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Abstract

Isothiazole dioxides have been shown to inhibit Trypanosoma brucei protein farnesyltransferase (PFTase) in isolated enzyme, but

elicited only a minor effect on mammalian PFTase. In the present study we have evaluated the effect of 3-diethylamino-4-(4-

methoxyphenyl)-isothiazole 1,1-dioxides with different substituents at C5, on rat PFTase and protein geranylgeranyltransferase-I

(PGGTase-I) with the final aims to improve the potency against mammalian PFTase and to identify new compounds with antiproliferative

properties. For these purposes, in vitro and cell culture models have been utilized. The results showed that isothiazole dioxides with C4–

C5 double bond and sulfaryl substituted at the C5 position but none of the dihydro-derivatives, were able to inhibit in vitro PFTase in a

concentration dependent manner (IC50 ranging from 8.56 to 1015 mM). Among those, compound 6n (C5; methyl-S) displayed 500-fold

higher inhibitory potency on PFTase than PGGTase-I. Compound 6n was shown to affect rat smooth muscle cell (SMC) proliferation at

concentrations similar (IC50 = 61.4 mM) to those required to inhibit [3H]-farnesol incorporation into cellular proteins (�44.1% at

100 mM). Finally, compound 6n interferes with rat SMC proliferation by blocking the progression of G0/G1 phase without inducing

apoptosis, as assessed by [3H]-thymidine incorporation assay and flow cytometry analysis. Taken together, we described a new PFTase

inhibitor containing the isothiazole dioxide moiety that affects mammalian protein farnesylation and SMC proliferation by inhibiting G0/

G1 phase of the cell cycle.
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1. Introduction

Proliferation of smooth muscle cells (SMCs) in the

arterial wall in response to vascular injury is an important

pathogenetic factor of vascular disorders such as athero-

sclerosis and restenosis after angioplasty [1]. A pharma-
Abbreviations: FCS, fetal calf serum; FOH, farnesol; FPP, farnesyl

pyrophoshate; GGOH, geranylgeraniol; GGPP, geranylgeranyl pyropho-

sphate; HMG-CoA, 3-hydroxy-3-methyl-glutaryl coenzyme A; MEM,

minimum essential medium; MVA, mevalonate; PBS, phosphate buffered

saline; PFTase, protein farnesyltransferase; PGGTase, protein geranylger-

anyltransferase; PMSF, phenylmethylsulphonylfluoride; SMC, smooth

muscle cell
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cological approach to reduce this vascular response is to

target intracellular signaling pathways that regulate cell

proliferation during the progression of lesion development

[2]. Among them, low molecular weight GTP-binding

proteins, modified by lipid moieties, farnesol and geranyl-

geraniol, i.e. prenylated proteins, have gained attention for

the development of antiproliferative agents [3,4]. The

attached lipid is required for proper functioning of the

proteins by mediating membrane association and specific

protein–protein interactions [5]. Indeed, activation of far-

nesylated Ras has been demonstrated to promote cell

proliferation in both transformed and primary cell lines

[6,7]. The importance of H-Ras in SMC proliferation in

response to vascular injury has been shown by the

adenoviral delivery of a dominant negative mutant
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of H-Ras, which effectively inhibits SMC accumulation

after balloon injury of rat carotid artery [8,9]. Moreover,

farnesyl thiosalicylic acid, a potent competitive inhibitor of

the enzyme prenylated protein methyltransferase

(PPMTase), which methylates the carboxyl-terminal S-

prenylcysteine of Ras, has been shown to significantly

reduce the development of lesions of ApoE-deficient mice

[10]. More specifically, mice with reduced expression of

the intracellular linker protein Grb2 in the intracellular

signaling pathway mediated by Ras, are resistant to the

development of neointima formation in response to vas-

cular injury [11]. Therefore, selective inhibition of Ras

proteins may represent an important therapeutic target to

control SMC proliferation in vascular diseases.

There are few potential approaches for inhibiting Ras

and Ras-related GTP-binding proteins. The best target so

far identified, is to inhibit the formation of thioether

linkages between the C1 atom of farnesyl or geranylgeranyl

isoprenoid lipids and cysteine residues at or near the

carboxy-terminus of the proteins [5,12]. To date, three

classes of enzymes, protein farnesyltransferase (PFTase)

and protein geranylgeranyltransferases (PGGTase-I and

II), have been identified in mammals to catalyze protein

prenylation process [12,13]. The protein substrates include

Ras, Rho, Rab, other Ras-related small GTP-binding pro-

teins, g-subunits of heterotrimeric G-proteins and nuclear

laminins [5,14].

Several classes of PFTase inhibitors with antiprolifera-

tive activity have been described, and a subset are under-

going to clinical trials [15,16]. Rationally designed direct

PFTase inhibitors include at least three categories, namely

farnesyl pyrophosphate (FPP) mimetic inhibitors which

occupy the FPP site of PFTase, CAAX peptide mimetic

inhibitors which block the binding site for the C-terminal

CAAX tetrapeptide, and bisubstrate analogues which are

designed to occupy both sites simultaneously [16]. More-

over, a series of double inhibitor of PFTase and PGGTase-I,

as well as specific PGGTase inhibitors, have been shown a

potent antiproliferative effect on SMC [17–19].

