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ABSTRACT: Dehydrosqualene and squalene synthases catalyze the redox
neutral and the reductive, head-to-head dimerization of farnesyl
diphosphate, respectively. In each case, the reaction is thought to proceed
via an initial dissociation of farnesyl diphosphate to form an allylic
carbocation-pyrophosphate ion pair. This work describes the synthesis and
testing of inhibitors in which a guanidinium or amidinium moiety is
flanked by a phosphonylphosphinate group and a hydrocarbon tail. These
functional groups bear a planar, delocalized, positive charge and therefore
should act as excellent mimics of an allylic carbocation. An inhibitor
bearing a neutral urea moiety was also prepared as a control. The
positively charged inhibitors acted as competitive inhibitors against
Staphylococcus aureus dehydrosqualene synthase with Ki values in the
low micromolar range. Surprisingly, the neutral urea inhibitor was the
most potent of the three. Similar trends were seen with the first half reaction of human squalene synthase. One interpretation of
these results is that the active sites of these enzymes do not directly stabilize the allylic carbocation via electrostatic or π-cation
interactions. Instead, it is likely that the enzymes use tight binding to the pyrophosphate and lipid moieties to promote catalysis
and that electrostatic stabilization of the carbocation is provided by the bound pyrophosphate product. An alternate possibility
is that these inhibitors cannot bind to the “ionization FPP-binding site” of the enzyme and only bind to the “nonionizing FPP-
binding site”. In either case, all reported attempts to generate potent inhibitors with cationic FPP analogues have been
unsuccessful to date.

Prenyltransferases, prenyldiphosphate synthases, and ter-
pene synthases are all enzymes that utilize allylic

diphosphates during catalysis.1−3 These enzymes play key
roles in a variety of biological processes, and their inhibitors
have potential applications in treating cancer, lowering
cholesterol, and acting as antimicrobials.4,5 In each case, the
reaction is initiated by the cleavage of the allylic diphosphate
C−O bond, either in a dissociative sense (SN1) to form an
allylic carbocation-pyrophosphate ion pair6−9 or in an
associative sense (SN2) via a transition state bearing a
considerable carbocationic character.10−12 In this work,
inhibitors bearing either a guanidinium or an amidinium
moiety as a mimic of the allylic carbocation are described
(Figure 1). These functional groups are planar, bear a
delocalized positive charge at physiological pH values, and
should therefore closely resemble the intermediates and/or
transitions states formed in these reactions.3,5,13−16 They are
appended to a phosphonylphosphinate group, which acts as a
nonhydrolyzable pyrophosphate analogue. In theory, this
inhibition strategy could be applied to all three classes of
enzymes mentioned above.
In this work, this inhibition strategy is tested on the human

squalene synthase (SQS) and the bacterial dehydrosqualene

synthase (DSQS) from Staphylococcus aureus. These enzymes
both catalyze the head-to-head condensation of two molecules
of farnesyl diphosphate (FPP, Figure 2). Squalene synthase
catalyzes a reductive condensation that employs NADPH and
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Figure 1. Formation of an allylic carbocation-pyrophosphate ion pair
via a dissociative mechanism and the structure of guanidinium/
amidinium-based inhibitors designed to mimic the transition state.
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generates squalene with a saturated central C−C bond.17

Alternatively, dehydrosqualene synthase catalyzes a redox
neutral reaction and generates dehydrosqualene with a central
alkene.18 Both enzymes are thought to initiate catalysis by the
ionization of FPP to give an allylic cation-pyrophosphate ion
pair.18,19 A subsequent addition of a second molecule of FPP
and deprotonation gives the common intermediate presqua-
lene diphosphate. Presqualene diphosphate is ultimately
converted to squalene by SQS or dehydrosqualene by DSQS
in either a reductive or redox neutral process, respectively.20,21

While the overall amino acid sequence similarity between the
two enzymes is low (<10%), they share a class I terpenoid
synthase fold as well as three conserved consensus sequences
that are known to comprise the FPP-binding sites.19,22,23 In the
case of squalene synthase, the rate limiting step has been
shown to occur during presqualene diphosphate formation and
a reasonable candidate is the initial ionization step.24 This
implies that the dissociation of the FPP C−O bond is a
reasonable target for inhibitor design.
Human squalene synthase has long been a target for

inhibitor design due to its role in the biosynthesis of
steroids.13,25 In particular, cholesterol is biosynthesized from
squalene, and therefore, compounds that disrupt this pathway
could act as cholesterol lowering agents (Figure 2). This
strategy could have an advantage over the more commonly
used statin drugs that target an earlier step of the mevalonate
pathway and therefore stop the production of terpenes entirely.
Potent squalene synthase inhibitors include the zaragozic acids
and lapaquistat, the latter of which reached late stage
development as a cholesterol lowering agent, but trials were
ultimately stopped due to liver toxicity.26,27

Dehydrosqualene synthase from S. aureus has also been
suggested as a target for antibiotic development.18,28 In this
species of bacteria, dehydrosqualene is ultimately converted
into the polyunsaturated chromophore of the compound
staphyloxanthin (Figure 2). Staphyloxanthin is a carotenoid
pigment that gives these bacteria their characteristic yellow
color. It serves as an antioxidant, which protects the bacteria
against reactive oxygen species and host neutrophils.29 It has
been demonstrated that treatment of S. aureus with DSQS
inhibitors results in colorless bacteria that exhibit an increased

sensitivity to the presence of human blood and an increased
rate of innate immune clearance in a mouse infection model.28

To test this inhibition strategy against SQS and DSQS, three
potential inhibitors were prepared. Inhibitors 1 and 2 are
mimics of farnesyl diphosphate bearing a guanidinium and an
amidinium moiety, respectively (Figure 3). Inhibitor 3 is an

isosteric analogue of inhibitor 1 that bears a urea linkage and
serves as a control to test whether the charged guanidinium
group contributes significantly to inhibition. It is shown that
these compounds act as competitive inhibitors in the low
micromolar range and that the delocalized positive charge does
not contribute significantly to binding affinity. These results
suggest that direct stabilization of the allylic carbocation
intermediate is not a key factor in catalysis with these enzymes.

