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utant Ras proteins are one of the
most important classes of onco-
gene products and are thus logi-

cal targets for cancer chemotherapeutics.
Ras, both mutant and normal forms, must
be farnesylated by protein faresyltrans-
ferase (FTase) for proper processing, subcel-
lular localization, and thus biological activ-
ity (Figure 1). Therefore, significant effort has
been focused on the development of small-
molecule FTase inhibitors (FTls) as anti-
cancer, anti-Ras therapeutics. Two FTls are
in advanced clinical trials (2). The clinical
data have demonstrated, however, that FTIs
do not function as anti-Ras agents, be-
cause K-Ras is alternatively prenylated by
geranylgeranyltransferase | upon FTl treat-
ment (2, 3). The cellular (4) and clinical (2)
efficacy of FTls does not correlate with Ras
mutational status. The FTI effectiveness ob-
served in non-Ras-positive tumor cells is
presumably elicited via inhibition of the far-
nesylation of other proteins crucial to the
growth of tumors. This has led to significant
interest in defining the entire set of mamma-
lian prenylated proteins and determining
their biological roles (5).

Many proteins bearing a Ca,a,X se-
quence at their carboxyl terminus are modi-
fied by FTase using the C, 5 isoprenoid farne-
syl diphosphate (FPP) as a co-substrate.
Substrate prediction models have estimated
that there are >60 farnesylated cellular
proteins (6, 7), containing a wide variety of
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C-terminal sequences, and the inhibition of
faresylation of any individual or a combina-
tion of these proteins could be responsible
for the antitumor effects of FTI treatment.
The investigation of potential “protein-X”
FTI targets has uncovered several proteins
whose inactivation upon FTl treatment led to
profound cellular consequences (8). Corre-
spondingly, the investigation of the role of
the famesyl group on cellular proteins has
been aided by the development of FTls.
However, using FTls to investigate the func-
tion of the famesyl lipid for an individual
protein is cumbersome, as they are non-
specific tools. FTIs presumably block the far-
nesylation of all FTase substrate proteins in
mammalian cells. Chemical agents that are
capable of modulating the farnesylation of
selected proteins would allow for a more
precise determination of their individual
roles in the cell and the functions of their
lipid moieties. Recent biochemical studies
in our laboratory have demonstrated that a
3-methylbutenyl-modified FPP analogue can
alter the peptide substrate specificity and
act as a selective modulator of peptide far-
nesylation (9). Such FPP analogues may pro-
vide tools to inhibit the farnesylation of se-
lect proteins and thus to interrogate the
function of their farnesyl moieties in a more
individualized manner.

Before FPP analogues can be used as cel-
lular tools to probe protein prenylation, sev-
eral issues must be addressed.

ABSTRACT The cell has >60 different farne-
sylated proteins. Many critically important signal
transduction proteins are post-translationally
modified with attachment of a farnesyl isopre-
noid catalyzed by protein farnesyltransferase
(FTase). Recently, it has been shown that farne-
syl diphosphate (FPP) analogues can alter the
peptide substrate specificity of FTase. We have
used combinatorial screening of FPP analogues
and peptide substrates to identify patterns in
FTase substrate selectivity. Each FPP analogue
displays a unique pattern of substrate reactivity
with the tested peptides; FTase efficiently cata-
lyzes the transfer of an FPP analogue selectively
to one peptide and not another. Furthermore, we
have demonstrated that these analogues can en-
ter cells and be incorporated into proteins. These
FPP analogues could serve as selective tools to
examine the role prenylation plays in individual
protein function.
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Figure 1. Post-translational modification of a CaaX protein. Icmt = Isopre-
nylcysteine carboxyl methyltransferase; Rce-1 = Ras and a-factor convert-

ing enzyme.

