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Mutational activation of ras has been found in many types of human cancers, including a greater
than 50% incidence in colon and about 90% in pancreatic carcinomas. The activity of both
native and oncogenic ras proteins requires a series of post-translational processing steps. The
first event in this process is the farnesylation of a cysteine residue located in the fourth position
from the carboxyl terminus of the ras protein, catalyzed by the enzyme farnesyltransferase
(FTase). Inhibitors of FTase are potential candidates for development as antitumor agents.
Through a high-volume screening program, the pentapeptide derivative PD083176 (1), Chz-
His-Tyr(OBn)-Ser(OBnN)-Trp-pDAla-NH,, was identified as an inhibitor of rat brain FTase, with
an 1Csp of 20 nM. Structure—activity relationships were carried out to determine the importance
of the side chain and chirality of each residue. This investigation led to a series of potent
FTase inhibitors which lack a cysteine residue as found in the ras peptide substrate. The
parent compound (1) inhibited the insulin-induced maturation of Xenopus oocytes (concentra-
tion: 5 pmol/oocyte), a process which is dependent on the activation of the ras pathway.

Introduction

Post-translational modifications of proteins include
glycosylation, phosphorylation, methylation, acetylation,
fatty acid acylation, and prenylation. Prenylation is
referred to as the covalent modification of a molecule
by the attachment of a lipophilic isoprenoid group.
There are two types of prenylation, namely, farnesyl-
ation and geranylgeranylation. The enzymes for each
of the respective prenylations have been isolated and
characterized. Farnesyltransferase (FTase) has been
identified and characterized from pig! and bovine
extracts? and purified to homogeneity and cloned from
rat brain cytosol.®# Geranylgeranyl transferase
(GGTase-1) was characterized® and purified from bovine
brain cytosol.® Both enzymes contain two subunits: the
o-subunit which is common to both and distinct
B-subunits.”~10 Their substrates are proteins with the
C-terminal motif: CAAX, where C is the amino acid
cysteine, A is any aliphatic amino acid, and X is either
Ser or Met for proteins which undergo farnesylation!—3
or Leu or Phe for proteins which undergo geranyl-
geranylation.>® However, since these two enzymes
share a common o-subunit, possible overlapping sub-
strate specificity can occur.®

The ras proteins undergo farnesylation at the cysteine
residue in the presence of the heterodimeric enzyme
that uses farnesyl pyrophosphate as a donor, forming a
thioether linkage.11~13 The three terminal amino acids
are then proteolytically cleaved*~16 followed by methyl
esterification at the new C-terminal cysteine residue by
a protein methyltransferase.1’1® The ras protein then
associates with the membrane, which enables signaling
events leading to cell replication and transformation.
There are four closely related forms of ras proteins:
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H-Ras, N-Ras, K-Ras-A, and K-Ras-B.»® Oncogenic
versions of these proteins are also farnesylated and
subsequently localized to the cell membrane, leading to
uncontrolled growth.2° The ras oncogenes have been
implicated in a wide variety of human cancers, including
colon, pancreatic, breast, lung, liver, kidney, ovary and
stomach carcinomas.1®21 Inhibition of the ras FTase
enzyme offers potential utility in the treatment of
proliferative diseases including cancer.

Initial reports of FTase inhibitors were based on the
CAAX motif. The tetrapeptide Cys-Val-lle-Met was
found to be a competitive inhibitor with ras p21.4
Modification of lle to Phe in the tetrapeptide led to a
potent inhibitor of bovine FTase (ICsp = 25 nM), and
this peptide was not a substrate.?? Further modifica-
tions of the aliphatic amino acids and introduction of
reduced bond isosteres in the CAAX motif gave rise to
potent ras FTase inhibitors with potency in the range
of 20—300 NM.23731 In vivo evaluation of some of these
inhibitors?529:30 has shown efficacy in different animal
models. Replacement of the two aliphatic amino acids
with either a benzodiazepine group®? or 3- and 4-(ami-
nomethyl)benzoic acids33—3¢ led to potent FTase inhibi-
tors in vitro, although the 4-aminobenzoic acid mimetic
of the tetrapeptide was active in vivo.36

The cysteine residue has also been substituted by a
4-imidazolyl group®” and a phenolic benzyl group.38
These inhibitors have ICs, values in the range of
0.003—1 uM and are active in cells. A novel series of
tricyclic inhibitors were reported3® to be inhibitors of
FTase with ICso values in the range of 250 nM, and at
low micromolar concentrations they were effective at
blocking farnesylation in Cos cells.

We used high-volume screening of our compound
library with rat brain FTase to identify the potent
selective ras FTase inhibitor PD083176: Cbz-His-Tyr-
(OBN)-Ser(OBN)-Trp-pAla-NH; (Figure 1).4041 This pen-
tapeptide was found to have an ICsy of 20 nM when
tested against FTase purified from rat brain, similar

© 1997 American Chemical Society



SAR of Cysteine-Lacking Pentapeptides

©\,oon Ouﬂrnfkﬂ “\/"\NHz

O CH,
OBn
NVNH

Cbz - His - Tyr(OBn) - Ser(OBn) - Trp - DAla - NH,

PD083176: ICso =0.020 uM (rat FTase)

ICgp = 0.010 uM (human FTase)

ICg = 1.25 M (rat GGTase-)
Figure 1. Structure and data of PD083176.

activity against human FTase (ICso = 10 nM), and an
ICso of 1.25 uM against rat GGTase-l, in 30 mM
phosphate buffer. A novel feature of this inhibitor is
the absence of a cysteine residue common to most of the
previously reported farnesyltransferase inhibitors. In
a microinjection experiment, PD083176 was found to
inhibit insulin-induced ras-dependent maturation of
Xenopus oocytes.

Herein we report the structure—activity relationships
of this novel FTase inhibitor to identify critical residues
for activity. Key cysteine substitutions were incorpo-
rated in order to attempt to identify a correlation of our
series of ras peptide inhibitors with the CAAX motif.

