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Abstract

Human and murine lanosterol synthases (EC 5.4.99.7) were studied as targets of a series of umbelliferone aminoalkyl
derivatives previously tested as inhibitors of oxidosqualene cyclases from other eukaryotes. Tests were carried out on cell
cultures of human keratinocytes and mouse 3T3 fibroblasts incubated with radiolabeled acetate, and on homogenates
prepared from yeast cells expressing human lanosterol synthase, incubated with radiolabeled oxidosqualene. In cell cultures of
both human keratinocytes and mouse 3T3 fibroblasts, the observed inhibition of cholesterol biosynthesis was selective for
oxidosqualene cyclase. The most active compounds bear an allylmethylamino chain in position-7 of the coumarin ring. The
inhibition was critically dependent on the position and length of the inhibitor side chain, as well as on the type of aminoalkyl
group inserted at the end of the same chain. Molecular docking analyses, carried out to clarify details of inhibitors/enzyme

interactions, proved useful to explain the observed differences in inhibitory activities.

Keywords: Coumarin derivatives, hypocholesterolemic drugs, inhibitors, molecular modelling, oxidosqualene cyclase

Abbreviations: OS, 2,3-oxidosqualene; DOS, 2,3-22,23-dioxidosqualene; OSC, oxidosqualene cyclase

Introduction

Treatment of hypercholesterolemia and related cardi-
ovascular disease was revolutionized years ago by the
introduction of statins, a class of powerful inhibitors of
HMG-CoA reductase, the rate-limiting enzyme of
cholesterol biosynthesis [1]. Over the last years, an
impressive mass of research has been devoted to the
comprehension of the mechanism by which these
inhibitors work and to the characterization of the
target enzyme.

The appearance of statins, however, did not stop the
search for other target enzymes and novel cholesterol-
lowering drugs. Statins block cholesterol biosynthesis
early in its pathway, by inhibiting the formation of
farnesylpyrophosphate (FPP), which is the precursor
not only of cholesterol but also of dolicols, coenzyme
Q and prenylated proteins. Thus, in principle, a

prolonged treatment with statins, especially at high
doses, might cause undesirable side effects arising
from a reduced production of the above FPP-
derivatives. Search for target enzymes acting down-
stream of FPP formation has since been a major task
in many pharmaceutical laboratories. Among poten-
tial targets, squalene epoxidase and oxidosqualene
cyclase (OSC) have been most intensively studied
[2—4]. OSC is very attractive target as its partial
inhibition affects several aspects of lipid metabolism
besides reducing the formation of the steroid nucleus.
The monoepoxysqualene that accumulates when OSC
is inhibited is effectively converted to 2,3-22,23-
diepoxysqualene, which is channelled into the path-
way of oxysterol synthesis (Figure 1). Oxysterols in
turn, with other ligands, trigger a process mediated by
the liver X receptor (LXR), enhancing the expression

Correspondence: G. Balliano, Dipartimento di Scienza e Tecnologia del Farmaco, Universita degli Studi di Torino, via P. Giuria 9, 10125
Turin, Italy. Tel: 39 011 6707698. Fax: 39 011 6707695. E-mail: gianni.balliano@unito.it

ISSN 1475-6366 print/ISSN 1475-6374 online © 2009 Informa UK Ltd.
DOI: 10.1080/14756360802318688

RIGHTS

i
L

| MR



Journa of Enzyme Inhibition and Medicinal Chemistry Downloaded from informahealthcare.com by Mamo Hogskola on 12/26/11

For personal use only.

590 S. Oliaro-Bosso et al.
Mevalonic acid

v
Squalene

Squalene epoxidase}/
Squalene epoxidase

2,3-Oxidosqualene — 2,3-22,23-Dioxidosqualene

| Oxidosqualene cyclase

Lanosterol 24(S),25-Oxidolanosterol
v v
Cholesterol 24(S),25-Oxidocholesterol

Figure 1. Schematic representation of the relevant steps in
cholesterol biosynthesis.

of a series of genes that regulate cellular lipid
metabolism [5]. In a recent paper, the observed
decrease of foam cell formation caused by the
treatment with OSC inhibitors is attributed to the
enhanced synthesis of epoxycholesterol in macro-
phages [6]. The design of novel specific inhibitors,
potential tools for cholesterol-lowering therapy, can
take great advantage of the information deriving
from the crystallization of human OSC recently
obtained [7].

