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Abstract: Posttranslational modification of proteins with farnesyl and geranylgeranyl isoprenoids is a
widespread phenomenon in eukaryotic organisms. Isoprenylation is conferred by three protein prenyltrans-
ferases: farnesyl transferase (FTase), geranylgeranyl transferase type-l (GGTase-l), and Rab geranylgera-
nyltransferase (RabGGTase). Inhibitors of these enzymes have emerged as promising therapeutic
compounds for treatment of cancer, viral and parasite originated diseases, as well as osteoporosis. However,
no generic nonradioactive protein prenyltransferase assay has been reported to date, complicating
identification of enzyme-specific inhibitors. We have addressed this issue by developing two fluorescent
analogues of farnesyl and geranylgeranyl pyrophosphates { 3,7-dimethyl-8-(7-nitro-benzo[1,2,5]oxadiazol-
4-ylamino)-octa-2,6-diene-1} pyrophosphate (NBD-GPP) and {3,7,11-trimethyl-12-(7-nitro-benzo[1,2,5]-
oxadiazo-4-ylamino)-dodeca-2,6,10-trien-1} pyrophosphate (NBD-FPP), respectively. We demonstrate that
these compounds can serve as efficient lipid donors for prenyltransferases. Using these fluorescent lipids,
we have developed two simple (SDS-PAGE and bead-based) in vitro prenylation assays applicable to all
prenyltransferases. Using the SDS-PAGE assay, we found that, in contrast to previous reports, the tyrosine
phosphatase PRL-3 may possibly be a dual substrate for both FTase and GGTase-I. The on-bead
prenylation assay was used to identify prenyltransferase inhibitors that displayed nanomolar affinity for
RabGGTase and FTase. Detailed analysis of the two inhibitors revealed a complex inhibition mechanism
in which their association with the peptide binding site of the enzyme reduces the enzyme’s affinity for lipid
and peptide substrates without competing directly with their binding. Finally, we demonstrate that the
developed fluorescent isoprenoids can directly and efficiently penetrate into mammalian cells and be
incorporated in vivo into small GTPases.

Introduction thioether linkage. This type of reaction can be catalyzed by three
¢ different protein prenyl transferases: protein farnesyltransferase
(FTase), protein geranylgeranyl transferase-l (GGTase-l), and
Rab (ras-like protein from rat brain) geranylgeranyl transferase

duction pathways controlling cell growth and differentiation, (RabGGTase or GGTase-ll) (for areview, see ref 2). The closely
cytoskeletal rearrangement, and vesicular transporprotein related FTase and GGTase-| transfer prenyl groups from prenyl
prenylation, either a farnesyl or a geranylgeranyl moiety is PYroPhosphates to proteins that contain a C-terminal CAAX
donated by soluble phosphoisoprenoids and attached to one of"lif, also known as a CAAX box (C is cysteine, A is usually
two C-terminal cysteine residues of the target protein via a &" aliphatic amino acid, and X can be a variety of amino acids).
The X residue of this motif largely determines the choice of
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The importance of covalent posttranslational modification o
proteins with isoprenoids is underscored by the nature of the
proteins it affects, many of which participate in signal trans-
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In contrast to other known prenyl transferases, RabGGTase doed\-terminally dansylated cysteine-containing pentapeptide upon
not recognize its substrate directly, but exerts its function in farnesylation:” A similar assay is also used for monitoring

concert with another protein termed REP (Rab escort protein),

GGTase-| activity® However, several lines of evidence suggest

which after prenylation escorts the Rab protein to its target that the latter enzyme recognizes additional epitopes upstream

membrané>
Interest in protein prenylation was stimulated by the seminal

of the classical CAAX box and therefore use of a short peptide
might produce misleading resuft.2! The situation is more

discovery that inhibitors of farnesyltransferase can reverse complex in the case of RabGGTase because this enzyme

transformed phenotypes of cancer céliFhis effect was
attributed to farnesylation inhibition of the proto-oncogene Ki-
Ras, which is mutated in 2015% of human tumors. Since then,

requires the integrity of the entire Rab protein and in particular
of its switch region for its activity’2 As a result, the activity of
RabGGTase was so far assessed predominantly by radioactivity

a large number of farnesyltransferase inhibitors have been testedased or HPLC assay2* Although a fluorescence assay for

in various stages of preclinical and clinical tridgf%.It was

RabGGTase was reported, it requires labor-intensive construc-

subsequently realized that the task of inhibiting Ki-Ras preny- tion of fluorescent semi-synthetic protein substrates.

