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ABSTRACT. In this study, it was investigated whether and how inhibitors of protein:farnesyl transferase (PFT)
can inhibit the proliferation of human smooth muscle cells (HSMC) in culture. Several farnesyl pyrophosphate
(FPP) analogues were synthesized and tested in vitro for their specificity in inhibiting squalene synthase (SS),
PFT, or protein:geranylgeranyl transferase-1 (PGGT-1) activities (the latter was determined using a newly
designed assay). One of these compounds appeared to be a strong PFT inhibitor (IC50 value: 340 nM) and a weak
inhibitor in the other two enzyme assays. This compound (designated as TR006) inhibited the farnesylation of
Ras in a Ha-ras transfected cell line (Cohen et al., Biochem Pharmacol 49: 839–845, 1995) and concomitantly
slowed down the growth of these cells. Twenty-five mM of TR006 inhibited the proliferation of HSMC isolated
from left internal mammary artery, as measured by counting the cells over a period of three cell cycles (10 days).
A structurally related compound (TR007), a specific SS inhibitor, did not influence HSMC proliferation under
the same conditions. The inhibition by TR006 was concentration-dependent. In HSMC, synchronized by serum
depletion, platelet-derived growth factor (PDGF) or basic fibroblast growth factor (bFGF)-induced DNA
synthesis was decreased by a 29-hr pretreatment with 100 mM of TR006, indicating that this inhibitor acted in
an early phase of the cell cycle, probably by preventing protein isoprenylation. Some other FPP analogues with
comparable IC50 values in the in vitro PFT assay were also able to decrease bFGF-induced DNA synthesis without
affecting cell viability. A more negatively charged member of this group, TR018, did not influence the growth
factor-induced DNA synthesis, probably due to an impaired uptake into the cells. However, the pivaloyloxom-
ethyl derivative of this compound, which is uncharged, and is thought to be converted into TR018 within the
cells, showed a strong decrease in bFGF-induced DNA synthesis in HSMC. These data suggest that the compounds
investigated may be developed further for treatment of conditions in which undesirable proliferation of smooth muscle
cells plays an important role. BIOCHEM PHARMACOL 57;4:365–373, 1999. © 1999 Elsevier Science Inc.

KEY WORDS. Ras; signal transduction; PDGF; bFGF; DNA synthesis; protein:geranylgeranyl transferase-1;
squalene synthase

Proliferation of vascular smooth muscle cells plays an
important role in several pathological conditions. In the

process of atherosclerosis, smooth muscle cell proliferation
is often observed [1, 2], and even more frequently in
patients with diabetes [3] and homocysteinemia [4]. It is the
major event in restenosis of the coronary artery after
percutaneous transluminal coronary angioplasty [5, 6]. Fur-
thermore, it plays a role in the pathogenesis of chronic
hypertension [7–9]. Inhibition of the growth of vascular
smooth muscle cells is thought to be beneficial under these
conditions. Recently, we have shown that depletion of
cellular mevalonate by HMG-CoA reductase inhibitors
(statins, currently in use as serum cholesterol-lowering
drugs) inhibits the proliferation of cultured HSMC§ iso-
lated from left internal mammary artery [10]. Depletion of the
mevalonate-derived isoprenyl pyrophosphates FPP and/or
GGPP, which are essential for the formation and activity of
(iso)prenylated G-proteins, is thought to be the cause of the
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inhibition, since several of these proteins (e.g. Ras, Cdc42,
Rho) play a role in growth factor-induced signal transduc-
tion and cell cycle progression [11, 12]. Enzymes involved
in this prenylation process are PFT, which recognizes the
C-terminal amino acid sequence CaaX (C 5 cys, a 5
aliphatic amino acid, and X 5 Met or Ser), as e.g. in Ras,
for the covalent linkage of the farnesyl group from FPP to
the cysteine residue [13] and PGGT-1, which transfers the
GG group from GGPP to cysteine in the C-terminal CaaX
box of proteins, containing a leucine at the X-place [14, 15].

