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Benzodiazepine Peptidomimetics: Potent Inhibitors
of Ras Farnesylation in Animal Cells

Guy L. James, Joseph L. Goldstein, Michael S. Brown,
Thomas E. Rawson, Todd C. Somers, Robert S. McDowell,
Craig W. Crowley, Brian K. Lucas, Arthur D. Levinson,
James C. Marsters, Jr.

Oncogenic Ras proteins transform animal cells to a malignant phenotype only when
modified by farnesyl residues attached to cysteines near their carboxyl termini. The far-
nesyltransferase that catalyzes this reaction recognizes tetrapeptides of the sequence
CAAX, where C is cysteine, A is an aliphatic amino acid, and X is a carboxyl-terminal
methionine or serine. Replacement of the two aliphatic residues with a benzodiazepine-
based mimic of a peptide turn generated potent inhibitors of farnesyltransferase [50 percent
inhibitory concentration (IC5,) < 1 nM]. Unlike tetrapeptides, the benzodiazepine pepti-
domimetics enter cells and block attachment of farnesyl to Ras, nuclear lamins, and several
other proteins. At micromolar concentrations, these inhibitors restored a normal growth
pattern to Ras-transformed cells. The benzodiazepine peptidomimetics may be useful in
the design of treatments for tumors in which oncogenic Ras proteins contribute to abnor-
mal growth, such as that of the colon, lung, and pancreas.

Oncogenic Ras proteins are causally impli-
cated in certain human malignancies ().
Poised at the inner surface of the plasma
membrane, Ras proteins normally respond
to growth stimuli like epidermal and plate-
let-derived growth factors by exchanging
guanosine triphosphate (GTP) for constitu-
tively bound guanosine diphosphate
(GDP), thereby triggering cell division.
The signal is terminated when the Ras
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protein hydrolyzes its bound GTP to GDP
in a reaction that is stimulated by a guano-
sine triphosphatase (GTPase) activating
protein (GAP) (2).. About 50% of human
colon carcinomas and 90% of pancreatic
carcinomas produce mutant Ras proteins
that bind GTP but cannot hydrolyze it (I).
The mutant proteins are constitutively ac-
tive, and this constant signal, coupled with
other regulatory abnormalities, leads to ma-
lignant transformation.

The function of normal and oncogenic
Ras proteins is absolutely dependent on the
posttranslational attachment of a 15-carbon
isoprenoid moiety, farnesyl, through a
thioether linkage to a cysteine near the
COOH-terminus of the protein (3). This
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modification is catalyzed by a heterodimeric
Zn’*-dependent enzyme designated CAAX
farnesyltransferase (4, 5). The enzyme uses
farnesyl pyrophosphate as a donor and at-
taches a farnesyl group to the cysteine resi-
due at the fourth position from the COOH-
terminus of various proteins, including all
four Ras proteins, nuclear lamins A and B,
skeletal muscle phosphorylase kinase, and
three retinal proteins (the vy subunit of trans-
ducin, the o subunit of cyclic guanosine
monophosphate phosphodiesterase, and rho-
dopsin kinase) (6). The COOH-termini of all
of these substrates share the tetrapeptide se-
quence CAAX, where C is cysteine, A stands
for aliphatic residues, and X is methionine or
serine (7). This CAAX motif appears to be
the sole recognition site for the enzyme;
hence, addition of CAAX sequences to the
COOH-termini of other proteins renders
them substrates for farnesylation (8). More-
over, in vitro the enzyme attaches a farnesyl
group to tetrapeptides that conform to the
CAAX consensus (7, 9).

In the cell, farnesylation is the first step
in a sequence of modifications that renders
the COOH-terminus of the Ras protein
hydrophobic. Farnesylation is followed by
proteolytic removal of the terminal three
amino acids and methylation of the free
COOH group on the farnesylated cysteine
(3). These reactions are necessary for Ras to
become attached to the inner surface of the
plasma membrane.