lation is more complex than was initially hoped due to the ability
of GGTase-l to geranylgeranylate Ki-Ras in cells with sup-

For the reasons discussed above, the development of a
generally applicable prenyltransferase assay suitable for screen-

pressed FTase activity. This prompted development of dual ing large numbers of inhibitors would be desirable. Such an

inhibitors of FTase and GGTasé-Inhibitors of FTase were

assay should satisfy several requirements. First, it should not

also tested as potential therapeutics for the treatment of sleepingobe dependent on the different modes of protein substrate

sickness and other infections caused by para3itygpanoso-
matids!®1! Several lines of evidence suggest that inhibitors of
GGTase-l can be effective against viral infections such as
hepatitis and HIVA213 A specific biphosphonate inhibitor of

recognition. Second, the assay should provide an easily detect-
able and quantitative read-out. Third, the assay must be versatile
and scalable for high-throughput applications. Fluorescence
assays have been increasingly used for the identification of

RabGGTase was identified and proposed as a lead compoundiologically active substances due to their high sensitivity,

in the development of anti-osteoporosis treatniériinally,
inhibition of RabGGTase was demonstrated to be sufficient for
induction of apoptosis in cancer celfs.

flexibility, and relatively low cost. However, no universally

applicable fluorescence assay has been developed or proposed
for the prenyltransferases despite the fact that several fluorescent

The existence of three prenyltransferases in eukaryotic cellsanalogues of both geranylgeranyl pyrophosphate (GGPP) and

that utilize often overlapping lipid and protein substrates may
lead to cross-specificity of the inhibitors. Therefore, the ability

farnesyl pyrophosphate (FPP) have been repéfted Toward
this goal, we prepared two fluorescent analogues of FPP and

to assess the specificity of inhibitory compounds is essential GGPP that were demonstrated to be efficient substrates for all

for determining their potential utility and medical applicability

three prenyltransferases. These fluorescent substrates were then

and calls for development of a simple assay that allows parallel used to develop a versatile on-bead microscopic assay for

assessment of numerous inhibitory activities toward all three

enzymes and to a panel of protein substrates. The originally

screening libraries of potential prenyltransferase inhibitors.

developed in vitro prenylation assay, which measures the amountMaterials and Methods

of protein conjugated radioactive isoprenoid, can potentially be
applied to all prenyltransferasé&stHowever, it is laborious and

1H, 13C, and®'P spectra were recorded on a Bruker AC-250 or a
Varian Mercury 400 spectrometer. The signal of the residual protonated

poorly scalable. Subsequently developed farnesyltransferasesolvent (CDC}, CDsOD, or D;O) was taken as referencéH( 6 =
assays have been based on changes in fluorescence of am.24 (CHC}); °C, o = 77.0 (CHCH)). El and FAB mass spectra were

(3) Andres, D. A.; Seabra, M. C.; Brown, M. S.; Armstrong, S. A.; Smeland,
T. E.; Cremers, F. P.; Goldstein, J. Cell 1993 73, 1091-1099.
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Marsters, J. C., JiSciencel993 260, 1937-1942.

(7) Singh, S. B.; Lingham, R. BCurr. Opin. Drug Discaery Dev. 2002 5,
225-244.

(8) Rowinsky, E. K.; Windle, J. J.; Von Hoff, D. Ol. Clin. Oncol.1999 17,
3631-3652.
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K. D.; Gelb, M. H.J. Biol. Chem.1998 273 26497-26505.

(11) Buckner, F. S.; Eastman, R. T.; Nepomuceno-Silva, J. L.; Speelmon, E.
C.; Myler, P. J.; Van Voorhis, W. C.; Yokoyama, KJol. Biochem.
Parasitol. 2002 122 181—-188.