In the present work we have investigated a series of
umbelliferone aminoalkyl derivatives as inhibitors of
human and murine OSCs. Some of these compounds
are effective inhibitors of OSCs from other organisms
[8—-9]. The inhibitory effect has been evaluated both
on cell cultures (human keratinocytes and murine
fibroblasts) and homogenates prepared from yeast
(S. cerevisiae) cells expressing human lanosterol
synthase. The human enzyme has been characterized
by determining the effect of pH, temperature, and
detergent concentration on the enzymatic activity.
The inhibitory properties of the umbelliferone
aminoalkyl derivatives have been compared with Ro
48-8071, a known powerful inhibitor of human OSC

[3]. Molecular docking experiments have been used
to study some key interactions that could give insight
into the activities of inhibitors.

Materials and methods
Materials

Chemicals and culture media were obtained from
Sigma-Aldrich (Milan, Italy) unless otherwise speci-
fied. Coumarin derivatives (Figure 2) and the OSC
substrate, 2,3-oxidosqualene (OS), were synthesized
as previously reported [10]. The 3-acyl-4-hydroxy-
coumarin 4 is a new compound prepared in three
steps: 1) acylation of 4-hydroxycoumarin with 10-
undecenoyl chloride [11]; 2) Oxidative demolition of
the terminal double bond obtaining the 10-formyl
derivative [12]; 3) reductive amination with excess
allylmethylamine [12].

Labeled [**C]-(3S)2,3-oxidosqualene was prepared
as previously reported [13], according to Popjak [14]
by incubating pig liver S;, supernatant with
R,S[2-'*C]mevalonic acid (1 pCi, 55 mCi/mmol,
2.04 GBg/mmol; Amersham Pharmacia Biotech, UK),
in the presence of OSC inhibitor U14266-A [15].
[2-'*Cacetate (50 mCi/mmol) and R,S[2-'*C]meva-
lonic acid (55 mCi/mmol, 2.04 GBg/mmol) were
obtained from Amersham Pharmacia Biotech (U.K).

Restriction enzymes and T4 DNA ligase were from
Promega (Milan, Italy).

Mammalian cells and culture conditions

3T3 fibroblasts (ATCC CCL 92 3T3 Swiss albino)
and human keratinocytes (NCTC 2544, kindly
provided by Prof. Angela Rosa Canuto, Department
of Medicina ed Oncologia Sperimentale, University of
Turin, Italy) were routinely maintained as monolayers
in Dulbecco-modified Eagle medium (DMEM) high
(4500 mg/L) or low (1000 mg/L) in glucose respect-
ively, supplemented with 10% adult bovine serum
(ABS). Cells were grown at 37°C in a humidified
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Figure 2. Structures of umbelliferone aminoalkyl derivatives.
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atmosphere (air 95%/ CO, 5%), and the same
conditions were used for the [2-'*C]acetate incorpor-
ation assay.

S. cerevisiae strain and culture conditions

The lanosterol-synthase mutant strain of S. cerevisiae
SMY8 (MAT« erg7::HIS3 hemlI::TRP1 ura3-52-trpl-
A63 leu2-3.112 his3-A200 ade2 Gal') was kindly
provided by Professor S.P.T. Matsuda (Department of
Chemistry and Biochemistry and Cell Biology, Rice
University Houston, Texas-USA) [16]. The yeast
strain was preserved in 40% glycerol at —80°C.

Cells were grown aerobically at 30°C to early
stationary phase in YPD medium (1% yeast extract,
2% peptone, 2% dextrose) supplemented with hemin
(0.013 mg/mL) and ergosterol (0.02 mg/mL). Hemin
had to be added to the growth medium because the
SMYS8 strain contains a mutation (keml::TRPI)
affecting the heme biosynthesis. The presence of
a heme mutant background is necessary for the
viability of lanosterol synthase mutants in aerobic
conditions [16].

Cloning and expression of recombinant human OSC in S.
cerevisiae SMYS8

Clone pOTB7 containing human OSC cDNA was
kindly provided by Professor S.P.’T. Matsuda.
The cDNA was sequenced by the C.R.I.B.I. - BMR
Servizio Sequenziamento DNA, Padova (Italy).
pOTB7 was digested using Xhol and BamHI and the
resultant fragment was subsequently subcloned into
pYES?2 yeast plasmid vector (Invitrogen, Milan, Italy)
under the control of Gall promoter to yield the
pSOBI1.1 plasmid. Lithium acetate was used to
transform the S. cerevisiae lanosterol synthase mutant
SMYS8 with the pSOBI1.1 plasmid [17]. SMYS8
transformants were selected on synthetic complete
medium plates without uracil (SC-UraD) (0.17% yeast
nitrogen base, 0.2% amino acids, 0.5% ammonium
sulphate, 2% dextrose, 2% agar) supplemented with
hemin (0.013mg/mL) and ergosterol (0.02mg/mL).
Human OSC expression was induced in SC-Ura
medium supplemented with hemin (0.013 mg/mL) in
the presence of 2% galactose (SC-UraG).

