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Abstract—A library of 51 analogues of the naturally occurring protein farnesyltransferase inhibitor pepticinnamin E was investi-
gated biologically. Several compounds with pronounced inhibitory activity were discovered with the lowest ICsy value reaching
1 uM. The library contains inhibitors which are competitive to either farnesylpyrophosphate or the peptide substrate and a bisub-
strate inhibitor. This activity is supported and rationalized by molecular modelling experiments and different binding modes of the
inhibitors deduced from them. Several compounds induced apoptosis in a Ras-transformed tumour cell line, and in one case this

correlated with farnesyltransferase-inhibiting activity.
© 2003 Elsevier Science Ltd. All rights reserved.

Introduction

Mutations in the genes encoding for Ras proteins are
found in ca. 30% of all human tumours."? In order to
exert their biological functions the Ras proteins must be
S-farnesylated at the C-terminus.? Thus, inhibitors of
the enzyme protein farnesyltransferase (PFT) are of
particular interest. PFT catalyses the transfer of the

SH

Far-P,0;

lipid group to a cysteine residue embedded in the
C-terminal CAAX-box of a non-matured Ras protein
(Scheme 1). However, although this application of sig-
nal transduction therapy* has led to clinical exami-
nation of several farnesyltransferase inhibitors some of
the most important and fundamental issues determining
their biological activity remain unclear. Thus, the cru-
cial substrate(s) of PFT the farnesylation of which is
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Scheme 1. The farnesylation of ras by protein farnesyltransferase (PFT).
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Figure 1. The bisubstrate inhibitor pepticinnamin E 1 and analogue 2.

suppressed is not known.? Also, the apoptosis-inducing
activity of PFT inhibitors has not yet been traced to a
molecular target.

To investigate these biological questions, bisubstrate
inhibitors of PFT are considered particularly
relevant.>~7 Based on the structure of pepticinnamin E
13 (Fig. 1), a naturally occurring bisubstrate inhibitor of
PFT? and analogue 2 which is similar in potency to the
natural product we have developed a solid-phase syn-
thesis of a library of potential PFT inhibitors.'® The
synthesis is detailed in the accompanying paper.'°® Here,
we describe the biological evaluation of this compound
collection and the delineation of a structure activity
relationship.

Results and Discussion

The library of pepticinnamin E analogues was subjected
to two complementary assays for their potential inhibi-
tory activity towards PFT. In the first assay!! tritium-
labelled farnesylpyrophosphate and the K-Ras protein
were used as substrates and human placental PFT as
enzyme. The assay was adapted to the 96-well plate
format, the degree of inhibition was determined after
precipitation of the labelled proteins. For compounds
which displayed > 50% inhibition at 30 pM ICs, values
were determined (see Tables 1-3). In addition, a fluor-
escence-based assay using rat PFT and a dansyl-labelled
Ras peptide!? embodying a CAAX-sequence was adap-
ted to the 96-well plate format.!*> For compounds which
showed >50% inhibition at 50 pM, ICsq values were
determined (see Tables 1-3).

The synthesized compounds can be grouped into three
categories: (i) compounds with a backbone similar to
the natural product (Table 1, entries 3-22), (ii) com-
pounds with aromatic side chains similar to pepticinna-
min E but not N-methylated (Table 2, entries 1-5 and
Table 3, entries 3 and 4), (iii) compounds embodying
histidine as N-terminal amino acid (Table 2, entries 6—
27 and Table 3, entries 1 and 2). Analysis of group (i)
reveals that compounds composed of four or five build-
ing blocks and carrying a hydrophobic alkyl- or alkenyl
substituted phenyl ring at the N-terminus that might
mimic the farnesyl group mostly are inactive (Table 1,
entries 3-5 and 7-9). Only compounds 6, 10 and 11
display considerable activity. Notably, pepticinnamin E
itself and analogue 2 did not show any appreciable
inhibitory activity under the assay conditions employed
in this study (Table 1, entries 1 and 2). Compounds 12—
22 have a shortened N-acyl group. Among these 16 and
17 display ICsy values in the low micromolar range.
Direct comparison of these two compounds with non-
N-methylated analogues (Table 2, entries 1-5) under-
scores the importance of the N-methylation.

Notably, the active compounds identified from group
(i1) all have a carboxylic acid at the C-terminus, esteri-
fication or amide formation are not beneficial.