According to the reasoning above, specific inhibition of
PFT and/or PGGT-1 should result in inhibition of HSMC
proliferation. Peptidomimetic compounds, as mimics of the
CaaX motif, have been developed as specific inhibitors of
PFT [16]. Since these compounds inhibited the prolifera-
tion of Ras-transformed cells and because of the involve-
ment of mutated Ras in certain human cancers, the devel-
opment of these inhibitors as anticancer drugs is currently
in progress [17]. Remarkably, these peptidomimetics did not
inhibit the proliferation of nontransformed cells, possibly
due to differences in the Ras-proteins in transformed and
nontransformed cells [18]. We have synthesized several
analogues of FPP, the other substrate of PFT, and have
shown that some were specific inhibitors of either PFT or
SS, another enzyme which uses FPP as substrate [19]. In
addition, a strong inhibitor of PFT (FFPA1), now desig-
nated as TR006, inhibited the farnesylation of Ras in
Rat-1.Hras13 cells, a transformed rat fibroblast cell line
overexpressing H-Ras [20]. It is important to know whether
this and other FPP analogues are inhibitors of the prolifer-
ation of nontransformed cells like HSMC. The present
study describes a series of synthetic FPP analogues tested for
their inhibition of SS, PFT, and PGGT-1 (the latter in a
newly designed in vitro assay). The potencies of these
compounds to inhibit the proliferation of Hras13 cells and
HSMC in culture are described.

MATERIALS AND METHODS
Materials

FPP analogues have been synthesized and characterized as
described previously ([21–26]; see refs. in Table 1). Simva-
statin sodium salt was a kind gift from Sankyo Co. (Tokyo,
Japan). All other chemicals and reagents were of analytical
grade.

Cell Culture

H-ras-transformed Rat-1.Hras13 cells [20] were cultured as
described previously [19]. HSMC were isolated from left
internal mammary artery and cultured as described previ-
ously [10].

Cell Proliferation Assay

Rat-1.Hras13 cells were plated at 5 3 103 cells per 10 cm2

well and cultured for 10 days in DMEM supplemented with
10% FBS and the indicated concentrations of TR006 (see

Results). HSMC were cultured for 10 days in DMEM
supplemented with 10% human serum in the presence of 0,
25, or 100 mM of TR006 or TR007. At day 0, cells were
plated and, on day 3 and 7, were re-fed with the same
media. On the same days and day 10, cells were harvested
by trypsinization and counted using a standard haemocy-
tometer chamber. Values given are the means of triplicate
counting of duplicate incubations.

Growth Factor-induced DNA Synthesis in HSMC

About 2.5 3 104 cells were plated in 2.5 cm2 wells, and
incubated in serum-poor medium (containing 0.4% FBS) for
48 hr to obtain quiescent, synchronized cells. After this
growth arrest period, cells were incubated with or without 10
or 100 mM of a particular FPP analogue for 29 hr before
addition of PDGF (0.8 nM) or bFGF (1.1 nM). After further
incubation for 24 hr, DNA synthesis was determined by
measuring the incorporation of [3H]-thymidine into
cellular DNA during the next 2 hr, as described previ-
ously [10].

Determination of Cellular Mitochondrial Dehydrogenase
Activity (MTT Test)

The viability of the HSMC after incubation with the FPP
analogues was investigated using the MTT test as described
previously [10].

Assay of Squalene Synthase

The activity of SS in rat liver microsomal preparations was
determined in the absence or presence of the different FPP
analogues, as described previously [19].

Assay of Protein:Farnesyl Transferase

PFT activity was determined using a C-terminal peptide of
pre-p21N-ras coupled to sepharose beads as substrate (pep-
Asep) as described previously [19], except that a crude
preparation of protein:farnesyl transferase from rat brain
[13] was used as the source for the enzyme. Figure 1 shows
the dependencies of substrate and enzyme concentrations
and the time-course of this reaction. On the basis of these
data, the experimental conditions (25 mL reaction mixture)
were as follows: 80 pmol/25 mL sepharose-coupled peptide
A or B, 0.7 mM of [3H]-FPP (American Radiolabeled
Chemicals Inc.; specific radioactivity 15 Ci/mmol), and 13
mL of rat brain enzyme preparation. Incubation was per-
formed at 37° for 30 min. For the determination of IC50

values of the FPP analogues, the assay was performed three
times in the presence of different concentrations of the
compounds in duplicate as described previously [19].