A class of compounds, containing the isothiazole diox-

ide moiety, that significantly inhibit Trypanosoma brucei

PFTase activity in vitro but only marginally mammalian

PFTase, has been recently described [20]. Mammalian and

T. brucei PFTase show only a 21% and 38% of identity for

the a-subunit and b-subunit, respectively, and overlapped

but distinct substrate specificities have been seen with

these enzymes [21]. Rat PFTase shows preference for

Ser, Met, or Gln at the X-position of the C-terminal CAAX

containing protein substrates, while T. brucei PFTase pre-

fers Met or Gln but not Ser [21]. Although the interaction

mode of isothiazole dioxides with the PFTase is unknown,

in the present study we explored various substitutions at C5

of the isothiazole ring to improve potency of isothiazole

dioxides against mammalian PFTase. 3-Diethylamino-4-

(4-methoxyphenyl)-isothiazole 1,1-dioxides with different

C5 substituents were therefore tested on rat PFTase, and
PGGTase-I activity in vitro, incorporation of [3H]-Farnesol

(FOH) into cellular protein, as related to rat SMC prolif-

eration.
2. Materials and methods

2.1. Materials

Eagle’s MEM, trypsin ethylendiaminetetraacetate, peni-

cillin (10,000 U ml�1), streptomycin (10 mg ml�1), tricine

buffer (1 M, pH 7.4) and nonessential amino acid solution

(100�), fetal calf serum (FCS) were purchased from

Invitrogen (Carlsbad, CA, USA). Disposable culture flasks

and Petri dishes were from Corning Glassworks (Oneonta,

New York), and filters were from Millipore (Billerica,

MA,USA). [6-3H]-Thymidine, sodium salt (2 Ci mM�1)

was fromAmersham (ColognoMonzese, Milan, Italy), and

molecular weight protein standards from BIO-RAD

Laboratories (Hercules, CA, USA). Isoton II was pur-

chased from Instrumentation Laboratories (Milan, Italy).

All-trans FOH, was purchased from SIGMA (Milan, Italy).

SDS, TEMED, ammonium persulfate, glycine, and acry-

lamide solution (30% T, 2.6% C) were obtained from BIO-

RAD Laboratories (Hercules, CA, USA). All-trans [1-3H]-

FOH (15–20 Ci mM�1), all-trans [3H]-farnesyl pyropho-

sphate (FPP) (20 Ci mM�1) and all-trans [3H]-geranylger-

anyl pyrophosphate (GGPP) (20 Ci mM�1) were from

American Radiolabeled Chemicals (St. Louis, MD,

USA). Avidin-agarose was from Pierce (Woburn, MA,

USA). Cytox-Dye was purchased from Molecular Probes

(Invitrogen, Carlsbad, CA, USA). Simvastatin in its lac-

tone form (Merck, Sharp &Dohme Research Laboratories)

was dissolved in 0.1 M NaOH to give the active form, and

the pH was adjusted to 7.4 by adding 0.1 M HCl. The

solution was sterilized by filtration.

Compounds 5a–c [22]; 6a and b [23]; 6c–g [24]; 6h
[25]; 6i–p [22]; were synthesized according to the methods

described (Table 1).

2.2. Cell proliferation and DNA synthesis

SMC were cultured from the intimal-medial layers of

aorta of male Sprague–Dawley rats as previously described

[26]. Cell proliferation was evaluated by cell counting with

a Coulter Counter model ZM (Coulter Instruments) after

trypsinization of the monolayers [27], and DNA synthesis

was estimated by nuclear incorporation of [3H]-thymidine

[26].

2.3. Cell cycle analysis

Flow cytometry was utilized to analyze cell cycle dis-

tribution. Cells were trypsinized and centrifuged for 5 min

at 1000 rpm. Pellets were resuspended in 0.5 ml of per-

meabilizing buffer of Cytox Dye (0.5 mM in 100 mM Tris
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Table 1

Isothiazole dioxide derivatives

Compound R Reference Compound R Reference

5a Methyl-S [22] 6h [25]

5b C6H11S [22] 6i Phenyl-S- [22]

5c Phenyl-S- [22] 6l 2-Pyridyl-S [22]

6a H [23] 6m 4-Methyl-phenyl-S [22]

6b Methyl- [23] 6n Methyl-S [22]

6c Phenyl- [24] 6o Farnesyl-S [22]

6d Phenylethinyl- [24] 6p Perillyl-S- [22]

6f 2-pyridyl [24]

6g [24]
pH 7.4, 150 mM NaCl, 1 mM CaCl2, 0.5 mMMgCl2 0.1%

NP-40). Samples were placed in the dark for 30 min and the

fluorescence of individual nuclei was measured. Nuclear

Cytox Dye fluorescence signal was recorded on the FL2

channel of a FACS scan flow cytometer (Becton Dickinson)

and analyzed with CellQuest software. The number of cells

in G0/G1, S andG2/M phases was expressed as percentages

of total events (10,000 cells) [19].

2.4. Labelling of proteins with [3H]-FOH and

SDS-PAGE analysis

The SMC prenylated proteins were labeled by incubat-

ing cell monolayers with [3H]-FOH (50 mCi) and simvas-

tatin (3 mM), in the presence or absence of indicated

concentrations of the compound for 24 h. Cell monolayers

were scraped into 1.5 ml of PBS containing 1 mM PMSF.

After centrifugation at 14000 rpm for 3 min, lipids were

extracted with cold acetone followed by chloroform/

methanol (2:1). The delipidated samples were solubilized

in 3% SDS, 62.5 mM Tris–HCl, pH 6.8, and an aliquot

(40 mg protein) was analyzed by 12.5% SDS-PAGE. The

gel was treated with Amplify (Amersham, Cologno Monz-

ese, Milan, Italy) and exposed to Kodak X-Omat-AR film

at �80 8C for 6 weeks. Fluorographic signals were ana-

lyzed by densitometric scanning using Quantity One soft-

ware (BIO-RAD) [14].