The largest group of analogues (iii) carries a histidine as
N-terminal amino acid to promote binding to the zinc
ion in the active site of PFT!# (see below; Table 2,
entries 627, Table 3, entries 1 and 2). Indeed in this
group several active compounds were identified with
1Cs values down to the single-digit micromolar level.
Direct comparison of, for example, 23 with 30 proves
that this is due to the presence of the imidazole ring.

In addition to the introduction of the histidine moiety
the group summarized in Table 2 and in entries 1 and 2
of Table 3 displays variations in the configuration of the
N-terminal amino acid, the degree of N-methylation
and the structure of the N-substituent. Trends apparent
from inspection of the corresponding data are that in
the presence of longer N-acyl chains the configuration
of the N-terminal amino acid and the degree of
N-methylation appear to be less important (Table 2,
entries 11-21, compare entries 12 and 15 as well as
entries 13 and 14). For the Z-substituted analogues at
least one N-methylation appears to be required for high
activity with preference for a D-configured histidine
(entries 6-8), and if the Z-urethane is exchanged for a
hydrocinnamic acid activity drops.

Furthermore acylation of unmethylated His-Phe-Tyr
with benzyloxy-substituted cinnamic acid derivatives
yielded appreciable inhibitory activity (Table 2, entries
22-27) but in these cases a clear correlation of activity
and structure was not apparent.

From these data it can be concluded that for efficient
inhibition either a histidine at the N-terminus is required
or in non-histidine peptides two N-methyl groups should
be present. In both cases the structure of the N-terminal
substituent is an important modulating element.
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Table 1. Screening results for compounds 3-22
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Entry Compd @ fqlY FTase®* (ICs) FTase® (ICsq) MDCK-f3
(M) (LM) apoptosis inhib.
concn (%)
5.3 6.7
16 16 ©/\Ok =i “OH _r
N
17 17 ©/\ =j ~OH 16.2 12.8
SMe
18 18 ©A 5 _ k o 50 ~30
Ny e
H o
58 OMe
19 19 k * oY —d >30 —f
o}
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20 20 k = oY 36.3 =30 _f
o)
21 21 k ~OAll —d >30
2 22 k ~OH >50 >30

Fm, Fluorenylmethyl-.

aFluorescence-test against rat-PFT.!2

PRadioactive test against human PFT.!3

°No observed inhibition at 200 uM substance concentration.
4No observed inhibition at 50 uM substance concentration.

€57% inhibition at 50 uM substance concentration.

No observed apoptosis at 100 pM substance concentration.
gApoptosis at 50 pM substance concentration.

hApoptosis at 100 uM substance concentration.

In order to rationalize these results, molecular model-
ling experiments were carried out. To this end, the
X-ray structure of rat farnesyltransferase in complex
with farnesyl pyrophosphate (FPP) and the substrate
peptide CVFM!>16 was investigated. In Figure 2a, it is
shown that in this complex the farnesyl group (blue) is
bound in a hydrophobic pocket (green) while the phos-
phate group (red) interacts with a hydrophilic surface
and is close to a zinc ion (magenta) which also binds to
the SH group of the cysteine in the CAAX peptide. The
N-terminal amino acid binds to a hydrophobic pocket
while the C-terminal amino acid interacts with basic
amino acids of the protein (the peptide binding pocket is
shown in yellow). Figure 2b shows the hydrophobicity
map of the active site with the binding sites for the far-
nesyl group the phosphate and the carboxylate. The
map was created with HYDROMAP. !¢

Docking of the identified inhibitors into the active site
was initially investigated with automatic docking pro-
grams which did not lead to meaningful results. Instead
manual docking was applied supported by hydro-
phobicity maps for the active site (Fig. 2b) and the
inhibitors which were constructed with WitnotP.??

Figure 3a displays the binding mode proposed for pep-
ticinnamin E with this approach. Both the FPP binding
site and the peptide binding site are occupied by the

unpolar cinnamic acid residue and the polar amino acid
side chains, respectively.