Enzyme assays

OSC activity was assayed in cell-free homogenates
obtained from yeast cell cultures grown to late
exponential phase in SC-UraG at 30°C. Yeast cells
expressing human OSC were centrifuged at 3000 x g
for 10 min and their walls lysed with lyticase (1 mg/g
wet cells in 1.2 M sorbitol, 0.02 M KH,PO,4, pH 7.4)
for 60 min at 30°C at a final concentration of 0.15 g of
cell wet weight/mL. Spheroplasts were sedimented
at 3000 X g for 10 min, washed twice with the same

buffer and homogenized with a Potter device in
100 mM sodium phosphate buffer pH 7.2 containing
PMSF (1 mM) at a final concentration of 0.8 g of cell
wet weight/mL. Homogenates could indifferently
be used fresh or after storage at —80°C for several
months. Proteins were quantified in the homogenate
with the Protein Assay Kit SIGMA, based on the
method of Lowry modified by Peterson [18] using
bovine serum albumin as a standard. Standard
conditions for the OSC assay were as follows.
The homogenate was incubated in the presence of
labeled ['*C]-(3S)-2,3-oxidosqualene (1000 cpm)
diluted with unlabeled (R,S)2,3-oxidosqualene to a
final concentration of 25uM. Cold and labeled
substrates and inhibitors (when added) were first
dissolved in CHCls, then aliquots were pipetted into
test tubes containing Tween-80 (0.5 mg/ml., final
concentration) and polidocanol (0.5 mg/ml, final
concentration) and the solvent was evaporated under
a stream of nitrogen. Residues were redissolved in
100 mM sodium phosphate buffer pH 8 (100 L)
containing glycerol (0.1 g/mL, final concentration),
then the amount of homogenate required to obtain
a 20% substrate transformation was added and the
mixture, made up to a final volume of 200 wL with
100 mM sodium phosphate buffer pH 8, was
incubated for 60 min at 45°C. The enzymatic reaction
was stopped by adding methanolic KOH (1 mL, 10%
w/v) and heating at 80°C for 30 min in a water bath.
Extraction of the resulting mixtures was carried
out with petroleum ether (2mlL) and extracts were
evaporated under a stream of nitrogen; finally,
residues were dissolved in a small volume of CH,Cl,
and spotted on TLC plates (Alufolien Kieselgel
60F254, Merck, Darmstadt, Germany), using
n-hexane/ethyl acetate (85:15, v/v) as a developing
solvent. Percent conversion of the labeled substrate to
lanosterol was estimated by integration from radioac-
tivity scans with a System 200 Imaging Scanner
(Hewlett-Packard, Palo Alto, CA, USA). Different
incubation conditions (different temperature, pH
and polidocanol concentrations) were also tested
(as reported in the Results).

IC5( values (inhibitor concentrations that reduced
the enzymatic conversion by 50%) were calculated by
non-linear regression analysis of the residual activity
vs the log of inhibitor concentration using statistical
software from Genstat (NAG, Oxford, U.K.). Values
listed in the Tables are the means of two separate
experiments, each one carried out in duplicate.

For the K, determinations, different final substrate
concentrations (ranging from 1 to 100 uM) were
used and incubation times chosen so as to result in
transformation percentages not exceeding 10%
(a limit imposed in order to safely confine the results
to the range in which a linear relationship obtains
between product formation and reaction time).
To calculate K, values, reaction rates obtained
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at different substrate concentrations were fitted by a
non-linear regression method to the Michaelis-
Menten equation [19].

Incorporation of [2-'*C] acetate into non-saponifiable
lipids of human keratinocytes and mouse 313 fibroblasts

Cells were seeded in 24-well plastic clusters. Each
well received 7 X 10* cells suspended in 950 pL
DMEM (Dulbecco-modified Eagle medium) con-
taining 10% (v/v) lipid-depleted serum [20]. After
24 h incubation, the cells were pre-incubated for 3h
in the presence of inhibitor (dissolved in absolute
ethanol). The final concentration of ethanol in the
culture medium did not exceed 0.4% (v/v); the same
amount of ethanol was added to control cultures. At
any rate, no significant effect of 0.4% ethanol on cell
growth was observed during the experiments.
Labeled acetate (1 pCi/well) was then added. After
3h incubation, the medium was removed by
aspiration with a pipette and cells were treated with
0.1 N NaOH (500 p.L) for 30 min. Phosphate buffer-
saline (PBS) (500 pnL) was added to each cell lysate,
which subsequently was saponified by treatment
with methanolic KOH (1 mL, 10% w/v) for 30 min
at 80°C.