(12) Ye, J.; Wang, C.; Sumpter, R., Jr.; Brown, M. S.; Goldstein, J. L.; Gale,
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(13) del Real, G.; Jimenez-Baranda, S.; Mira, E.; Lacalle, R. A.; Lucas, P.;
Gomez-Mouton, C.; Alegret, M.; Pena, J. M.; Rodriguez-Zapata, M.;
Alvarez-Mon, M.; Martinez, A.; Manes, S. Exp. Med2004 200, 541~
547.

(14) Coxon, F. P.; Helfrich, M. H.; Larijani, B.; Muzylak, M.; Dunford, J. E.;
Marshall, D.; McKinnon, A. D.; Neshitt, S. A.; Horton, M. A.; Seabra, M.
C.; Ebetino, F. H.; Rogers, M. J. Biol. Chem2001, 276, 48213-48222.

(15) Lackner, M. R.; et alCancer Cell2005 7, 325-336.

(16) Schaber, M. D.; O'Hara, M. B.; Garsky, V. M.; Mosser, S. C.; Bergstrom,
J. D.; Moores, S. L.; Marshall, M. S.; Friedman, P. A.; Dixon, R. A.; Gibbs,
J. B.J. Biol. Chem199Q 265 14701-14704.

measured on a Finnigan MAT MS 70 workstation (FAB: 3-nitrobenzyl
alcohol (NBA) as matrix).

Materials. Flash chromatography was performed on Baker silica
gel (40-65um) or on RP18 silica gel. All solvents were distilled using
standard procedures. Commercial reagents were used without further
purification.

(17) Cassidy, P. B.; Dolence, J. M.; Poulter, C. ethods Enzymol1995
250, 30—-43.

(18) Pickett, W. C.; Zhang, F. L.; Silverstrim, C.; Schow, S. R.; Wick, M. M;
Kerwar, S. SAnal. Biochem1995 225 60—63.

(19) Kalman, V. K.; Erdman, R. A.; Maltese, W. A.; Robishaw, J.JDBiol.
Chem 1995 270, 14835-14841.
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L.; Patton, R.; Windsor, W. T.; Syto, R.; Zhang, R.; Bishop, WJRBiol.
Chem.1997 272, 10232-10239.
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Expression Purif2005 39, 71-81.
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2-[2,6,10-Trimethyl-12-(tetrahydropyrane-2-yloxy)-dodeca-2,6,-
10-trienyl]-isoindol-1,3-dione (Pht-F-OTHP). To a solution of ph-
thalimide (204 mg, 1.39 mmol), triphenylphosphine (364 mg, 1.39
mmol), and 2,6,10-trimethyl-12-(tetrahydropyrane-2-yloxy)-dodeca-2,6,-
10-trien-1-0#°31 (448 mg, 1.39 mmol) in THF (1 mL) was added
diethylazodicarboxylat (DEAD) (242 mg, 1.39 mmol). The reaction
was left stirring for 12 h, and the solvent was removed in vacuo. The
residue was taken up in diethyl ether (50 mL), filtered, and the solvent
was removed in vacuo. Purification of the resulting oil by flash
chromatography using-hexane/ethyl acetate (6:1) as eluent yielded
497 mg (1.10 mmol, 79%) of the desired product as a colorles&oil.
0.30 (-hexane/ethyl acetate, 3:24 NMR (400 MHz, CDC}): 6 =
1.55 (s, 3H); 1.63 (s, 3H); 1.64 (s, 3H); 149.70 (m, 6H); 1.94
2.15 (m, 4H); 3.48-3.50 (m, 1H); 3.85-3.89 (m, 1H); 3.96-4.08 (m,
1H); 4.17 (s, 2H); 4.164.30 (m, 1H); 4.61 (t) = 3.5 Hz, 1H); 5.03
5.08 (m, 1H); 5.325.34 (m, 2H); 7.70 (m, 2H); 7.83 (m, 2H)C
NMR (100.6 MHz, CDC}): 6 = 14.6 (CH); 16.0 (CH); 16.4 (CHy):
19.6 (CH); 25.5, 26.2, 26.4 (Ch); 30.7 (CH); 39.1 (CH); 39.5 (CH);
44.9 (CHy); 62.2-63.6 (CH); 97.7 (CH); 120.5 (CH); 123.2 (CH);
124.2 (CH); 127.4 (CH); 129.1 (& 132.1 (G); 133.9 (CH); 134.7
(Cy); 140.2 (G); 168.2. MS (FAB, 3-NBA): m/z calcd for [M + NaJ*,
474.2723; found, 474.2682;,615;NO, (451.6).

