt
prenylation of oncogenic drivers and reducing cholesterol
production has been advancing for decades. Potent and selec-
tive molecules have progressed into clinical trials, although
results for FPPS and GGPPS inhibitors as well as for the
prenyltransferases have been modest. Collectively, screening
technology developments have led to new methods of lead
compound discovery from novel scaffolds to existing natural
products. However, inhibitor-based therapeutic strategies
have suffered from similar disadvantages such as limited bio-
availability, clearance rate, and active secondary metabolites.
A possible alternative approach in the therapeutic use of the
upregulated prenylation pathway in cancer driving cells in-
volves hijacking of the system to target other vital proteins re-
quired for the cell survival. Previous attempts have shown the
utility of the lipid covalent attachment onto protein targets
for immobilization which prevents organelle transloca-
tion.154,155 This can also prevent the formation of protein–
protein interactions necessary for functional activity. Protein
membrane anchorage (PMA) has also been proposed as a via-

ble strategy for targeting transcription factors in cancer cells
in order to sequester them to the membrane and away from
the site of activity.158–160 Focusing on a more traditional
inhibitor-based route of inhibition of prenylation, the devel-
opment of a FTase/GGTase dual inhibitor is still relatively
unexplored. Regardless of therapeutic strategy, evaluation of
prenylation inhibition requires a collective biophysical and
biochemical approach to understand the mechanisms in-
volved in direct target engagement. Due to the possibility of
incorporating false hits arising from off-target toxicity in cell-
based proliferation and viability assays, utilization of orthog-
onal methods such as in vitro activity or binding assays
should be considered an essential step to avoid false-positive
molecules. Other modern techniques such as cellular thermal
shift assay (CETSA) and activity-based protein profiling
(ABPP) are also critical to validate lead molecules and avoid
unnecessary effort with off-target molecules or false-positives
bearing pan-assay interference (PAINs) scaffolds.161,162

In summary, targeting prenylation through the
mevalonate pathway can be achieved through multiple routes
but currently remains a significant challenge. The direct inhi-
bition of the upstream enzymes, FPPS and GGPPS, are con-
ventionally targeted by active site-binding NBPs. Optimiza-
tion of NBPs yielded improved scaffolds including ThBPs and
ThMPs which increased biological efficacy and reduced off-
target effects compared to the parent, NBPs. A more direct
approach to inhibiting prenylation is through targeting the
prenyltransferases, FTase and GGTase I/II/III. However, inhi-
bition of FTase alone is insufficient due to similarities arising
from the recognition CAAX motif between FTase and GGTase
I which can result in compensatory activity. Moreover, intro-
duction of potent FTase and GGTase I inhibitors have led to
detrimental cytotoxic effects as prenylation is required for
cell viability. Due to the major difference in recognition se-
quences between the GGTase I and II, the two enzymes are
not used interchangeably within the cellular system. This has
pushed the development of GGTase II as a therapeutic target.
GGTase II not only possesses a more specific recognition se-
quence, its targets are usually oncogenic drivers, namely
clinically-relevant Rab protein. The combination of structural
guided inhibitor design and multimodal treatment strategies
offer potential in developing candidates for targeting prenyl
transferases in cancer as well as a plethora of other diseases
due to branching points in the mevalonate pathway.
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