Non-saponifiable lipids were extracted twice, with
petroleum ether (1.5 and 1mlL, respectively), and
combined extracts separated on TLC plates (Alufolien
Kieselgel 60F254, Merck, Darmstadt, Germany)
using n-hexane/ethyl acetate (85:15v/v) as a develop-
ing solvent and authentic standards of cholesterol,
lanosterol, 2,3-22,23-dioxidosqualene, 2,3-oxidos-
qualene and squalene. Radioactivity in separated
bands was measured using a System 200 Imaging
Scanner (Hewlett-Packard, Palo Alto, CA, USA).

Molecular modelling

Protein preparation. The crystal structure of OSC
complexed with Ro 48-8071 [7] was obtained from
the Protein Data Bank (entry 1w6j) [21]. In the crystal
structure, the first five residues of the sequence (Metl,
Thr2, Glu3, Gly4 and Thr5) were missing. Since
these residues are distant from the inhibitor binding
site, no addition has been made. Residues with
missing atoms (Glu42, Arg43, Ala44) were completed
using standard geometries. The orientation of the
residue chains was established using the MOE
Rotamer Explorer utility (MOE, 2005.06; Chemical
Computing Group Inc: Montreal, Quebec Canada,
2005). All of these residues were distant from the
cavity where Ro 48-8071 binds and, thus, did not
influence the results of the docking procedure. Water
molecules were ignored in the calculations. The model
was completed adding hydrogen in their standard
geometries.

Docking strategy. The 3D coordinates of the four
ligands 1, 2, 3, and 4 were obtained using the MOE
Builder Application. Then the ligands were aligned
with the crystallographic pose of Ro 48-8071 taken as
rigid template using the MOE Flexible Alignment
application [22] that flexibly aligned each ligand
maximizing its overlap over a set of pre-determined
features shared with Ro 48-8071 (similarity in shape,
aromatic atoms overlap, hydrogen bond donors and
acceptors overlap, atoms of similar partial charge
overlap, hydrophobic areas overlap and, finally, the
strain energy of each molecule). For each ligand the
conformation with the best score was selected and
manually set in the binding site, and the resulting
complex was minimized following a procedure
described elsewhere [23]. Energy calculations were
performed using the MMFF94x [24] force field
implemented in MOE. Electrostatic interactions were
treated with a distant-dependent dielectric constant
4¢, as has been suggested by Christensen et al. [25].
To avoid artefact, the crystal structure was minimized
to obtain a model to compare with the docking results.

Results

Effects of umbelliferone aminoalkyl derivatives on sterol
biosynthesis in cell cultures

The effects of a series of umbelliferone aminoalkyl
derivatives (Figure 2) on sterol biosynthesis was
studied in mouse 3T3 fibroblasts, a cell line we
previously used with other OSC inhibitors [26,27],
and human keratinocytes incubated with [2-'*C]
acetate by determining the amounts of radioactive
label taken up by the biosynthetic intermediates.

After extracting from incubated cells the non-
saponifiable lipid fractions, using TLC we separated
and identified by comparison with authentic reference
compounds the following biosynthetic products:
cholesterol, lanosterol, 2,3-22,23-dioxidosqualene
(DOS), 2,3-oxidosqualene (OS) and squalene (listed
in order of decreasing polarity). The amounts of
radioactive label incorporated into cholesterol and
its biosynthetic intermediates after incubation of cell
cultures in the presence of different coumarin-type
inhibitors are shown in Tables I and II. For
comparison, results obtained with the potent OSC
inhibitor Ro 48-8071 [3] were also reported. The
amounts of radioactive label found in cholesterol and
its biosynthetic intermediates are expressed as percent
of total counts found in non-saponifiable lipids.

In the absence of inhibitors, both cell types
incorporated more than 80% of the label into
cholesterol, the remaining 20% being distributed
among lanosterol, DOS, OS and squalene.

Both cell types responded similarly to the incu-
bation with 7-[10'-(allylmethylamino)-decyloxy]-
chromen-2-one (3), an umbelliferone aminoalkyl
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Table I. Inhibitory effects of umbelliferone aminoalkyl derivatives on sterol biosynthesis in 3T?3 fibroblasts incubated with radiolabeled

acetate.