Chemistry

Peptide Synthesis, Purification, and Character-
ization. The peptide analogues were synthesized by
solid phase peptide synthetic (SPPS) methodologies.*243
The peptide analogues were prepared using an N-a-
Fmoc protecting group strategy on a Rink-amide resin
(4-2',4'-dimethoxyphenyl)-Fmoc-(aminomethyl)phe-
noxy resin)* or on a SASRIN resin (super acid sensitive
resin, 2-methoxy-4-alkoxybenzyl alcohol resin).4°

The N-a-Fmoc group was removed with 20% piperi-
dine in N-methylpyrrolidone (NMP) prior to coupling
with the next protected amino acid. All amino acids
were doubled coupled as their N-hydroxybenzotriazole
(HOBUt)-activated esters or as their PyBOP-activated
esters, and the completion of the couplings was verified
by the Kaiser test.*6 Acetylation of the peptides was
carried out on the resin using an excess of 1-acetylimid-
azole in methylene chloride. The peptides were simul-
taneously deprotected and cleaved from the resin by
treatments with 10—70% trifluoroacetic acid (TFA) in
methylene chloride, depending on the side chain pro-
tecting groups, at room temperature for 2—3 h.

Crude peptides were then purified to homogeneity by
preparative reversed-phase high-performance liquid
chromatography (RP/HPLC) eluting with a linear gradi-
ent of 0.1% aqueous TFA with increasing concentrations
of 0.1% TFA in acetonitrile (CH3CN). Peptide fractions
found to be homogeneous by analytical RP/HPLC were
combined, concentrated, and lyophilized. The peptides
were analyzed for homogeneity by analytical RP/HPLC
(eluent A, 0.1% aqueous TFA and 0.1% TFA in aceto-
nitrile; eluent B, 0.1 M phosphoric acid (pH 2.25) and
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isopropyl alcohol) and characterized by amino acid
analysis, elemental analysis, fast atom bombardment
or electrospray mass spectrometry (FABMS or ESMS),
and proton nuclear magnetic resonance (*H-NMR) spec-
troscopy (Table 1).

Phosphorylation of the tyrosine residue was carried
out while the peptide was still linked to the resin using
an excess of di-tert-butyl N,N-diethylphosphoramidite
and tetrazole followed by oxidation with 70% tert-butyl
hydroperoxide in methylene chloride. The tert-butyl
groups were removed simultaneously under the cleav-
age conditions (60% TFA in methylene chloride).

Results and Discussion

Structure—activity relationships were explored with
the pentapeptide PD083176 (1) to identify critical
features for activity and in an attempt to optimize
affinity for FTase. During the course of the study,
kinetic analysis was carried out with some of the
inhibitors in a Hepes buffer system. We observed that
the activity of this series of compounds was dependent
on the concentration of phosphate ion in the buffer
system. This interesting observation was followed by
the synthesis of selected phosphate analogues to explore
phosphate-dependent activity in more detail.*’

N-Terminal Modifications (Table 2). The N-
terminal group benzyloxycarbonyl (Cbz) was found to
be preferred for activity against ras FTase (1). A free
amino terminus (2) or acetylation (Ac) of the N-terminus
gave rise to less potent inhibitors of ras FTase. Sub-
stitutions with cyclobutyloxycarbonyl (CB, 4), cyclo-
hexylcarboxy (CH, 5), pyroglutamic acid (Glp, 6), and
(fluorenylmethyl)oxycarbonyl (Fmoc, 7) at the N-termi-
nus also led to decreases in activity over the parent lead,
compound 1.

Histidine Position Modifications (Table 3). The
histidine residue in PD083176 (1) was found to be
critical for the activity against ras FTase. D-Stereo-
chemistry (8) led to a 4-fold decrease in activity.
Alanine substitution (9) for histidine led to an inactive
analogue. Since the imidazole side chain of the histidine
has aromatic and basic features, substitutions with
phenylalanine (Phe, 10) and ornithine (Orn, 11) were
carried out. The phenylalanine-containing pentapeptide
10 was found to be inactive at concentrations up to 100
uM. The ornithine substitution (11) also showed a
marked decrease in activity. Tryptophan substitution
(12) caused a loss in activity. These results suggest that
the imidazole group plays an important role in the
activity of PD083176.

The present series of FTase inhibitors lack a cysteine
residue. To investigate if a correlation exists between
the present analogues and the CAAX-based inhibitors,
cysteine was introduced at some of the residues in
PD083176. Cysteine substitution for histidine (13) led
to a 10-fold decrease in activity.

Tyrosine Position Modifications (Table 4). The
tyrosine residue was found to be more tolerant to a
variety of modifications. p-Stereochemistry (14) caused
only a 2-fold decrease in activity. The pentapeptides
containing a free tyrosine residue, in both the L- and
p-configurations, (16, 17), were found to be 2- and 4-fold,
respectively, less active against ras FTase than the
corresponding O-benzyl protected analogues. Substitu-
tion of tyrosine (O-benzylated) by the aromatic amino
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Table 1. Analytical Data for the Synthetic Pentapeptides

Leonard et al.

HPLC tg (min)a—d

FABMS! or ES? (m/z)