Figure 3b and c¢ shows the proposed binding modes of
compounds 16 and 10 carrying a benzyloxycarbonyl
group and an ortho-benzyloxycinnamic acid amide. By
analogy to pepticinnamin E the methoxyphenyl group
blocks the pyrophosphate binding site. The zinc ion
comes close (3.64 A for 16 and 3.56 A for 10) to the
N-terminal aromatic group, probably by interaction
with the n-system. The hydrophobic FPP binding site is
occupied by the Z-urethane and the benzyloxycinnamic
acid substituent. Both inhibitors block the lower part of
the active site but the peptide binding pocket is only
partially occupied and should be accessible for a sub-
strate peptide. This was confirmed by subsequent kinetic
studies (see below). These binding modes may be
employed to rationalize the observed inhibitory activ-
ities. Thus, 7, 8 and 9 differ only in the N-terminal sub-
stituent. Docking of these compounds into the active
site by analogy to the binding mode proposed for 10
leads to strong repulsive interactions with the meta- and
para-substituents of the aromatic rings.

Figure 3d shows the proposed binding mode for histi-
dine-containing peptide 45. The histidine is coordinated
to the zinc ion (2.4 A distance, which is close to litera-
ture data!”), and the meta-benzyloxycinnamoyl group



M. Thutewohl et al. | Bioorg. Med. Chem. 11 (2003) 2617-2626 2621

Table 2. Screening results for compounds 23-49
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Table 2 (continued)

Entry Compd R! R? * R3 R* PFT? PFT® MDCK-f3
I1Cso (uM) 1Cso (UM) apopt. inhib. concn (%)
23 45 ortho o Imid L H H 6.4 19.2 —d
24 46 meta o Imid L H H 12.5
25 47 meta o Imid D H H > 50 7.6
26 48 para o Imid L H H 8.2
27 49 para o Imid D H H 23.1 4.1
aFluorescence-test against rat-PFT.!?
PRadioactive test against human PFT.!?
°No observed inhibition at 50 uM substance concentration.
4No observed apoptosis at 100 pM substance concentration.
/=N HO
Imid HOPh- Ph-
Table 3. Screening results for compounds 50-53
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Entry Compd R! R? * R3 R* FTase? FTase® MDCK-f3
(ICsp) (nM) (ICsp) (uM) apoptosis inhib. concn (%)
>50 >30
1 50 ©/\O;‘: =i Imd L Me Ph e
2 51 ©/\}2' =k Imid L Me  Ph ~ 50 ~30 e
3 52 /\/\/@/\a =e HOPh- b H Ph 24.0 ~30 -
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aFluorescence-test against rat-PFT.!2
bRadioactive test against human PFT.!3
°No observed apoptosis at 100 uM substance concentration.

blocks the FPP binding site. In the binding mode
shown, part of the FPP binding site and part of the
peptide binding pocket are occupied so that compound
45 might be a bisubstrate inhibitor. This mode of action
was confirmed by kinetic evaluation (see below).

Figure 3¢ shows the proposed binding mode for 37
which was obtained using the same procedure. Here, the
peptide adopts a confirmation in which the peptide
binding site is blocked but the FPP-binding site remains

unoccupied so that this compound should not be com-
petitive to FPP.

In order to determine whether the hints gleaned from
the modelling experiments concerning the possible
modes of inhibition for differently substituted pepti-
cinnamin E analogues can be substantiated, compounds
10, 16, 30, 37 and 45 were subjected to kinetic studies
employing the fluorescence-based assay described
above.
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Figure 2. Points of interaction between ligand and receptor in the
active site of farnesyltransferase: (a) crystal structure of rat farnesyl-
transferase with CVFM peptide and farnesylpyrophosphate;
(b) hydrophobicity map of the substrate binding site of PFT.

Figure 4 shows the Lineweaver—Burk plots determined
for these five inhibitors for varying concentration of
FPP and dansyl-peptide. Figure 4a and b clearly show
that compound 45 is a bisubstrate inhibitor as was
expected in the light of the modelling results. Histidine-
containing inhibitors 30 and 37 are competitive to the
peptide substrate but not to FPP. This also is in
accordance with the modelling result described for 37
above.

In addition, compounds 16 and 10 proved to be com-
petitive to FPP, and also in this case the experimental
data confirm the conclusions drawn from the modelling
experiments (see Fig. 4g and 1).

In Figure 4d, f, h and j the recorded values decrease
with increasing dansyl-peptide concentration but in the
absence of inhibitor. This unusual but reproducible
observation indicates substrate inhibition that has been
recorded for DansGCVLC before.!®

a) Pepticinnamin E (1) b)16

Figure 3. Inhibitors 1 (a), 16 (b), 10 (c), 45 (d), 37 (e) in the active site
of PFT determined by molecular modelling experiments.