Is the phenomenon observed previously a
general one? Will a similar selectivity pattern
be seen with other FPP analogues and other
CaaX peptide sequences? Can the FPP ana-
logues be used to selectively modify prenyl-
ated proteins in target cells? Finally, can we
rationally develop selective modulators of
prenylation with one particular protein tar-
get in mind? With regard to this last ques-
tion, the extensive structural studies of
Beese and colleagues (10) on FTase may
provide an important clue. FTase crystal
structures demonstrate that the 7-position
of the isoprenoid backbone exists in a con-
formation that interacts with the a, side
chain of the peptide substrate. Because of
this interaction, we hypothesized that sub-
stituents placed at the 7-position of FPP
would modulate the CaaX peptide sequence
specificity of FTase in a predictable man-
ner: FPP analogues with larger 7-substit-
uents would favor transfer to less bulky

(1) 6,7-Dihydro-7-desmethyl FPP —H

(2) FPP —CH, (8) 7-Isobutyl FPP \ <

(3) 7-Vinyl FPP N\ (9) 7-Methylbutenyl FPP 4\:<

(4) 7-Allyl FPP "\ (10) 7-Neopentyl FPP 3\7 CaaX  Protein
CCVM  PRL-3

5) 7-Homoallyl FPP ‘\—\ 11) 7-Phenyl FPP CVWM  N-Ras

©) y A Y @ CVIM  K-Ras
CVLS  H-Ras
CVIS Transducin y

(6) 7-Ethyl FPP A\ CKVL  RhoB
CKTQ  CENP-E

(7) 7-Isopropyl FPP

7-substituents.
Therefore, we
synthesized a
set of FPP ana-
logues with diverse substituents, ranging
in size from hydrogen to neopentyl and
phenyl, in the 7-position (21) and then
screened their reactivity with CaaX peptides
(Figure 2). We selected seven CaaX box se-
quences taken from key FTase substrates,
RhoB, PRL-3, CENP-E, transducin v, and the
H-, N-, and K-Ras proteins. The analogue/
CaaX pairs were screened individually us-
ing established fluorometric methods for
monitoring FTase activity with dansylated-
GCaaX peptides (dnGCaaX), which we have
modified for a 96-well plate format (12, 13).
The assay measures the increase and blue
shift in fluorescence that is believed to be
attributable to the change in hydrophobic-
ity surrounding the dansyl fluorophore upon
farmesylation of the dnGCaaX peptide by
FTase.

The 11 FPP analogues were qualitatively
screened via the fluorescence assay with
each of the seven dnGCaaX peptides to

4<

identify patterns in analogue-induced FTase
substrate selectivity. Formation of farnesy-
lated peptide was also confirmed by HPLC
analysis. The screening of the analogue/
CaaX peptide pairs revealed that for each
FPP analogue FTase catalyzed a unique pat-
tern of selectivity with the seven CaaX pep-
tides (Figure 3). The analogues exhibit a
wide range of reactivity. For instance,
7-desmethyl FPP reacts readily with all of
the CaaX peptides tested, but 7-phenyl FPP
reacts with only a limited number of these
same peptides. The 7-neopentyl FPP ana-
logue reacts efficiently with dnGCVIS but
not with dnGCKTQ, whereas FTase readily
catalyzes the farnesylation of dnGCKVL us-
ing the 7-vinyl and 7-ethyl FPP analogues
but not other FPP analogues, including
3-methylbutenyl FPP (9). One interesting
pattern seen from the screen is that FTase
is able to use 7-phenyl FPP to catalyze pre-
nylation of CaaX peptides only where X =
methionine. A second intriguing result is
that 7-allyl FPP reacts with CaaX peptides
only where a, is isoleucine.

Initially, we anticipated that the relative
sizes of the a, side chain and the 7-substit-
uent of the FPP analogue would predict the
reactivity of the CaaX peptide/analogue
combinations. However, the data are not
consistent with this hypothesis. The N-Ras
and K-Ras peptides, dnGCVVM and
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Figure 2. Structures of the 7-substituted FPP analogues and dansylated CaaX box peptides.
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Figure 3. Heat map showing the ability of 7-substituted FPP analogues to act as with FPP
substrates for prenylation of CaaX peptides catalyzed by FTase. Data shown rep- .
resent the increase in fluorescence intensity 30 min after FTase addition. IS 5.4:1
(data not

dnGCVIM, only differ in the size of the a,
side chain, where K-Ras (CVIM) possesses
the bulkier isoleucine residue and N-Ras
(CVVM) has the slightly smaller valine.