Oncogenic Ras proteins lose their trans-
forming ability when farnesylation is pre-
vented, either by mutation of the CAAX
sequence or by blocking synthesis of farnesyl
pyrophosphate with an inhibitor of 3-hy-
droxy-3-methylglutaryl coenzyme A reduc-
tase (3, 10). Under some circumstances the
cytosolic nonprenylated form of Ras may
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inhibit the action of the activated GTP-
bound protein (10). These findings raise the
possibility that inhibitors of farnesyltrans-
ferase may block the growth of malignant
cells that are dependent on activated Ras
proteins. Although such inhibitors could
also block the farnesylation of other essential
proteins such as normal Ras and nuclear
lamins, dependence on oncogenic Ras might
render tumor cells more sensitive than nor-
mal cells to the action of a farnesyltrans-
ferase inhibitor.

One route to the development of inhib-
itors of the CAAX farnesyltransferase is
through the tetrapeptide binding site. Many
tetrapeptides that conform to the CAAX
consensus act as alternative substrates in
vitro, thereby competitively inhibiting the
farnesylation of Ras proteins (4, 9). Tet-
rapeptides such as Cys-Val-Phe-Met
(CVFEM), which contain an aromatic resi-
due in the third position of the CAAX
sequence, inhibit farnesyltransferase without
themselves becoming farnesylated (9). The
resistance of these tetrapeptides to farnesyla-
tion depends not only on the aromatic resi-
due, but also on the presence of a charged
NH,-terminus (9). Unfortunately, such tet-
rapeptides are ineffective when added to
intact cells, either because they are taken up

Inhibitor R X

BZA-1 H Metcoon

BZA-2 CH3z Metcoon
N/5 BZA-3 CHs Sercoon
BZA-4 CHa Leucoo“
BZA-5 CH3z Metcoome
BZA-6 CHs Metcony,

Fig. 1. Structure of the CAAX peptide analogs
incorporating BZA (36) as a dipeptide turn
mimic. These compounds were prepared by
manual solid-phase synthesis or in solution by
standard peptide synthesis methodologies (37)
as a separable mixture of diastereomers (of
opposite configuration at C-3), and each iso-
mer was purified by HPLC (33).

inefficiently or because they are rapidly de-
graded, or both. Therefore, we set out to
create peptidomimetic analogs (I1) that
would inhibit the enzyme in vivo as well as
in vitro.

On the basis of the functional require-
ment of farnesyltransferase for Zn?* (5) and
an analysis of Zn’*-binding geometries
from the Cambridge database (12), we fo-
cused on the -Cys-X-X-Cys- motif found in
several Zn?*-binding proteins and Zn%*-
finger peptides as a model of the CAAX
tetrapeptide in the bound state. In aspartate
transcarbamylase, the two cysteine sulfhy-
dryls coordinate to a single Zn?* atom
enforcing a tetrapeptide loop or turn (13).
We used this geometry to design a model in
which the NH,-terminal cysteine of the
CAAX peptide coordinates through a sulf-
hydryl to Zn?** and the tetrapeptide loops
around to allow additional coordination to
Zn?* through the terminal carboxylate.

On the basis of this model, we designed
and synthesized nonpeptide scaffolds that
could replace all or part of the tetrapeptide
while enforcing the turn-like structure and
providing critical NH,- and COOH-termi-
nal interactions. One such class of com-
pounds consisted of molecules in which the
aliphatic AA portion of the CAAX tetrapep-
tide was replaced with 3-amino-1-carboxy-
methyl-5-phenyl-benzodiazepin-2-one (BZA)
(Fig. 1). We refer to this family of compounds
as benzodiazepine peptidomimetics. The hy-
drophobic BZA scaffold mimics a natural
dipeptide turn, defines a favorable presenta-
tion of the cysteine and COOH-terminal (X)
residues, and vyields potent inhibitors of
CAAX farnesyltransferase.

Several BZA peptidomimetic compounds
were synthesized with standard solid-phase
methods (Fig. 1) (14). The BZA scaffold was
prepared as a racemic mixture, yielding the
benzodiazepine-substituted peptides as sepa-
rable mixtures of two diastereomers (differ-
ing only in configuration at C-3). All of the

Table 1. Inhibition of CAAX farnesyltransferase by benzodiazepine peptidomimetics. The values for
50% inhibition of the farnesylation of H-Ras were obtained in experiments in which each peptide
was tested at multiple concentrations as described in Fig. 2A.