Assay of Protein:geranylgeranyl Transferase-1

Determination of PGGT-1 activity was performed by using
a sepharose-coupled peptide as substrate. The amino acid
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sequence of the peptide was the same as that described for
the PFT assay (pepAsep), except that the C-terminal methi-
onine was replaced by leucine, thereby introducing the CaaL
box which is the consensus sequence for geranylgeranylation
by PGGT-1 [14, 15, 27]. This substrate has been designated as
pepCsep. PepBsep, the non-isoprenylatable sepharose-coupled
peptide (see PFT assay in [19]), was used as control to measure
nonspecific association of radiolabeled GGPP. A crude
PGGT-1 preparation was isolated from bovine brain according
to Yokoyama et al. [14]. Time, substrate, and enzyme depen-
dencies of the geranylgeranylation of pepCsep and pepBsep
are shown in Fig. 2. The radioactivity bound to the sepharose
was strongly dependent on the presence of the cysteine residue
in pepCsep, and the reaction was linear up to 40 min and
up to 5 mL of the enzyme preparation. On the basis of these
data, the conditions for the determination of PGGT-1 activity
were as follows: The incubation mixture (25 mL) contained
2.5 mL pepBsep or pepCsep (1 nmol peptides), 3 mL bovine
brain enzyme, 1 mM [3H]-GGPP (specific radioactivity 15
Ci/mmol, American Radiolabeled Chemicals), 50 mM ZnCl2,
0.5 mM MgCl2, 1 mM dithiothreitol, 0.004% Triton X-100,
50 mM Tris–HCl (pH 7.4). For the determination of the
inhibitory potencies of the various FPP analogues, at least 5
different concentrations of these compounds were added to
the mixture. The incubation was performed at 37° for 40 min

with continuous shaking. The reaction was terminated by
addition of 1 mL of 2% (w/v) SDS, and the beads were spun
down and washed successively 3 times with 2% (w/v) SDS
under shaking for 45 min at 50°. For the calculation of
PGGT-1 activity, the 3H-counts bound to pepBsep were
subtracted from the counts bound to pepCsep. For the deter-
mination of the IC50 values of the FPP analogues, the assay was
repeated at least three times in the presence of the various
concentrations of the compounds, and the concentration at
50% inhibition was determined using a mathematical
function fitting to the concentration/inhibition curve.

RESULTS AND DISCUSSION
In Vitro Inhibitory Potency of FPP analogues on SS,
PFT, and PGGT-1 Activity

Several FPP analogues have been synthesized (see Table 1
for chemical structures and references) and tested for their
inhibitory potency in vitro for two FPP-consuming enzymes,
SS and PFT. In order to gain insight into their specificities
in inhibiting protein isoprenylation in a broader sense,
these compounds were tested as well in the in vitro assay of
PGGT-1. The IC50 values of the different compounds in
these three in vitro assays are shown in Table 1.

In the subgroup of linear diphosphonate analogues (Ta-

FIG. 1. Parameters of the PFT assay. The assay of the binding of radioactivity from [3H]-FPP to pepAsep (–●–) and pepBsep (–C–)
catalyzed by rat brain PFT was performed as described under Materials and Methods. The dependencies of the reactions on FPP
concentration (A), concentration of peptide bound to sepharose (B), enzyme concentration (C), and incubation time (D) were
investigated. The additional reaction conditions which are not shown in the figure were: (A) 80 pmol/25 mL of sepharose-coupled
peptides, 13 mL (/25 mL) PFT solution, 30-min incubation time; (B) 0.7 mM FPP, 13 mL (/25 mL) PFT solution, 30-min incubation
time; (C) 80 pmol/25 mL of sepharose-coupled peptides; 0.7 mM FPP, 30-min incubation time; and (D) 80 pmol/25 mL of
sepharose-coupled peptides, 13 mL (/25 mL) PFT solution, 0.7 mM FPP.