compd (purity, %) calcd amino acid anal.t (calcd) obtained
1 19.82 (94) 976.1 976.62 His (1) 1.03, Tyr (1) 1.00, Ser (1) 1.08, Ala(1) 1.16
18.99 (99)
2 14.82 (93) 842.0 842.42 His (1) 0.85, Tyr (1) 0.66, Ser (1) 0.75, Ala (1) 1.00
16.19 (96)
7f 17.222 (99) 1064.2 1064.42 His (1) 0.96, Tyr (1) 1.00, Ser (1) 1.21, Ala (1) 1.21
8 16.4° (99) 976.1 977.01 His (1) 0.96, Tyr (1) 0.98, Ser (1) 1.02, Ala (1) 1.04
9 22.72 (98) 910.0 910.11 Tyr (1) 0.92, Ser (1) 0.88, Ala (2) 1.88
20.89 (99)
10 20.32 (95) 986.1 1009.5! Phe (1) 1.00, Tyr (1) 0.71, Ser (1) 1.00, Ala (1) 1.06
(M + Na)
11 16.9% (93) 953.1 953,51 Tyr (1) 1.00, Ser (1) 1.12, Ala (1) 1.27
12 21.3b (99) 1025.2 1025.3! Tyr (1) 1.02, Ser (1) 0.93, Ala (1) 1.06
13 19.70 (95) 942.1 942.21 Tyr (1) 0.94, Ser (1) 1.03, Ala (1) 1.03
14 15.7° (99) 976.1 976.91 His (1) 1.02, Tyr (1) 1.00, Ser (1) 1.03, Ala (1) 1.14
15 16.02 (98) 793.9 794.32 His (1) 1.00, Ser (1) 0.97, Ala (2) 2.00
16 15.92 (98) 886.0 886.21 His (1) 1.04, Tyr (1) 0.97, Ser (1) 0.98, Ala (1) 1.02
15.39 (99)
17 15.6% (93) 886.0 886.22 His (1) 1.03, Tyr (1) 1.00, Ser (1) 0.97, Ala (1) 1.00
18 14.69 (98) 870.0 870.42 His (1) 0.82, Phe (1) 0.93, Ser (1) 0.94, Ala (1) 1.00
19 16.8° (94) 870.0 870.22 His (1) 0.88, Phe (1) 0.88, Ser (1) 0.83, Ala (1) 0.96
17.24 (99)
20 15.75 (95) 884.0 884.32 His (1) 0.90, Ser (1) 0.88, Ala (1) 1.02
21 11.9¢ (99) 837.9 838.22 His (1) 1.00, Asp (1) 1.01, Ser (1) 0.84, Ala (1) 1.06
22 12.4b (99) 851.9 852.32 His (1) 1.05, Glu (1) 0.98, Ser (1) 0.95, Ala (1) 1.01
23 11.7% (99) 851.0 851.62 His (1) 1.00, Lys (1) 1.01, Ser (1) 0.95, Ala (1) 1.00
24 12.7° (93) 850.9 851.62 His (1) 0.99, GIn (1) 1.02, Ser (1) 0.94, Ala (1) 0.99
25 14.8° (99) 876.0 876.32 His (1) 1.55, Ser (1) 0.97, Ala (1) 1.03
26 14.32 (93) 826.0 826.42 His (1) 1.03, Ser (1) 1.00, Ala (1) 0.98
15.749 (96)
27 13.4° (99) 869.9 870.52 His (1) 1.06, Tyr (1) 0.90, Ala (2) 2.00
28 17.4b (99) 976.1 976.42 His (1) 0.98, Tyr (1) 0.96, Ser (1) 1.01, Ala (1) 1.05
29 13.0¢(97) 886.0 886.21 His (1) 1.03, Tyr (1) 0.95, Ser (1) 1.00, Ala (1) 1.02
30 19.6° (93) 946.1 946.61 His (1) 1.12, Tyr (1) 0.82, Phe (1) 1.00, Ala (1) 1.16
31 14.8 (99) 928.0 928.52 His (1) 1.03, Tyr (1) 0.96, Glu (1) 0.99, Ala (1) 1.02
32 13.6¢ (95) 990.1 990.42 His (1) 0.99, Tyr (1) 1.00, Thr (1) 1.00, Ala (1) 1.16
33 13.9¢(99) 902.0 902.22 His (1) 1.01, Tyr (1) 1.07, Ala (1) 0.92
34 17.5° (98) 992.2 992.72 His (1) 1.09, Tyr (1) 0.97, Ala (1) 1.25
35 13.6° (97) 861.0 861.42 His (1) 0.92, Tyr (1) 0.81, Ser (1) 0.90, Ala (2) 2.00
36 17.0° (97) 937.0 937.22
37 16.8° (97) 976.1 976.52 His (1) 1.39, Tyr (1) 1.00, Ser (1) 1.17, Ala (1) 1.38
38 18.32 (99) 976.1 976.42 His (1) 1.01, Tyr (1) 0.96, Ser (1) 1.01, Ala (1) 1.01
18.89 (99)
39 19.62 (98) 977.1 977.5! His (1) 1.03, Tyr (1) 0.96, Ser (1) 1.01, Ala (1) 1.01
19.39 (99)
439 15.5P (92) 966.0 966.02 His (1) 1.01, Ser (1) 0.95, Ala (1) 1.04
44 12.8° (93) 964.0 964.11 His (1) 0.96, Ser (1) 0.94, Ala (1) 1.10
45 12.8¢ (99) 1020.1 1020.42 His (1) 1.03, Ser (1) 0.97, Ala (1) 1.00
46 14.6° (99) 966.0 966.22 not available

290:10 to 24:76 (0.1% aqueous TFA:0.1% TFA in acetonitrile) over 22 min, 1.5 mL/min.  80:20 to 14:86 (0.1% aqueous TFA:0.1% TFA
in acetonitrile) over 22 min, 1.5 mL/min. ¢ 70:30 to 4:96 (0.1% aqueous TFA:0.1% TFA in acetonitrile) over 22 min, 1.5 mL/min. 9 80:20
to 14:86 (0.1 M phosphoric acid:isopropyl alcohol) over 22 min, 1.5 mL/min.  Trp recovery is low under the hydrolysis conditions, and
therefore it is not determined. Unnatural amino acids were not determined. f Compounds 3—6 were compounds from the sample collection.