Compound

Number of

Name Structure oo (OM) experiments
CVFM CysValPheMet 39 (14-64)* 1
BZA-1A} Cys(BZA)Met-COOH 380, 450 2
BZA-1B Cys(BZA)Met-COOH 430, 450 2
BZA-2A Cys(N-Me)(BZA)Met-COOH 350, 390 2
BZA-2B Cys(N-Me)(BZA)Met-COOH 0.85 (0.26-1.8) 11
BZA-3A Cys(N-Me)(BZA)Ser-COOH >10,000 2
BZA-3B Cys(N-Me)(BZA)Ser-COOH 8.2 (6.2-10) 3
BZA-4A Cys(N-Me)(BZA)Leu-COOH 84, 100 2
BZA-4B Cys(N-Me)(BZA)Leu-COOH 1.3 (0.5-2.1) 4
BZA-58 Cys(N-Me)(BZA)Met-COOMe 32, 50 2
BZA-6B Cys(N-Me) (BZA)Met-CONH, 6.6, 19 2

*Mean (and range) of values from the indicated number of experiments done over a 3-month period.

1The

designations A and B refer to the two diastereomers with opposite configurations at C-3 (33).
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peptide analogs eluted from a high-perfor-
mance liquid chromatography (HPLC) col-
umn as two peaks, designated as A and B,
and were tested independently as prenyl-
transferase inhibitors. The first of this series,
BZA-1A and -1B were relatively poor inhib-
itors of farnesyltransferase as compared with
CVEM, the best inhibitor that was previous-
ly known (Table 1). N-Methylation of BZA-
1B to produce BZA-2B increased the poten-
cy by more than 400 times. This increase
was specific for the B stereoisomer. We
propose that the high affinity of BZA-2B is a
result of the increase in both conformational
rigidity and hydrophobicity of the (N-Me)
BZA-substituted inhibitor. The improve-
ment observed after N-methylation implies
that the cis conformation about this amide
bond is preferred.

A CAAXfarnesyltransferase

o
RY

Transfer of [3H]farnesyl or [3H]geranylgeranyl (% of control)

401 BzA2B
20k lo.s =55 1M
0 /,1 | EPETTIT BETUTTTT BT eTITT E PITTY T Y
1010 10° 108 107 106 105
Inhibitor (M)

Fig. 2. Differential inhibition of CAAX farnesyl-
transferase (A), CAAX GG transferase (B), and
Rab GG transferase (C) by BZA-2B (O) and
CVFM (@). The assays mixtures contained (in a
final volume of 50 pl) various components (38).
After incubation for 30 min at 37°C, the amount
of [®H]prenyl group transferred to the appropri-
ate protein substrate [H-Ras in (A), H-Ras
(CVLL) in (B), Rab1A in (C)] was measured by
precipitation with either SDS-trichloroacetic
acid (A and B) (4) or ethanol-HCI (C) (37a).
Immediately before use, each compound was
dissolved at a concentration of 10 mM in 100%
DMSO; serially diluted in solution containing
2.5% DMSO, 10 mM DTT, and 0.5% octyl
B-p-glucoside; and added to the 50-pl reaction
mixture in a volume of 20 ul. Each value repre-
sents a single incubation, except for the values
taken as 100%, which are the average of dupli-
cate incubations. The 100% of control values
were 9.1, 3.0, and 6.7 pmol of [®H]farnesyl or
[BH]geranylgeranyl transferred per tube in (A),
(B), and (C), respectively.




We prepared a series of analogs of BZA-
2B in which the COOH-terminal amino
acid was varied (Table 1). BZA-3B, termi-
nating in serine, was only one-sixth as po-
tent as the compounds terminating in me-
thionine (BZA-2B) or leucine (BZA-4B).
The COOH-terminal amide of BZA-2B,
designated BZA-6B, had only one-tenth the
potency of BZA-2B, indicating the impor-
tance of the COOH-terminal negative
charge as observed with simple tetrapeptide
inhibitors (7, 9). COOH-terminal esterifi-
cation (15), as in BZA-5B, also decreased
the activity in vitro, but greatly improved
potency in intact cells (see below).