■ MATERIALS AND METHODS
Synthetic Materials and Methods. All reagents were

purchased from Sigma-Aldrich, Fluka, Toronto Research
Chemicals Inc. (TRC), or Advanced ChemTech and used
without further purification unless otherwise stated. D2O
(99.9%) was purchased from Cambridge Laboratories. Dowex
50WX8 (H+ form) resin was purchased from Sigma-Aldrich.
Triethylamine was distilled over CaH2 under an atmosphere of
Ar. Silica gel chromatography was performed using Silica Gel
SiliaFlash F60 (230−400 mesh, Silicycle). Biogel P-2 size
exclusion chromatography resin was purchased from Bio-Rad.
1H NMR spectra were recorded on a Bruker AV400
spectrometer at a field strength of 400 MHz. Proton-decoupled
31P NMR spectra were recorded on a Bruker AV400
spectrometer at a field strength of 162 MHz. 13C NMR
spectra were recorded on a Bruker AV400 spectrometer at a
field strength of 100 MHz. Mass spectra were obtained on a
Waters Micromass LCT mass spectrometer using electrospray
ionization (ESI-MS). Neutral compounds were detected as
positive ions, and negatively charged compounds were
detected as negative ions.

Enzymology Materials and Methods. Centrifugal filters
(4 mL 10 000 MWCO) were purchased from Millipore.
Isopropyl-β-D-galactopyranoside (IPTG) was purchased from
Invitrogen. Chelating Sepharose Fast resin was purchased from
Pharmacia Biotech. Protein concentrations were determined
by the method of Bradford on a Cary 3E UV−vis
spectrophotometer using bovine serum albumin as a stand-
ard.30 These measurements were performed at room temper-
ature. Protein purity was assessed using SDS-PAGE. The
enzyme kinetic assays were carried out on a Cary 300 UV−vis
spectrometer with a Cary temperature controller attached.

Figure 2. Reactions catalyzed by squalene synthase (SQS) and
dehydrosqualene synthase (DSQS) and the structures of cholesterol
and staphyloxanthin.

Figure 3. Structures of inhibitors 1−3.
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Overexpression and Purification of HSQS and DSQS.
The gene encoding for dehydrosqualene synthase from S.
aureus MS4 was synthesized and cloned into a pET28a(+)
vector at the BamH1 and SalI restriction sites by Genscript. A
stop codon was added after the DSQS open reading frame to
prevent expression of pET28a’s optional C-terminal His tag.
Expression of the resulting plasmid, pETa-DSQS, results in a
protein expressed with an N-terminal His tag and T7 tag. The
codon optimized gene for doubly truncated human squalene
synthase (residues 31−370) was synthesized by GenScript and
cloned into a pET28b expression vector (Novagen) via the
NdeI/XhoI restriction sites, yielding pET28b-hSQS(31−370).
A stop codon was added after the SQS open reading frame to
prevent expression of pET28b’s optional C-terminal His tag.
The resulting construct encoded hSQS(31−370) with an N-
terminal His tag followed by a thrombin protease recognition
site. Both plasmids were used to transform chemically
competent Escherichia coli expression strain Rosetta(DE3)
pLysS (Novagen) following the Inoue method.31 Over-
production of DSQS and SQS was achieved following a
modification of a previously described procedure.32 Trans-
formed cells were grown at 37 °C in 1 L of Terrific Broth (TB)
medium containing 30 μg/mL kanamycin until an OD600 of 0.6
was reached. Cells were induced for overexpression by the
addition of 120 mg (1 mM) of isopropyl-1-thio-β-D-
galactopyranoside (IPTG). After growing at 24 °C for an
additional 24 h, cells were harvested and lysed with a French
press in Tris-HCl buffer (50 mM, pH 8.0) containing
dithiothreitol (2 mM), NaCl (500 mM), MgCl2 (2 mM),
CHAPS (4 mM), imidazole (20 mM), aprotinin (1 μgmL−1),
and pepstatin A (1 μgmL−1).
The lysate was cleared by centrifugation (34 155g, 45 min)

and filtration through a 0.22 mm filter. A column containing
chelating Sepharose fast flow resin (GE Healthcare, 10 mL)
was charged with 100 mM NiSO4 and washed with Tris-HCl
buffer (50 mM, pH 8.0) containing NaCl (500 mM) and
imidazole (5 mM). The clarified lysate was loaded onto the
column and eluted with same buffer but containing imidazole
at 5, 20, 100, and 500 mM. Fractions containing the desired
enzyme eluted after the addition of 500 mM imidazole as
analyzed by the Bradford assay. Glycerol (10%) was added to
the resulting eluent before flash freezing with liquid N2.
Typically, 20−30 mg of enzyme was purified from 1 L of
culture. Enzymes were found to be more than 90% pure as
analyzed by SDS-PAGE. The enzymes were used without the
removal of the hexahistidine tags.
Measurement of Enzyme Kinetics. Kinetic parameters of

dehydrosqualene synthase (DSQS) were measured by a
modification of a previously described continuous coupled
assay for phosphate release.8,33 The concentrations of stock
solutions of the inhibitors in D2O, containing an internal
standard of dioxane, were determined by 1H NMR integration.
A cuvette containing 50 mM HEPES buffer (pH 7.50, final
volume 1000 μL, containing 5% EtOH), MgCl2 (5 mM),
farnesyl pyrophosphate (50 μM, added from a stock solution
prepared in 40% EtOH), 2-amino-6-mercapto-7-methylpurine
ribonucleoside (MESG) (20 μM), purine nucleoside phos-
phorylase (PNPase) (1 unit), and inorganic pyrophosphatase
(PPase) (0.5 unit) was thermally equilibrated for 5 min at 37
°C. The enzymatic reaction was initiated by the addition of
dehydrosqualene synthase (1.5 μg), and the rate was calculated
from the observed increase of absorption at 360 nm (ε =
11 000 M−1 cm−1) after accounting for the 4:1 ratio of

phosphate to dehydrosqualene. Kinetic parameters were
determined from the fit of initial velocities to the Michaelis−
Menten equation. SQS kinetics were determined in the same
fashion; however, 2.0 μg of enzyme was added, and the 2:1
ratio of phosphate to squalene was accounted for. Inhibition
kinetics were described as above, but with the incubation of
inhibitors 1−3 at various concentrations.