% radioactivity incorporated into non-saponifiable lipids*

Compound Squalene Oxidosqualene Dioxidosqualene Lanosterol Cholesterol
Control 3.11 6.45 2.65 4.59 83.30
1

1 pm 3.71 1.77 1.99 4.56 87.97
10 pm 5.67 18.51 29.37 6.14 40.31
2

0.1 pm 4.06 16.33 3.46 5.21 70.94
1 pm 4.59 50.41 17.99 5.13 21.88
10 pm 4.14 79.62 11.15 2.87 2.22
3

0.1 pm 1.58 20.48 4.07 5.64 68.23
1 pm 3.34 58.03 21.97 4.04 12.62
10 pm 6.03 69.59 15.34 3.29 5.75
4

1 pm 3.71 1.78 1.99 4.55 87.97
10 pm 4.61 3.48 1.71 5.38 84.82
5

0.1 pm 3.96 8.05 2.13 7.75 78.11
1 pm 5.24 7.21 2.91 5.38 79.26
10 pm 3.62 10.72 2.99 7.82 74.85
6

0.1 pm 3.37 8.87 3.23 7.04 77.49
1 pm 4.53 8.44 3.02 6.72 77.29
10 pm 8.13 25.73 15.64 11.57 38.93
7

1 pm 10.20 11.02 6.96 6.50 65.40
10 pm 11.94 13.92 3.97 5.60 64.57
8

1 pm 6.50 9.95 4.33 6.01 73.21
10 pm 5.27 26.32 9.57 4.40 54.44
Ro 48-8071

0.1 pm 1.81 61.21 27.66 4.00 4.92
1 pm 2.49 63.09 27.79 2.37 4.26

* Values are the means of two separate experiments, each one carried out in duplicate. Maximal deviations from the mean were less than 10%.

derivative with a flexible aliphatic chain and a terminal
methylallyl tertiary amino group. At a concentration
of 1 wM it reduced by about 80% the incorporation of
radioactivity in cholesterol and increased from eight
to tenfold the labeling of intermediates OS and DOS.
The analogue 7-[6'-(allylmethylamino)-hexyloxy]-
chromen-2-one (2), bearing a shorter chain, caused
a similar effect in 3T3 fibroblasts but was less active on
keratinocytes, where the label reduction in cholesterol
was only 40% and the label increase in OS and DOS
ranged from five to sevenfold. The 7-[8'-(dimethyla-
mino-N-octyloxy)]chromen-2-one (1) bearing a term-
inal dimethyl amino group was as active as compound
3 in keratinocytes, but in 3T?3 fibroblasts the effect on
sterol biosynthesis was evident only at 10 uM. 4-
Hydroxy-3-[allylmethylamino-decinoyl]-chromen-2-
one (4), bearing the same aliphatic chain of compound
3 in the position 3 of the lacton ring, was completely
inactive at 10 uM in both cell types. The cumarin
derivatives with a rigid acetylenic arm (5) and those
with terminal morpholino (7 and 8) or pyrrolidino (6)

group on a flexible hexyl or octyl chain, were inactive
at 1 pM and weakly active at 10 uM on both 3T3
fibroblasts and keratinocytes. Comparison of Ro 48-
8071 with the umbelliferone aminoalkyl derivatives
showed that Ro 48-8071 is highly more active than the
two most effective compound of the series, 1 and 3.

Characterization and inhibition of human oxidosqualene
cyclase expressed in yeast

The human OSC gene was subcloned into the yeast
expression vector pYES2 and overexpressed in the
lanosterol synthase defective S. cerevisiae strain
SMY8. Sequencing of the original cDNA and the
whole gene in pYES2 vector showed the same
mutation, Leu642Val, present in the reported
sequence [28,29]. This conservative mutation is
described in the literature as a single-nucleotide
polymorphism (SNPs) and seems to be very common
[30]. The transformation of OSC defective yeast
strain SMY8 with the human OSC gene abolished its
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Table II. Inhibitory effects of umbelliferone aminoalkyl derivatives on sterol biosynthesis in human keratinocytes incubated with

radiolabeled acetate.

% radioactivity incorporated into non-saponifiable lipids*

Compound Squalene Oxidosqualene Dioxidosqualene Lanosterol Cholesterol
Control 3.93 4.40 2.49 8.98 80.20
1

0.1 pm 1.57 20.48 4.08 5.64 68.23
1 pm 1.84 48.14 27.53 4.71 17.78
10 pm 1.39 53.78 31.68 2.33 10.82
2

0.1 pm 3.06 7.71 3.58 8.46 77.19
1 pm 2.56 23.28 18.40 7.34 48.42
3

0.1 pm 6.12 14.30 11.51 7.99 60.08
1 pm 3.11 41.75 30.33 6.20 18.61
4

0.1 pm 6.90 1.51 1.08 7.60 82.91
1 pm 3.32 2.86 2.71 6.83 84.39
10 pm 4.07 8.77 4.13 4.73 78.30
5