We compared the inhibitory activity of
BZA-2B on the three known protein prenyl-
transferases (Fig. 2). The compound inhib-
ited modification of Ras by recombinant rat
CAAX farnesyltransferase by 50% at 0.26
nM. The concentration of CVFM required
to achieve the same inhibition was about
200 times greater (Fig. 2A). Two other
prenyltransferases, both of which transfer
20-carbon geranylgeranyl (GG) groups,
have been identified in rat brain. One of
these, CAAX GG transferase, attaches GG
groups to proteins that terminate in CAAX
sequences in which X is leucine (16, 17).
The other enzyme, Rab GG transferase,
recognizes a different class of substrates that
do not terminate in CAAX sequences (18).
BZA-2B inhibited the CAAX GG transfer-
ase at a concentration more than 100 times

Fig. 3. Inhibition of [3H]mevalonate
incorporation into prenylated pro-
teins in monolayers of hamster
Met18b-2 cells by BZA-2B and BZA-
4B. On day 0, stock cultures of
Met18b-2 cells (27) were seeded at a
density of 3 x 10° cells per 60-mm
dish in 3 ml of medium A [Dulbecco’s
modified Eagle’'s medium (DMEM)-
Ham'’s F12 medium (1/1, DMEM/F12)
containing penicillin (100 U/ml), and
streptomycin (100 pg/ml)] supple-
mented with 5% (v/v) fetal calf serum
(FCS). On day 3, each monolayer
was re-fed with 1 ml of medium A
supplemented with 1% FCS (dia-
lyzed against 0.15 M NaCl), 100 pM
compactin (39), and 250 uM of the
indicated compound added in 10 pl
of a 100% DMSO-10 mM DTT solu-
tion. (Immediately before addition to
the medium, each compound was

greater than that required to inhibit CAAX
farnesyltransferase [50% inhibitory concen-
tration (IC,,) = 35 nM] (Fig. 2B) and was
even less active in inhibiting Rab GG trans-
ferase (IC5, = 5.5 pM) (Fig. 2C). CVEM
was a poor inhibitor of CAAX GG transfer-
ase and caused no detectable inhibition of
Rab GG transferase.

BZA-2B, which contains a COOH-ter-
minal methionine, and BZA-4B, which
contains leucine, were equally potent in
inhibiting CAAX farnesyltransferase (ICs,
~1 nM) (Table 1). This result was unex-
pected because leucine-terminated peptides
are much less effective than methionine-
terminated peptides in inhibiting farnesyla-
tion of H-Ras (7). Apparently, the enzyme
does not discriminate between COOH-ter-
minal leucine and methionine residues in
the benzodiazepine peptides, indicating that
important binding determinants are defined
by the cysteine and benzodiazepine substitu-
ents. In contrast, the CAAX GG transferase
was about five times more sensitive to the
leucine-terminated inhibitor (BZA-4B) than
to BZA-2B (IC;, = 7 nM as compared with
36 nM) (19).

In addition to inhibiting the farnesyla-
tion of H-Ras, BZA-2B inhibited incorpo-
ration of [*H]farnesyl pyrophosphate into a
biotinylated heptapeptide that terminated in
CVIM (19), which corresponds to the se-
quence of K-RasB (20). The IC, value was
approximately the same as that observed

