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ABSTRACT. Sequential processing of H-Ras by protein farnesyl transferase (FTase), Ras converting enzyme
(Rcel), and proteis-isoprenylcysteingd-methyltransferase (Ilcmt) to give H-Ras C-terminal farnesyl-
Scysteine methyl ester is required for appropriate H-Ras membrane localization and function, including
activation of the mitogen-activated protein kinase (MAPK) cascade. We employedapus lagis oocyte
whole-cell model system to examine whether anilinogeranyl diphosphate analogues of similar shape and
size, but with a hydrophobicity different from that of the FTase substrate farnesyl diphosphate (FPP),
could ablate biological function of H-Ras. Analysis of oocyte maturation kinetics following microinjection

of in vitro analogue-modified H-Ras into isoprenoid-depleted oocytes revealed that analogues with a
hydrophobicity near that of FPP supported H-Ras biological function, while the analqgues
nitroanilinogerany! diphosphat@-NO,-AGPP), p-cyanoanilinogeranyl diphosphate-CN-AGPP), and
isoxazolaminogeranyl diphosphate (Isox-GPP) with hydrophobicitigs@ders of magnitude lower than

that of FPP did not. We found that although H-Ras modified with FPP analqgb3-AGPP, p-CN-

AGPP, and Isox-GPP was an efficient substrate for C-terminal postprenylation processing by Rcel and
Icmt, co-injection of H-Ras with analogu@sNO,-AGPP, p-CN-AGPP, or Isox-GPP could not activate
MAPK. We propose that H-Ras biological function requires a minimum lipophilicity of the prenyl group

to allow important interactions downstream of the C-terminal processed H-Ras protein. The hydrophilic
FPP analogugs-NO,-AGPP,p-CN-AGPP, and Isox-GPP are H-Ras function inhibitors (RFIs) and serve

as lead compounds for a unique class of potential anticancer therapeutics.

A wide variety of proteins, including Ras, require post- translational modifications (Figure 2) that direct membrane
translational prenylation for their proper membrane localiza- localization and potentially proteirprotein interactions for
tion and activity (—5). Protein farnesyltransferase (FTdse) a variety of proteins involved in cellular regulatory events
catalyzes the transfer of a farnesyl group from farnesyl (10—13). After farnesylation, the :@X peptide is cleaved
diphosphate (FPPL, Figure 1) to proteins with a cysteine by the endopeptidase Rcelld( 15) followed by methylation
residue located in a C-terminal @aX motif, where C is of the carboxyl of the now terminal farnesylated cysteine
the modified cysteine,;aand a are often aliphatic residues, residue by proteilg-isoprenylcysteing®-methyltransferase
and X is Ser, Met, Ala, or GIn6—9). Farnesylation is the  (Ilcmt) (16). The hydrophobic moment of some of these
first and obligatory step in an ordered series of post-
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Ficure 2: Farnesylated protein processing.

proteins is further increased by palmitoylation at one or two of FTase inhibitors (FTIs) which block Ras farnesylation,
cysteine residues near the farnesylated C-termihésl@). appropriate subcellular localization, and activity, in addition
Specifically, prenylation is obligatory for the oncogenic to inhibiting growth of H-Ras transformed cells. Various FTls
effects of mutant Rasl@). Mutated forms of Ras genes are are currently in phasedlll clinical trials as antineoplastic

among the most common genetic abnormalities in humanagents 23—25). Similar post-translational modifications

cancer, occurring in 1030% of all neoplasms20—22). occur on a diverse array of farnesylated cellular proteins,
These observations have led to the development of a numbenot all of which have been identified or characterized.
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Interestingly, various lines of evidence suggest that one or 1 e 1. Physical Properties of Isoprenoids
more of these proteins, other than Ras, may serve as the
actual functional target(s) of FTI26—29).

surface area difference

- 7 o . isoprenoid logP relative to farnesol (A%)P
Farnesylation alone is insufficient for promotion of the
biological function of H-Ras as the subsequent downstream ; EFl;F; g:é _790
steps are needed for efficient membrane localizat8ih-( 3. 0-CF:0-AGPP 5.1 30
33). FTls disrupt membrane localization by blocking the first 4, mCRO-AGPP 4.9 41
and obligatory step in this ordered series of reactions and > P-CFRO-AGPP 4.9 42
ablates membrane localization of H-Ra$6,( 34—36). g' méﬁggﬁp i‘% %g
Functional studies iixXenopus laeis oocytes microinjected 8, p-Br-AGPP 4.6 27
with farnesyl analogue modified H-Ras strongly suggest that 9, AGPP 3.6 4
the hydrophobicity of the lipid is the most important factor 10, p-NO-AGPP 3.1 25
in conferring Ras activity37). FPP analogues stripped of ﬁ ';’S'SX'\_"GASDPP %‘% _il

most isoprenoid features such as methyl groups and unsat _
aLogP measurements of the corresponding alcdhthe surface

uration so that they more resemble simple fatty acids are . . :
f d to Ras by ET d all R f LT area of alcohol refers to the solvent accessible surface, determined using
transterred to Ras by ase and allow Ras to function in a 5 probe radius of 1.4 A, and calculated as the difference relative to

Xenopussignal transduction model system37]. H-Ras farnesol. The surface area of farnesol is 276 A
genetically engineered to become geranylgeranylated is as
effective as the farnesylated molecule in supporting cell
transformation 27).