2.5. Assays for inhibition of PFTase and PGGTase-I

Recombinant rat PFTase and PGGTase-I were produced

in Sf9 insect cells and purified as described [28]. The

standard reaction mixture for PFTase assay contains
0.75 mM (0.3 mCi) [3H]-FPP and 5 mM Ras-CVIM, in a

total volume of 20 ml containing 30 mM potassium phos-

phate, 1 mM MgCl2, 20 mM ZnCl2, pH 7.7. PGGTase-I

assay was carried out using 0.75 mM (0.3 mCi) [3H]-GGPP

and 5 mM H-Ras-CVLL as substrates. Stock solutions of

the compounds were prepared in DMSO, and 1-ml aliquot

was added to the reaction mixture (final concentration of

DMSO was 5%). Reaction was initiated by adding PFTase

or PGGTase-I. After incubation at 30 8C for 15 min, the

reaction was stopped by adding 200 ml of 10% HCl in

ethanol. The amount of the prenylated protein product was

determined by the glass fiber filter method as previously

described [29].

2.6. Statistical analysis

Experimental data are expressed as mean � S.D. The

effects of the tested compounds versus control on the

different parameters were analyzed by two-tailed Student’s

t-test for unpaired data. The concentration of compounds

required to inhibit 50% of cell proliferation (IC50) was

calculated by linear regression analysis of the logarithm of

the concentration.
3. Results

3.1. Different C5 substitutions in isothiazole dioxide

ring modulated the inhibitory potency against PFTase

and PGGTase-I

It has been previously demonstrated that isothiazole

dioxides are able to affect T. brucei PFTase activity in
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vitro but elicited only a minor effect onmammalian PFTase

action [20]. In the present study, to improve the ability of

isothiazole compounds to inhibit mammalian PFTase we

had chemically modified the 3-diethylamino-4-(4-methox-

yphenyl)-isothiazole 1,1-dioxides in position C5 with dif-

ferent substituents, with the final aim to identify new

compounds with antiproliferative properties. The number

of varied substitutions explored in the five-membered ring

resulted in the utilization of different chemistry, and the

synthetic pathways for the synthesis of 5-substituted-3-

amino-4-arylisothiazole 1,1-dioxides (series 6) and their

4,5-dihydroderivatives (series 5) have been previously

reported (Table 1) [22–25].

In the first set of experiments we evaluated the effect of

different synthesized compounds on the activity of recom-

binant rat PFTase and its closely related enzyme,

PGGTase-I that catalyze the attachment of geranylgeranyl

moiety. Recombinant enzymes were incubated with a

single 100 mM concentration of different compounds,

except for compounds 6a and 6d where 5 and 2 mM

concentrations were used due to their limited solubility

in aqueous solution. Compounds 6i, 6l, 6n, and 6p showed

significant antagonist effect on rat PFTase with 43.5–

66.0% inhibition at 100 mM, and only a minor effect on

PGGTase-I (16-27% reduction) (Table 2). In contrast,

compound 6b was more selective for PGGTase-I, leading

to 55.5% inhibition at 100 mM and only 27.0% antagonist

activity on PFTase (Table 2). Thus, a single substitution on

C5 of 3-diethylamino-4-(4-methoxyphenyl)-isothiazole

1,1-dioxides could alter the antagonist activity on PFTase

and the selectivity versus the PGGTase-I. The presence of

an S atom as a linker between the isothiazole moiety and
Table 2

Inhibitory effect of Isothiazole Dioxides compounds on rat PFTase and

PGGTase-I

Compound % Inhibition

PFTase (mM)

% Inhibition

PGGTase-I (mM)

5a 4.8 (100) 35.8 (100)

5b 5.6 (100) 19.6 (100)

5c 5.1 (100) 17.2 (100)

6a 0 (5) 11.8 (5)

6b 27 (100) 55.5 (100)

6c 0 (100) 25.6 (100)

6d 2.1 (2) 7.1 (2)

6f 2.7 (100) 6.7 (100)

6g 4.5 (100) 24.7 (100)

6h 3.2 (5) 15.6 (5)

6i 43.5 (100) 16 (100)

6l 50.5 (100) 27 (100)

6m 4.5 (100) 24.7 (100)

6n 66 (100) 23 (500)

6o 0 (100) 28.2 (100)

6p 48 (100) 21 (100)

Rat PFTase or PGGTase-I (20 ng protein) was incubated at 30 8C for 20 min

with 0.75 mM (0.3 mCi) [3H]-FPP/5 mMRAS-CVIM or 0.75 mM (0.3 mCi)

[3H]-GGPP/5 mM H-Ras-CVLL, respectively. Compounds were tested at

indicated concentrations shown in parentheses for inhibition of rat PFTase

and PGGTase-I reactions as described in Section 2.
the substituent appears to significantly increase the inhi-

bitory activity versus the PFTase. Indeed, compounds 6i,
6l, and 6n were much more potent inhibitors than the

corresponding compounds lacking the S atom (6c, 6f, and
6b) (Table 2). Moreover, the presence of C4–C5 double

bond was required for the inhibitory action of isothiazole

dioxides, as demonstrated by the direct comparison

between 6n and 6i versus their respective dihydroderiva-

tives compounds 5a and 5c (Tables 1 and 2). Finally, IC50

value calculated for compounds 6i, 6l, 6n, and 6p, clearly
showed that 6n was the most potent compound to inhibit

PFTase activity (IC50 = 8.56 mM), with almost 500-fold

higher inhibitory activity on PFTase compared to

PGGTase-I (IC50 on PGGTase-I = 3971 mM) (Table 3).