9 Compounds 40—42 were compounds from the sample collection.

Table 2. N-Terminal Modifications of 1

compound ICs0 (uM)®

1, Cbz-His-Tyr(OBn)-Ser(OBn)-Trp-pAla-NH;?2 0.020f (£0.0042)
2, H-His-Tyr(OBn)-Ser(OBnN)-Trp-pAla-NH; 4.5

3, Ac-His-Tyr(OBn)-Ser(OBn)-Trp-pAla-NH; 10

4, CBP-His-Tyr(OBn)-Ser(OBn)-Trp-pAla-NH; 3.2

5, CH¢-His-Tyr(OBn)-Ser(OBN)-Trp-pAla-NH- 3.8

6, Glp9-His-Tyr(OBn)-Ser(OBn)-Trp-pAla-NH; >20

7, Fmoc-His-Tyr(OBn)-Ser(OBn)-Trp-pAla-NH; 1.69

aPD083176. P CB: cyclobutyloxycarbonyl. ¢ CH: cyclohexylcarboxy. 9 Glp: pyroglutamic acid. ¢ Activity against rat brain FTase. n =
1 determination, unless otherwise noted; values are estimated to be reliable within 2-fold. f n = 6 determinations. 9 n = 2 determinations;

values are estimated to be reliable within 2-fold.

acids L- and p-phenylalanine (18, 19) and homophenyl-
alanine (20) was found to be tolerated, indicating that
the O-benzyl group is not required for activity. In the
case of the Phe-containing pentapeptide 18, a 2-fold
increase in activity was observed. Acidic residues,
aspartic (21) and glutamic (22) acids, at the tyrosine

position led to a 2-fold loss in activity for the aspartic
acid peptide 21, while 22 (Glu) showed similar activity
to the parent pentapeptide. Basic residues, such as
lysine (23), led to a loss in activity, while substitution
with a neutral amino acid, such as glutamine (24),
decreased the activity by 3-fold. Cyclohexylalanine
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Table 3. Histidine Position Modifications of 1
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compound

1Cs0 (uM)©

1, Cbz-His-Tyr(OBn)-Ser(OBn)-Trp-pAla-NH3?

8, Cbz-DHis-Tyr(OBn)-Ser(OBn)-Trp-pAla-NH>
9, Cbz -Ala-Tyr(OBn)-Ser(OBn)-Trp-pAla-NH

10, Cbz-Phe-Tyr(OBn)-Ser(OBn)-Trp-pAla-NH,
11, Cbz-OrnP-Tyr(OBn)-Ser(OBn)-Trp-pAla-NH;
12, Cbz -Trp-Tyr(OBnN)-Ser(OBnN)-Trp-pAla-NH;
13, Cbz -Cys-Tyr(OBn)-Ser(OBnN)-Trp-pAla-NH>

0.0209 (+0.0042)
0.082¢ (+0.019)
>20
>20
4.70
>20
0.17

aPp083176. ® Orn: ornithine. ¢ Activity against rat brain FTase. n = 1 determination, unless otherwise noted; values are estimated
to be reliable within 2-fold. 9 n = 6 determinations. ¢ n = 3 determinations.

Table 4. Tyrosine Position Modifications of 1

compound 1Cso (uM)d

1, Cbz-His-Tyr(OBn)-Ser(OBnN)-Trp-pAla-NH32 0.020¢ (+0.0042)
14, Cbz-His-pTyr(OBnN)-Ser(OBN)-Trp-pAla-NH> 0.035

15, Cbz-His -Ala-Ser(OBn)-Trp-pAla-NH; 1.00

16, Cbz-His-Tyr-Ser(OBn)-Trp-pAla-NH; 0.035

17, Cbz-His-pTyr-Ser(OBn)-Trp-pAla-NH; 0.170

18, Cbz-His-Phe-Ser(OBn)-Trp-pAla-NH; 0.009

19, Cbz-His-pPhe-Ser(OBn)-Trp-pAla-NH; 0.079

20, Cbz-His-HomoPheP-Ser(OBn)-Trp-pAla-NH; 0.018

21, Chz-His-Asp-Ser(OBn)-Trp-pAla-NH> 0.038

22, Cbz-His-Glu-Ser(OBn)-Trp-pAla-NH; 0.018

23, Cbz-His-Lys-Ser(OBn)-Trp-pAla-NH- 1.90

24, Cbhz-His-GIn-Ser(OBn)-Trp-pAla-NH; 0.054

25, Cbhz-His-Chat-Ser(OBn)-Trp-pAla-NH; 0.066

26, Cbz-His-Cys-Ser(OBn)-Trp-pAla-NH; 4.90

a PD083176. P HomoPhe: homophenylalanine. ¢ Cha: cyclohexylalanine. 9 Activity against rat brain FTase. n = 2 determinations,
unless otherwise noted; values are estimated to be reliable within 2-fold. ¢ n = 6 determinations.

Table 5. Serine Position Modifications of 1

compound 1Cs0 (uM)P
1, Cbz-His-Tyr(OBn)-Ser(OBn)-Trp-pAla-NH»? 0.020°¢ (+0.0042)
27, Cbz-His-Tyr(OBn)-Ala-Trp-pAla-NH; 1.1d
28, Cbz-His-Tyr(OBn)-pSer(OBN)-Trp-pAla-NH- 13d
29, Cbz-His-Tyr(OBn)-Ser-Trp-pAla-NH; 1.8d
30, Cbz-His-Tyr(OBn)-Phe-Trp-pAla-NH> 0.13
31, Cbz-His-Tyr(OBn)-Glu-Trp-pAla-NH; 0.20
32, Cbz-His-Tyr(OBn)-Thr(OBn)-Trp-pAla-NH> 0.015
33, Chz-His-Tyr(OBn)-Cys-Trp-pAla-NH; 0.004
34, Cbz-His-Tyr(OBn)-Cys(SBn)-Trp-pAla-NH; 0.015

apPD083176.  Activity against rat brain FTase. n = 2 determinations, unless otherwise noted; values are estimated to be reliable
within 2-fold. ¢ n = 6 determinations. 9 n = 1 determination; values are estimated to be reliable within 2-fold.