FIG. 2. Parameters of the PGGT-1 Assay. The assay of the binding of radioactivity from [3H]-GGPP to pepCsep (–●–) and pepBsep
(–C–) catalyzed by bovine brain PGGT-1 was performed as described under Materials and Methods. The dependencies of the reaction
on GGPP concentration (A), concentration of peptide bound to sepharose (B), enzyme concentration (C), and incubation time (D)
were tested. The additional reaction conditions were: (A) 1 nmol/25 mL of sepharose-coupled peptides, 2.5 mL (/25 mL) PGGT-1
solution, 40-min incubation time; (B) 1 mM GGPP, 2.5 mL (/25 mL) PGGT-1 solution, 40-min incubation time; (C) 1 nmol/25 mL
of sepharose-coupled peptides; 1 mM GGPP, 40-min incubation time; and (D) 1 nmol/25 mL of sepharose-coupled peptides, 2.5 mL
(/25 mL) PGGT-1 solution, 1 mM GGPP.
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ble 1A), TR006 and TR007 were the strongest inhibitors of
PFT and SS, respectively, and TR003 was a rather moder-
ate inhibitor of PGGT-1. The first two compounds seemed
to be specific inhibitors of PFT and SS, respectively.
Increasing the length of the farnesyl chain by one carbon
atom (compare TR006 and TR003) decreased the inhibi-
tion of PFT and increased that of PGGT-1. Biller et al. [28]
showed previously that the ether oxygen is important for
inhibition of SS (TR007 and TR008), whereas the oxygen
between the two phosphates seems to play a role in the
inhibition of PGGT-1 and PFT (cf. TR007/TR008). De-

creasing the negative charge from 32 to 22 generally
resulted in a decrease in the inhibitory capacity in all three
assays (cf. TR006/5, TR003/4, and TR008/12). Therefore,
compounds with 42 and 52 charges, as in the branched di-
and triphosphonate analogues shown in Table 1B, were also
tested in the same enzyme assays. The diphosphonate
TR011 is a strong and specific inhibitor of SS (see also
Ciosek et al. [29]). The other 42-charged compounds,
TR010, TR013, and TR015, are more potent inhibitors of
PFT, and additionally, TR015, which is one carbon longer
than TR013, is an inhibitor of PGGT-1. Increasing the

TABLE 1. Effect of FPP analogues on squalene synthase (SS), protein:farnesyl transferase (PFT) and protein:geranylgeranyl
transferase-1 (PGGT-1) in vitro
1A. Linear diphosphonates

Code

Structurea

Refs.

IC50 Values (mM)FAR-R1-P(O)O2-R2-P(O)O2-R3

R1 R2 R3 SS PFT PGGT-1

TR006 — O O2 30 129 6 11 0.34 6 0.05 19.1 6 6.0
TR005 — O CH3 21 .500 8.90 6 2.15 .100
TR003 CH2 O O2 21 518 6 12 0.93 6 0.23 6.5 6 0.8
TR004 CH2 O CH3 21 .500 .200 .100
TR007 OCH2 CH2 O2 28 0.68 6 0.14 7.15 6 2.32 .100
TR008 OCH2 O O2 22 1.29 6 0.22 0.52 6 0.07 41.0 6 2.7
TR012 OCH2 O CH3 22 655 6 42 6.67 6 0.70 .100

1B. Branched and cyclic di- and triphosphonates

Structurea

/ R1 2 P(O)O2
22

FAR* 2 R2 2 CH
\O 2 CH2 2 P(O)O2

22 IC50 Values (mM)

Code R1 R2 Refs. SS PFT PGGT-1

TR010 CH2 — 24 357 6 22 6.57 6 0.86 55.4 6 18.8
TR013 — — 24 18.3 6 1.0 1.08 6 0.23 .100
TR015 — CH2 24 16.6 6 3.4 0.58 6 0.45 1.15 6 0.13

/P(O)O2
2 2

FAR 2 CR
\P(O)O2

2 2

TR011 R 5 H 24,29 0.018 6 0.002 13.5 6 1.1 39.7 6 0.9
TR014 R 5 FAR 24 25.8 6 5.1 147 6 37 .100

/P(O)O2
2 2

FAR 2 CR
\P(O)O2 2 CH2 2 P(O)O2

2 2

TR018 R 5 H 26 1.10 6 0.24 1.81 6 0.38 3.60 6 0.35
TR021 R 5 FAR 26 23.3 6 6.7 3.99 6 0.84 3.87 6 1.24

/P(O)O2 2 O

FAR 2 CR \
/ P(O)O2

\P(O)O2 2 CH2

TR019 R 5 H 26 46.4 6 7.5 34.2 6 3.7 .100
TR022 R 5 FAR 26 .50 56.2 6 5.0 33.3 6 3.2

aValues are means 6 SEM, N 5 3.