Proteins modified with the 20-carbon geranylgeranyl group
are more hydrophobic than the 15-carbon farnesyl group,
and both classes of prenylated proteins are processed by Rce
and lcmt. Replacement of the farnesyl group with FTase-
transferrable lipid analogues with hydrophobicity similar or
greater than that of FPP still allows all of the subsequent
downstream processing events to take pl&@e Substitution
of the smaller, less hydrophobic 10-carbon geranyl group
for the farnesyl group on H-Ras significantly delays the
membrane association of the molecu&d)( Importantly, it

by activation of mitogen-activated protein kinase (MAPK)
(31, 37, 39). Because bacteria lack the enzymes required for
protein isoprenylation and subsequent processing, the ability
f recombinant H-Ras to induce meiotic maturation is
ompletely dependent on intracellular farnesylation of the
protein @0). Therefore, depletion of the endogenous pool
of isoprenoids by treatment of the oocytes with inhibitors
of 3-hydroxy-3-methylglutaryl-CoA reductase (HMG-CoA
reductase), such as lovastatin, blocks the ability of bacterially
expressed H-Ras to induce maturation. Microinjection of
H-Ras modified in vitro by FTase with FPP analogues into

was concluded that the reduced hydrophobicity of the geranyl]z(‘ Ia}[_eﬂs oc;c%;[esl_altljovg/s dthe ?'QIO?'Csl s;gr(;qelggaziductlon
group impaired processing downstream of prenylation by unctions of the lipidated protein to be studid¥(41).
slowing either the endoproteolysis or carboxyl methylation ~ We have prepared a series of FPP analogBed?) with
steps 87). Once processing of the C-terminus of the mMolecular surface areas and shapes similar to those of FPP
geranylated H-Ras was complete, normal palmitoylation but with a wide range of lipophilicities (Figure 1 and Table
followed by membrane association was observed. Thesel). The wide range of lipophilicity spanned by these
observations suggest that the precise structure of the farnesystructures is indicated by the logP of the parent alcohols.
group is not critical for the function of the protein as long LogP, the logarithm of the partition coefficient between
as it is sufficiently hydrophobic to allow downstream Water-saturated octanol and octanol-saturated water, is a
processing. However, it was not possible to distinguish useful metric of the ability of compounds to associate with
whether the significantly smaller size of the geranyl group membranes. The unnatural anilinogeranyl diphosphate ana-
impeded the processing of H-Ras by the Rcel endoproteaséogues3—12 (Figure 1) are alternative substrates for mam-
and/or Icmt proteirS-isoprenylcystein®©-methyltransferase. ~ malian FTase and have structures and physical properties
The observations described above suggest that FTasequite different from those of FPP We also show that H-Ras
catalyzed transfer of FPP analogues with significantly modified with unnatural analogues AGPPp-NO-AGPP
different structures, or with hydrophobicity lower than that 10, p-CN-AGPP 11, and Isox-GPPL2 were processed by
of GPP @), may completely block the membrane localization Rcel and Icmt as efficiently as H-Ras modified with FPP,
of H-Ras by preventing downstream processing of the while H-Ras modified with the smaller GPPwas much
alternatively modified C-terminus. This view suggests that less efficiently processed. Utilizing th¥. laevis oocyte
an attractive alternative to inhibition of FTase by FTls is system, we find that H-Ras modified with hydrophobic
disruption of cellular functions through FTase-catalyzed anilinogeranyl diphosphate derivativés9 supports H-Ras-
incorporation of unnatural farnesyl analogues into proteins dependent maturation and activation of mitogen-activated
that are normally farnesylate@8). Distinguishing the effects  protein kinase, while more hydrophilic derivativesNO,-
of lipid hydrophobicity and size requires the evaluation of AGPP 10, p-CN-AGPP 11, and Isox-GPPL2 prevent this
additional, structurally diverse, farnesyl analogues for de- Ras-dependent maturation. With the suite of FPP analogues
velopment of a structureactivity relationship for the lipid. 3—12used in this study, we were able to separate the effect
The X. laevis oocyte is a convenient in vitro system for of lipid size from hydrophobicity in the H-Ras-stimulated
studying farnesylation-dependent cellular signal transduction maturation of oocytes. These results suggest that whereas
(31, 37). Oocytes are naturally arrested at the 32 analoguesA—12 all support full processing of the H-Ras
boundary of the first meiotic cell divisior8{). Microinjec- C-terminus by FTase, Rcel, and lcmt, the more hydrophilic
tion of bacterially expressed, oncogenic H-Ras (H-RasQ61L) FPP analoguep{NO,-AGPP10, p-CN-AGPP11, and Isox-
promotes the meiotic maturation in a process accompaniedGPP12) are Ras function inhibitors (RFIs) and serve as lead
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compounds for a unique class of potential anticancer The velocities of the reactions were plotted against the

therapeutics. concentration of peptide and then fit to the Michaelis
Menten equation (eq 2) to give the apparegtandKPertide
EXPERIMENTAL PROCEDURES values. Due to peptide substrate inhibition, only initial

velocity data from peptide concentrations that gave an error
of <20% in the nonlinear fit of eq 2 were included in the
analysis.

Farnesyl Diphosphate Analoguesnalogues3—12 were
prepared on solid support or in solution as previously
described by Subramanian et @2 and Chehade et a§).
FPP1 and GPR2 were synthesized as described by Davisson _ peptide
et al. @4). Full details of the organic synthesis and VIE = (kealPep])/ Ky + [Pep]) @)
spectroscopic characterization of new compoudds 11,
and 12 are provided as Supporting Information.

kcall_tfmpepﬁde Determination. The kinetic constantkca/ Product StudiesReactions were prepared as described
KnPePteefor transfer of isoprenoids—12by FTase to peptide  gpove and stopped afté h byaddition of 50uL of isopropyl
was determined using a continuous spectrofluorometric assay;|conol and acetic acid (8:2). The plate was then placed in
originally developed by Pompliano et aky) and modified 5 yp|c system (Agilent 1100) equipped with a microplate

for a 96-well plate format. UtilizingN-dansyl-GCVLS — 4yt0sampler, a fluorescence detector, and a diode array
(Peptidogenics) as the peptide substrate, we measured th@eector, One hundred microliters of the reaction mixture

linear portion of the increase in fl_uorescence versus time With was loaded onto an analytical C18 column (Microsorb,
a SpectraMax GEMINI XPS microplate reader (excitalion y/arian) and eluted with a linear gradient from 10 to 100%
wavelength, 340 nm; emission wavelength, 505 nm with a cpy.cN in water over 20 min; the eluant contained 0.01%
10 nm cutoff). Each assay in a total volume of 300 (viv) TFA. Analogue-modified peptides had longer retention

containing 50 mM Tris-HCI (pH 7.4), 12 mM Mg&l 12 times than the corresponding unmodified peptides due to an
UM ZnCl,, 0.0167%n-dodecyls-p-maltoside (DM), 6.7 mM increase in hydrophobicity.