Table 6. Tryptophan and p-Alanine Position Modifications of 1

compound

ICso (uM)P

1, Cbz-His-Tyr(OBn)-Ser(OBnN)-Trp-pAla-NH32
35, Chz-His-Tyr(OBn)-Ser(OBn)-Ala-pAla-NH,
36, Cbz-His-Tyr(OBn)-Ser(OBn)-Phe-pAla-NH,
37, Cbz-His-Tyr(OBn)-Ser(OBn)-pTrp-pAla-NH;
38, Cbz-His-Tyr(OBn)-Ser(OBn)-Trp-Ala-NH;

0.020° (+£0.0042)
0.25¢ (+0.080)
2.50

8.70

0.0085

apPD083176. P Activity against rat brain FTase. n = 2 determinations, unless otherwise noted; values are estimated to be reliable

within 2-fold. ¢ n = 6 determinations. 9 n = 3 determinations.

(Cha, 25) substitution decreased the activity against
FTase by about 3-fold. Cysteine substitution (26) was
not tolerated at the tyrosine position. Alanine substitu-
tion (15) led to a 100-fold loss in activity.

Serine Position Modifications (Table 5). Alanine
substitution (27), inversion of stereochemistry (28), or
side chain deprotection (29) were all found to be
detrimental to activity. The substitution with the
aromatic amino acid phenylalanine (30) and the acidic
amino acid glutamic acid (31) caused 7- and 10-fold
losses in activity, respectively. The threonine-O-ben-
zylated-containing pentapeptide 32 had similar activity
to the parent compound 1.

Cysteine substitution at the serine position (33) led
to the most potent ras FTase inhibitor in this series (4
nM) in 30 mM phosphate buffer. The cysteine-S-

benzylated-containing inhibitor 34 was found to show
good potency as a ras FTase inhibitor.

Tryptophan and p-Alanine Position Modifica-
tions (Table 6). Alanine (35) or phenylalanine (36)
substitution or inversion of stereochemistry (37) for
tryptophan all led to decreased activity against ras
FTase. However, the L-stereochemistry for alanine (38)
was tolerated.

C-Terminal Modifications (Table 7). The C-ter-
minal of 1 could be modified without causing a signifi-
cant loss in the activity. The amide 1 was found to be
2—3-fold more potent than the corresponding acid 39,
methyl ester 40, and hydrazide 41. However, the ethyl
amide pentapeptide 42 was less active by about 10-fold.

Phosphate Effect. The present FTase inhibitors
were assayed against rat FTase in a 30 mM potassium
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Table 7. C-Terminal Modifications of 1

Leonard et al.

compound 1Cs0 (uM)P
1, Cbz-His-Tyr(OBn)-Ser(OBn)-Trp-pAla-NH2? 0.020¢ (+0.0042)
39, Chz-His-Tyr(OBn)-Ser(OBn)-Trp-pAla-OH 0.048
40, Cbz-His-Tyr(OBn)-Ser(OBn)-Trp-pAla-OCH3s 0.048

41, Cbz-His-Tyr(OBn)-Ser(OBn)-Trp-pAla-NHNH,

42, Cbz-His-Tyr(OBn)-Ser(OBn)-Trp-pAla-NHEt

0.064¢9 (+£0.007)
0.170¢ (+0.025)

apPD083176. P Activity against rat brain FTase. n = 2 determinations, unless otherwise noted; values are estimated to be reliable
within 2-fold. ¢ n = 6 determinations. 9 n = 4 determinations. ¢ n = 3 determinations.

Table 8. Modifications of 1 and the Phosphate Effect

ICso (uM)P

compound A B C
1, Cbz-His-Tyr(OBn)-Ser(OBn)-Trp-pAla-NH? 0.020¢ 0.076 1.60
16, Cbz-His-Tyr-Ser(OBn)-Trp-pAla-NH; 0.035 0.102 0.51
43, Cbz-His-Tyr(OPO3zHy)-Ser(OBn)-Trp-pAla-NH> 0.013 0.009 0.006
44, Cbz-His-p(CH2PO3H2)Phe-Ser(OBnN)-Trp-pAla-NH; 0.20 0.28 0.19
45, Cbz-His-p(CH,PO3Et;)Phe-Ser(OBn)-Trp-pAla-NH; 0.025 0.049 0.075
46, Cbz-His-Tyr(OBn)-Ser(OPO3Hy)-Trp-pAla-NH; 0.24 0.36 0.66

apPD083176. P Activity against rat brain FTase. n = 2 determinations, unless otherwise noted; values are estimated to be reliable
within 2-fold. ¢ n = 6 determinations. Assay buffer: (A) 30 mM potassium phosphate, (B) 5 mM potassium phosphate and 50 mM Hepes,

and (C) 50 mM Hepes.

phosphate buffer. Kinetic experiments carried out in
Hepes buffer showed that 1 was a competitive inhibitor
with respect to FPP.*2 Interestingly, the activity of 1
was found to be 60-fold less when compared to the
activity found in 30 mM potassium phosphate buffer
(ICs0's were 1.6 and 0.020 uM, respectively). Further
studies have shown that the inhibitory activity of 1 is
clearly dependent on the concentration of phosphate
anion in the buffer.4’

The effect of the concentration of potassium phosphate
in the assay buffer led us to incorporate a phosphate
group at the tyrosine residue to check if this modifica-
tion would cause equipotency in the three buffer sys-
tems: 30 mM potassium phosphate (A), 50 mM Hepes
(C), and a combination of the two buffers leading toa 5
mM concentration of phosphate anion (B). Phosphoryl-
ation of the tyrosine residue (43) led to a potent ras
inhibitor in all three buffer systems (Table 8); no effect
of the potassium phosphate concentration was observed
on the activity. Due to the instabiltity of the phosphate
group to phosphatases, a phosphonate group was in-
troduced, in both the unprotected (44) and ethyl-
protected (45) forms. A decrease in activity of 30-fold
was seen for 44 when compared to 43, while the ethyl-
protected phosphonate analogue 45 was more potent
than the free phosphonate by 2—4-fold but less potent
than the phosphate-containing pentapeptide 43 by
7-fold. These results indicate that the effect seen in the
presence of potassium phosphate in the medium may
be overcome by introducing phosphate groups in the
pentapeptide inhibitor.

Phosphorylation of the serine residue (46) was also
carried out, and it showed a 4-fold loss in activity in 30
mM phosphate buffer. However, the phosphate effect
was decreased.