3.2. The inhibition of [3H]-farnesol incorporation into

cellular proteins by compound 6n correlated with the

antiproliferative effect

To study whether the ability of compound 6n to interfere

with PFTase activity in vitro was maintained also in

cultured cells and to further investigate the importance

of the S atom as linker, the incorporation of [3H]-FOH into

smooth muscle cellular proteins was evaluated in the

presence or absence of compound 6n and the correspond-

ing homolog lacking the S atom, compound 6b. In each

experiment, simvastatin was added to block endogenous

mevalonate synthesis and to increase the specific radio-

activity of the [3H]-FOH for efficient radiolabeling of

proteins [14]. As shown in Fig. 1, major labeled proteins

were those with molecular weights of 21 kDa (mostly

small GTP-binding proteins), and 45 kDa protein [14].

Compound 6n that have sulfanyl substitutions at C5,

significantly reduced [3H]-FOH incorporation into

21 kDa proteins by 44.1%, while compound 6b was inef-

fective (Fig. 1A and B). Therefore, the inhibitory action of

compounds 6n and 6b observed on PFTase activity in vitro

(Table 2) was confirmed on [3H]-FOH incorporation in

cultured cells (Fig. 1A and B).

It is well established that PFTase inhibitors potently

inhibit both tumour cells and SMC growth in culture

[18,19,30]. Therefore, to test whether the inhibitory effect
Table 3

Concentration-dependent inhibitory activity of compounds 6i, 6l, 6n and 6p

on rat PFTase and PGGTase-I

Compound PFTase

IC50 (mM)

PGGTase-I IC50

(mM)

PGGTase-I/

PFTase

6i 774 1401 1.81

6l 119 455 3.82

6n 8.56 3971 463.9

6p 1015 6953 6.85

For determination of IC50, dose dependent inhibition assays were performed

as described in Table 2, and the IC50 values were calculated by linear

regression analysis of the logarithm of the concentration. Selectivity of the

inhibitory action is indicated by the ratio between the IC50 of PGGTase-I

and PFTase.
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Fig. 1. Effect of compound 6n and 6b on [3H]-FOH and [3H]-thymidine

incorporation into proteins of rat SMCs. (A) Cells were seeded at a density

of 9 � 105/60 mm Ø dish and incubated with Eagle’s MEM supplemented

with 10% FCS; 24 h later, the medium was changed with one containing

0.4% FCS to stop cell growth and the cultures were incubated for 120 h. At

this time, the medium was replaced with one containing 10% FCS, [3H]-

FOH (50 mCi), and simvastatin (3 mM), in the presence or absence of

100 mM of tested compounds. After 20 h, at 37 8C, cell pellets were

analyzed by SDS-PAGE and fluorographed. NS: not specific. (B) Densyto-

metric analysis of 21 kDa labelled proteins. (C) For the evaluation of [3H]-

thymidine incorporation, cells were treated as indicated for panel A, in the

absence of simvastatin. Cells were labelled with [3H]-thymidine for 2 h at

the end of the incubation with indicated compounds. Each bar represents the

mean � S.D. of triplicate dishes. The mean value for control experiments

(without inhibitor) was 156 � 103 � 3.70 � 103 dpm mg prot�1. Inhibitor

vs. control: *p < 0.01 (Student’s t-test). The data are representative of two

replicate experiments.

Fig. 2. Concentration-dependent effect of compound 6n on proliferation of rat aor

as in Table 4. The mean value of cell number at time 0 was 463.0 � 103 (�14.2 � 1

for control experiment (without inhibitor) was 1072.3 � 103 (�57.5 � 103) cells/

test). The data are representative of three replicate experiments with triplicate dete

control experiment (without inhibitor) was 18.5 � 103 (� 3.6 � 103) dpm mg pr

representative of three replicate experiments with triplicate determinations.
of compound 6n on [3H]-FOH incorporation correlates

with their antiproliferative activity, we measured [3H]-

thymidine incorporation in rat SMC under the same experi-

mental conditions. As shown in Fig. 1C, compound 6n,
which effectively inhibited protein farnesylation, strongly

reduced DNA synthesis by 65.1%. In contrast, its respec-

tive compound lacking the S atom (compound 6b) showed
lower inhibitory action (�14.6%). These data demon-

strated a significant correspondence of the degree of

inhibition of compound 6n on the metabolisms of protein

farnesylation and DNA synthesis.

3.3. Compound 6n interfered with cell cycle

progression in G0/G1 phase

Compound 6n has been shown the strongest inhibitory

effect on PFTase in vitro (Table 3), and most importantly, at

similar concentrations inhibited PFTase activity, [3H]-FOH

incorporation into cellular proteins, and [3H]-thymidine

incorporation in rat SMC (Table 3, Fig. 1). We therefore,

further investigated its antiproliferative properties. Com-

pound 6n inhibited SMC proliferation in a concentration-

dependent manner with an IC50-value of 61.4 mM

(Fig. 2A), and caused a significant inhibitory effect on

[3H]-thymidine incorporation at 100 mM (Fig. 2B). To

determine in which phase of the cell cycle compound

6n exerted its antiproliferative action, we performed cell

cycle analysis of quiescent and proliferating SMC after

treatment with 6n by flowcytometry. Incubation of rat

SMC for 120 h with culture media containing 0.4% FCS

led to the accumulation of the cells in G1 phase (90.9%)

with only a small percentage in S phase (2.8%) (Fig. 3). As

expected, after 20 h stimulation with 10% FCS we

observed an increase in the percentage of cells in S phase

(12.4%) and a reduction in G1 phase (65.4%) (Fig. 3).