Our expectation was that the less bulky
7-desmethyl analogue would react preferen-
tially with peptides bearing bulkier residues
at the a, position, whereas the converse
would be observed with the bulky 7-neo-
pentyl and 7-phenyl analogues. Instead,
the opposite behavior was observed

(Figure 3): the 7-desmethyl FPP analogue re-
acts more readily with the less bulky pep-
tide CVWM. Furthermore, 7-neopentyl FPP re-
acts more readily with CVIM, although the
reactivity is low with both peptides. Also,
note the remarkable increased reactivity of
the 7-vinyl and 7-homoallyl FPP analogues
compared to that of the 7-allyl analogue
with almost all of the peptides screened.
The vinyl and homoallyl substituents differ
from allyl by a single carbon in size, yet
these analogues have very different bio-
chemical activity compared to that of 7-allyl
FPP. At this point, we cannot shed any light
on the reason for this variation in activity,
which is in sharp contrast to our prediction
that steric bulk would play a dominant fac-
tor in controlling reactivity in a predictable

manner. A second but potentially useful un-

expected result is that some analogues
serve as more efficient co-substrates for
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shown). The factors influencing FTase sub-
strate selectivity are not fully understood
(14). Alterations in rate constants for

either isoprenoid rearrangement prior

to farnesylation, chemical transfer, or
substrate-mediated product release could
result in the observed modulation of reactiv-
ity with these analogues (15).

The unique ability of these analogues to
modulate the famesylation of FTase substrate
peptides can be utilized for multiple pur-
poses. The selective modification of peptide
substrates by these FPP analogues could pro-
vide tools to study the function of protein lip-
idation. Because FTls presumably block the
famesylation of all substrate proteins, the use
of these FTase modulators can aid in the ex-
perimental determination
of protein function, as well
as the role the lipid plays
in that function. To directly
determine that these
FTase modulators exhibit
selectivity for CaaX sub-
strates, we monitored the
selective famesylation of
CaaX peptide pairs with an
HPLC assay. After co-
incubation of 7-isopropyl
FPP with dnGCVLS and
dnGCKVL, FTase catalyzed
the selective transfer of

cells.

7-lsopropyl FPP

7-Desmethyl FPP

<—Tubulin
<«—Unfarnesylated Ras
“~Farnesylated Ras

7-Neopentyl FPP

7-isopropyl FPP to dnGCVLS with no detect-
able transfer of the analogue to the dnGCKVL
peptide (Supplementary Figure 3), consis-
tent with the results of our screen. These
data suggest that FPP analogues could be
used to selectively modify a particular FTase
protein substrate in cells.

For our biochemical results to have bio-
logical relevance, these molecules must be
able to modify proteins in the cell. Other FPP
analogues have been shown to enter the
cell and become incorporated into proteins
(16-18). In Jurkat T cells, we examined the
incorporation of 7-isopropyl FPP (predicted
substrate), 7-desmethyl FPP (predicted sub-
strate), and 7-neopentyl FPP (predicted non-
substrate) into endogenously expressed
N-Ras (Figure 4). Treatment with lovastatin
alone resulted in a mobility shift in N-Ras
commonly seen for unfamesylated protein
(lanes 1 and 2). After co-treatment with lov-
astatin and the FPP analogue, the reappear-
ance of a farnesylated protein was seen
with 7-desmethyl and 7-isopropyl FPP and
can be attributed to famesylation by the
added FPP analogue (lanes 4-6). No in-
crease in farnesylated protein was seen in
7-neopentyl FPP-treated cells. These data
are consistent with the biochemical screen-
ing assays where both 7-isopropyl and
7-desmethyl FPP function as efficient isopre-
noid donors for FTase-catalyzed prenylation