This synergistic effect of the phosphate anion with
FTase inhibitors has not been reported by other groups,
as most of the FTase inhibitors disclosed so far are
competitive against the ras protein, and such an effect
has not been observed.*” It would be of interest to
examine inhibitors such as the non-thiol tetrapeptide
reported by Hunt et al.3” or some of the bisubstrate
inhibitors*84° which could also show a unique binding
mode toward FTase. The present series of peptidic

FTase inhibitors are competitive against FPP.*2 Inves-
tigations are underway to ascertain whether the pen-
tapeptide binds to the enzyme in the farnesyl pocket
and the phosphate anion at the pyrophosphate site
thereby leading to improved inhibition of FTase. Since
tumor cells generally contain between 3 and 12 mM
phosphate anions, the anionic synergism exhibited by
PDO083176 may make this unique FTase inhibitor a
promising prototype for analogue development.

Inhibition of Insulin-Mediated Maturation of
Xenopus Oocytes. The pentapeptide PD083176 was
shown to be a potent ras FTase inhibitor. However, the
compound proved to be impermeable to cells. In order
to verify that PD083176 is capable of blocking ras
function, a microinjection experiment was carried out.
In Xenopus oocytes, maturation can be induced by
progesterone via a ras-independent pathway or by
insulin via a ras-dependent pathway.® Stage VI Xe-
nopus oocytes were injected with 5 pmol/oocyte 1.
Insulin or progesterone was present in the medium at
a final concentration of 1 uM. Oocytes were examined
20 h after the addition of insulin/progesterone for
evidence of maturation. The progesterone-induced Xe-
nopus oocyte maturation was not affected by the addi-
tion of 1 (Figure 2). However, the insulin-induced
Xenopus oocyte maturation was about one-half the
control value, when 1 was microinjected (Figure 2).
These results demonstrate that 1 inhibits ras activity
in these cells after microinjection.

Conclusions

We have discovered a novel series of potent pentapep-
tide ras farnesylation inhibitors through compound
library screening. Exploration of the structure—activity
relationships of PD083176 (1) has identified critical
residues for potent inhibition of FTase. The Cbz-His
moiety was determined as being key to the activity of
the pentapeptide. The tyrosine-O-benzylated residue
tolerated modifications; tyrosine, phenylalanine, and
homophenylanine substitutions led to FTase inhibitors
of similar activity, as well as acidic amino acids such
as aspartic and glutamic acid at this position. The
serine-O-benzylated residue was sensitive to changes,
but threonine-O-benzylated residues led to an inhibitor
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Figure 2. Results for the microinjection experiment of
PD083176. Treatment conditions: (1) DMSO and progester-
one, (2) compound 1 and progesterone, (3) DMSO and insulin,
and (4) compound 1 and insulin.

with comparable activity. Cysteine incorporation as
both the free sulfhydryl or S-benzylated also gave potent
inhibitors of ras FTase. All tryptophan residue modi-
fications carried out were detrimental to activity, while
at the alanine position either p- or L-stereochemistry
was tolerated.

The parent compound 1 was tested against human
FTase and found to have similar activity (ICsp of 10 nM)
to that of the rat enzyme (ICso of 20 nM). It was also
found to be selective for FTase since it had an ICsgg of
1.25 uM against rat GGTase-l. Kinetic analysis of 1
showed that it was competitive for the farnesyl pyro-
phosphate substrate.*”

The effect of phosphate concentration in the assay
buffer upon activity was an interesting finding. The
introduction of a phosphate group into the pentapeptide
inhibitor decreased the difference in activity when
measured in buffers containing 0, 5, and 30 mM
phosphate anion. The proposed mechanism for this
phosphate dependency is discussed in more detail
elsewhere, but the relevance of the effect will depend
on the concentration of free phosphate available in
tumor cells.*”

From this series of pentapeptides, it was not possible
to obtain cellular activity, due to either a lack of cell
permeability and/or proteolytic degradation. To evalu-
ate the stability of compound 1, it was incubated with
NIH 3T3 cell lysates at concentrations of 0.01, 0.1, and
1 uM and compared to the tetrapeptide FTase inhibitor
Cys-Val-Phe-Met. After a 30 min incubation at 37 °C,
the inhibition of rat FTase activity was measured. As
seen in Figure 3, the tetrapeptide Cys-Val-Phe-Met was
less stable to proteolysis than 1 which retained activity
throughout the 30 min time period. This could indicate
that the cellular inactivity of compound 1 is mainly due
to its inability to cross the cell membrane. Indeed, in a
microinjection experiment, PD083176 was able to in-
hibit 50% of the insulin-induced maturation of Xenopus
oocytes, demonstrating the ability of this pentapeptide
to block ras activity in cells.

The structure—activity relationship studies around 1
led to a series of potent ras FTase inhibitors. The
cysteine residue, common to most FTase inhibitors, was
not present in this series. The pentapeptides were
determined to be competitive against farnesyl pyrophos-
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Figure 3. Proteolytic stability of PD083176 and Cys-Val-Phe-
Met after treatment with NIH 3T3 lysates.

phate and also shown to be synergistic with the con-
centration of phosphate anions in the buffer. Compound
1 showed a high degree of selectivity for FTase versus
GGTase-l. Continuing research in our laboratories has
led to a series of truncated peptides which have shown
the importance of the N-terminal Cbz-His for activity,
as was found for the present series of FTase
inhibitors.51-54

Experimental Section

Materials and Methods. Orthogonally protected N-o-
Fmoc amino acids, N-o-Cbz amino acids, Rink amide resin,
and SASRIN resin were purchased from either Bachem
Bioscience, Bachem California, Advanced Chemtech, Applied
Biosystems Inc., or Novabiochem. The unnatural N-o-Fmoc
amino acids homoPhe (homophenylalanine) and Cha (cyclo-
hexylalanine) were purchased from Bachem Bioscience;
p(CH2POsEt;)Phe was purchased from Neosystem Laboratoire.