Synthetic Methods. Compound 5. A solution of 4 (1.23
g, 7.53 mmol) in dry Et2O was added dropwise to a suspension
of lithium aluminum hydride (0.343 g, 9.04 mmol) in 35 mL of
dry Et2O at 0 °C. The reaction mixture was refluxed at 35 °C
for 15 h under Ar. It was quenched by successive addition of
0.4 mL of H2O, 0.8 mL of 10% aq NaOH, and another 1.2 mL
of H2O. After the resulting mixture was stirred for 15 min, it
was filtered through a Celite bed and the clear solution was
dried over MgSO4. The solution was dried in a vacuum to
afford compound 5 (1.26 g, 99% yield). 1H NMR (CDCl3, 400
MHz): δ ppm 5.09 (m, 2H), 2.72 (t, J = 6.8 Hz, 2H), 2.19−
2.17 (m, 2H), 2.09−2.06 (m, 2H), 2.03−1.99 (m, 2H), 1.68
(s, 3H), 1.63 (s, 3H), 1.60 (s, 3H). HRMS (ESI) m/z: [M +
H]+ calcd for C11H21N, 168.1752; found, 168.1744.

Compound 6. Compound 5 (0.699 g, 4.18 mmol) was
dissolved in ethylformate (3.80 mL, 46.6 mmol), and the
mixture was refluxed for 18 h at 55 °C under Ar. The volatile
components were removed in a vacuum, and the resulting oily
residue was purified using silica gel column chromatography
(3:5 EtOAc/petroleum ether) to afford compound 6 (0.60 g,
79%). 1H NMR (CDCl3, 400 MHz) 4:1 mixture of rotamers: δ
ppm {8.14 (major, s), 8.04 (minor, d, J = 12.1 Hz)} (1H), 5.53
(br s, 1H), 5.08 (m, 2H), {3.32 (major), 3.23 (minor)} (td, J =
6.8 Hz, 0.9 Hz, 2H), 2.26−2.21 (m, 2H), 2.09−2.06 (m, 2H),
2.04−2.02 (m, 2H), 1.68 (s, 3H), 1.62 (s, 3H), 1.60 (s, 3H).
ESI-MS m/z: 218.3 [M + Na]+.

Compound 7. A solution of 6 (2.45 g, 12.5 mmol) in dry
Et2O was added dropwise to a suspension of lithium aluminum
hydride (0.953 g, 25.1 mmol) in 35 mL of dry Et2O at 0 °C.
The reaction mixture was warmed to 35 °C and refluxed for 15
h under Ar. It was quenched by successive addition of 1 mL of
H2O, 2 mL of 10% aq NaOH, and another 3 mL of H2O. After
the resulting mixture was stirred for 15 min, it was filtered
through a Celite bed and the clear solution was dried over
MgSO4. The solution was dried in a vacuum to afford 7 (2.15
g, 95%). 1H NMR (CDCl3, 400 MHz): δ ppm 5.08 (m, 2H),
2.58 (t, J = 6.9 Hz, 2H), 2.43 (s, 3H), 2.20 (q, J = 7.1 Hz, 2H),
2.11−1.93 (m, 4H), 1.68−1.57 (m, 9H). HRMS (ESI) m/z:
[M + H]+ calcd for C12H23N, 182.1830; found, 182.1829.

Compound ±8. Compound 7 (2 g, 11 mmol) was dissolved
in EtOH (50 mL), and 10% Pd/C catalyst (200 mg) was
added. The mixture was stirred under 1 atm of H2 (g) for 18 h
at rt. The catalyst was removed by filtration, and the resulting
filtrate was evaporated to dryness under reduced pressure. This
gave compound 8 as a viscous oil (1.8 g, 99%). 1H NMR
(CDCl3, 400 MHz): δ ppm 2.56 (t, J = 6.2, 2H), 2.48 (s, 3H),
1.58−0.85 (m, 12H), 0.79 (d, J = 6.6 Hz, 9H). ESI-MS m/z:
186.4 [M + H]+.

Compound 10. N,N-Di-Boc-thiourea (410 mg, 1.53 mmol)
and NaH (80 mg, 2.1 mmol) were stirred in dry THF (20 mL)
under argon for 25 min at 0 °C. Trifluoroacetic anhydride (300
μL, 1.75 mmol) was then added, and the mixture was left
stirring for 1 h at 0 °C, followed by the addition of compound
9 (400 mg, 1.75 mmol). The reaction mixture was stirred at rt
for 20 h and quenched with H2O, and the product was
extracted with CH2Cl2 (3 × 50 mL). The organic layers were
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dried over MgSO4 and then concentrated under reduced
pressure to yield a yellow oil. The crude product was purified
using column chromatography (15−100% EtOAc in petroleum
ether) to afford compound 10 (400 mg, 60%). 1H NMR
(CDCl3, 400 MHz): δ ppm 10.09 (s, 1H), 8.09 (s, 1H), 4.47
(m, 2H), 4.34−4.05 (m, 6H), 2.54 (t, J = 17.3 Hz, 2H), 1.47
(s, 9H), 1.24 (t, J = 7.1 Hz, 6H), 1.19 (t, J = 5.1 Hz, 3H).
31P{1H} NMR (CDCl3, 162 MHz): δ ppm 19.72 (s), 40.05
(s). ESI-MS m/z: 433.1 [M + H]+.
Compound 12. Compound 10 (180 mg, 0.41 mmol),

DIPEA (80 μL, 0.41 mmol), EDC-HCl (170 mg, 0.83 mmol),
and compound ±8 (120 mg, 0.62 mmol) were dissolved in dry
CH2Cl2 (15 mL) at 0 °C, and the mixture was stirred under
argon for 25 h at rt. The reaction mixture was then quenched
with H2O and then extracted with CH2Cl2 (3 × 50 mL). The
organic layers were dried over MgSO4 and concentrated under
reduced pressure to yield an oil. The crude product was
purified using column chromatography (1−15% MeOH in
EtOAc containing 5% Et3N) to afford compound 12 (140 mg,
60%). 1H NMR (CDCl3, 400 MHz): δ ppm 4.24−4.05 (m,
6H), 3.72 (m, 2H), 3.25 (m, 2H), 2.95 (s, 3H), 2.62−2.43 (m,
2H), 2.07−1.95 (m, 2H), 1.68−1.48 (m, 10H), 1.45 (s, 9H),
1.32 (m, 9H), 1.25 (m, 6H), 1.13 (t, J = 5.7 Hz, 3H). 31P{1H}
NMR (CDCl3, 162 MHz): δ ppm 20.05 (s), 44.50 (s). HRMS
(ESI) m/z: [M + H]+ calcd for C21H47N3O5P2, 586.5711;
found, 586.5701.
Inhibitor 1. Compound 12 (100 mg, 0.17 mmol) was