DTT, 6.7uM isoprenoid diphosphate (FPP or AGPP froma | ogp DeterminationThe apparent logP values for the
25 mM NH;HCO; stock solution to give a final NHHCOs corresponding alcohols for compourts12 were estimated
concentration of 0.8 mM), antl-dansyl-GCVLS peptide oy the capacity factorsk() using reverse phase high-
(variable concentrations; see below) was assembled iNperformance liquid chromatography (RP-HPL@B(47). A
individual wells of a black, flat-bottom, polystyrene 96-well  gisBasic-8 RP-C8 column was used as the stationary phase,
plate with nonbinding surface (Corning). The plate was then ;14 the mobile phase consisted of a mixture of 20 mM
incubatgt_j at 30C for 20 m!n. The reaction was then initiated phosphate buffer (pH 6.0) and methanol (3:7) as described
by addition of FTase (final concentration of 5 nM for |y Niemi et al. 47). Solutions with known logP values were

wherekE; is the total enzyme concentration and [Pep] is the
total input peptide concentration.

analogued, 4-6, and8—11and 20 nM for analogues, 7, prepared in 3:7 phosphate buffer in methanol [1I mM
and 12), and fluorescence was measured at°@0for 60 progesterone (logP 3.87), 1 mM norgestrel (logP 3.7),

min. Each FPP analogue was assayed in triplicate wells. 109" mmM anthracene (logP: 4.54), 1 mM hydrocortisone
Peptide concentrations for determinikgreridewere chosen (logP = 1.53), 0.01 mM nitrobenzene (logP 1.85), 0.01

on the basis oKyPePi“eestimates from reactions with 0.5, 1, . ,M anisole (|'ng: 2.11), 1 mM perylene (logk= é_25)

5, and 1uM N-dansyl-GCVLS concentrations. In the final 54 0.05 mM naphthalene (logP3.3)]. Five microliters of
analysis, eight peptide concentrations were used, correspondgach standard was injected and monitored at 254 and 280

ing approximately t0 0.17, 0.2, 0.25, 0.5, 0.75, 1, 2, and 3 3 A standard curve was generated from the log of the
times the estimated,”*P'“ value. The velocity of each capacity factork, calculated with eq 3

reaction was determined by converting the rate of the increase
in fluorescence intensity units (FLU/s) to micromolar per K =(R —R)/R, (3)
second gM/s) by fitting the data to eq 1

whereR; is the retention time anB, is the time for a SuL
V= (RP/(Fax— Frin) 1) injection of 1 mM benzoic acid to pass through the column.