Trifluoroacetic acid (TFA) was purchased from Halocarbon,
and N,N'-dicyclohexylcarbodiimide (DCC), diisopropylethyl-
amine (DIEA), and N-hydroxybenzotriazole (HOBt) were
purchased from Applied Biosystem Inc. (Benzotriazolyl)-N-
oxypyrrolidinium phosphonium hexafluorophosphate (PyBOP)
was purchased from Advanced ChemTech. 1-Acetylimidazole
was purchased from Aldrich. N-Methylpyrrolidone (NMP),
methylene chloride, and dimethylformamide (DMF) were
purchased from Burdick & Jackson and were of reagent grade
quality or better. HPLC grade acetonitrile, isopropyl alcohol,
and water were from EM Science or Mallinckrondt. For the
biological assay the solvents and reagents were obtained from
Sigma, except for DMSO and HsPO,4, which were purchased
from EM Science. Labeled farnesyl pyrophosphate was ob-
tained from American Radiochemicals. The Mono-Q-purified
FTase was from rat brain tissue, obtained from Pel-Freez; the
Mono-Q-purified FTase from human brain was purchased from
ABS.

The peptides were synthesized on an ABI-431A peptide
synthesizer and on a manual shaker (MilliGen Model 504).
Reversed phase high-pressure liquid chromatography (RP/
HPLC) was carried out on a Waters HPLC system, consisting
of a Model 600E system controller, a Model 600 solvent
delivery system, and a Model 490 variable wavelength detector
operating at 214 and 280 nm. The autosampler was from Bio-
Rad Laboratories, Model AS-100. Preparative RP/HPLC was
carried out using a C18 preparative scale Vydac column
(218TP1022) (22 x 250 mm, 10 um particle size). Analytical
RP/HPLC was carried out using a C18 analytical scale Vydac
column (218TP54) (4.6 x 250 mm, 5 um particle size). The
Vydac columns were purchased from the Nest Group. Elution
was carried out with a linear gradient of 0.1% aqueous TFA
with increasing concentrations of 0.1% TFA in acetontitrile,
at 13 mL/min for the preparative work and at 1.5 mL/min for
the analytical work. A second gradient was also used for the
analytical work which was a linear gradient of 0.1 M phos-
phoric acid (pH 2.25) with increasing concentrations of iso-
propyl alcohol, at 1.0 mL/min. The gradients for the analytical
RP/HPLC were as follows: (a) 90:10 to 24:76 (0.1% aqueous
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TFA:0.1% TFA in acetonitrile) over 22 min, (b) 80:20 to 14:86
(0.1% aqueous TFA:0.1% TFA in acetonitrile) over 22 min, (c)
70:30 to 4:96 (0.1% aqueous TFA:0.1% TFA in acetonitrile) over
22 min, or (d) 80:20 to 14:86 (0.1 M phosphoric acid:isopropyl
alcohol) over 22 min.

Proton and phosphorous NMR spectra were measured with
a Varian Unity 400 NMR spectrophotometer. Fast atom
bombardment spectra were measured with either a Finnigan
TSQ70 mass spectrometer, a VG Trio 2 mass spectrometer,
or a Finnigan MAT 900 mass spectrometer. Electrospray mass
spectra were obtained on a VG Trio 2000 mass spectrometer.

Amino acid analyses were carried out using an ABI auto-
mated derivatizer/analyzer (Model 420A) with a two-compo-
nent aqueous TFA/acetonitrile buffer system. Automated
hydrolysis was carried out using 6 N hydrochloric acid at 150—
160 °C for 75 min. Phenyl isothiocyanate derivatization in
the presence of DIEA was carried out, and separation of the
derivatized amino acid was carried out using an ABI Model
130A separation system. The data were analyzed on an ABI
Model 610A instrument.

Peptide Synthesis. The peptides were synthesized by
solid phase peptide chemistry.#>#3 The syntheses were carried
out on an ABI Model 431A peptide synthesizer, but the
coupling of Cbz-His was performed on a manual shaker. The
peptides were prepared via N-a-Fmoc strategies using the
Rink resin or the SASRIN resin. The amino acid side chains
were protected as follows: O-tert-butyl (Asp, Glu, Ser, Tyr),
S-trityl (Cys), S-benzyl (Cys), N-Boc (Orn, Lys), O-benzyl (Ser,
Tyr, Thr). Cbz-His was used in the deprotected form. The
couplings were carried out with DCC/HOBt in DMF. The
peptides were Fmoc-deprotected with 20% piperidine in NMP.
The coupling of Cbz-His was done manually, using a shaker,
in the presence of DCC/HOBL, for 20—24 h. The peptides were
then cleaved with 10—70% TFA in methylene chloride for 2 h
at room temperature. The crude peptides were obtained by
removal of the TFA/methylene chloride solution followed by
precipitation with diethyl ether and filtration.

Phosphorylation of the hydroxyl group of tyrosine and serine
was carried out while the peptide was still linked to the resin.
The peptide-resin was suspended in THF, and 150 equiv of
tetrazole (Aldrich) was added followed by 50 equiv of di-tert-
butyl N,N-diethylphosphoramidite (Aldrich). The reaction was
shaken at room temperature for 1 h, and the peptide-resin was
washed with THF and methylene chloride. The oxidation was
carried out by suspending the peptide-resin in methylene
chloride and adding 20 equiv of tert-butyl hydroperoxide. The
reaction mixture was shaken at room temperature for 1 h. The
resin was then washed with methylene chloride, and the tert-
butyl groups were removed by treatment with 60% TFA in
methylene chloride.

In the preparation of 44, the ethyl groups were removed by
treating 45 with an excess of trimethylsilyl bromide (Aldrich)
in methylene chloride for 20 h at room temperature.

Peptide Purification. The crude peptides were dissolved
in a mixture of aqueous TFA and acetonitrile and purified by
preparative RP/HPLC, under conditions as described above.
The peptide fractions which were pure by analytical RP-HPLC
were combined, concentrated in vacuo, resuspended in water,
and lyophilized.