<«—Tubulin

« Unfarnesylated Ras
“—Farnesylated Ras

<—Tubulin

<« Unfarnesylated Ras
< Farnesylated Ras

Lovastatin (uM) 0 90 0 9 9 90
FPP analogue (uM) 0 0 50 10 30 50

Figure 4. Incorporation of FPP analogues onto N-Ras in Jurkat T
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of the N-Ras CaaX box (dnGCVVM), but
7-neopentyl FPP does not. We do not have
any quantitative data on the stability of the
diphosphates and on their ability to enter
the cell. However, we have found that all FPP
analogues that are substrates for the N-Ras
peptide in vitro are incorporated on N-Ras in
cells (unpublished results). This indicates
that uptake and/or stability issues are not
limiting with the set of analogues we have
looked at thus far. Looking toward future cel-
lular and in vivo studies, we have devel-
oped a prodrug strategy to introduce farne-
syl monophosphates (potential precursors
of the diphosphates described in this paper)
into cells (19). The cellular incorporation
data demonstrate that the 7-substituted FPP
analogues show similar selectivity for CaaX
peptides and proteins in both cells and in
vitro. Note that a very different reactivity
pattern would have been predicted with
the CaaX substrate CVIS, which is a cosub-
strate with 7-neopentyl FPP but not with
7-isopropyl FPP. Therefore, these analogues
should be useful for studying the biological
function of the lipid modification on indi-
vidual proteins (20, 21).

To more directly address the issue of
analogue-induced CaaX selectivity, we per-
formed a comparison experiment on the
ability of 7-allyl FPP to be incorporated into
GFP-labeled K-Ras and N-Ras in Jurkat cells.
After mislocalization due to statin treatment,
incorporation with the unnatural FPP ana-
logue is indicated by the restoration of the
membrane localization of K- or N-Ras. From
the biochemical experiments summarized
in Figure 3, it would be expected that 7-allyl
FPP would be much more effective at restor-
ing the localization of K-Ras than N-Ras,
and this was observed (Supplementary
Figure 4). In particular, 10 uM 7-allyl FPP
led to almost complete (~90%) recovery of
normal localization of GFP-K-Ras in Jurkat
cells, but 30 wM 7-allyl FPP led to only
~50% recovery of normal N-Ras localiza-
tion. Ras isoforms have different biological
functions (22), and thus a chemical tool that
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only modified K-Ras would allow for a more
specific interrogation of this biology. Note
also that Ras isoforms exhibit different cellu-
lar localization and different signaling from
these diverse locations (23, 24). It has be-
come clear over the past several years that
the famesyl moieties of Ras proteins play a
more complex role in their biological activity
than simple membrane attachment (25).
Selective incorporation of a modified lipid
into one Ras isoform may alter the function
of this isoform as a result of an interference
with farnesyl—protein interactions (26) but
not the other Ras forms.

This study provides preliminary answers
to key questions regarding the substrate se-
lectivity of FTase posed eatrlier. First, the
phenomenon where FPP analogues can in-
duce FTase peptide specificity is clearly a
general one. Although certain CaaX peptides
are inherently poor substrates, a change in
the structure of the prenyldiphosphate co-
substrate can lead to a striking enhance-
ment of faresylation activity catalyzed by
FTase. Moreover, this selective prenylation
also occurs in a cellular setting, as we have
demonstrated by both Western analysis and
localization of GFP-Ras constructs. How-
ever, we have not yet determined the under-
lying mechanism for this selectivity that
would allow the rational design of selective
modulators of prenylation.

The 7-substituted FPP analogues were
designed to alter the selectivity of prenyla-
tion of CaaX peptides catalyzed by FTase.
Combinatorial screening assays demon-
strate that these FPP analogues lead to di-
verse, interesting, and potentially useful pat-
terns in the substrate selectivity of FTase
for prenylation of CaaX peptides. These
large changes in selectivity based on alter-
ation of the structure of the co-substrate
rather than the protein are unprecedented
in enzymology. The FTase modulators may
exert their effects through altering the rate
constants for the isoprenoid rearrangement
prior to chemistry, the chemical transfer, or
the substrate-mediated product release. As
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the product release is the rate-limiting step
for this enzyme at substrate concentrations
where the enzyme is saturated and requires
an additional isoprenoid to bind into the ac-
tive site (27), this last step in farnesylation
may be an excellent place to begin investi-
gating the mechanism of these modulators.
Though we do not yet understand the exact
molecular basis for the different peptide se-
lectivity patterns exhibited with FPP ana-
logues, these analogues provide potentially
valuable tools for studying the function of
protein prenylation in the cell. Preliminary
evidence, both biochemical and cellular,
suggests that selected analogues could
block the farnesylation of a small subset of
cellular proteins. These chemical tools could
also allow for the selective modification of
proteins with structurally diverse prenyl moi-
eties. Such unnatural lipidation may inter-
fere with prenyl—protein interactions (21),
providing a powerful chemical tool, analo-
gous to the use of glycoengineering for the
study of glycosylated proteins (28). By ma-
nipulating the available intracellular isopre-
noid donor to modify FTase substrate pro-
teins, the localization and function of a
small number of faresylated proteins can
be modulated and investigated in a cell.