The log k' was plotted against the known logP values to
whereV is the velocity of the reaction inM/s, Ris the rate generate a standard cuni (> 0.9). The apparent logP for
of the reaction in FLU/sP is the concentration of modified  parent alcohold—12 was determined by comparing each
product in micromolar (see belowymaxis the fluorescence  log k' value against the standard curve.
intensity of the fully modified product, anény, is the Surface Area CalculationSurface areas of the lipid
fluorescence of a reaction mixture to whiclhub of assay portions of analoguek—12 were estimated using a molecular
buffer was added in place of FTase. HPLC analysis was usedmodeling approach. Initial molecular structures of the
to confirm complete modification of peptides after the compounds considered in this study were built by using
fluorescence of a reaction mixture stabilized for more than Sybyl 7.0 @8) on an SGI Fuel workstation. The structures
10 min (see below). The fluorescence of a few reaction were energy-minimized by using a molecular mechanics
mixtures that contained higher concentrations of peptide method with the Tripos force field and Gasteigétiickel
increased continuously over the time period of the assay.charges49). When GasteigerHuckel charges were gener-
For these samples, the value faf.x — Fmin Was estimated  ated, the net charge was assigned to be 0 for each alcohol
by linear extrapolation from a plot dfmax — Fmin VErsus and—3.0e for each diphosphate form. A nonbond cutoff of
peptide concentration for reactions that had gone to comple-8 A was used in the energy minimization to account for the
tion. intramolecular interactions. The energy minimization (i.e.,
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the full geometry optimization) was carried out until the volume of injection was 50 nL/oocyte. All microinjections
convergence criterion of 0.01 kcal m&lA-1was achieved.  were conducted using a Nanoject Il microinjector (Drum-
The energy-minimized molecular structures were employed mond Scientific Co.) mounted on a micromanipulator (Na-
to calculate the van der Waals molecular surfaces and therishige). Oocytes were scored hourly for germinal vesicle
solvent accessible surface area (SASA) by using WebLabbreakdown (GVBD), as evidenced by the appearance of a
Viewpro (50). In the SASA calculations, a probe atom with  white spot in the otherwise dark-colored animal hemisphere.
a radius of 1.4 A was used. Progesterone was used as a positive control to induce GVBD
H-Ras Protein Oncogenic H-RasQ61L was expressed in in lovastatin-treated and untreated oocytes and to determine
the Rosetta DES strain @scherichia coliNovagen) using  whether any oocytes that did not undergo GVBD following
the pTrc-His A plasmid (Invitrogen). Expression was induced microinjection of the FPP analogues were still responsive
with 1 mM isopropyl 5-b-thiogalactopyranoside (IPTG) to maturation signals.
when the optical density of the bacterial culture reached 0.6, Gel Shift AssayFollowing modification of H-Ras for
and the bacteria were harvested eftd (51). Bacteriawere  exactly 20 min as described above, allsample was taken
pelleted by centrifugation, resuspended in 20 mM Tris (pH and immediately mixed with 4L of 2x Laemmli SDS
8.0) containing 0.5 M NaCl, 1 mM BME, 1 mM Mggl sample buffer. Samples were boiled for 5 min and then
10% glycerol, and 20 mM imidazole, and lysed using a loaded onto 12% SDSPAGE gels to separate modified
French press, and H-RasQ61L was purified on a nickel H-Ras from unmodified H-Ras by running at 200 V for 80
column by fast protein liquid chromatography using an min. Proteins were stained by incubation with Coomassie
imidazole gradient. Aliquots from the resulting fractions were Blue (0.625 g in 250 mL of 50% MeOH and 10% acetic
separated on a 12% SBPAGE gel, which was then stained acid) far 1 h followed by destaining (3:1 MeOH/acetic acid
by being incubated with Coomassie Blue (0.625 g in 250 mixture). H-Ras modified with a prenyl group shows an
mL of 50% MeOH and 10% acetic acid)rfd h followed electrophoretic mobility higher than that of unmodified
by destaining (3:1 MeOH/acetic acid mixture). Fractions H-Ras. The extent of protein modification by each analogue
shown to contain pure=(90%) H-RasQ61L by SDSPAGE was estimated from images of the gel analyzed using NIH
were dialyzed against Tris. Protein concentrations were Image 1.63.
measured using the BCA protein assay kit (Pierce), and this MAPK Activation Assay Following microinjection, five
value was used in subsequent experiments. oocytes were removed at random at appropriate time points,
Premaodification of H-Ras in Vitro Using FPP Analogues flash-frozen in liquid nitrogen, and stored &80 °C until
H-RasQ61L (10«M) was incubated in assay buffer (52 mM assay. Immediately before the assay, oocytes were resus-
Tris-HCI, 12 mM MgC}, 12uM ZnCl,, and 5.8 mM DTT), pended in 5Q:L of buffer containing 20 mM HEPES (pH
with 100 uM FPP or FPP analoguesl<{12), 1 uM 7.4), 50 mMp-glycerophosphate, 2 mM EGTA, 50 mM KF,
recombinant FTase, and 0.04%dodecyls-p-maltoside in 1 mM NaF, 1% Triton X-100, 10% glycerol, and 150 mM
a total volume of 15uL for 20 min at 37°C (43). The NaCl with 1 mM NaVO, and protease inhibitor cocktail
reaction mixture containing the lipidated H-RasQ61L was (CalBiochem, San Diego, CA). Oocyte suspensions were
then immediately injected into lovastatin-treated oocytes as homogenized by pipetting 320 times through a P200 pipet
described below. tip, vortexed, and allowed to sit on ice for 20 min. Insoluble
Oocyte Extraction and MicroinjectionOocytes were  matter was pelleted by centrifugation at 12600r 15 min.
isolated fromX. laevis females (Xenopus Express, Inc.) that The clear supernatant was resolved on a 10%-SBSGE
were primed with gonadotropin before shipment and allowed gel at a loading of 0.1 oocyte equivalent per lane. Proteins
to acclimatize to their new environment for a minimum of were transferred to nitrocellulose, and the membranes were
30 days after arrival before surgery. Frogs were housed inblocked in PCT [10 mM phosphate (pH 7.4), 150 mM NacCl,
water tanks maintained at 1°C and given a 12 ©12 h 0.1% Tween 20, and 1% casein] for at least 1 h. Activated
light—dark cycle for optimal egg production. After the frogs MAPK and total MAPK were detected by incubating the
were anesthetized with 0.01% MS-222 (Argent), the oocytes membrane with primary p-ERK (E-4) antibody (Santa Cruz
were surgically removed; the frogs were then returned to Biotechnology) or anti-MAPK/ERK1/2-CT antibody, re-
the communal tank for recovery. Oocytes were defoliculated spectively, in PCT for 1 h. After three 15 min washes in PT
by incubation with 3 mg/mL type 3 collagenase (Worthington [10 mM phosphate (pH 7.4), 150 mM NacCl, and 0.1% Tween
Chemical Corp.), in 30 mL of Barth’s medium [88 mM NaCl, 20], the membrane was incubated with secondary anti-mouse
1 mM KCI, 2.4 mM NaHCQ, 0.82 mM MgSQ, 0.33 mM HRP-conjugated antibody (Zymed, San Francisco, CA) for
Ca(NQ),, 0.41 mM Cad), and 20 mM HEPES (pH 7.5)], 1 hin PCT. The membrane was washed three more times in
for 60—90 min. Following defoliculation, oocytes were PT and developed using enhanced ECL (Supersignal, Pierce,
washed three times in Barth’s medium (30 mL each time) Rockford, IL).
and three times in one-half Leibowitz L15 medium (Invit- Data Analysis The results are presented as me#nhe
rogen) (30 mL each time) and allowed to recover for at least standard deviation of at least three independent experiments.
4 h before being used. Following recovery, stage V and VI Through Prizm (Graphpad Software, San Diego, CA), the
oocytes were selected and incubated overnight (16 h) in one-sigmoid curvey = (1 + 10w %)~ was fit to the data.
half L15 medium with or without 5«M lovastatin (LKT Prenyl-Protein Protease/Methyltransferase Coupled Assay.
Laboratories). Following incubation, any oocytes that were The assay was performed with modifications to methods
not of uniform pigmentation and otherwise healthy were previously described1d, 15). Briefly, protease reactions
discarded; the remaining oocytes were microinjected with were initiated by the addition of &g of Sf9 membranes
H-RasQ61L premodified as described above, or H-RasQ61L containing the recombinant prenyl protein protease Rcel to
was co-injected with the FPP analogudg, (52). The total an assay mixture containing 20 nM prenylated proteins in
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Table 2: In Vitro Modification of H-Ras with Isoprenoids 80
% H-Ras modified inthe in =~ kea/KnPePide T 70 7
isoprenoid vitro reaction for microinjection  (s'uM-%)° E 60
1, FPP >90 0.18+ 0.03 =
2, GPP 70 0.01% 0.007 E 50 -
3, 0-CF0-AGPP 0 né "
4, mCR0O-AGPP >90 0.19+ 0.01 & 40 -
5, p-CR0O-AGPP >90 0.087+ 0.003 g
6, mI-AGPP >90 0.26+ 0.03 8 301
7, mEt-AGPP 70 0.02% 0.005 =
8, p-Br-AGPP >90 0.16+ 0.02 z 20 7
9, AGPP >90 0.24+ 0.06 10 -
10, p-NO,-AGPP >90 0.107+ 0.002
11, p-CN-AGPP >90 0.068+ 0.001 0 . . . . . .
12, Isox-GPP 50 0.028: 0.002 FPP GPP AGPP pNoz- pCN- Isox-
aThe extent of H-Ras lipidation was estimated from images of SDS AGPP AGPP  GPP
PAGE separations of in vitro FTase reaction mixtufdga/KyPertide
was determined using a MichaeliMenten analysis described in Isoprene

Experimental ProcedureSNot detected.