Triton-soluble Triton-insoluble

—14

dissolved at a concentration of 25 mM in 100% DMSO-10 mM DTT). After a 2-hour incubation at
37°C, each monolayer received 100 nCi of [*H]mevalonolactone (60 Ci/mmol, American Radiola-
beled Chemicals, Inc.) added in 100 pl of the above medium, and the incubation was continued for
4 hours. The cells were harvested and disrupted in buffer containing 1% (v/v) Triton X-100, after
which a detergent-soluble fraction (supernatant, lanes 1 through 8) and insoluble fraction (pellet,
lanes 1 through 8) were prepared (40). A portion of each fraction (90 ng of protein) was subjected
to electrophoresis on a 12.5% SDS-polyacrylamide gel. The gel was treated with ENTENSIFY
(NEN-DuPont), dried, and exposed to Kodak XOMAT-AR film for 9 hours at —80°C. ['“C]methylated
molecular size standards (Amersham) are shown at the right (in kilodaltons). F-NL, farnesylated
nuclear lamins (25). F-1, F-2, and F-3, farnesylated proteins of unknown function (19, 22). SMG,
small (20 to 27 kD) G proteins, most of which are geranylgeranylated (23, 24).
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with H-Ras as substrate. The BZA-2B com-
pound appeared to be a pure enzyme inhib-
itor and was not itself farnesylated (18), as
indicated by a thin-layer chromatography
assay (9).

To study farnesylation in intact cells, we
used Met18b-2 cells, a line of Chinese ham-
ster ovary (CHO) cells that takes up [*H]me-
valonate efficiently owing to the production
of a mevalonate transport protein (21). The
[*H]mevalonate is converted into [*H]farne-
syl and [*H]geranylgeranyl, which are then
attached to proteins (21). To prevent isoto-
pic dilution of the [*H]mevalonate, we add-
ed compactin, which blocks the synthesis of
unlabeled mevalonate in the cells (21). The
cells were incubated with the benzodiazepine
peptides for 2 hours and then labeled with
[*H]mevalonate for 4 hours, after which the
prenylated proteins were visualized by SDS-
polyacrylamide gel electrophoresis (PAGE)
and autoradiography. A control tetrapep-
tide, Ser-Val-Ile-Met (SVIM), which does
not inhibit prenyltransferases, did not alter
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Fig. 4. Dose dependence of inhibition of [3H]me-
valonate incorporation into prenylated proteins
in Met18b-2 cells by BZA-2B, its methyl ester
(BZA-5B), and its COOH-terminal amide (BZA-
6B). Cells were set up for experiments on day 0
as described (Fig. 3). On day 3, monolayers
were re-fed with 1 ml of medium A containing
1% dialyzed FCS, 100 pM compactin, and 10 pl
of a 100% DMSO-10 mM DTT solution contain-
ing varying concentrations of the indicated com-
pound. After a 2-hour incubation at 37°C, each
dish received 100 p.Ci of [*H]mevalonolactone,
and the incubation was continued for 4 hours.
The cells were disrupted in Triton X-100 (40),
and the detergent-soluble fraction was subject-
ed to SDS electrophoresis. The gel was exposed
to film for 40 hours at —80°C. The designations
F-1, F-2, F-3, and SMG at the left are as de-
scribed in Fig. 3. Molecular size standards are
shown at the right (in kilodaltons).
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the pattern of farnesylated proteins in the
cells and was used as a control for all exper-
iments. In the presence of SVIM, [H]me-
valonate was incorporated into Triton-solu-
ble and Triton-insoluble proteins (Fig. 3).
The Triton-soluble proteins marked F-1,
F-2, and F-3 (unknown functions) are farne-
sylated (19, 22). The labeled bands of 20 to
27 kD consist largely of small molecular size
GTP-binding proteins (G proteins) (23), the
vast majority of which are geranylgeranylated
(24). The major proteins in the Triton-insol-
uble pellet are the nuclear lamins A and B,
which are farnesylated (25).

At a concentration of 250 uM, CVIM
and CVFM, two tetrapeptides that inhibit
CAAX farnesyltransferase in vitro (9), did
not alter prenylation in the intact cells (Fig.
3). On the other hand, two benzodiazepine
peptidomimetics, BZA-2B and BZA-4B,
markedly decreased the labeling of all three
Triton-soluble farnesylated proteins (F-1 to
F-3) and reduced moderately the labeling of
the farnesylated lamins (F-NL). The inhib-
itors had little effect on the geranylgeranyl-
ated small molecular size G proteins (SMG).
The less active diasteromers of these com-
pounds (BZA-2A and BZA-4A) did not
inhibit prenylation in intact cells. BZA-3B,
the serine-terminating benzodiazepine, did
not inhibit prenylation in intact cells (Fig.
3) even though it was a moderately potent
inhibitor in vitro (Table 1).