FAR 5

FAR* 5
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charge to 52 in TR018 by introducing a third phosphate
group (compare with TR011 and TR015) turned the
compound into an inhibitor in all three assays.

The structure of TR018 made it possible to introduce an
oxygen atom between two phosphate atoms (which was
favorable for inhibition of PFT and PGGT-1) by cyclization
to TR019. However, TR019 proved to be a weak or no
inhibitor of the enzymes studied.

During the organic chemical synthesis of the latter di-
and triphosphonates, bisfarnesyl analogues were obtained as
well (see refs. in Table 1B). The addition of a second
farnesyl group had an unfavorable effect on the inhibitory
capacity, except for the fact that the inhibition of PFT and
PGGT-1 by the 52-charged triphosphonate (cf. TR018/
TR021) hardly changed.

Inhibition of Proliferation of Rat1.H-ras13 Cells by
TR006

As can be seen in Table 1, TR006 was the strongest and rather
specific inhibitor of PFT. It was shown previously [19] that a
20-hr incubation with TR006 inhibited the farnesylation of
Ras in H-ras13 cells. The same compound was able to inhibit
the proliferation of these cells for 10 days in a concen-
tration-dependent fashion (Fig. 3). Starting with 5000
cells per well, the control cells proliferated exponentially
to 1.94 3 106 during the incubation time. Incubation with
TR006 (25 and 100 mM) led to a reduction in cell numbers
of 32.5 and 49.5% of the control value, respectively.
Nonviable cells, as determined by the trypan blue exclusion
method, were not observed.

FIG. 3. TR006 inhibits proliferation of Rat-1.Hras13 cells.
Rat-1.Hras13 cells were plated in monolayer culture at 5 3 103

cells per well and cultured further for 10 days in DMEM
supplemented with 10% FBS and 25 or 100 mM of TR006. On
days 3 and 7, the medium was refreshed and cells were harvested
and counted at day 10. Values are the means (6SD) of triplicate
counting of duplicate incubations.

FIG. 4. Effect of TR006 and TR007 on the proliferation of HSMC. In two separately performed experiments (A and B), HSMC were
cultured for 10 days in DMEM supplemented with 10% FBS and 10% human serum in the presence of (A) 0 (black bars), 25 mM
(hatched bars), and 100 mM (gray bars) of TR006, or (B) 0 (black bars), 25 mM of TR006 (hatched bars), and 25 mM of TR007
(gray bars). At day 0, cells were plated in monolayer culture in: (A) 9.104 and (B) 104 cells per 10 cm2 well. On the indicated days,
half of the cells were re-fed with the same medium and the other half were harvested and counted using a standard haemocytometer chamber.
The increase in cell number from day 0 has been depicted. Values are the means (6SD) of triplicate counting of duplicate incubations.
Significance of the difference of each time point was tested using a Student t-test: *P < 0.05; **P < 0.01; n.s., not significant.

FIG. 5. Effect of TR006 on growth factor (GF)-stimulated
DNA synthesis in HSMC. Quiescent HSMC (see Materials and
Methods) were incubated with or without 100 mM TR006, 1
mM simvastatin (S), or 1 mM simvastatin 1 100 mM meval-
onate (S 1 M). After 29 hr, human PDGF (0.8 nM) or human
bFGF (1.1 nM) were added to induce cell cycle progression.
DNA synthesis was determined, 24 hr later, as incorporation of
[3H]-thymidine into cellular DNA. Shown are the average
(6SEM) values of triplicate measurements.
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Inhibition of Proliferation of HSMC by TR006

In the same proliferation assay, using HSMC, TR006
slowed down the increase in cell number during 10 days of
incubation in a concentration-dependent way (Fig. 4A). In
this period, control cells proliferated to 2.9 (60.4) 3 105

cells per well. Incubation with 25 and 100 mM of TR006
severely retarded the growth in a concentration-dependent
fashion and led at day 10 to 39% and 12% of the increase
in the control cells, respectively. Again, nonviable cells
were absent after the incubation period. This antiprolifera-
tive effect must be related to specific characteristics of TR006,
because in an experiment comparing TR006 with TR007, a
specific inhibitor of SS, TR007 did not inhibit the prolif-

eration of HSMC (Fig. 4B). TR011, a stronger SS inhibitor
than TR007, exhibited cell toxicity under these experimen-
tal conditions (results not shown; cf. results in Fig. 6).