Ficure 3: Isoprenylated Ras proteins support post-translational

modification by Rcel and Icmt. Rcel proteolysis and subsequent
Icmt methylation were assessed for Ras proteins modified with

individual isoprene groups as described in Experimental Procedures.
Data are expressed as the specific incorporation of each sample
obtained by subtracting the incorporation into unprenylated Ras

controls. Data represent the means of duplicates from a single
experiment and are representative of triplicate experiments.

70 mM HEPES (pH 7.4), 5 mM Mggland 20 mM NacCl

in a total volume of 10QuL. Proteolysis reactions were
conducted fo 1 h at 30°C. Following the proteolysis
reaction, methylation of proteolyzed prenylated protein was
initiated by addition of 2ug of membranes containing
recombinant lcmt and 200 nMHJAdoMet (63.6 Ci/mmol)

to the reaction mixture, which was then incubatedifd at
30°C. Reactions were terminated by precipitation using 0.5
mL of 4% SDS, 5Qug of bovine brain cytosol as a carrier
protein, and 0.5 mL of 30% TCASH-methylated protein
was then quantified using a filter assay and liquid scintillation
counting.

on the aniline ring were included to test whether the
biological function of H-Ras was sensitive to both the
structure and hydrophobicity of the analogue.

H-Ras Modified with Unnatural Analogues Supports Rcel
and lcmt ProcessindA subset of the transferrable analogues
were examined for their ability to support postprenylation
proteolysis by Rcel and methylation by Icmt. H-Ras requires
postprenylation proteolysis by Rcel and methylation by lcmt
to give the mature protein with a C-terminal isoprenylcysteine

FTase-Catalyzed in Vitro Modification of H-Ras with FPP  methyl ester. To determine whether analogue-modified H-Ras
AnaloguesThe physical properties and kinetics of in vitro proteins can undergo these post-translational modifications,
FTase-catalyzed transfer of the FPP analogues to peptidehe proteins were tested in an in vitro coupled enzyme assay.
substrate depend on the structure of the analogues. Table This assay takes advantage of the fact that Icmt uses only
lists some of the relevant physical properties of the analoguessubstrates bearing a C-terminal prenylated cysteine. That is,

RESULTS

and the isoprenoids FPPand GPP2. With the important
exception ofo-CR0O-AGPP 3, all of the analogues can be

Icmt will catalyze methylation of isoprenylated H-Ras only
after proteolysis by Rcel has generated a C-terminal pre-

transferred in vitro by recombinant rat FTase to the H-Ras nylcysteine. As shown in Figure 3, H-Ras modified with FPP

CVLS CaaX motif. The specificity constankea/KPeride

1, GPP2, and analogues AGP® p-NO,-AGPP 10, p-CN-

for transferring each analogue to H-Ras by FTase was within AGPP 11, and Isox-GPR.2 was found to be methylated in

a factor of 9 of that of FPR (Table 2). The apparent logP  the coupled enzyme assay, demonstrating that each of the
(logP?) of the analogues based on HPLC capacity factors novel isoprenoids that was tested supports proteolysis by
ranges from 6.1 for the lipophilic farnesyl grodpto 0.7 Rcel and subsequent methylation by Ilcmt. Note that H-Ras
for the more hydrophilic isoxazole derivative Isox-GPPR modified with GPP2 is a significantly inferior substrate for
Incorporation of aromatic rings and heteroatoms into the the coupled assay compared with FRPand the other
analogues decreases their hydrophobicity relative to hydro-analogues that were tested.

carbons of the same size. As a result, the size and H-Ras Biological Function Depends on Prenyl Analogue
hydrophobicity of the analogues are no longer directly Hydrophobicity, and Hydrophilic Analogues Are H-Ras
related. FPFL and AGPP9 are almost identical in size but  Function Inhibitors. To evaluate the effect of the lipid
differ substantially in hydrophobicity. On the other hand, physical properties on H-Ras function, we prepared H-Ras
both the 10-carbon geranyl group of GFP and the modified in vitro with FPP1, GPP2, and analogue4—12
anilinogeranyl group of AGPP have a logP of 3.6, near shown in Figure 1 for microinjection into oocytes. The extent
the middle of the range, but differ in surface area by 135 of H-Ras modification for each analogue is given in Table
A2 Analogues3—11 have a surface area up to 15% larger 2. Lipidated H-Ras is somewhat unstable in solution, forming
than that of the farnesyl moiety, while analogue Isox-GPP aggregates and precipitates upon standing for very short
12 has a surface area 7% smaller than that of the farnesylperiods. The rate and extent of aggregation are dependent
moiety. However, the decrease in the lipophilicity of GPP  on the lipid analogue structure. In particular, in vitro