treated with TMSBr (1 mL) in CH2Cl2 (10 mL), and the
mixture was stirred at rt for 18 h. The solution was then
neutralized with NaOH (0.1 M) and concentrated under
reduced pressure to yield a yellow oil. The compound was then
dissolved in H2O (10 mL) and acidified with Dowex resin (H+

form) to pH 1. The crude material was then dissolved in H2O
(10 mL), loaded onto a 50 mL column of size exclusion resin
(Bio-Gel P-2), and eluted with water. All fractions were
lyophilized to dryness and analyzed using 1H and 31P NMR
spectroscopy. Fractions containing the inhibitor were redis-
solved in water, combined, and lyophilized to give inhibitor 1
as a white solid (18 mg, 25%). 1H NMR (MeOD, 400 MHz):
δ ppm 3.55 (d, J = 8.6 Hz, 2H), 3.31−3.28 (m, 2H) 3.03 (s,
3H), 2.25−2.04 (m, 2H), 1.72−1.02 (m, 12H), 0.86 (d, J = 5.5
Hz, 9H). 31P{1H} NMR (MeOD, 162 MHz): δ ppm 18.66 (s),
33.04 (s). HRMS (ESI) m/z: [M + H]+ calcd for
C15H35N3O5P2, 400.2101; found, 400.2133.
Compound 13. A solution of the amine 9 (437 mg, 1.59

mmol) and N,N-dimethylformamide dimethyl acetal (0.64 mL,
4.80 mmol) in 5 mL of distilled methanol was heated to 55 °C
under Ar for 4.5 h. All volatile components were removed
under reduced pressure to obtain compound 13 as an oily
residue (513 mg, 98%). The compound was characterized
without further purification. 1H NMR (CDCl3, 400 MHz): δ
ppm 7.38 (s, 1H), 4.27−4.07 (m, 6H), 3.85−3.68 (m, 2H),
2.88 (s, 6H), 2.52 (dd, J = 20.6, 16.2 Hz, 2H), 1.41−1.28 (m,
9H). 31P{1H} NMR (CDCl3, 162 MHz): δ ppm 43.79 (d, J =
5 0.9 Hz), 20.62 (d, J = 6.1 Hz). ESI-MS m/z: 351.2 [M +
Na]+.
Compound 14. To a stirred solution of compound 13 (89.4

mg, 0.272 mmol) in distilled acetonitrile under Ar was added
compound 7 (115 mg, 0.634 mmol). The reaction mixture was
secured with a reflux condenser and was heated to 75 °C. The
reaction mixture was cooled down after 48 h and was
concentrated under a high vacuum. The yellowish oily residue
was purified using silica gel (equilibrated with 5% Et3N in the

eluent system) column chromatography (1:10 MeOH/EtOAc
containing 2% Et3N). Volatilizing the solvents gave the desired
compound 14 (24.2 mg, 38%). 1H NMR (CDCl3, 400 MHz):
δ ppm 7.38 (s, 1H), 5.06 (m, 2H), 4.21−4.16 (m, 6H), 3.76
(dd, J = 11.7, 4.1 Hz, 2H), 3.15 (s, 2H), 2.87 (s, 3H), 2.50 (dd,
J = 20.6, 16.2 Hz, 2H), 2.20 (td, J = 7.2 Hz, 0.2 Hz, 2H),
2.07−1.95 (m, 4H), 1.67 (s, 3H), 1.59 (s, 6H), 1.35−1.31 (m,
9H). 31P{1H} NMR (CDCl3, 162 MHz): δ ppm 43.68 (s),
20.70 (d, J = 5.7 Hz). HRMS (ESI) m/z: [M + H]+ calcd for
C21H42N2O5P2, 465.2647; found, 465.2649.

Inhibitor 2. Compound 14 (25.1 mg, 0.054 mmol) was
dissolved in 3 mL of distilled CH2Cl2 in a flame-dried round-
bottom flask, and the mixture was cooled to 0 °C. Dried 2,4,6-
collidine (121 μL, 0.915 mmol) was slowly added to the
reaction mixture followed by the addition of TMSBr (149 μL,
1.13 mmol). The reaction mixture was stirred at rt for 24 h or
until ESI-MS analysis confirmed the completion of the
reaction. The volatile materials were removed in a vacuum,
and the resulting residue was washed with toluene and
concentrated repeatedly to remove any remaining TMSBr. The
solid residue was neutralized by the careful addition of an
aqueous sodium hydroxide (∼2 equiv) solution. Water was
evaporated under a high vacuum to give a white solid crude.
The desired product eluted with water in two column volumes
using size exclusion chromatography (Bio-Gel P-2 Gel). The
resulting solution was frozen and lyophilized to give the
sodium salt of inhibitor 2 (9 mg, 43%). 1H NMR (MeOD, 400
MHz), 4:1 mixture of rotamers: δ ppm {6.44 (major), 6.37
(minor)} (s, 1H), 3.62−3.59 (m, 2H), 2.12 (d, J = 9.3 Hz,
2H), {1.98 (major), 1.93 (minor)} (t, J = 7.0 Hz, 2H), {1.73
(minor), 1.58 (major)} (s, 3H), 0.92−0.88 (m, 2H), 0.74 (t, J
= 18.8 Hz, 2H), 0.58−0.50 (m, 4H), 0.17 (s, 3H), 0.15 (s,
3H), 0.10 (s, 3H). 31P{1H} NMR (MeOD, 162 MHz): δ ppm
23.14 (s), 17.41 (s). HRMS (ESI) m/z: [M + H]+ calcd for
C15H30N2O5P2, 381.1708; found, 381.1710.

Compound 15. Compound 9 (300 mg, 1.09 mmol) was
dissolved in dry CH2Cl2 (15 mL), and then Et3N (275 μL,
1.63 mmol) was added; the mixture was stirred under argon for
30 min. Boc2O (300 mg, 1.32 mmol) was then added, and the
reaction was stirred at rt for 16 h. The reaction mixture was
concentrated under reduced pressure, and the crude product
was purified using silica gel chromatography (25−75% EtOAc
in petroleum ether) to yield pure compound 15 (325 mg,
81%). 1H NMR (CDCl3, 400 MHz): δ ppm 4.30−4.06 (m,
6H), 3.55−3.65 (m, 2H), 2.60−2.36 (m, 2H), 1.49 (s, 9H),
1.45−1.25 (m, 6H), 1.24−1.19 (t, J = 7.6 Hz 3H). 31P{1H}
NMR (CDCl3, 162 MHz): δ ppm 20.58 (s), 41.84 (s). ESI-MS
m/z: 374.3 [M + H]+.