Inhibition of bFGF- and PDGF-induced DNA Synthesis
in HSMC by TR006

The growth factors bFGF and PDGF are thought to
stimulate cell growth by activating the Ras-MAP kinase
signal transduction pathway in the G1-phase of the cell
cycle. In the event that inhibition of the farnesylation of
Ras-protein played a role in the inhibition of HSMC
proliferation, TR006 should block the cell cycle in the

FIG. 6. Effect of FPP analogues on bFGF-stimulated DNA synthesis (A) and on cell viability (B) in HSMC. Quiescent HSMC (see
Materials and Methods) were preincubated with or without 10 or 100 mM of the indicated FPP analogue. After 29 hr, human bFGF
(1.1 nM) was added and 24 hr later, DNA synthesis (A) and mitochondrial dehydrogenase activity using the MTT test (B) were
determined as described under Materials and Methods. Shown are the average (6SEM) values of triplicate measurements.
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G1-phase and, consequently, decrease the growth factor-
induced DNA synthesis. In order to investigate this hy-
pothesis, quiescent HSMC were activated by PDGF or
bFGF and the entering of the S-phase, was determined 24
hr later by measuring DNA synthesis. In a time-course
study of the incorporation of [3H]-thymidine into DNA in
HSMC, it was observed that the maximum of DNA
synthesis took place around 27 hr after PDGF addition
(results not shown). The effect of TR006 on growth
factor-induced DNA synthesis was investigated in three
separately performed experiments using HSMC from differ-
ent donors. A typical example of the results is shown in Fig.
5. PDGF and bFGF markedly stimulated DNA synthesis

(compared to control without growth factors). TR006,
added 29 hr previous to GF addition, was able to inhibit
DNA synthesis, showing its inhibitory effect in the G1-
phase. Simvastatin, which reduced the farnesylation of Ras
by FPP depletion through inhibition of mevalonate forma-
tion, and greatly decreased DNA synthesis in HSMC [10],
was used as control (Fig. 5). As proof that the latter effect
was indeed through mevalonate depletion, concomitant
addition of 100 mM mevalonate together with simvastatin
largely abolished the inhibition of GF-induced DNA syn-
thesis by simvastatin (Fig. 5). These observations support
the notion that TR006 acts in the G1-phase, probably by
preventing protein isoprenylation, such as the farnesylation of

FIG. 7. Effect of TR018 and TR020 on bFGF-stimulated DNA synthesis (A) and on cell viability (B) in HSMC. Quiescent HSMC
(see Materials and Methods) were preincubated with or without 1 or 10 mM of TR018 and TR020. After 29 hr, human bFGF (1.1
nM) was added and 24 hr later, DNA synthesis (A) and mitochondrial dehydrogenase activity using the MTT test (B) were determined
as described under Materials and Methods. Shown are the average (6SEM) values of triplicate measurements.
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Ras. However, the involvement of other signaling G-proteins,
such as Cdc42 or Rho, cannot be excluded at the moment.

Inhibition of bFGF-induced DNA Synthesis in HSMC
by FPP Analogues

Analogous to the previous experiment with TR006, we
tested the possible inhibition of the bFGF-induced DNA
synthesis in HSMC by those FPP analogues which exhib-
ited comparable low IC50 values in the in vitro PFT assay or
the PGGT-1 assay. Two strong inhibitors of SS, TR007 and
TR011, were tested as well. Each compound was tested in
two to three separately performed experiments, and the
results of a typical experiment are shown in Fig. 6A. In
order to exclude the possibility that a decrease in DNA
synthesis may be the result of a decrease in cell viability, the
MTT test (see Materials and Methods) was performed after
incubation of the cells with the highest concentration (100
mM) of the FPP analogues (Fig. 6B). Besides the previously
observed inhibition by TR006 (the increase at 10 mM
TR006 is not significantly different from control), the PFT
inhibitors TR003, TR008, and TR013 also decreased the
bFGF-induced DNA synthesis. However, the effect of
TR003 can be attributed to a strong decrease in viability.
One hundred mM of TR008 also caused a small decrease in
MD activity. TR015, which structurally differs only slightly
from TR013, had only a small effect under these conditions.
It is not clear why TR015 inhibited less than TR013 while
being a comparable inhibitor of PFT and a strong inhibitor
of PGGT-1 in the in vitro assays. TR018 had no effect. This
may be explained, however, by a decreased uptake of this
compound into the cells due to the increase in the charge
of this compound (52). As expected from the results shown
in Fig. 4B, the SS inhibitor TR007 had no effect, whereas
the much stronger SS inhibitor TR011 caused a strong
decrease in DNA synthesis. However, as shown in Fig. 6B, this
is probably the result of its negative effect on cell viability.