2,6,10-Trimethyl-12-(tetrahydropyrane-2-yloxy)-dodeca-2,6,10-
trienylamine (H:N-F-OTHP) (1b). To a solution of Pht-Far-OTHP
(497 mg, 1.29 mmol) in ethanol (30 mL) was added hydrazine (387
mg, 7.74 mmol). The reaction was left stirring for 12 h, filtered, and
the solvent was removed in vacuo. Purification of the resulting oil by

19.6 (CHy); 25.4, 26.1, 26.2 (Ch}; 30.6 (CH); 38.9 (CHy); 39.4 (CH);
51.4 (CH); 62.3-63.6 (CH); 97.8 (CH); 98.5 (CH); 120.6 (CH); 123.5
(CH); 124.4 (CH); 128.9 (@; 136.5 (CH); 128.6, 134.4, 139.9, 143.8,
144.2 (G). MS (El): m/z calcd for [M + H]*, 484.2686; found,
484.2707; GeHzeN4Os (484.6).
3,7,11-Trimethyl-12-(7-nitro-benzo[1,2,5]oxadiazo-4-ylamino)-
dodeca-2,6,10-trien-1-ol (NBD-NH-F-OH) (3b).To a solution of
NBD-NH-F-OTHP @b) (384 mg, 0.79 mmol) in ethanol was added
PPTS (460 mg, 1.63 mg). The reaction was heated &€ 66r 3 h,
and poured into a separating funnel containing diethyl ether and brine
solution. The layers were separated, dried ovesSy filtered, and
the solvent was removed in vacuo. Purification of the resulting oil by
flash chromatography usinghexane/ethyl acetate (1.5:1) as eluent
yielded 298 mg (0.74 mmol, 94%) of the desired prodlcas a reddish
brown oil. R 0.23 (-hexane/ethyl acetate (1.5:1% NMR (250 MHz,
CDClg): 6 = 1.59 (br, 3H); 1.67 (br, 3H); 1.73 (br, 3H); 1.92.30
(m, 8H); 4.02 (dJ = 5.5 Hz, 2H); 4.18 (dJ = 6.8 Hz, 2H); 5.08 (tq,
J=6.9 Hz,J = 1.1 Hz, 1H); 5.38 (tg) = 7.4 Hz,J = 1.2 Hz, 1H);
5.46 (tq,d = 7.1 Hz,J = 1.2 Hz, 1H); 6.17 (dJ = 8.7 Hz, 1H); 6.84
(br, 1H); 8.46 (dJ = 8.7 Hz, 1H).*3C NMR (100.6 MHz, CDCJ): ¢
= 14.7 (CH); 15.9 (CH); 16.3 (CH); 26.0, 26.1 (CH); 38.9-39.4
(CHyp); 51.3 (CH); 59.5 (CHy); 99.2 (CH); 123.4 (CH); 124.5 (CH);
136.5 (CH); 123.8, 128.6, 134.4, 139.3, 143.9, 144.2, 144,8 (@S
(El): myzcalcd for [M+ H]*, 400.2111; found, 400.2099E1,5N4O4
(400.5).
(12-Chloro-2,6,10-trimethyl-dodeca-2,6,10-trienyl)-(7-nitro-benzo-
[1,2,5]oxadiazol-4-yl)amine 4b (NBD-NH-F-CI).To a solution of

flash chromatography using ethyl acetate/triethylamine (99:1) as eluent N-chlorosuccinimide (111.3 mg, 0.83 mmol) in dichloromethane (8 mL),

yielded 393 mg (1.22 mmol, 95%) of the desired prodilibtas a

yellowish oil. R 0.24 (ethyl acetate/triethylamine (99:1 NMR (250

MHz, CDCk): 6 = 1.61 (s, 3H); 1.64 (s, 3H); 1.68 (s, 3H); 140

1.90 (m, 6H); 2.07 (m, 8H); 3.16 (s, 2H); 3.52 (m, 1H); 3.90 (m, 1H);