Compound 16. Compound 15 (80 mg, 0.21 mmol) was
placed in a round-bottom flask followed by dry CH2Cl2 (10
mL). 2- Chloropyridine (60 μL, 0.63 mmol) was added,
followed by trifluoromethanesulfonic anhydride (60 μL, 0.31
mmol), and the reaction mixture was stirred for 50 min at rt.
Then Et3N (1.8 mL, 1.26 mmol) followed by the compound
±8 (116 mg, 0.62 mmol) was added, and the reaction mixture
was stirred at rt for 20 h. The crude product was purified using
silica gel chromatography (10−50% EtOAc in petroleum
ether) to afford compound 16 (66 mg, 65%). 1H NMR
(CDCl3, 400 MHz): δ ppm 4.28−4.06 (m, 6H), 3.6−3.72 (m,
2H), 2.95 (m, 2H), 2.76 (s, 3H), 1.85−1.75 (m, 2H), 1.56−
1.03 (m, 21H), 0.88−0.94 (m, 9H). 31P{1H} NMR (CDCl3,
162 MHz): δ ppm 22.50 (s), 45 (s). ESI-MS m/z: 483.9 [M −
H]−.
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Inhibitor 3. Compound 16 (100 mg, 0.21 mmol) was
treated with TMSBr (1 mL) in CH2Cl2 (10 mL), and the
mixture was stirred at rt for 18 h. The solution was then
neutralized with NaOH (0.1 M) and then was concentrated
under reduced pressure to yield a yellow oil. The compound
was then dissolved in H2O (10 mL) and acidified with Dowex
resin (H+ form) to pH 1. The crude material was then
dissolved in H2O (10 mL), loaded onto a 50 mL column of
size exclusion resin (Bio-GelP-2), and eluted with water. All
fractions were lyophilized to dryness and analyzed using 1H
and 31P NMR spectroscopy. Fractions containing inhibitor
were redissolved in water, combined, and lyophilized to give
inhibitor 3 as a white solid (48 mg, 56%). 1H NMR (D2O, 400
MHz): δ ppm 3.68−3.24 (m, 4H), 2.96 (s, 3H), 2.15−2.09
(m, 2H), 1.73−0.95 (m, 12H), 0.92 (s, 9H). 31P{1H} NMR
(D2O, 162 MHz): δ ppm 14.79 (s), 36.93 (s). HRMS (ESI)
m/z: [M + Na]+ calcd for C15H34N2O6P2Na, 423.1800; found,
423.1786.

■ RESULTS
Synthesis of Inhibitors. The lipid portion of all three

inhibitors was made from the known nitrile 4, which is
prepared from geraniol in two steps (Figure 4).34 Compound 4

was reduced to give homogeranylamine 5, which was then
formylated to give compound 6.35 Reduction of the formyl
group gave N-methyl-homogeranylamine 7. In the case of
inhibitors 1 and 3, compound 7 was hydrogenated to give the
saturated analogue, racemic 8.
The phosphonylphosphinate amine 9 was prepared from

diethylphosphite, formaldehyde, and diethylmethylphospho-
nate in seven steps using literature known methods.36 To
prepare inhibitor 1, compound 9 was treated with di-Boc-
protected thiourea, trifluoroacetic anhydride, and sodium
hydride to give thiourea 10.37 Thiourea 10 was initially
coupled to compound 7 in an attempt to prepare the
unsaturated analogue of inhibitor 1. This was achieved using
EDC and provided compound 11.38 Treatment of compound
11 with TFA removed the Boc-protecting group; however, all

attempts to remove the ethyl groups with TMSBr resulted in
either incomplete deprotection or side reactions (primarily
hydration) of the alkene functionalities. As it is possible to
deprotect the corresponding amidine and urea in the
preparation of inhibitors 2 and 3, respectively (vide infra),
the failure of this reaction is likely due to the silylation of the
guanidinium NH2 group, which may cause steric hindrance
around the phosphinic acid. The inability to fully deprotect
compound 11 prompted the design of inhibitor 1 bearing a
fully saturated hydrocarbon tail. Previous studies in the
literature have suggested that the alkene functionalities are
not key recognition determinants in these enzymes.45 There-
fore, thiourea 10 was coupled to compound 8 to give
compound 12.38 Compound 12 was fully deprotected by
refluxing in 4 N HCl for 48 h. The resulting inhibitor 1 was
purified by ion exchange chromatography.
The preparation of inhibitor 2 involved an initial

condensation of amine 9 with N,N-dimethylformamide
dimethyl acetal to give amidine 13 (Figure 5).39 A trans-

amidination with N-methylhomogeranyl amine 7 liberated
dimethylamine and produced amidine 14.40 Care must be
taken during the purification of compound 14, as decom-
position to give a formamide occurred during extended
exposure to silica gel. Initial attempts to deprotect compound
14 with TMSBr led to side reactions that included hydration of
the alkene functionalities. Ultimately, it was possible to
deprotect compound 14 using TMSBr in the presence of
collidine.13,41 This gave inhibitor 2, which was purified using
size exclusion chromatography. In the 1H NMR spectrum of
inhibitor 2, two rotamers were observed that interconvert
slowly on the NMR time scale. These correspond to
conformations that differ by the exchange in position of the
methyl group and C11H19 hydrocarbon side chain. Inhibitor 2
was shown to be stable to hydrolysis when stored in a
phosphate buffer (pH 7) for 48 h.
For the preparation of inhibitor 3, compound 9 was first

protected with a Boc group to give compound 15 (Figure 6).
Compound 15 was treated with triflic anhydride and 2-
chloropyridine to produce an intermediate isocyanate that was
immediately treated with racemic 8 to give urea 16.42

Deprotection of urea 16 with TMSBr gave racemic inhibitor
3, which was purified by size exclusion chromatography.36

Enzyme Kinetics. Full-length dehydrosqualene synthase
from S. aureus and a soluble, truncated, version of human

Figure 4. Synthesis of inhibitor 1.