Peptide Homogeneity and Characterization. All pep-
tides were analyzed for their purity by analytical RP/HPLC.
The peptides were characterized by amino acid analysis, mass
spectrometry (ES or FAB), proton NMR spectroscopy, and
elemental analysis (Table 1).

Synthesis of Compound 1, p-Alanimade, N-[(Phenyl-
methoxy)carbonyl]-L-histidyl-O-(phenylmethyl)-L-tyrosyl-
O-(phenylmethyl)-I-seryl-L-tryptophyl. The Fmoc-Rink
amide resin (0.70 mmol/g, 0.36 g, 0.25 mmol) was used to
prepare the peptide: H-Tyr(OBn)-Ser(OBn)-Trp-pAla-Rink, on
an ABI 431A peptide synthesizer, by stepwise coupling of the
amino acids N-o-Fmoc-pAla-OH, N-a-Fmoc-Trp-OH, N-a-
Fmoc-Ser(OBn)-OH, and N-a-Fmoc-Tyr(OBn)-OH. Each cou-
pling cycle consisted of the following: (1) wash three times
with DMF, (2) treat twice with 20% piperidine in DMF for 20
min each time, (3) wash five times with DMF, (4) couple the
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amino acid, (5) wash three times with DMF, (6) couple the
amino acid, and (7) wash three times with DMF.

The first cycle included a preliminary wash with methylene
chloride. The coupling of the last amino acid was as described
above, but additional steps were added as follows: (8) treat
twice with 20% piperidine in DMF for 20 min each time, (9)
wash five times with DMF, and (10) wash five times with
methylene chloride. Each amino acid was double-coupled with
4 equivalents for each coupling reaction. The amino acid was
activated as the HOBt ester.

The peptide-resin was then transferred to a reaction vessel
equipped with a fritted disk and a stopcock and suspended in
DMF. Cbz-His-OH (4 equiv) was then added followed by HOBt
and DCC. The coupling reaction mixture was shaken on a
manual shaker for 18—22 h at room temperature. The
peptide-resin was then filtered and rinsed thoroughly with
DMF followed by methylene chloride. Cleavage of the peptide
from the resin was carried out with 20% TFA in methylene
chloride for 2 h at room temperature. The solution was filtered
and the resin rinsed with 20% TFA in methylene chloride
followed by methylene chloride. The filtrate was concentrated
in vacuo. The residue was treated with diethyl ether to
precipitate the peptide. The peptide was filtered, washed with
diethyl ether, and dried. The crude peptide was purified by
preparative HPLC, as described above, with a linear gradient
of 20—70% 0.1% TFA in acetonitrile against 0.1% aqueous
TFA, over 100 min, at 13 mL/min. The lyophilized product
was a white amorphous solid. Overall yield: 7%. A similar
protocol was carried out for the synthesis of the pentapeptides
in this manuscript.

ras Farnesyltransferase Assay. The farnesyltransferase
inhibitory activity of the compounds was carried out in 30 mM
potassium phosphate buffer (or 5 mM phosphate buffer and
50 mM Hepes, or 50 mM Hepes), at pH 7.4. The buffer
solution also contained 7 mM DTT, 1.2 mM MgCl,, 0.1 mM
leupeptin, 0.1 mM pepstatin, and 0.2 mM phenylmethane-
sulfonyl fluoride. The assays were performed in 96-well plates
(Wallec) with varying concentrations of the particular com-
pound in 100% DMSO. Upon addition of both substrates,
radiolabeled farnesyl pyrophosphate (1-*H, specific activity
15—-30 Ci/mmol, final concentration 0.12 uM) and (biotinyl)-
7-aminoheptanoic acid-Thr-Lys-Cys-Val-lle-Met peptide (final
concentration 0.1 uM), the enzyme reaction was started by
addition of 40-fold purified rat brain farnesyltransferase. After
a 30 min incubation at 37 °C, the reaction was quenched by
the addition of 2.5-fold of a stop buffer containing 1.5 M
magnesium acetate, 0.2 M H3PO,, 0.5% bovine serum albumin,
and streptavidin beads (Amersham), at a concentration of 1.3
mg/mL. After allowing the plate to settle for 30 min at room
temperature, radioactivity was quantified on a microBeta
counter (Model 1450, Wallec).

Geranylgeranyltransferase Assay. The geranylgeranyl-
transferase inhibitory activity of compound 1 was determined
in a similar manner as the farnesyltransferase activity. The
enzyme was rat geranylgeranyltransferase from Sf9 cells (gift
from M. Gelb, University of Washington). (Biotinyl)-7-amino-
heptanoic acid-Thr-Lys-Cys-Val-lle-Leu was used at the pep-
tide and geranylgeranyl pyrophosphate as the substrate.

Xenopus Ooocyte Maturation Studies. Oocyte isolation
was carried out as previously described.>° Adult female South
African clawed frogs, X. Laevis (Xenopus 1, Ann Arbor, MI),
were anesthetized with a 0.3% solution of ethyl m-amino-
benzoate for 15 min and then placed on an ice bed. Ovarian
fragments were surgically removed and placed in modified
Barth's saline (MBS) [88 mM NaCl, 1.0 mM KCI, 2.4 mM
NaHCO3, 0.3 mM Ca(NOs3)z, 0.41 mM CacCl,, 0.82 MgSO,, 15
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes)-
NaOH, pH 7.6, 10 U of penicillin/mL, 10 ug of streptomycin
sulfate/mL, 0.5 ug of gentamicin/mL, and 2.5 mM sodium
pyruvate]. Using forceps, the ovary lobe was separated into
clumps and manually teared apart prior to staging. Healthy
stage VI oocytes, previously washed with several changes of
MBS, were selected for maturation studies. Subsequent to
microinjection of the farnesyltransferase inhibitor, oocytes
were incubated in the presence or absence of either insulin or
progesterone at the indicated concentrations. Oocytes were
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incubated at 19 °C for 20 h prior to determination of matura-
tion response.
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