Incubation of SMC with 100 mM 6n caused a significant

accumulation of the cells in G1 phase, in a similar extent

seen with 0.4% FCS, indicating a complete arrest of cell

proliferation (Fig. 3). This effect strongly correlates with

the inhibitory action observed on [3H]-thymidine incor-

poration assay (compare Fig. 2B with Fig. 3). Importantly,

we did not detect any significant increase in the percentage
tic SMC and [3H]-thymidine incorporation. (A) Experimental conditions are

03). Each bar represents the mean � S.D. of triplicate dishes. The mean value

dish. Inhibitor vs. control: *p < 0.05; **p < 0.01; ***p < 0.001 (Student’s t-

rminations. (B) Experimental conditions are as in Fig. 1. The mean value for

ot�1. Inhibitor versus control: ***p < 0.001 (Student’s t-test). The data are
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Fig. 3. Effect of compound 6n on cell cycle of rat SMC. Experimental conditions are as in Fig. 1. (A) Table summarizing flow cytometry analysis of cell cycle

performed in the presence of 0.4%, 10% FCS alone, or 10% FCS with reported concentrations of compound 6n. (B) Representative flowcytometry analysis of

SMC incubated with 100 mM of compound 6n. The data are representative of three replicate experiments.
of sub G0/G1 cells even after incubation with 100 mM of

compound 6n, which indicates a specific interference with

the progression of the G1 phase of the cell cycle without

induction of apoptosis (Fig. 3). These results demonstrate a

specific inhibitory action of compound 6n on the progres-

sion of the G1 phase of the cell cycle and thereby pro-

liferation of cultured rat SMC.
4. Discussion

In the present study, we explored the possibility to

improve the potency of isothiazole dioxides as inhibitors

of mammalian PFTase, which have been previously

described as inhibitors of T. brucei PFTase [20]. We started

from a basic structure (3-diethylamino-4-(4-methoxyphe-

nyl)-isothiazole1,1-dioxides) and we examined the effects

of different C5 substitutions on the inhibitory activity

against rat PFTase and PGGTase-I. Our analysis demon-

strated that selective changes of C5 substituents, and the

presence or absence of C4–C5 double bond, led to com-

pounds with different inhibitory activities on mammalian

PFTase and PGGTase-I in vitro. Using this approach, we

identified four compounds that effectively inhibited

PFTase, with 6n (C5; methyl-S) having the lowest IC50-

value, equal to 8.56 mM and 500-fold higher inhibitory

potency on PFTase than PGGTase-I. Interestingly, a similar

inhibitory potency (IC50 = 2.5 mM) has been observed by

using the well-characterized PFTase inhibitor, SCH44342

[31], although other PFTase inhibitors with greater inhi-

bitory potency have been described [32]. It is also impor-

tant to notice that the effect of compound 6n on protein

farnesylation was confirmed in cultured primary SMC by

measuring [3H]-farnesol incorporation into cellular pro-

teins. This effect directly demonstrated and confirmed the

inhibitory activity of isothiazole dioxides on mammalian
PFTase, not only on the recombinant enzyme but also in a

cell-based assay. This is of particular interest, since several

PFTase inhibitors frequently loose 2–3 logs of potency on

their ability to inhibit Ras processing in whole cells due to

poor cell permeability [30], although compounds effective

at 0.01–1 mM in cultured cells have been previously

identified [33].

By changing substituents at C5, we strongly improved

the inhibitory action of isothiazole dioxides versus mam-

malian PFTase, compared to T. brucei PFTase [20]. In the

previous report only one compound was shown to signifi-

cantly inhibit rat PFTase (compound 6b, �27% at

100 mM), with a strong inhibitory activity on rat

PGGTase-I (�55.5% at 100 mM) [20]. By adding either

phenyl, 2-pyridyl, perillyl, or methyl substituents at posi-

tion C5, with an S atom as a linker between the isothiazole

moiety and the substituent, we identified new inhibitors of

PFTase with IC50 values equal to 774, 119, 8.56, and

1015 mM, respectively.

By cell counting, thymidine incorporation assay, and

cell cycle analysis we demonstrated that compound 6n
elicited a concentration-dependent inhibitory action on rat

SMC proliferation. Although the actual antiproliferative

mechanism still needs to be determined, the inhibitory

effects of compound 6n on PFTase activity in vitro

(IC50 = 8.56 mM), on proliferation of rat SMC

(IC50 = 61.4 mM), and incorporation of [3H]-farnesol into

cellular proteins (inhibition of 55.9% at 100 mM) were

elicited at a very similar concentration range, suggesting a

direct relationship between these events.

More accurate analysis conducted on compound 6n has

determined that its antiproliferative action is elicited by a

direct interference with the progression of the G0/G1 phase

of the cell cycle. A specific block in G0/G1 phase has

previously been demonstrated with other PFTase inhibitors

in studies carried out with a variety of tumor cell lines [34],
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and similar effect has been shown in vascular SMC

[18,35,36]. The farnesyl pyrophosphate analogue, an inhi-

bitor of PFTase, efficiently inhibited mammary artery SMC

by interfering with early phase of the cell cycle, after

stimulation with platelet derived growth factor (PDGF) or

basic fibroblast growth factor (bFGF) [36].

It is also important to notice that the inhibitory action of

compound 6n on DNA synthesis is observed at slightly

higher concentrations than those required to affect cell

proliferation. This difference may be dependent from the

incubation time utilized for thymidine incorporation and

cell proliferation assay, 24 and 72 h, respectively. Inter-

estingly, HMG-CoA reductase inhibitors, statins, that

affect cell proliferation by inhibiting protein prenylation

processes, have also shown to be effective on DNA synth-

esis at higher concentration ranges than those required to

inhibit cell proliferation [37]. This effect may be dependent

from the intracellular turnover of Ras, which has been

estimated to be around 20–24 h [38].