1 pm 2.65 5.30 4.17 7.58 80.30
10 pm 5.20 12.58 5.49 8.55 68.18
6

1 pm 3.95 18.82 5.25 6.22 65.76
10 pm 2.42 30.56 27.33 6.87 32.82
7

1 pm 4.55 4.82 1.96 10.34 78.33
10 pm 5.81 16.73 12.57 8.22 56.67
8

1 pm 2.84 7.86 8.23 7.56 73.51
10 pm 2.57 28.26 25.66 8.66 34.85
Ro 48-8071

0.01 pm 5.26 67.21 23.05 0.71 3.76
0.1 pm 6.18 67.84 22.26 1.98 1.74

* Values are the means of two separate experiments, each one carried out in duplicate. Maximal deviations from the mean were less than 10%.

sterol auxotrophy: the transformed cells grew in the
absence of added ergosterol and produced labeled C,;
sterols after incubation with [2-'*C]acetate for 4h at
30°C. In untransformed control cells grown in the
same conditions in the presence of [2-'*C]acetate, no
label was found in C,; sterols, and label accumulated
in the OSC substrates 2,3-oxidosqualene and 2,3-
22,23-dioxidosqualene. A cell-free homogenate of
SMY8 cells expressing the human OSC enzyme was
used to evaluate the enzyme activity, expressed as
nanomoles of lanosterol formed after the incubation
with labeled ['*C]2,3-oxidosqualene. All activity
assays were performed in the presence of polidocanol
previously shown to be the most effective detergent for
enhancing the activity of a mammalian OSC [31].
Table III reports the activities obtained at different
temperatures, pH and detergent concentrations.
Optimal assay conditions were as follows: 45°C,
100mM sodium phosphate buffer, pH 8, in the
presence of 0.05% polidocanol and 10% glycerol.
These assay conditions were used to determine the
K., and the ICs, values of the inhibitors. The value

of the apparent K, obtained in the present work,
calculated by a non-linear regression method, was
69.03 + 22.4 uM, a value slightly higher, yet com-
parable to K, determined in a previous work with
other mammalian OSCs, solubilised from microsomes

Table III. Effect of temperature, pH and detergent concentration
on the activity of human OSC expressed in yeast.

OSC ACTIVITY*
(nmol/h mg protein)
Temperature (°C) A B C
30 0.13 0.26
37 0.17 0.95
45 0.44 0.94 1.30
55 0.11 0.64

A) pH 7.2, polidocanol 0.1% B) pH 8, polidocanol 0.1% C) pH 8,
polidocanol 0.05%, glycerol 10%; *Homogenates contain
136 mg/mL protein in 100 mM sodium phosphate buffer. Values
are the means of two separate experiments with duplicate incubations,
each. Maximal deviations from the mean were less than 10%.
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Table IV. Effect of umbelliferone aminoalkyl derivatives on the
activity of human OSC expressed in yeast.

Compound IG5y (pm)*

1 1.28

2 0.72

3 0.92
38.5

Ro 48-8071 0.17

* Values are the means of two separate experiments, each one carried
out in duplicate. Maximal deviations from the mean were less
than 10%.

and tested under the same conditions of detergent,
buffer, pH and temperature [26].

The ICs5y values for umbelliferone aminoalkyl
derivatives 1, 2, 3 and 4 are reported in Table IV.

The inhibition results essentially confirmed the
data obtained with cell cultures: the umbelliferone
7-aminoalkyl derivatives were found to be active
inhibitors of human OSC, while the compound 4,
bearing the aminoalkyl chain on the position 3 of the
lactone ring was definitely less active. The reference
compound Ro 48-8071 proved to be more active than
the umbelliferone derivatives.

Molecular modelling

The crystal structure of inhibitor Ro 48-8071, taken as
reference compound, complexed with human OSC
sheds light on the key interactions between the ligand
and the enzyme. Four points in particular have to be
considered: a) the charged hydrogen bond involving
the basic nitrogen atom of the inhibitor and the
Asp455 carboxylate group stabilized through cation-
interactions with Phe444, Trp387 and Trp581; b) the
stacking of the fluorophenyl group between the
side chains of Phe696 and His232; c) the hydrogen
bond between the carbonyl group of the reference
compound and a water molecule, which in turn
interacts with Ile338; d) the occupation of the binding
site owing to the inhibitor’s terminal phenyl
group interacting with Trp192, Trp230 and Phe521,
whereas its bromine atom interacts with Ile524,
Tyr237 and Cys223 [7]. In the minimized structure
(see Materials and Methods) all key interactions are
conserved with the exception of the hydrogen bond
between the protonated nitrogen and the Asp455
carboxylate, this hydrogen bond being replaced
by an ionic interaction between the same atoms
(3.10A in crystal data and 3.97 A in the model).