Figure 5. Synthesis of inhibitor 2.
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squalene synthase (residues 31−370) were overproduced in E.
coli.43 Both contained an N-terminal hexa-histidine tag and
were purified by immobilized metal affinity chromatography.
An assay for phosphate release was used to determine the
kinetic parameters.8,33 This involves pyrophosphatase as a
coupling enzyme that hydrolyzes the pyrophosphate produced
in the enzymatic reactions. The resulting phosphate is
consumed in a phosphorolysis reaction with 2-amino-6-
mercapto-7-methylpurine ribonucleoside and the coupling
enzyme, purine nucleoside phosphorylase. The resulting purine
product is monitored by an increase in absorbance at 360 nm.
The majority of the kinetic analyses were performed with
dehydrosqualene synthase as this enzyme does not utilize
NADPH in catalysis. In the case of squalene synthase,
absorbance from the NADPH chromophore will interfere
with the spectrophotometric assay.
The kinetic parameters of dehydrosqualene synthase were

first determined using the coupled assay. Varying concen-
trations of farnesyl diphosphate were incubated with MgCl2
and dehydrosqualene synthase in a HEPES buffer (pH 7.5)
containing 5% ethanol. The reaction was found to follow
Michaelis−Menten kinetics and gave the following kinetic
parameters: kcat = 0.39 ± 0.01 s−1, KM = 25 ± 5 μM, and kcat/
KM = 16 × 103 M−1 s−1 (Figure S1). The inhibition by
inhibitors 1, 2, and 3 was then evaluated by varying both the
inhibitor concentration and the substrate concentration.
Lineweaver−Burk plots confirmed that all three acted as
competitive inhibitors, and the values of Ki were 1.9 ± 0.08
μM, 4.2 ± 0.2 μM, and 0.61 ± 0.02 μM, respectively (Table 1,
Figure 7, for Michaelis−Menten plots see Figure S2). It should
be noted that DSQS (as well as SQS) has two FPP-binding
sites, one in which ionization occurs (the “ionization site”) and
one in which the alkene donor binds (the “nonionization

site”), and the KM values measured for FPP could reflect the
binding to one, or both, of these sites. Similarly, the inhibitors
may bind to one or both of these sites, and the measured Ki
values could reflect binding to either site. The values of Ki were
only an order of magnitude lower than that of KM, indicating
that either the inhibitors were not significantly benefiting from
transition state binding energy or the consequences of
replacing a diphosphate functionality with a phosphonylphos-
phinate offsets these effects. A phosphonylphosphinate would
be expected to have increased steric bulk and increased pKa’s
due to the substitution of methylenes for oxygen atoms, and
this could perturb metal binding. The similarity in the Ki values
for compounds 1 and 2 suggest that the presence of the NH2
moiety of the guanidinium group and the lack of an
unsaturated hydrocarbon side chain were not detrimental to
binding. Surprisingly, the most potent compound was the urea-
containing inhibitor 3. As this inhibitor is effectively isosteric
with inhibitor 1, this clearly demonstrates that the inclusion of
the positively charged guanidinium as an allylic carbocation
mimic does not significantly increase the binding affinity.
While resonance delocalization of the nitrogen lone pairs in the
urea functionality might be expected to place a partial positive
charge on the nitrogen atoms, this is offset by the
electronegativity of nitrogen, and the overall charge build-up
is expected to be minimal when compared to the full positive
charge in an amidinium/guanidinium ion.44 This brings into
question the extent to which squalene synthase directly
stabilizes the allylic cation during catalysis.
Historically, the kinetics of squalene synthase have been

measured using a stopped time point radioactive assay with
labeled farnesyl diphosphate.24,45 This is because the reaction
requires the presence of NADPH,, and the KM value for this
cofactor is 430 μM with the human enzyme.46 The extremely
high absorbance of the NADPH chromophore even at
subsaturating levels prohibits the use of a continuous
spectrophotometric assay. It is known, however, that squalene
synthase binds its substrates in an ordered fashion with two
molecules of FPP binding first and NADPH binding last.24

Furthermore, the reaction will proceed in the absence of
NADPH to produce presqualene pyrophosphate, followed by a
much slower conversion into a mixture of dehydrosqualene
and two allylic alcohols.47 The formation of presqualene
pyrophosphate in the absence of NADPH is much slower than
the formation of squalene in the presence of the cofactor,
indicating that the presence of NADPH substantially
accelerates the first half of the reaction.24 Nevertheless, it is
possible to measure the formation of pyrophosphate formed
from the first half reaction in the absence of NADPH using the
coupled spectrophotometric assay. Given that the inhibitors
also bind to a free enzyme (or perhaps a 1:1 FPP−enzyme
complex), and therefore compete with the FPP substrates, the
inhibition of this “unnatural” process may reflect their affinity
for the active site of squalene synthase. The coupled assay was
therefore used to analyze the inhibition of the reaction run in
the absence of NADPH. Given the caveats above, only IC50
values were determined ([FPP] = 50 μM). Linear initial rates
indicated that product inhibition was not problematic under
the assay conditions. Inhibitors 1 and 3 were shown to bind
with IC50 values of 32 ± 4 μM and 1.5 ± 1 μM, respectively
(Table 1, Figure 8). This mirrors the scenario with
dehydrosqualene synthase, in which the uncharged inhibitor
is more potent, and indicates that the positively charged
guanidinium functionality is not essential for binding.

Figure 6. Synthesis of inhibitor 3.

Table 1. Summary of Kinetic Constants Measured with
DSQS and SQS

Ki for DSQS
(μM)

IC50 for SQS
(μM)a,b

IC50 for DSQS
(μM)a

inhibitor 1 1.9 ± 0.2 32 ± 4 17 ± 1
inhibitor 2 4.2 ± 0.7 212 ± 7 45 ± 2
inhibitor 3 0.6 ± 0.1 1.5 ± 1 5.5 ± 0.2

aMeasured with [FPP] = 50 μM. bMeasured for the first half reaction
in the absence of NADPH
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Surprisingly, inhibitor 2 was a somewhat weaker inhibitor of
squalene synthase, showing an IC50 value of 212 ± 7 μM. The
corresponding IC50 values of inhibitors 1, 2, and 3 determined
for dehydrosqualene synthase under identical FPP concen-
trations are 17, 45, and 5.5 μM, respectively (Table 1, Figure
S3). While a comparison of the magnitudes of IC50 values
between the DSQS full reaction and the “crippled” SQS half
reaction are perhaps not justified, it should be noted that the
trends are similar, with the uncharged inhibitor binding the
tightest. Since the SQS half reaction is presumed to involve the
formation of a carbocation intermediate using a similar
mechanism to that of either the full SQS reaction or the
DSQS reaction, the notion that this enzyme binds tightly to
the carbocation intermediate is brought into question.