Previously, we have also shown that the PFTase inhi-

bitor, BZA-5B, and a double inhibitor of PFTase and

PGGTase-I, perillic acid, affect SMC proliferation

[18,35]. Interestingly, vascular SMC expressing a domi-

nant negative farnesyl transferase a-subunit showed a

reduced basal and insulin-stimulated proliferation levels,

as measured by BrdU incorporation, further supporting the

role of PFTase in the regulation of the early phase of the

cell cycle [39]. More importantly, a selective inhibition of

H-Ras by a genetic approach has been demonstrated to

block very efficiently the neointimal formation in response

to balloon injury, suggesting that pharmacological mod-

ulation of H-Ras signaling is sufficient to prevent vascular

restenosis [9,40]. In addition, another member of Ras

family, K-Ras, may undergo geranylgeranylation by

PGGTase-I when PFTase is inhibited, a lipid modification

that hampers, or even blocks, the activity of K-Ras [41].

Thus, several mechanisms could explain how a specific

inhibition of PFTase may be effective to control SMC

proliferation in response to vascular injury. On these basis,

we are currently designing experiments for evaluating the

effect of compound 6n on intimal hyperplasia after peri-

vascular manipulation of carotid artery [42]. These experi-

ments will add further insights on the potential application

of the pharmacological modulation of farnesylation pro-

cess in preventing vascular restenosis. Compound 6n will

be also utilized as a pharmacological tool aimed at identi-

fying which farnesylated protein is primarily involved in

SMC proliferation by 2D SDS-PAGE analysis [14].

The interaction of isothiazole dioxides with PFTase still

need to be determined, but it would be interesting to know

whether these compounds are competing with the CAAX

portion of prenylated proteins, with the farnesyl-pyropho-

sphate substrate, or with both [16]. Although the interac-

tion mode of isothiazole dioxides with PFTase is unknown,

we found significant structure-activity relationship for the

potency of the isothiazole dioxide derivatives against
mammalian PFTase. We observed in vitro, and confirmed

for themethylsubstitution(compounds6nand6b) incultured
cells, that the addition of an S atom as a linker between the

isothiazole moiety and the substituent is required for the

inhibitory activity on PFTase. PFTase contains an active site

zinc ion that isnecessary for thecatalytic activity andpeptide/

protein binding [43,44]. The zinc ion directly coordinates the

sulfur atom of the ‘‘CAAX’’ cystein residue [45]. It is

tempting to speculate that S atom, only presents in effective

isothiazole dioxide inhibitors of PFTase, may directly coor-

dinate the zinc ion in the catalytic site of PFTase. This would

also explain why compound 6n, which has the smallest

substituent in C5 (methyl-S) as compared to 6i, 6l and 6p,
elicited the strongest inhibitory activity in vitro [44]. Other

zinc chelating inhibitors of PFTase have been previously

described, showing a similar efficacy and potency in inhibit-

ing the enzymatic activity in vitro [46]. Interestingly, the

inhibitory activity of these chelating compounds was not

simply due to themetal binding power but also to the affinity

to the aromatic pocket in the b subunit of the PFTase [46].

Accordingly, we provided evidences that the structure of the

isothiazole ring plays also an important role in the inhibitory

effect on PFTase. Indeed, the 3-dialkylaminoisothiazole

dioxides, such as 6n and 6i, were relatively effective inhibi-
tors of rat PFTase, while the corresponding dihydroderiva-

tives 5a and 5cwere very poor (Tables 1 and 2), showing that
the saturationof theC4–C5doublebond isdetrimental for the

inhibitory action, suggesting that the planarity of the iso-

thiazole ring is crucial for enzyme interaction.

In conclusion, in the present report we described a new

PFTase inhibitor compound 6n containing the isothiazole

dioxide moiety that effectively inhibits protein farnesyla-

tion and SMC proliferation by interfering with the G0/G1

phase of the cell cycle.
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dell0Università e della Ricerca (FIRB 2003, Disegno e

sintesi di composti per l’inibizione di enzimi coinvolti

in maniera specifica nel controllo della proliferazione delle

cellule tumorali). We would like to thank, Prof. Michael H.

Gelb (University of Washington, Seattle, WA, USA) for

advises and suggestions.
References

[1] Ross R. Atherosclerosis—an inflammatory disease. N Engl J Med

1999;340(2):115–26.

[2] Raines EW, Ross R. Smooth muscle cells and the pathogenesis of the

lesions of atherosclerosis. Br Heart J 1993;69(1 Suppl):S30–7.



N. Ferri et al. / Biochemical Pharmacology 70 (2005) 1735–17431742
[3] Olson MF, Ashworth A, Hall A. An essential role for Rho, Rac, and

Cdc42 GTPases in cell cycle progression through G1. Science

1995;269(5228):1270–2.

[4] Mulcahy LS, Smith MR, Stacey DW. Requirement for ras proto-

oncogene function during serum-stimulated growth of NIH 3T3 cells.

Nature 1985;313(5999):241–3.

[5] Glomset JA, Farnsworth CC. Role of protein modification reactions in

programming interactions between ras-related GTPases and cell

membranes. Annu Rev Cell Biol 1994;10:181–205.

[6] Bar-Sagi D, Hall A. Ras and Rho GTPases: a family reunion. Cell

2000;103(2):227–38.

[7] Feramisco JR, Gross M, Kamata T, Rosenberg M, Sweet RW. Micro-

injection of the oncogene form of the humanH-ras (T-24) protein results

in rapid proliferation of quiescent cells. Cell 1984;38(1):109–17.