Compounds 1, 2, 3 and 4 were submitted to a
molecular docking analysis to compare the interaction
pattern of the four inhibitors with the pattern of
reference compound Ro 48-8071.

Firstly, inhibitor 2 will be discussed because its
aliphatic chain is the same as the reference compound.
The docking results show that the aliphatic chains

Figure 3. OSC residues interacting with the compound 2 (in
sticks) in the docking model. For comparison, the reference
inhibitor Ro 48-8071 in the minimized model, as derived from X-ray
[7], is also reported.

of compound 2 and Ro 48-8071 occupy the same
region of the binding site (Figure 3); thus, the basic
nitrogen atom of compound 2 shows the same
interactions pattern of Ro 48-8071. The umbellifer-
one ring is roughly superposed to the benzophenone
moiety of the reference compound and it is stacked
with the side chains of Phe696 and His232. The
heteroatom in the lactone ring replaces carbonylic
oxygen of Ro 48-8071, which suggests that it may
form a hydrogen bond with the water molecule bound
to Ile338. Finally, the umbelliferone ring cannot fit
well the portion of the binding site where the Ro 48-
8071 bromophenyl moiety is located.

In compound 1 the replacement of an allyl with a
methyl group and the elongation of the alkyl chain
cause a shift of the ligand in the binding site, bringing
the nitrogen atom close enough to Asp455 for an
ionic bond to form (Figure 4). The aliphatic chain is
roughly superposed to the corresponding Ro 48-8071
chain, whereas the umbelliferone ring is essentially

Figure 4. OSC residues interacting with the compound 1 (in
sticks) in the docking model. For comparison, the reference
inhibitor Ro 48-8071 in the minimized model, as derived from X-ray
[7], is also reported.
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Figure 5. OSC residues interacting with the compound 3 (in
sticks) in the docking model. For comparison, the reference
inhibitor Ro 48-8071 in the minimized model, as derived from X-ray
[7], is also reported.

superposed to the same moiety in the compound 2
docked pose showing a similar interaction pattern.

In compound 3 the basic nitrogen lies closer to the
corresponding moiety of the reference compound,
whereas the aliphatic chain, the longest in all of the
docked compounds, is superposed to the hexyloxy
chain as well the fluorophenyl group of Ro 48-8071
with the loss of w-m interactions with Phe696 and
His232 (Figure 5). In such a position, the oxygen
atom is able to form a hydrogen bond with the water
molecule as registered for Ro 48-8071. Besides, the
umbelliferone ring is superposed to the bromophenyl
moiety, making a good fit in the binding site, although
the oxygen atoms are located in an essentially
hydrophobic region near the side chains of Trp192,
Tyr237 and Val236.

In compound 4 (the least active of the four
inhibitors) the protonated tertiary amino group is
found as the reference inhibitor and the aliphatic chain
is superimposed to the aliphatic chain of Ro 48-8071
(Figure 6). The aliphatic chain of inhibitor 4 replaces

Figure 6. OSC residues interacting with the compound 4 (in
sticks) in the docking model. For comparison, the reference
inhibitor Ro 48-8071 in the minimized model, as derived from X-ray
[7], is also reported.

the fluorophenyl ring and the umbelliferone motif
is roughly located in the space occupied by the
benzophenone ring as in compound 3. The main
differences compared to compound 3 are in the
umbelliferone position; in this case, an oxygen atom of
umbelliferone lies near the water molecule interacting
with Asp455, but the umbelliferone hydroxyl and the
carbonyl belonging to the aliphatic chain lie in a
hydrophobic region near the aromatic side chains of
residues Phe696 and Phel03. Finally, the umbellifer-
one hydroxyl can form a hydrogen bond with the side
chain of Asp455.

In conclusion, the aliphatic portions of the
compounds 1 and 2 preserve the key interactions
present in the reference compound. The stacking with
the side chains of Phe696 and His232, and the
hydrogen bond with the water molecule bound to
Ile338 are not precluded, though the occupation of the
binding site is not optimal. In compound 1 the
substituents of the nitrogen group can modify slightly
the interaction pattern respect to the reference
compound.

Inhibitors 3 and 4 reproduce the key interactions of
the aliphatic portion of Ro 48-8071 but the length
of their chains is responsible for the loss of -
interactions with Phe696 and His232. Nevertheless,
they fit better the space occupied by the bromophenyl
moiety. Some drawbacks arise from the location of
the umbelliferone oxygen atoms; in particular, in
compound 4 the oxygen atoms in the umbelliferone
ring and the hydroxyl groups are unfavourably
located in a hydrophobic region that in the complex
with Ro 48-8071 is occupied by the bromophenyl
ring.