In Met18b-2 cells, BZA-5B (the methyl
ester of BZA-2B) was a much more potent
inhibitor than the parent compound in the
intact cell even though it was less potent in
the in vitro assay (Fig. 4). It inhibited
farnesylation of proteins F-1 to F-3 at 10 uM
and almost completely inhibited their farne-
sylation at 25 pM. Ten times more BZA-2B
than BZA-5B was required to produce the
same inhibition. BZA-6B, the amidated ver-
sion of BZA-2B, was more potent than the
parent compound, but not as potent as the
methyl ester derivative. The control benzo-
diazepine, BZA-2A (250 pM), did not in-
hibit farnesylation. Inhibition of protein far-
nesylation in intact Met18b-2 cells by BZA-
2B persisted for 24 hours and was reversed
within 4 hours when the inhibitor was re-
moved by washing of the cells (19).

To demonstrate the inhibition of farne-
sylation of Ras proteins directly, we incubat-
ed Met18b-2 cells with [*H]mevalonate and
then immunoprecipitated the cell extracts
with a monoclonal antibody that reacts with
all four Ras proteins (Fig. 5). Increasing
concentrations of BZA-5B did not detect-
ably inhibit the incorporation of radioactiv-
ity into the abundant small molecular size G
proteins, most of which are geranylgeranyl-
ated. At 50 pM, however, the compound
abolished incorporation of [*H]mevalonate
into immunoprecipitated Ras proteins. Inhi-
bition was readily detectable at 10 pM.
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SVIM and BZA-2A, which do not inhibit
[*H]mevalonate incorporation into farnesyl-
ated proteins (Figs. 3 and 4), also did not
inhibit the farnesylation of Ras proteins
(Fig. 5).

Ratl fibroblasts transformed with an ac-
tivated mutant of H-Ras(Gly12Val) grow in
multilayered clumps, indicative of malignant
transformation (Fig. 6A). Incubation with
BZA-2B (200 pM) for 5 days reversed the
transformed phenotype (Fig. 6B), whereas
BZA-2A had no effect (Fig. 6A). This
change in morphology is similar to that seen
after injection of antibodies to Ras into
Ras-transformed cells (26). Ratl fibroblasts
transformed with the Src oncogene also grew
in a multilayered pattern (Fig. 6C), but this
pattern of growth was not affected by BZA-2B
(Fig. 6D). The compound also had no appar-
ent effect on the morphology of untrans-
formed Ratl fibroblasts (Fig. 6, E and F).

Fig. 5. Inhibition of [3H]mevalonate incorpo-
ration into Ras proteins in Met18b-2 cells by
BZA-5B. Cells were set up for experiments on
day 0 as described (Fig. 3). On day 3, mono-
layers were treated with varying concentrations
of the indicated compound and labeled with
[®H]mevalonolactone as in Fig. 3. The cells
were disrupted in Triton X-100 (40), and a
portion of the detergent-soluble fraction (50 pg
of protein) was analyzed by SDS-PAGE (lanes 1
through 5) as in Fig. 3. Another portion (300 pg
of protein) from each dish was also analyzed by
immunoprecipitation with a monoclonal anti-
body to Ras (47), followed by electrophoresis
(lanes 6 through 10). Lanes 1 through 5 were
exposed to film for 16 hours at —80°C; lanes 6
through 10 for 72 hours. The designation SMG

..

The effect of farnesyltransferase inhibi-
tion on cell growth was examined after the
same three cell lines were seeded at low
density and allowed to grow for 10 days in
the absence or presence of various concen-
trations of BZA-5B. In the absence of the
inhibitor, all three cell lines grew logarith-
mically (Fig. 7). In the presence of BZA-5B,
the growth of Ras-transformed Ratl fibro-
blasts was inhibited in a time- and dose-
dependent manner, reaching ~90% inhibi-
tion after 10 days in the presence of 25 pM
BZA-5B (Fig. 7B). The growth of Src-
transformed (Fig. 7D) and untransformed
Ratl cells (Fig. 7F) was not affected at
concentrations of BZA-5B up to 25 pM.
The other isomer, BZA-5A, had no inhibi-
tory effect on the growth of any of the three
cell lines at 25 pM (19).