■ DISCUSSION
This study was initiated to probe the effectiveness of
incorporating a guanidinium or amidinium group into
inhibitors of squalene or dehydrosqualene synthase. The
functional groups introduce a planar, delocalized, cation in a
position analogous to that of the putative allylic carbocation in
the active site of the enzyme. It was anticipated that the
enzymes would bind tightly to such species as they presumably
have evolved to stabilize carbocationic intermediates and the
transition states leading to them. Inhibitors 1 and 2 were found
to inhibit dehydrosqualene synthase with a low micromolar
affinity, which is about 1 order of magnitude lower than the
value of KM for FPP. Both squalene and dehydrosqualene
synthases possess two distinct FPP-binding sites, only one
which promotes ionization in the first step of the mechanism.
It is not known which FPP-binding site the inhibitors occupy
(perhaps even both); however, the kinetics showed com-
petitive inhibition, and one would presume that the positively
charged inhibitor would prefer to occupy the site of initial

ionization. Surprisingly, the urea-containing inhibitor 3 bound
slightly more tightly than inhibitors 1 or 2 despite its lacking a
positive charge. Similar trends were observed with these
inhibitors in the first half reaction catalyzed by squalene
synthase.
Several scenarios can account for the failure of the cationic

functional groups to increase the potency of the inhibitors.
One possibility is that the enzyme does not make specific
binding interactions with the allylic carbocation during
catalysis. As this mechanism requires several rearrangements
and there are multiple spatially distinct positions that a
carbocation must occupy during catalysis, it may not be
necessary for nature to evolve an active site that is able to
stabilize all of them. Instead, the initial dissociation of FPP may
be induced by tight binding to the pyrophosphate as well as to
the hydrophobic tail. A cluster of three Mg2+ ions interacts
strongly with the pyrophosphate leaving group, and a long
hydrophobic tunnel binds the FPP hydrophobic region.18,48 If
these binding interactions are optimized in the transition state
for the initial dissociation event, it may not be necessary for the
enzyme to directly stabilize the carbocation via electrostatic
interactions. This conversion of binding energy into catalytic
efficiency is reminiscent of the Circe effect described by
Jencks.49 As the metal-coordinated pyrophosphate is a good
leaving group, and the carbocation is tertiary, resonance
stabilized, and bears no destabilizing electronegative atoms, it
is reasonable to suspect that substrate binding interactions
would suffice to promote ionization. Furthermore, the initially
formed allylic carbocation will be stabilized by electrostatic
interactions with the pyrophosphate of the ion pair. In a similar
vein, the concept that terpene synthases are not directly
involved in promoting many of the carbocation rearrange-
ment/cyclization steps of catalysis has been forwarded in the
literature.50

Figure 7. Lineweaver−Burk plots for the inhibition of dehydrosqualene synthase by inhibitors 1−3. (A) Inhibition by inhibitor 1 at the following
concentrations: light blue = 8.25 μM, yellow = 3.3 μM, gray = 1.6 μM, orange = 0.8 μM, dark blue = 0 μM. (B) Inhibition by inhibitor 2 at the
following concentrations: green = 36 μm, light blue = 18 μM, yellow = 12 μM, gray = 9 μM, orange = 4.5 μM, dark blue = 0 μM. Inhibition by
inhibitor 3 at the following concentrations: light blue = 8.25 μM, yellow = 3.3 μM, gray = 1.6 μM, orange = 0.8 μM, dark blue = 0 μM.

Figure 8. IC50 plots for the inhibition of the first half reaction of human squalene synthase by inhibitors 1−3. In each case, the concentration of
FPP is 50 μM.
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A second possibility is that an allylic carbocation is never
formed during catalysis. As direct evidence for such a species is
lacking,24 it is conceivable that the cyclopropanation reaction
that forms presqualene diphosphate could occur in a single
concerted step without a discrete carbocation intermediate.
This seems somewhat unlikely given the precedence for
carbocation intermediates in reactions of enzymes that utilize
allylic diphosphates as substrates, and even if this were the
case, one would expect the transition state for cyclo-
propanation to bear a considerable cationic character. Thus,
one would still expect the positively charged inhibitors to bind
more tightly than those lacking the positive charge.
A third scenario is that the guanidinium/amidinium cations

are miss-positioned in the active site and do not pick up the
binding interactions that normally are responsible for catalysis.
While it is difficult to disprove this possibility, an examination
of other attempts to inhibit squalene synthase with
ammonium-containing FPP analogues suggests that this may
not be the case. In one of the first reports of a potent squalene
synthase inhibitor, a farnesyl tail was attached to the same
phosphonylphosphinate moiety described in these studies by a
variety of two atom linkers (Figure 9).51 Inhibitor 17 bore a

two-carbon linker and inhibited the enzyme with an IC50 of 67
μM. When one methylene was replaced with an ammonium
functionality in inhibitor 18, the potency was only reduced 5-
fold to give an IC50 of 16 μM. This value is similar to that
observed with the guanidinium/amidinium inhibitors 1 and 2
described in this study. Finally, when one of the methylene
groups was replaced by an oxygen atom to give inhibitor 19, an
IC50 of 0.05 μM was measured. The greatly increased potency
of this inhibitor was attributed to a putative hydrogen bond
between the enzyme and the oxygen atom of the linker that
would not exist in the other two compounds. Nevertheless, this
work further demonstrates the minimal advantage of
introducing a positive charge into the inhibitor design. An
additional example can be found in studies with lipophilic 1,1-
bisphosphonates, which are known potent inhibitors of many
allylic pyrophosphate-utilizing enzymes.52 A bisphosphonate

bearing a purely hydrocarbon tail, inhibitor 20, displayed an
IC50 value of 4.2 nM against squalene synthase. When an
ammonium functionality was introduced into the C-4 position
to give inhibitor 21, the IC50 value actually increased to 20 nM.
Given the work described in this study and the literature
reports presented above, there is little evidence that positively
charged FPP analogues provide substantial additional binding
in dSQS and SQS inhibitors. This provides indirect support to
the notion that these enzymes do not directly stabilize the
allylic carbocations during catalysis.
Finally, it is possible that these inhibitors only bind to the