is accompanied by a surface area 40% smaller than that ofmodification of H-Ras withp-Br-AGPP8 results in complete
FPP. Additionally, a variety of meta and para substituents denaturation of the H-Ras within 5 min of initiation of the
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FTase reaction. The aggregated H-Ras was clearly visible 100 4
in the microinjection needle under the microscope. Except
for the p-Br-AGPP 8, aggregation could be controlled by 80 -
allowing no more than 20 min to elapse from initiation of
H-Ras lipidation to completion of oocyte microinjection. 2 60
Previous studies employed detergent to keep lipidated H-Ras &
in solution. In our hands, the use of sufficient detergent to R 40
prevent aggregation of the anilinogeranyl analogue-modified
H-Ras resulted in inconsistent oocyte maturation results. 20 -
Lovastatin-treated oocytes were microinjected with 5 pmol
of in vitro analogue-modified H-Ras and scored for germinal 01 n . . . !
vesicle breakdown (GVBD) over the subsequent-28 h 0 5 10 15 20 25
period. Microinjection of H-Ras premodified with the lipid Time [h]
analogues ensured that the intracellular behavior was not
dependent on the ability of endogenous FTase to effectively 100 A
transfer the analogues. The effective dose of analogue-
modified H-Ras microinjected into each oocyte was greater 80 -
than 4.5 pmol each for FPB, analoguegi—6, and9—11
but only 2.5 pmol for Isox-GPR2 and 3.5 pmol form-Et- 2 60-
AGPP7 and GPP2 due to incomplete lipidation (Table 2). 5
The time required for 50% maturation of the oocytes was & 404
calculated from sigmoidal curves fitted to the GVBD time
course for each of the analogues (Figure 4). EPBPP2, 20 -
and analogued—7 and AGPP9 stimulated GVBD, while
analogue®-CR0-AGPP3, p-NO,-AGPP 10, p-CN-AGPP 0+
11, and Isox-GPR.2did not. Relative to FPR, GVBD was 0 5 10 15 20 25
delayed for analoguet—7, GPP2, and AGPP (Table 3). Time [h]

Farnesylated H-Ras is the natural substrate for the down-pg oc 4: Representative kinetics of oocyte maturation induced
stream maturation steps and is expected to undergo efficientyy H-RasQ61L and FPP, AGPP, pitCN-AGPP. Stage V or VI
processing and appropriate membrane localization in theoocytes were incubated with lovastatin for 16 h and then micro-
cooye. The time requred for maturation of S0% of e g o0 e O e e e, s
oocytes injected with farnesyl:_ated H-Rasg[ was highly resgltts are expressed as a percentage of the total number of viable
dependent on the frog from which they were harvested. Thejpjected oocytes (1420 per group). (A) Induction of GVBD
value ofty, varied from 4 to 10 h for different batches of following microinjection of premodified activated H-Ras into
oocytes stimulated by farnesylated H-Ras. Accordingly, lovastatin-treated oocytes. The was 8.8 h for farnesylated H-Ras
individual experiments were conducted with oocytes simul- ?n?F%’?:’;]i;OI g”('gr)‘?gg&igg:?é?%‘\"/ﬁg‘fsél;gﬁnraggl?ﬁ(égm_’e)ci?on
taneogsly harvested from a smg_lg frog. We fpund that the 011£2 activated H-Ras and isoprenoid diphospgllwate into Icivastatin-
order in which the analogue-modified H-Ras stimulated 50% treated oocytes. The, was 5 h for FPP and 6.9 h for AGPP co-
maturation relative to farnesylated H-Ras was essentially injected with H-Ras. The ratio df(AGPP) toty,(FPP) is 1.4.
identical from experiment to experiment. This observation Oocytes microinjected with-CN-anilinogeranylated H-Ras or co-
gave us confidence to combine and analyze data obtainedhicroinjected with activated H-Ras aqCN-AGPP failed to
from experiments using oocytes from multiple frogs after mature during the course of the experiment.
appropriate normalization. We characterize each analogue(Table 3). Thus, a large H-Ras dose can reveal any signal
by the ratio of itsty, to that of FPP, i.et;x(analoguel .- transduction activity, expressed as GVBD, that is supported
(FPP) (Table 3). The time course of a representative oocyteby the analogues. Therefore, lipid analogues that do not
maturation experiment is shown in Figure 4A. support GVBD in oocytes microinjected with these large
The 5 pmol/oocyte dose of modified H-Ras is in excess doses of modified H-Ras are extremely compromised in their
of that required to achieve maximal rates of oocyte matura- ability to support oncogenic H-Ras function.
tion. Previous studies of prenyl function showed that 2 pmol/  In each experiment, unmodified H-Ras was injected into
cell of farnesylated H-Ras caused maturation at maximal both lovastatin-treated and untreated oocytes to test for the
rates 87). At the submaximal dose of 0.5 pmol/cell of completeness of the isoprenoid depletion and as an additional
modified H-Ras, the oocyte system is very sensitive to check on the quality of the oocytes. As previously reported,
structural alterations of the lipid, which affect its biological untreated oocytes injected with activated H-Ras underwent
activity. For example, microinjection of 0.5 pmol of geranyl- GVBD, whereas those preincubated with lovastatin failed
modified H-Ras resulted in a maturatitmn, that was 2.5 to mature. Progesterone stimulates GVBD via an H-Ras-
3.3 times longer than thg,, for farnesyl-modified H-Ras  independent pathway and is therefore unaffected by lovastatin
(37). The increase in maturation time is closely associated treatment $3). In each experiment, a small number of the
with delays in the downstream endoproteolysis, carboxyl oocytes injected with the analogue-modified H-Ras were
methylation, and subsequent palmitoylati@@)( In contrast, withheld and treated with progesterone to test the overall
the maturation of oocytes microinjected with 5 pmol/cell of oocyte quality and to ensure that the manipulations did not
70% lipidated geranyl H-Ras (3.5 pmol of modified protein) interfere with maturation. In all cases, the progesterone-
is only delayed by 40% relative to that of farnesylated H-Ras treated oocytes matured.
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structure, with analoguet+Et-AGPP 7 bearing am-ethyl
group and analogyeBr-AGPP8 with a p-bromo substituent
on the aniline ring. Previous studies showed thaiXhlaevis
FTase could transfer lipids with hydrophobicity similar to,

Table 3: Maturation Kinetics of Microinjected Oocytes

fold increase in maturation
time relative to that of FPR?

isoprenoid n V'tﬁ_ggg fied Co;gée;:]eacfngf;as or greater than, tha}t .of FPP. to H-Ras in siﬁ?)( 'I_'he rate_
of transfer was sufficiently high that H-Ras co-injected with