[8] Ueno H, Yamamoto H, Ito S, Li JJ, Takeshita A. Adenovirus-mediated

transfer of a dominant-negative H-ras suppresses neointimal formation

in balloon-injured arteries in vivo. Arterioscler Thromb Vasc Biol

1997;17(5):898–904.

[9] Indolfi C, Avvedimento EV, Rapacciuolo A, Di Lorenzo E, Esposito G,

Stabile E, et al. Inhibition of cellular ras prevents smooth muscle cell

proliferation after vascular injury in vivo. Nat Med 1995;1(6):541–5.

[10] George J, Afek A, Keren P, Herz I, Goldberg I, Haklai R, et al.

Functional inhibition of Ras by S-trans,trans-farnesyl thiosalicylic

acid attenuates atherosclerosis in apolipoprotein E knockout mice.

Circulation 2002;105(20):2416–22.

[11] Zhang S, Ren J, Khan MF, Cheng AM, Abendschein D, Muslin AJ.

Grb2 is required for the development of neointima in response to

vascular injury. Arterioscler Thromb Vasc Biol 2003;23(10):1788–93.

[12] Casey PJ, Seabra MC. Protein prenyltransferases. J Biol Chem

1996;271(10):5289–92.

[13] Yokoyama K, Gelb MH. Purification of a mammalian protein ger-

anylgeranyltransferase. Formation and catalytic properties of an

enzyme–geranylgeranyl pyrophosphate complex. J Biol Chem

1993;268(6):4055–60.

[14] Corsini A, Farnsworth CC, McGeady P, Gelb MH, Glomset JA.

Incorporation of radiolabeled prenyl alcohols and their analogs into

mammalian cell proteins. A useful tool for studying protein prenyla-

tion. Meth Mol Biol 1999;116:125–44.

[15] Doll RJ, Kirschmeier P, Bishop WR. Farnesyltransferase inhibitors as

anticancer agents: critical crossroads. Curr Opin Drug Discov Devel

2004;7(4):478–86.

[16] Midgley RS, Kerr DJ. Ras as a target in cancer therapy. Crit Rev Oncol

Hematol 2002;44(2):109–20.

[17] Stark Jr WW, Blaskovich MA, Johnson BA, Qian Y, Vasudevan A, Pitt

B, et al. Inhibiting geranylgeranylation blocks growth and promotes

apoptosis in pulmonary vascular smooth muscle cells. Am J Physiol

1998;275(1 Pt 1):L55–63.

[18] Ferri N, Arnaboldi L, Orlandi A, Yokoyama K, Gree R, Granata A,

et al. Effect of S(�) perillic acid on protein prenylation and arterial

smooth muscle cell proliferation. Biochem Pharmacol

2001;62(12):1637–45.

[19] Ferri N, Yokoyama K, Sadilek M, Paoletti R, Apitz-Castro R, Gelb

MH, et al. Ajoene, a garlic compound, inhibits protein prenylation and

arterial smooth muscle cell proliferation. Br J Pharmacol

2003;138(5):811–8.

[20] Clerici F, Gelmi ML, Yokoyama K, Pocar D, Van Voorhis WC,

Buckner FS, et al. Isothiazole dioxides: synthesis and inhibition of

Trypanosoma brucei protein farnesyltransferase. Bioorg Med Chem

Lett 2002;12(16):2217–20.

[21] Buckner FS, Yokoyama K, Nguyen L, Grewal A, Erdjument-Bromage

H, Tempst P, et al. Cloning, heterologous expression, and distinct

substrate specificity of protein farnesyltransferase from Trypanosoma

brucei. J Biol Chem 2000;275(29):21870–6.

[22] Beccalli EM, Clerici F, Gelmi ML. Isothiazoles. Part IX. An efficient

synthetic route to 5-substitute-3-amino-4-aryl-isothiazole 1,1-diox-

ides and their 4,5-dihydro derivatives. Tetrahedron 1999;55:2001–12.
[23] Clerici F, Marazzi G, Taglietti M. N-sulfonylamidines. Part IV.

Intramolecular cyclization of N-sulfonylamidines of 2-oxoacides: a

new synthesis of 3-aminoisothiazoles S,S-dioxides. Tetrahedron

1992;48:3227–38.

[24] Clerici F, Erba E, Gelmi ML, Valle M. Isothiazoles. Part VII. An

efficient palladium catalyzed functionalization of 3-amino-4-aryl-

isothiazole 1,1-dioxides with organostannanes. Tetrahedron

1997;53:15859–66.

[25] Clerici F, Gelmi ML, Soave R, Valle M. Isothiazoles. Part VIII.

Thermal rearrangement to a,b-unsaturated nitriles of cycloadducts

from 3-diethylamino-4-(4-methoxyphenyl)-5-vinyl-isothiazole 1,1-

dioxide with nitrile oxides and munchnones. Tetrahedron

1998;54:11285–96.

[26] Corsini A, Verri D, Raiteri M, Quarato P, Paoletti R, Fumagalli R.

Effects of 26-aminocholesterol, 27-hydroxycholesterol, and 25-hydro-

xycholesterol on proliferation and cholesterol homeostasis in arterial

myocytes. Arterioscler Thromb Vasc Biol 1995;15(3):420–8.

[27] Corsini A, Mazzotti M, Raiteri M, Soma MR, Gabbiani G, Fumagalli

R, et al. Relationship between mevalonate pathway and arterial

myocyte proliferation: in vitro studies with inhibitors of HMG-CoA

reductase. Atherosclerosis 1993;101(1):117–25.

[28] Yokoyama K, Zimmerman K, Scholten J, Gelb MH. Differential prenyl

pyrophosphate binding to mammalian protein geranylgeranyltransfer-

ase-I and protein farnesyltransferase and its consequence on the speci-

ficity of protein prenylation. J Biol Chem 1997;272(7):3944–52.