4.03 (dd,J = 11.8 Hz,J = 7.4 Hz, 1H); 4.24 (ddJ = 11.8 Hz,J =

6.4 Hz, 1H); 4.63 (tJ = 3.3 Hz, 1H); 5.12 (tJ = 6.2, 1H); 5.26 (t,

J = 6.8, 1H); 5.36 (tJ = 6.9, 1H).23C NMR (100.6 MHz, CDCJ):

0 = 14.4 (CH); 15.9 (CH); 16.3 (CHy); 19.5 (CH); 25.4, 26.1, 26.2

(CHy); 30.6 (CH); 39.4 (CH); 39.5 (CH); 44.9 (CH); 62.1-63.5

(CHy); 97.6 (CH); 120.5 (CH); 123.4 (CH); 123.9 (CH); 135.15)C

137.2 (G); 140.2 (G). MS (FAB, 3-NBA): m/z calcd for [M + H]*,

322.2688; found, 322.2725;,63sNO, (321.5).
7-Nitrobenzo[1,2,5]oxadiazol-4-yl-1-[2,6,10-trimethyl-12-(tetrahy-

dro-pyrane-2-yloxy)-dodeca-2,6,10-trienyl]-amine (NBD-NH-F-

OTHP) (2b). To a solution of HN-F-OTHP (Lb) (393 mg, 1.22 mmol)

in acetonitrile/25 mM NaHC®@buffer (1:1) (15 mL) was slowly added

a solution of NBD-CI (365 mg, 1.83 mmol) in acetonitrile (5 mL).

After the mixture was stirred for 1 h, further NBD-CI (365 mg, 1.83

mmol) was added. The mixture was left stirring for 1 h. The resulting

black solution was poured into a separating funnel containing dichlo-

stirring at—40 °C under an atmosphere of argon, was added dimethyl
sulfide (92.4 mg, 1.49 mmol) dropwise. The reaction was then warmed
to 0 °C with an ice bath and kept at this temperature for 5 min. The
reaction was then cooled back+al0 °C, and a solution of NBD-NH-
Far-OH @b) (298 mg, 0.74 mmol) in dichloromethane (8 mL) was
added dropwise. The resulting muddy black solution was then left
stirring to warm to @C over 1 h. The reaction was maintained &0

for another hour, after which time it was then warmed to room
temperature for a further 15 min. The resulting solution was poured
into a separating funnel containing diethyl ether (100 mL) and ice-
cold brine solution. The layers were separated, and the organic phase
was washed once with ice-cold brine solution. The combined aqueous
phases were back extracted with diethyl ether{220 mL). The
combined organic phase was dried ovepB@@, filtered, and the solvent
was removed in vacuo, to yield 315 mg (0.74 mmol, quant3loas

a reddish brown oilRs 0.45 (-hexane/ethyl acetate (3:1JH NMR

(250 MHz, CDC}): 6 = 1.55 (br, 3H); 1.67 (dJ = 1.0, 3H); 1.70

(br, 3H); 1.96-2.16 (m, 8H); 4.03 (dJ = 7.8 Hz, 2H); 4.05 (dJ =

8.0 Hz, 2H); 5.04 (tqJ = 6.4 Hz,J = 1.0 Hz, 1H); 5.38 (tq) = 8.0

Hz,J = 1.2 Hz, 1H); 5.47 (tgJ) = 6.6 Hz,J = 0.9 Hz, 1H); 6.18 (d,

romethane and brine solution. The layers were separated, dried overy = 8.7 Hz, 1H); 6.78 (dJ = 5.8, 1H); 8.41 (dJ = 8.7 Hz, 1H).:3C