In similar experiments of 5 days dura-
tion, BZA-5B (75 wM) inhibited the

Triton-soluble Anti-Ras
T e 2 )
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wn m m w o m

r 1 r 1

1 2n 8 4 a8 7817910

is as described in Fig. 3. Molecular size standards are shown on the right (in kilodaltons).

BZA-2A
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Fig. 6. Morphology of H-
Ras(Gly12Val)-transformed
Rat1 fibroblasts (A and B),
Src-transformed Rat1 fibro-
blasts (C and D), and un-
transformed Rat1 fibroblasts
(E and F) incubated in the
presence of either BZA-2A
(A, C, and E) or BZA-2B (B,
D, and F). On day 0, cells
(42) were plated in mono-
layer culture at 3 x 108 cells
per well (24-well plates) in 1
ml of DMEM supplemented
with 10% FCS, penicillin
(100 U/ml), streptomycin
(100 pg/ml), 0.7% DMSO,
and 0.5 mM DTT inthe pres-
ence of 200 uM of the indi-
cated compound. On day 3,
cells were re-fed with the
same medium. On day 5,
the cells were photo-
graphed under contrast at a
magnification of 100x.



growth of H-Ras(Glyl2Val)—transformed
mouse myoblasts (C41 cell line) by 80%,
but had no effect on the growth of the
parental untransformed myoblasts (C2 cell
line). BZA-5B also reversed the morpho-
logical phenotype of NIH 3T3 cells trans-
formed by the K-RasB of Kirsten murine
sarcoma virus (DT-1 cell line) (19).

The lack of reversion of the Src-trans-
formed phenotype in Ratl fibroblasts was
unexpected, because a neutralizing antibody
to Ras and a dominant negative H-Ras
mutant blocked transformation by Src in
NIH 3T3 cells (27). The current experi-
ments were done with cells that were grow-
ing actively in high concentrations of serum.
These cells, which are receiving multiple
growth signals, seem to be able to tolerate an
inhibition of farnesyltransferase. Whether
these findings can be generalized to other
cells in other growth conditions remains to
be demonstrated.

The benzodiazepine peptidomimetics are
peptidomimetic inhibitors of farnesyltrans-
ferase that block the activity of the enzyme
in intact cells. Protein farnesyltransferase
inhibitors produced by a strain of Streptomy-
ces have been identified (28). These com-
pounds, related in structure to the antibiotic
manumycin, had inhibitory constants in the
range of 1 to 5 pM and appeared to act
competitively with regard to the farnesyl

pyrophosphate substrate. Although these
compounds were not demonstrated to inhib-
it farnesylation in intact animal cells, the
most potent one decreased the size of a
Ras-dependent tumor in nude mice. The
mechanism for this in vivo effect was not
elucidated.

Other microbial inhibitors of protein
farnesyltransferase include a series of
gliotoxins (inhibitory constants in the
range of 1 uM) and pepticinnamins (29).
The latter are pentapeptides with inhibitory
constants as low as 0.3 wM. Neither of
these classes of compounds has been shown
to be effective in intact cells. A (a-hydroxy-
farnesyl)phosphonic acid acutely causes a
partial inhibition of Ras farnesylation in
intact cells (30). The effects of this com-
pound on other prenylation reactions in vivo
were not tested, and it is not known whether
this compound would affect the Ras-trans-
formed phenotype.