[29] Yokoyama K, Goodwin GW, Ghomashchi F, Glomset JA, Gelb MH. A

protein geranylgeranyltransferase from bovine brain: implications for

protein prenylation specificity. Proc Natl Acad Sci USA

1991;88(12):5302–6.

[30] Hill BT, Perrin D, Kruczynski A. Inhibition of RAS-targeted prenyla-

tion: protein farnesyl transferase inhibitors revisited. Crit Rev Oncol

Hematol 2000;33(1):7–23.

[31] Del Villar K, Urano J, Guo L, Tamanoi F. A mutant form of human

protein farnesyltransferase exhibits increased resistance to farnesyl-

transferase inhibitors. J Biol Chem 1999;274(38):27010–7.

[32] Bishop WR, Bond R, Petrin J, Wang L, Patton R, Doll R, et al. Novel

tricyclic inhibitors of farnesyl protein transferase. Biochemical char-

acterization and inhibition of Ras modification in transfected Cos

cells. J Biol Chem 1995;270(51):30611–8.

[33] Sebti SM,HamiltonAD. InhibitionofRas prenylation: a novel approach

to cancer chemotherapy. Pharmacol Ther 1997;74(1):103–14.

[34] Sepp-Lorenzino L, Rosen N. A farnesyl-protein transferase inhibitor

induces p21 expression and G1 block in p53 wild type tumor cells. J

Biol Chem 1998;273(32):20243–51.

[35] Raiteri M, Arnaboldi L, McGeady P, Gelb MH, Verri D, Tagliabue C,

et al. Pharmacological control of the mevalonate pathway: effect on

arterial smooth muscle cell proliferation. J Pharmacol Exp Ther

1997;281(3):1144–53.

[36] Cohen LH, Pieterman E, van Leeuwen RE, Du J, Negre-Aminou P,

Valentijn AR, et al. Inhibition of human smooth muscle cell prolif-

eration in culture by farnesyl pyrophosphate analogues, inhibitors of in

vitro protein: farnesyl transferase. Biochem Pharmacol

1999;57(4):365–73.

[37] Corsini A, Arnaboldi L, Raiteri M, Quarato P, Faggiotto A, Paoletti R,

et al. Effect of the new HMG-CoA reductase inhibitor cerivastatin

(BAYW 6228) on migration, proliferation and cholesterol synthesis in

arterial myocytes. Pharmacol Res 1996;33(1):55–61.

[38] Holstein SA, Wohlford-Lenane CL, Hohl RJ. Consequences of meva-

lonate depletion. Differential transcriptional, translational, and post-

translational up-regulation of Ras, Rap1a, RhoA, AND RhoB. J Biol

Chem 2002;277(12):10678–82.

[39] Solomon CS, Goalstone ML. Dominant negative farnesyltransferase

alpha-subunit inhibits insulin mitogenic effects. BiochemBiophys Res

Commun 2001;285(2):161–6.

[40] Work LM, McPhaden AR, Pyne NJ, Pyne S, Wadsworth RM, Wain-

wright CL. Short-term local delivery of an inhibitor of Ras farnesyl-



N. Ferri et al. / Biochemical Pharmacology 70 (2005) 1735–1743 1743
transferase prevents neointima formation in vivo after porcine cor-

onary balloon angioplasty. Circulation 2001;104(13):1538–43.

[41] Fiordalisi JJ, Johnson 2nd RL, Weinbaum CA, Sakabe K, Chen Z,

Casey PJ, et al. High affinity for farnesyltransferase and alternative

prenylation contribute individually to K-Ras4B resistance to farnesyl-

transferase inhibitors. J Biol Chem 2003;278(43):41718–27.

[42] Baetta R, CameraM, Comparato C, Altana C, EzekowitzMD, Tremoli

E. Fluvastatin reduces tissue factor expression and macrophage accu-

mulation in carotid lesions of cholesterol-fed rabbits in the absence

of lipid lowering. Arterioscler Thromb Vasc Biol 2002;22(4):

692–8.
[43] Huang C, Hightower KE, Fierke CA.Mechanistic studies of rat protein

farnesyltransferase indicate an associative transition state. Biochem-

istry 2000;39(10):2593–602.

[44] Long SB, Casey PJ, Beese LS. Reaction path of protein farnesyl-

transferase at atomic resolution. Nature 2002;419(6907):645–50.

[45] Harris CM, Derdowski AM, Poulter CD. Modulation of the zinc(II)

center in protein farnesyltransferase by mutagenesis of the zinc(II)

ligands. Biochemistry 2002;41(33):10554–62.

[46] Hamasaki A, Naka H, Tamanoi F, Umezawa K, Otsuka M. A novel

metal-chelating inhibitor of protein farnesyltransferase. Bioorg Med

Chem Lett 2003;13(9):1523–6.


	Isothiazole dioxide derivative 6n inhibits vascular smooth �muscle cell proliferation and protein farnesylation
	Introduction
	Materials and methods
	Materials
	Cell proliferation and DNA synthesis
	Cell cycle analysis
	Labelling of proteins with [3H]-FOH and �SDS-PAGE analysis
	Assays for inhibition of PFTase and PGGTase-I
	Statistical analysis

	Results
	Different C5 substitutions in isothiazole dioxide ring modulated the inhibitory potency against PFTase and PGGTase-I
	The inhibition of [3H]-farnesol incorporation into cellular proteins by compound 6n correlated with the antiproliferative effect
	Compound 6n interfered with cell cycle progression in G0/G1 phase

	Discussion
	Acknowledgment
	References