To improve the uptake of TR018 in the cells, we

synthezised TR020, the POM derivative of TR018. This
compound is not charged because the POM groups are
covalently bound to the free oxygen atoms of the phos-
phates. TR020 proved not to be active as an inhibitor in
the in vitro assays (results not shown). It is supposed that
after entering the cells, the POM groups are removed,
releasing the active TR018 [31]. A typical example of the
results of incubations of HSMC with TR020 is shown in
Fig. 7A. TR020 markedly decreased the bFGF-induced
DNA synthesis in HSMC, with an IC50 value between 1 and
10 mM. At the same concentrations, TR018 had no effect
and neither of the compounds influenced cell viability as
measured by the MTT test (Fig. 7B). These results suggest
that TR018 can act as a PFT and/or PGGT-1 inhibitor
within the cell. However, we cannot exclude the possibility
that TR020, as such, decreased the DNA synthesis by a yet
unclear mechanism. TR020 is a much stronger inhibitor of
bFGF-induced DNA synthesis than TR006 (cf. Figs. 6A
and 7A), but in the in vitro farnesylation assay (Table 1),
TR006 was a somewhat stronger inhibitor compared to
TR018, a putative TR020 derivative within the cells. We
explain this discrepancy by assuming that the uptake of the
uncharged TR020 is much higher than the negatively
charged TR006. Furthermore, TR018 is a somewhat stron-
ger inhibitor of in vitro geranylgeranylation than TR006,
which may influence growth factor-stimulated DNA syn-
thesis in HSMC as well.

The effects of the different FPP analogues on in vitro
enzyme activities and the cellular effects in synchronized
HSMC are summarized in Table 2. Those charged com-
pounds which did not affect cell viability and inhibited
DNA synthesis, i.e. TR006, TR013, and TR015, have in
common that they are strong inhibitors of PFT activity in
vitro. TR018, which has the latter property as well, did not
influence DNA synthesis, but we suggest that the increase
in charge to 52 impaired the uptake of this compound into
the cells. This is supported by the effect of the noncharged
POM-TR018, TR020, which strongly inhibited DNA syn-
thesis. However, we cannot exclude at the moment that the

TABLE 2. Summary of inhibitory effects of FPP analogues on SS, PFT, and PGGT-1 activities in vitro and on growth factor-
stimulated DNA synthesis and viability of synchronized HSMC in culture

Code Charge

Extent of inhibition

Enzyme activity in vitro Synchronized HSMC

SS PFT PGGT-1 DNA synthesis Cell viability

TR003 32 2 1 1 1 11
TR006 32 2 1 6 1 2
TR007 32 1 6 2 2 2
TR008 32 1 1 6 1 1
TR011 42 11 6 6 11 11
TR013 42 6 1 2 1 2
TR015 42 6 1 1 6 2
TR018 52 1 1 1 2 2
TR020 0 2 2 2 11 2

2, none; 6, moderate; 1, strong; 11, very strong.
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inhibition of DNA synthesis by the different compounds is
additionally caused by (an)other mechanism(s).

In conclusion, we have developed certain FPP analogues
which are both inhibitors of PFT in vitro and inhibitors of
HSMC proliferation in culture. The mechanism of action
of these compounds in these cells is currently under
investigation. Our data support the notion that the inves-
tigated compounds may be developed further for treatment
of pathological conditions in which proliferation of smooth
muscle cells plays an important role, such as in atheroscle-
rosis and restenosis.
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