% (F;FF),FF), i'& 0.3 11_& 0.2 lipid showed the same maturatidp, as H-Ras that was
3, 0-CF0-AGPP nd ncb modified in vitro. These results suggest that the substrate
4, m-CF0-AGPP 1.6+0.3 2.0+0.8 specificity of X. laevis FTase is sufficiently similar to that
2, ﬁﬁ?glgfpp 116&1 8-% igi 8-? of mammalian FTase to allow efficient modification of the
7. MEt-AGPP 12101 33110 H-Ras by structurally unrelated analogues of FPP.
8, p-Br-AGPP no assay 14+0.2 We co-injected 5 pmol each of lipid diphosphafies12
?bArf,\F;g AGPP 1'6%0'5 1'5;1*&0'3 and H-Ras into lovastatin-treated oocytes and scored for
11, p_CNfAGpp nd né GVBD. The time course of a representative oocyte matura-
12, Isox-GPP nél ncP tion experiment is shown in Figure 4B, and oocyte maturation

2 Reported values are based on at least three independent experimentdy2 Values are listed in Table 3. Consistent with the in vitro

b Not detected® Precipitation of in vitro lipidated protein precluded a ~modification results, co-injection of H-Ras and analogues

microinjection assay. 4—9 results in maturation of the oocytes, while co-injection
of H-Ras and analoguesCFR0-AGPP3, p-NO,-AGPP 10,

Table 3 shows that the abilities of the analogues to supportP-CN-AGPP11, and Isox-GPH2failed to promote matura-
oocyte maturation fall into four categories. The first category tion. Interestingly p-Br-AGPP analogu® promotes oocyte
is represented by analogaeCF:0-AGPP3, which does not ~ maturation approximately as effectively as GRRnalogues
support oocyte maturation because it is not transferred to4—6, and AGPP9. m-Ethyl-AGPP 7 is the only FPP
H-Ras by FTase. The second category is represented by Gp@nalogue that shows a significant increase in the maturation
2, which is transferred to H-Ras and shows delays in Rcel tyz upon co-injection with H-Ras. On the other hand, co-
and/or lcmt processing (Tables 2 and 3 and Figure33). injection of H-Ras withm-iodo-AGPP6 slightly increased
The third category consists of analoguyes? and AGPP9, the rate of oocyte maturation compared to that of the
which are transferred by FTase to H-Ras in vitro and support Premodified protein. The santg, was determined for H-Ras
GVBD. Interestingly, thet;, for maturation stimulated by  co-injected with FPP and witim-iodo-AGPP6. None of the
these analogues was lengthened by-80% relative to that ~ analogues accelerated the maturation of the oocytes relative
of farnesylated H-Ras even though AGBRs efficiently to farnesylated H-Ras. These findings indicate thatXhe
processed by both Rcel and lemt. With respect to FPP, thelaevis FTase is able to transfer FPP analogée$ to H-Ras
increase i, for these analogues is significant. However, in situ. However, these results suggest teEt-AGPP7 is
the ty, differences among GPP and analogued—7 and a poor substrate foK. laevis FTase-catalyzed transfer to
AGPP9 are not significant. The fourth category consists of H-Ras. With the exception of-Et-AGPP7, it appears that
analoguep-NO,-AGPP10, p-CN-AGPP11, and Isox-GPP  the rate of in situ FTase-catalyzed modification of H-Ras
12, which are transferred by FTase to H-Ras and are by the analogues was not rate-limiting for oocyte maturation.
efficiently processed by Rcel and Icmt in vitro but do not In the cases of analogu@sCF;0-AGPP 3, p-NO,-AGPP
support GVBD. These analogues are H-Ras function inhibi- 10, p-CN-AGPP11, and Isox-GPR2, because no maturation
tors (RFIs). was observed, it was not possible to determine iXhkaevis

The lipid chains of FPPL and transferrable analogues FTase was able to transfer analogues to co-injected H-Ras.

4—12 are similar in length, size, and excluded volume but  Analogue-Dependent Delayed Maturation Correlates with
have different hydrophobicities (Table 1). The delay in MAPK Activation. Oncogenic H-Ras stimulates the MAPK
oocyte maturation kinetics does not show any correlation cascade ilxXenopusoctyes §4, 55), and MAPK is necessary
with the length or surface area of the lipid moiety. Rather, for H-Ras-induced GVBD %3, 56). Microinjection of un-
it appears that H-Ras is capable of initiating GVBD if the lipidated oncogenic H-Ras into lovastatin-treated oocytes fails
lipid alcohol has a logP of at least 3.6. However, H-Ras to activate MAPK as isoprenylation is prevented. Further,
modified with lipids with a logP of<3.1 is incompetent in  progesterone activates MAPK and stimulates subsequent
initiating GVBD. GVBD in isoprenoid-depleted oocytes in an H-Ras-indepen-
In Situ Lipidation of H-Ras by Hydrophobic FPP Ana- dent fashion. MAPK is essential for regulation of the cell
logues Rescues H-Ras Biological Function in X.slae  cycle in oocytes and is a critical point at which H-Ras and
Oocytes.The loss of H-Ras function in the experiments progesterone signaling converdss). The results from the
described above is independent of differences in the rates amicroinjection experiments described above suggest that
which the analogues are transferred by FTase. However,analoguesi—9 are functional farnesyl group replacements
partial loss of the in vitro lipidated H-Ras to aggregation since they support GVBD while analoguyetNO,-AGPP 10,
was inevitable and prevented evaluation of pthBr-AGPP p-CN-AGPP11, and Isox-GPPL2 are RFls. We therefore
8 analogue. The possibility existed that different substitution assayed MAPK activation in oocytes co-injected with
patterns on the analogue might affect the ability of the lipid activated H-Ras and the substituted anilinogerany! diphos-
to support oocyte maturation. AnaloguasEt-AGPP7 and phates (Figure 5). We found that MAPK activation preceded
p-Br-AGPP 8 have the same logP and have similar surface GVBD upon co-injection of H-Ras and FPP or analogues
areas and excluded volumes. However, they differ in 4—9into lovastatin-treated oocytes, and that MAPK was not
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A B Cc
hr 1 2 3 4 1 2 3 4 1 2 3 4
pERK — — — — — —
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hr 1 2 3 4 1 2 3 4 1 2 3 4
pERK  —m— a— — ——
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m-CF 3O-AG’P{4) p—CF3O—AGPP (5) mH-AGPP (B)
hr 1 2 3 4 1 2 3 4 1 2 3 4
D’ERK — — — —— e ——
L S ———
m-Et-AGPP (7) p-Br-AGPP (B) AGPP (9)
hr 1 2 3 4 1 2 3 4 1 2 3 4
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pNO3-AGPP (10) p-CN-AGPP (11) Isox-GPP (12)
hr 1 2 3 4 1 2 3 4 1 2 3 4
pERK
LT SR —— e