METHODS

Materials. Amino acids and resins were from
Chem Impex, Inc. Chemicals for FPP analogue syn-
thesis were obtained from Sigma-Aldrich.

Cell Culture. Jurkat T cells (E6.1) purchased
from ATCC were maintained in log phase growth
in RPMI (Roswell Park Memorial Institute) media
supplemented with 7.5% inactivated fetal calf
serum (Harland), 50 units mL™* penicillin,

50 pg mL~" streptomycin, 1 mM MEM sodium
pyruvate, and 50 uM 2-mercaptoethanol at 37 °C
in 6% CO,.

Chemical Syntheses. The syntheses of the
7-substituted FPP analogues 1, 3, 4, and 6-8
have been previously published (11). Analogues
5 and 9-11 were synthesized according to the
same methods, and full details for their prep-
aration will be reported later. The fluorescently
labeled peptides were prepared using 9-fluor-
enylmethyl carbamate solid-phase peptide chem-
istry, as previously reported (9).

Fluorescence Assay. The fluorescence assay
was based on published protocols (12, 13). As-
says were performed in triplicate using FPP or FPP
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analogue (1, 3, or 9 pM), dansylated peptide

(3 wM), and 50 nM FTase in 52 mM Tris at pH 7.5
with 5.8 wM DTT, 12 uM MgCl,, and 12 uM ZnCl,.
Assays were performed in 96-well plates (Nunc
F96 Microwell Plates, black) with a final reaction
volume of 200 L. Assays were initiated with

10 pl of 1 wM recombinant rat FTase (29), and
the peptide fluorescence was measured at 0, 30,
and 60 min on a Perkin-Elmer Fusion plate reader
(excitation 335 nm, emission 485 or 535 nm). For
the data presented in Figure 3, farnesylation,
monitored by a fluorescence increase under k_,
conditions for reaction of dnGCVIM with FPP
(Supplementary Figure 1), was measured after

30 min of reaction with FTase. To compare the fluo-
rescence increases for the CaaX peptides, the fluo-
rescence enhancement seen for the farnesylation
of each peptide was measured, and a fluorescence
enhancement factor was determined and used to
normalize the results (Supplementary Figure 2).

HPLC. The HPLC assays were performed in the
same manner as the fluorescence assay except
that the reactions were quenched with acetoni-
trile at 0, 5, 30, or 60 min and then analyzed us-
ing an Agilent 1100 HPLC with a Zorbax Eclipse
XDB RP-Cg column. Samples were eluted with a
20-100% acetonitrile/0.025% TFA,,, gradient
over 30 min (1 mL min~?) and detected by absor-
bance (254 nm) and fluorescence (excitation
335 nm, emission 486 nm).

Incorporation of farnesyl analogues onto N-Ras
in Jurkat T cells. Jurkat T cells (3-5 X 10° cells
mL™?) were treated with lovastatin alone, lovasta-
tin plus FPP analogues, or delivery solution alone
(NH,HCO,). Cells were lysed in 1% Triton X-100 ly-
sis buffer (25 mM Hepes, pH 7.2, 150 mM NacCl,
1% NP40, 5 mM EDTA, 10 wg mL™" of leupeptin
and aprotinin, and 1 mM sodium vanadate), re-
solved on SDS-PAGE gels, transferred to a nitro-
cellulose membrane, blocked with Odyssey Infra-
red Imaging System blocking buffer (Li-Cor
Biosciences, 927-40000), and incubated over-
night in primary antibody (1:500 anti-N-Ras,
1:100,000 antitubulin) diluted in Odyssey Infra-
red Imaging System blocking buffer containing
0.3% Tween. The membranes were washed with
PBS containing 0.1% Tween-20 (4 X 10 min), in-
cubated in secondary antibody (1:5000 GAM) for
1 h at RT, and washed with PBS containing 0.1%
Tween-20 followed by four PBS washes (10 min
each). Blots were visualized using the Odyssey Im-
aging System (Li-Cor Biosciences).
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