Finally, the most promising candidates identified were
examined with an assay developed by us!® for their
ability to induce apoptosis in Ras-transformed cells but
not in the corresponding wilde-type cells. In this assay,
MDCK-f3 tumour cells from dog kidney were used, which
are transfected with oncogenic H-Ras.?® The transformed
MDCK-f3 cells differ from the corresponding non-trans-
formed cells in various morphological parameters. While
the wild-type cells are round-shaped, adhere and form
colonies (Fig. 5a), transformed cells are spindle-shaped,
do not adhere and grow irregularly (Fig. 5b). A cell-divi-
sion-inhibiting, morphology-changing or apoptosis-
inducing effect of a substance on MDCK-f3 cells indicates
an influence on the Ras signal-transduction cascade.

After incubation for 6 h and subsequent staining of the
cell components the results were analysed by fluores-
cence microscopy. Although several compounds had
displayed appreciable PFT-inhibitory activity in the in
vitro assays (see above) most of them were inactive at
100 pM concentration, and the tumour cells remained
spindle-shaped (not shown). However, compounds 6-9
and 53 induced apoptosis of the MDCK-f3 cells.

These pepticinnamin E analogues are tripeptides
embodying aromatic amino acids—but not histidine—
and carry N-acyl groups with long lipophilic chains.

At 100 uM, 7-9 induce an early stage of apoptosis
indicated by rounding of the cells (Fig. 5c—e). At this
concentration, compounds 6 and 53 induce the final
stage of apoptosis which is accompanied by rounding of
the cells and fragmentation of the nucleus (Fig. 5f and
g). At 50 uM concentration, compound 53 had no effect
anymore whereas compound 6 induced an early stage of
apoptosis (Fig. 5 h). At 20 uM concentration, both com-
pounds induced no visible change. In comparison, experi-
ments under identical conditions and with different
concentrations?' the wild-type MDCK cells showed no
apoptotic effect (see Fig. 51 and j; the cells colonies are
intact). Thus these compounds are not generally cytotoxic
and the observed apoptosis is due to an influence on the
Ras signalling pathway.

We note, however, that in the PFT assays only com-
pound 6 had displayed marked inhibitory activity.
Thus, the other compounds appear to have (a) different
biological target(s). The elucidation of this problem is
subject to ongoing research activities.

Conclusion

A library of 51 pepticinnamin analogues was investi-
gated as potential inhibitors of protein farnesyltransfer-
ase. Twenty compounds displayed pronounced
inhibitory activity with the best ICsy value reaching
1 puM. Kinetic experiments revealed that the library
contains inhibitors which are competitive to the peptide
substrate, farnesylpyrophosphate or to both substrates.
These findings are in full accord with the proposed
binding modes of the inhibitors to the enzyme, delin-
eated with molecular modelling experiments.
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Figure 4. Inhibition of Rat-PFT by inhibitors 45 (a, b), 30 (c, d), 37 (e, ), 16 (g, h) and 10 (i, j); (a), (c), (e), (), (i): Lineweaver—Burk plot with FPP
as varied substrate with constant concentration of DansGCVLS of 10 pM. Concentration of the appropriate inhibitor: 0 (), 10 (O) and 20 (+)
uM; (b), (d), (f), (h), (): Lineweaver—Burk plot with DansGCVLS as varied substrate with constant concentration of FPP of 10 pM. Concentration
of the appropriate inhibitor with 0 (¢), 10 (O) and 20 (+) uM.
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Figure 5. Effects of different inhibitors on cell lines: (a) negative con-
trol, MDCK (wild-type cell, without inhibitor); (b) negative control,
MDCK-f3 (tumour cell, without inhibitor); (¢) 7 (100 pM), MDCK-{3;
(d) 8 (100 uM), MDCK-f3; (¢) 9 (100 uM), MDCK-f3; () 6 (100 p M),
MDCK-f3; (g) 53 (100 uM), MDCK-f3; (h) 6 (50 uM), MDCK-f3; (i) 6
(100 uM), MDCK; (j) 53 (100 uM), MDCK.

Several compounds induced apoptosis in a Ras-trans-
formed tumour cell line with no effect on the corre-
sponding untransformed cells. Only in one -case,
however, correlated this biological activity directly with
farnesyltransferase inhibition.

Based on these findings new opportunities in the chem-
ical biology of Ras proteins could be opened up, in
particular for the determination of the crucial but yet
unidentified target of farnesyltransferase inhibitors.