FicurRe 5: H-Ras co-injected with analogu&6—12 fails to activate MAPK inXenopusocytes. The time course of MAPK activation was
evaluated by detecting the appearance of p-ERK in stage V or VI oocytes treated as described below. Lysates from lanes with 0.1 oocyte
equivalent were separated by SBBAGE and subjected to Western blot analysis using either anti-p-ERK (top) or anti-MAPK/ERK1/2-CT
(bottom) antibodies. (A) Oocytes were microinjected with 5 pmol of H-Ras as a positive control. (B) Oocytes were incubated with lovastatin
for 16 h and then microinjected with 5 pmol of H-Ras as a negative control. (C) Oocytes were incubated with lovastatin for 16 h and then
microinjected with 5 pmol of H-Ras followed by treatment with 4 progesterone as a positive control. (D) Oocytes were incubated with
lovastatin for 16 h and then microinjected with 5 pmol of H-Ras each and the indicated isoprenoid diphosphates. Representative data from
at least three independent assays are shown.

activated when RFIp-NO,-AGPP10, p-CN-AGPP11, and to X. laevis OocytesOur results for the analogues support
Isox-GPP12 or the nontransferrable analogo£F0-AGPP the view that modification of H-Ras by a prenyl group or
3 was employed. hydrophobic prenyl analogue is a necessary but not sufficient
Microinjection of oncogenic H-Ras into untreated oocytes condition for oocyte maturation3f). However, it was
or co-injection of H-Ras and FPP into lovastatin-treated possible that some of the analogues might be able to stimulate
oocytes results in activation of MAPK within 1 h. MAPK ~ GVBD in a manner independent of H-Ras. An additional
activation was delayed relative to FPP for all of the analogues concern was that analogupsNO,-AGPP 10, p-CN-AGPP
that stimulated GVBD. Activated MAPK was not detected 11, and Isox-GPHE.2 may be toxic and interfere with MAPK
until the 2 h time point fom-1-AGPP 6, p-Br-AGPP8, and activation and GVBD induction by the in vitro and in situ
AGPP 9. For mCF0-AGPP 4, p-CF0-AGPP 5, mEt- modified H-Ras. To address these points, 12.5 pmol of
AGPP 7, and GPP2, the appearance of activated MAPK compoundsl—12 was microinjected into lovastatin-treated
was delayed until ta 3 h time point. Interestingly, MAPK  oocytes in the absence of activated H-Ras. This concentration
activation form-Et-AGPP 7 follows the same time course is 2.5-fold higher than that used in the experiments described
as mCR0-AGPP 4, p-CR0O-AGPP 5, and GPP2 even above, to maximize any potential signaling activity or
though GVBD is substantially delayed with respect to these toxicity. With the exception of a single oocyte injected with
analogues in co-injection experiments (Table 1). As expected,GPP2, none of the compounds were able to induce GVBD
in oocytes stimulated with progesterone, MAPK was acti- over the 24 h period postinjection (data not shown). However,
vated regardless of lovastatin treatment. These data suggestubsequent treatment with L progesterone stimulated
that the delays in, or the absence of, GVBD are the result of GVBD in all of the analogue-injected oocytes. Compared
delayed or absent MAPK activation downstream of H-Ras. with control or when FPP was injected, there is no statisti-
Taken together, these data indicate that the defect in oocytecally significant difference in the total number of oocytes
maturation is downstream of the three post-translational that underwent GVBD. These data suggest that the analogues
processing steps that lead to a mature C-terminus of H-Rasare not cytotoxic at the concentrations used over the time
and that appearance of the defect is correlated with theperiod of the experiment. More importantly, because proges-
reduced hydrophobicity of the prenyl lipid. terone-stimulated maturation proceeds normally, the ana-
Anilinogeranyl Diphosphates Are Unable To Stimulate logues do not substantially interfere with the MAPK
GVBD in the Absence of H-Ras and Are Not Acutely Toxic signaling cascade downstream from H-Ras.



Ras Function Inhibitors
DISCUSSION

Our studies demonstrate that FTase-transferrable FPP
analogues with logP values af3.1 can act as H-Ras function
inhibitors (RFIs). Specifically, analogugsNO,-AGPP 10,
p-CN-AGPP11, and Isox-GPA.2 blocked H-Ras function,
despite being efficiently transferred by FTase and processed
by Rcel and Icmt in vitro. The simplest explanation for these
data is that a minimum lipophilicity of the prenyl group is
necessary to allow important downstream interactions of the
fully C-terminally processed H-Ras. Consistent with the
observations of Dudler and GelB7Y), we find that GPR2 is
inefficiently transferred to H-Ras and poorly processed by
Rcel and/or Icmt in vitro, preventing efficient targeting of
H-Ras to the proper cellular membranes. In contrast,
analoguesd—12 are efficiently transferred to H-Ras, and
analogues AGPB, p-NO,-AGPP 10, p-CN-AGPP11, and
Isox-GPP12 support processing by both Rcel and Icmt in
a manner similar to that of FPP. Importantly, the anili-
nogeranyl analogues exhibit no apparent cytotoxicity in
Xenopus oocytes and were, by themselves, unable to
stimulate GVBD. In contrast to FTIs, which inhibit FTase,
RFIs are prenyl analogues that are efficiently transferred by
FTase to H-Ras proteins whose signaling functions are then
blocked. In light of this, our results may have important
implications for the development of RFIs as potential
alternatives to FTIs.
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