“nonionizing FPP site” and either have no affinity for the
“ionization site” or bind to it in a manner that prevents the
enzyme from adopting a conformation required for carboca-
tion formation. In these scenarios, the guanidinium/amidinium
functionalities would never be placed in an intact carbocation-
stabilizing pocket and the advantages of the positive charge
would not be realized. While one might expect that the
structural similarity between the inhibitors and FPP would
allow them to access either binding site, it is possible that the
phosphonylphosphinate functionality is not accommodated by
the cluster of divalent metal ions in the “ionization site”. This
scenario would have to hold not only for inhibitors 1−3 but
also for inhibitors 17−19 and 20−21 that likewise do not
realize the potential benefit of the ammonium functionalities
(Figure 9).
The case for the use of cationic inhibitors in the inhibition of

the second half of the squalene synthase reaction is somewhat
stronger. Poulter and co-workers targeted the second half of
the squalene synthase reaction, which involves the ionization of
presqualene diphosphate. Inhibitor 22 is a mimic of
presqualene diphosphate, in which an ammonium functionality
has been placed in the position where a cyclopropylmethyl
cation would be expected to form.53 This inhibitor was found
to inhibit squalene synthase with an IC50 of 5 μM, which
compares favorably to the reported KM value of 77 μM for the
reaction of presqualene diphosphate in the second half of the
SQS reaction.24 In another report, a series of aziridine
analogues of presqualene pyrophosphate was found to inhibit
the enzyme with IC50 values in the range of 1−10 μM.54 In
both of these studies, isosteric analogues lacking the positive
charge were unavailable for comparison. A convincing report
on the importance of a positive charge toward binding of
squalene synthase inhibitors showed that secondary amines
such as 23 and 24 bound as much as 3 orders of magnitude
more tightly than their corresponding ether analogues, 25 and
26. This was interpreted as being due to the protonated amines
acting as analogues of carbocation intermediates involved in
the conversion of presqualene disphosphate to squalene.55

Finally, some very potent inhibitors that bear protonatable
amines have been uncovered in drug discovery efforts, and it
has been postulated that these positive charges are acting as
mimics of carbocationic intermediates.13,56

The use of protonated amines as mimics of carbocation
intermediates and/or transition states has been an effective
tool for developing potent inhibitors against many families of
enzymes. In particular, this strategy is effective in the inhibition
of glycosidases,14,15,57 and nucleoside phosphorylases/hydro-
lases.16 Inhibitors that utilize a protonated amine as an
oxocarbenium ion mimic have been shown to serve as potent
inhibitors with Ki values in the nanomolar to picomolar range.
The tight binding of these inhibitors is a result of the enzyme’s
affinity for a transition state/intermediate, in which a

Figure 9. Selected squalene synthase inhibitors from the literature and
their reported inhibition values.
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significant positive charge is developed. When one compares
the reaction of glycosidases to that of enzymes that promote
the dissociation of allylic diphosphates, key differences emerge.
Most importantly, in glycosidases, the leaving group (typically
an alcohol) is a much poorer leaving group than
pyrophosphate and has less ability to be assisted by charged
hydrogen bonds or metal ion catalysis. Additionally, the
oxocarbenium ion is arguably less stable than a tertiary allylic
carbocation, particularly as sugars are heavily substituted by
electron-withdrawing oxygen atoms.58−62 For these reasons,
one would expect that the glycosidase would necessarily have
to evolve to stabilize the oxocarbenium ion (or oxocarbenium-
like transition state) in order to promote its formation.
Ammonium-containing inhibitors have also been quite

effective with enzymes that generate tertiary carbocations
from the protonation or alkylation of alkenes.63−65 Several
differences exist between these reactions and those involving
the dissociation allylic of allylic diphosphates. First, a tertiary
carbocation is much higher in energy than an allylic tertiary
carbocation as it is not resonance stabilized. Second, it is not
possible to use tight binding to the diphosphate moiety to
assist catalysis. Finally, there is no pyrophosphate present in
the active site that acts as an ion pair and serves to stabilize the
carbocation via electrostatic interactions. Thus, it seems
reasonable to expect that these enzymes would also evolve to
bind tightly to the carbocation as part of the catalytic strategy.
These studies suggest that the active sites of dehydrosqua-

lene synthase and squalene synthase did not need to evolve a
high affinity for the allylic carbocation formed from the
dissociation of FPP. It is possible that this phenomenon is
more general and can be found in other enzymes that promote
the dissociation of allylic diphosphates, including prenyltrans-
ferases, terpene cyclases, and allylic diphosphate synthases. In
particular, the terpene cyclases also form carbocationic species
that may undergo multiple carbocation rearrangements within
a single active site.22 Studies with ammonium- or sulfonium-
based inhibitors of terpene cyclases have been reported, but
they are often used as coinhibitors with high concentrations of
free pyrophosphate.66−69 The Ki values obtained are often in
the low micromolar range, which is not far from the value of
KM for the allylic diphosphate substrate. One clear example of
where positively charged inhibitors do provide tight binding is
in the case of the allylic diphosphate synthases (FPP synthase
and geranylgeranyl diphosphate synthase).70−75 These en-
zymes are strongly inhibited by 1,1-bisphosphonates and, in
particular, the nitrogen-containing bisphosphonates (see
compound 21 in Figure 9 for an example). These compounds
bear an amine located two or three carbons away from the
bisphosphonate that is thought to provide the cationic charge
that mimics the allylic carbocation. This amine may in the form
of an ammonium, a pyridinium, an imidazolium, or a
guanidinium and the presence of the amine serves to increase
the affinity of the inhibitors by 1−2 orders of magnitude. In
many cases, the Ki of these inhibitors is in the nanomolar
range, far below the KM of the substrate. An ammonium-
containing inhibitor of protein farnesyltransferase has also been
reported, and while the IC50 value was only 14 μM, the
replacement of the amine with a sulfur atom increased the IC50
value to >200 μM. Therefore, the inhibition results with
dehydrosqualene synthase cannot be generalized to all
enzymes that catalyze the dissociation of an allylic diphosphate
in the first step of catalysis. Instead this work suggests that a
“carbocation mimic” approach to inhibitor design may be

effective with many members of the above-mentioned families,
but not necessarily with all of them.
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