The docking results suggest for the umbelliferone
moiety of inhibitor 4 an interaction pattern different
from that of the other compounds, in accordance with
the different activity (the lowest) of the compound,
whereas compounds 1, 2 and 3 are able to reproduce,
although partially, the key interactions of the reference
compound with some drawbacks that justify a similar,
though lower activity compared to the reference
compound.

Discussion

A series of aminoalkyl umbelliferone derivatives were
tested as inhibitors of mouse and human OSC.
The study branches out from a more general project
addressed to search for novel scaffold for designing
new inhibitors of oxidosqualene cyclases. Most of the
compounds of the present study proved to be good
inhibitors of OSCs from Tirypanosoma cruzi, Pneumo-
cysts carinii and Saccharomyces cerevisiae, and have
been also investigated as inhibitors of oxidosqualene-
cycloartenol synthase from Arabidopsis thaliana [9].
In this work we explored a novel scaffold aimed to
design new cholesterol-lowering agents targeting
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cholesterol pathway beyond farnesylpyrophosphate
formation. All the compounds shared a scaffold
consisting of a coumarin nucleus bearing a side
chain with a terminal tertiary amino function.

Inhibitors have been designed considering that the
most known effective inhibitors of enzymes belonging
to the family of squalene and oxidosqualene cyclases
share a structure consisting in two well characterized
moieties: a moiety bearing a properly shaped tertiary
amino function capable of interacting with a cataly-
tically critical Asp455 residue (human numbering)
of the enzyme [4,32], and a moiety shaped so as to
productively interact with the aromatic residues of the
active site. The latter moiety is an isoprenic structure
mimicking the squalene skeleton in azasqualene
derivatives [26,33], whereas in other series of
inhibitors is an electron-deficient aromatic system
[4]. Crystallographic studies carried on both squa-
lene-hopene cyclase from Alicyclobacillus acidocaldar-
tous and human OSC provided excellent explanations
of the inhibitory properties of different compounds
bearing an amino function [4,7,32,33].

As the inhibitors of the present study belong to the
amino compounds containing an aromatic nucleus,
they have been compared with Ro 48-8071, a known
aromatic-type inhibitor of OSCs [3].

The effect of the inhibitors on sterol biosynthesis
appeared specifically addressed to lanosterol synthase
both in human Kkeratinocytes and in mouse 37T3
fibroblasts, as indicated by the accumulation of
radioactive oxido- and dioxidosqualene in non-
saponifiable lipids extracted from cells incubated
with radiolabeled acetate in the presence of inhibitors.
Keratinocytes and fibroblasts are both highly suscep-
tible to inhibitor 3, whereas the effect caused by the
inhibitor 4 was negligible. Two significant differences
in the response to inhibitors between human
keratinocytes and mouse 3T3 fibroblasts were
observed: (i) the ratio between radiolabeled dioxido-
and oxidosqualene is generally higher in keratinocytes
than in fibroblasts and (ii) in fibroblasts the most
active compounds were 3 and 2 whereas in keratino-
cytes the most active compounds were 3 and 1.
The former difference could result from a different
metabolism in two types of cells: squalene monoep-
oxide, accumulated following the inhibition of OSC,
might be a better substrate for a second epoxidation by
squalene epoxidase in keratinocytes. The latter
difference may depend on a subtle difference in the
active site cavity between human and murine
enzyme/s. Docking experiments could not exhaus-
tively explain the above difference as only structural
data from human enzyme are available. What
distinctly emerges from docking models of inhibitor-
enzyme complexes is that the aliphatic chains of 1, 2
and 3, differing in length and type of amino group, are
hosted by human OSC active site in a similar fashion
as that of Ro 48-8071, and the amino group, whether

dimethyl- or methylallyl substituted, is able to form an
ionic bond with the catalytic residue Asp455.

All the other 7-aminoalkyl coumarin derivatives,
bearing a more rigid side chain (5) or a cyclic amino
group (6, 7 and 8), proved to be less effective than
compounds 1, 2 and 3 as inhibitors of OSC in cultures
of murine fibroblasts. They were also poorly effective
on homogenates prepared from yeast cells expressing
human OSC [9]. Thus, the main route to design
effective coumarin-type inhibitors of human OSC
appeared traced out from our study: a good inhibitor
consists of a coumarin nucleus bearing a 7-linked
hexyl- to decyl-carbon flexible chain with a N,N-
dimethyl- or a N,N-methylallylamino terminal
group. Studies are in progress to further optimise
this scaffold. Substituting amino groups with the
corresponding N-oxides in 1, 2, 4 and 5 (an alteration
already explored for compound 3 [9]), and increasing
the electron-deficiency of the coumarin nucleus are
among the future alterations designed for this series of
compounds.
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