The high potency of the benzodiazepine
peptidomimetics is consistent with our ini-
tial hypothesis that the tetrapeptide sub-
strate binds to the farnesyltransferase in a
turn conformation, which would place the
NH,-terminal cysteine and the COOH-
terminal methionine in close approxima-
tion to where both might interact with the
Zn** atom that is known to be essential for
peptide binding (5). These findings there-

Fig. 7. Inhibition of cell growth of No BZA-5B Inhibition by BZA-58
H-Ras(Gly12Val)-transformed Rat1 500 AH-Ras a |[BH-Ras

fibroblasts (A and B), but not Src- _e o100
transformed Rat1 fibroblasts (C ~e N

and D), or untransformed Rat1 fi- 100 - }3\ Day3 g0
broblasts (E and F). On day 0, cells 50¢ [ O\

(42) were plated in monolayer cul- o —60
ture at 2 x 108 cells per well (24- 10 \ o

well plates) in 1 ml of DMEM sup- S = A Day7 ~ 4o
plemented with 10% FCS, penicillin u N Day 10

(100 U/ml), streptomycin (100 pg/ L3 \A/\ 420
ml), 0.5 mM DTT, 0.025% DMSO, 0.5P Al o
and the indicated concentration of 0.2 L1 | L1 1 5 @
BZA-5B. On days 3 and 7, cells g 200LC Src - DSrg 3
were re-fed with the same medium. + 100 é,@g AA e O 3
At the indicated time, cells were = 50 / =g O =0 g
harvested by trypsinization and 2 w L oDawv3 B0 R
counted in a Coulter counter. (A, C, & 1 pS Da§ ; Qo
and E) Growth rate of each cell line @ 5 L ADay10 Jgo §
in the absence of BZA-5B. (B, D, 3 Fl
and F) Inhibition of growth as a .g 1 L L dao 3
function of BZA-5B concentration at = 0.5 / g
each time point. The values taken -é 0.2 R §
as 100% correspond to the appro- 3 [ S B I N S B X
priate cell numbers in (4), (C), and Z2 F Untransformed g

(E) at the indicated time. Each val-

00- E Untransformed g
100

/P
i ; i 50 a7/ O
ue represents a single incubation. . ‘IQ-A\g: 2 100
1 - 480
5 ® Day 3
L ODay7 g0
1 ] A Day 10
0.5 o 40
0.2 [ ] | | | 1 | LT
0 2 4 6 8 10 0 5 10 15 20 25
Time (days) BZA-5B (uM)
SCIENCE ¢ VOL. 260 * 25]JUNE 1993
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fore raise the possibility that a large variety
of inhibitors could be synthesized from
mimics of the dipeptide turn motif.

Our experiments suggest that benzodiaz-
epine peptidomimetics can reverse the phe-
notype of Ras-transformed cells at concen-
trations that permit the long-term growth of
normal cells. This raises the possibility that
partial inhibition of farnesyltransferase may
allow cells to synthesize sufficient farnesyl-
ated nuclear lamins and other proteins to
allow growth while blocking the action of
mutant oncogenic Ras proteins. It is also
possible that GTPase-defective Ras proteins
act as dominant negative regulators of cell
growth when they are rendered cytosolic by
inhibition of farnesyltransferase. Untrans-
formed cells, lacking a mutant Ras protein,
would be protected from this inhibitory effect.
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Induction of Type | Diabetes by Interferon-a
in Transgenic Mice

T. A. Stewart,* B. Hultgren, X. Huang, S. Pitts-Meek, J. Hully,
N. J. MacLachlan

Type | diabetes is an autoimmune disease involving an interaction between an epigenetic
event (possibly a viral infection), the pancreatic B cells, and the immune system in a
genetically susceptible host. The possibility that the type | interferons could mediate this
interaction was tested with transgenic mice in which the insulin-producing B cells expressed
an interferon-a. These mice developed a hypoinsulinemic diabetes associated with a mixed
inflammation centered on the islets. The inflammation and the diabetes were prevented
with a neutralizing antibody to the interferon-a. Thus, the expression of interferon-o by the
B cells could be causal in the development of type | diabetes, which suggests a therapeutic

approach to this disease.

Type I diabetes is caused by the progressive
loss of pancreatic B cells and is associated
with several autoimmune phenomena (1).
Although particular alleles closely linked to
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the major histocompatibility complex
(MHC) class II locus increase the risk of
developing type I diabetes (2), studies of
identical twins have implicated poorly
characterized environmental factors in the
initiation of the disease (3). Several reports
have suggested that viral infections could
be these environmental agents in type I
diabetes (4). However, many different vi-
ruses are epidemiologically linked to diabe-