Experimental

The used chemicals, buffers and dyes were purchased
from Sigma or Fluka. The [*H]-FPP-solution was sup-
plied by New England Nuclear. The precipated K-ras
was filtered with filtermates (type B) in a Tomtec™.-
Harvester and the transferred radioactivity was mea-
sured by a Wallac™ 1024 Betaplate szintillator. The
fluorescence development was recorded on a Fluoro-
scan-FL Fluorometer of Ascent Labsystems (filter:
Aex =355 nm, A, =460 nm). For the fluorescence
microscopy an Axiophot fluorescence microscope
(Zeiss) was used.

Molecular modelling

The coordinates of the rat farnesyltransferase structure
were taken from the PDB (1JCR). For the purpose of
comparison, the structure without a ligand (1FT1) was
used. Addition of hydrogens was carried out using the
algorithms implemented in WitnotP??> and minimized
using CHARMM?® (200 cycles, steepest descent) keep-
ing backbone atoms fixed. For this and all subsequent
minimizations, the atoms of residues coordinating the
essential Zn?* were fixed in their respective positions.
The structures of the inhibitors were created using the
graphic tools within WitnotP and minimized using
CHARMM. Manual Docking into the active site of
farnesyltransferase. During minimization (conjugate
gradient, 10,000 cycles, Gradient 0.05), all atoms loca-
ted more than 8 A from any inhibitor atom were fixed in
their positions. All other atoms were free to move. The
surfaces in the figures are displayed as ‘solvent acces-
sible surfaces’, the probe radius was set to 1.4 A.
Measurement of the lenths and angles of the H-bonds
mentioned above was carried out with tools in WitnotP.
The surface color was determined as follows: The SA
surface of residues located within 4 A of atoms of the
FPP moiety in the 1JCR structure were colored green.
The SA surface of residues located within 4 A of atoms
of the CVFM peptide were colored yellow. The hydro-
phobicity maps were created using HYDROMAP.>*

Radioactivity-based PFT inhibition assay

To a solution of 100 pL of K-ras (0.27 mg 1-!), human
PFT in the buffer medium (8.6 mM MgCl,, 17.1 uM
ZnCls, 1.32 mg mL~! DTT, 86 mM Tris/HCI] pH = 8.0)
were pipetted 10 pL of a [*H]-FPP-solution (3.3 mM,
15-30 Ci mmol~!) and the solution was incubated for 30
min at 37 °C. Then the reaction was stopped by addition
of 100 puL of a solution of concentrated HCI in ethanol
(15%), the precipitated ras-protein was filtered and the
radioactivity was measured.

Fluorescence-based PFT inhibition assay

Per well (96 well-plate) 20 pL of a solution of rat-PFT
(2.6 uM in the buffer medium indicated below) was
added by the dispenser function of the apparatus to 180
pL of a preincubated solution (at 30°C) of FPP (10
pM), Dansyl-GCVLS-peptide (10 uM), varied con-
centrations of the inhibitor in 20 pL of methanol and 160
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puL of buffer solution (50 mM Tris/HCI pH 7.5, 5 mM
DTE, 10 uM ZnCl,, 5 mM MgCl,, 0.2% (w,v) n-octyl-p-
D-glucopyranoside) and then the fluorescence develop-
ment was recorded for 5 min at 30°C.

Activity assay against MDCK-f3-tumor cells

To MDCK-f3 cells in 500 pL of medium with a density
of 5x103 cells/mL on an object carrier were added var-
ied concentrations (20, 50 and 100 puM, in 0.5 pL
DMSO) of the appropriate substances. After incubation
for 6 h at 37°C the cells were washed with PBS-buffer,
fixed and permeabilized by treatment with cold metha-
nol/acetone (1:1) for 30 min. Afterwards, the cells were
washed again with PBS (3x10 min), then incubated
with PBS/BSA 2% for 30 min, followed by staining with
the fluorescence dye TRITC coupled with an actin spe-
cific antibody for 1 h. After washing with PBS (3x10
min) the nucleus was stained with DAPI (1:20.000), fol-
lowed by washing with PBS (3x10 min) and addition of
moviol. The effects were then investigated by fluores-
cence microscopy.

Activity assay against wild-type MDCK cells

The test was performed as described above for the
MDCK-f3-cells. Herein a MDCK cell density of 1x10%
cells/mL was used.
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