NaSO,, filtered, and the solvent was removed in vacuo. Purification
of the resulting oil by flash chromatography using methylene chloride
as eluent yielded 384 mg (0.79 mmol, 65%) of the desired pra2luct
as a reddish brown oiR: 0.10 (methylene chloride}H NMR (250
MHz, CDCk): 6 = 1.54 (s, 3H); 1.61 (s, 3H); 1.69 (s, 3H); 146
1.81 (6H, m); 1.96-2.20 (m, 8H); 3.47 (m, 1H); 3.86 (m, 1H); 3.98
(dd,J=11.9 Hz,J = 4.8 Hz, 1H); 4.02 (dJ = 6.0 Hz, 2H); 4.19 (dd,
J=11.9 Hz,J = 6.5 Hz, 1H); 4.58 (ddJ = 2.2 Hz,J = 2.2 Hz, 1H);
5.04 (tq,d = 6.4 Hz,J = 0.9 Hz, 1H); 5.29 (ddg) = 6.5 Hz,J= 4.8
Hz,J = 1.0 Hz, 1H); 5.45 (tq) = 6.5 Hz,J = 1.0 Hz, 1H); 6.16 (d,

J = 8.7 Hz, 1H); 6.81 (tJ = 6.0, 1H); 8.42 (d,J = 8.7 Hz, 1H).23C
NMR (100.6 MHz, CDCJ): 6 = 14.5 (CH); 15.9 (CH); 16.3 (CHy);

(29) Turek, T. C.; Gaon, |.; Gamache, D.; Distefano, MBiborg. Med. Chem.
Lett. 1997, 7, 2125-2130.

(30) Vig, O. P.; Sharma, M. L.; Gauba, R.; Puri, S.Ikdian J. Chem1985
24, 513-515.

(31) Umbreit, M. A.; Sharpless, K. Bl. Am. Chem. Sod 977, 99, 5526~
5528.
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NMR (100.6 MHz, CDCJ): 6 = 14.5 (CH); 15.9 (CHy); 25.9-26.2
(CHy); 38.9-39.2 (CH); 41.1 (CH); 51.4 (CH); 99.3 (CH); 120.2
(CHy); 123.9 (CH); 129.1 (CH); 136.6 (CH); 123.4, 128.6, 134.7, 142.5,
143.8, 144.2 (§. MS (FAB, 3-NBA): mvz calcd for [M + H],
419.1772; found, 419.1760;,(H,7N,OsCl (418.9).

Synthesis of Tris-ammoniun{3,7-dimethyl-8-(7-nitro-benzo-
[1,2,5]oxadiazol-4-ylamino)-octa-2,6-diene}pyrophosphate (NBD-
GPP) (7a).Tris(tetraN-butylammonium) pyrophosphatg)¢? (1.76 g,
1.85 mmol) was dissolved in acetonitrile (8 mL) under an argon
atmosphere. NBD-NH-Ger-CHg)%3 (100 mg, 284umol) was added
to the resulting solution, and the reaction mixture was stirred at ambient
temperature for 2.5 f% The mixture was then concentrated by rotary
evaporation, and the residue was dissolved in 5 mL of 25 mM

(32) Davidsson, V. J.; Woodside, A. B.; Neal, T. R.; Stremler, K. E.;
Muehlbacher, M.; Poulter, C. OJ. Org. Chem1986 51, 4768-4779.

(33) Reents, R.; Wagner, M.; Schlummer, S.; Kuhimann, J.; Waldmann, H.
ChemBioChen2005 6, 86—94.
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ammonium bicarbonate buffer/2-propanol 19:1 [v:v]. The resulting
solution was rapidly passed through a28 cm Dowex AG50x8 ion
exchange column (NF form). Lyophilization of the eluent yielded
an orange solid, which was dissolved in 2 mL of 25 mM ammonium
bicarbonate. This resulting mixture was purified by flash chromatog-
raphy on an RP 18 silica gel with a linear gradient elution starting
from 25 mM ammonium bicarbonate buffer to acetonitrile. The fractions
containing7a were collected, and acetonitrile was removed by rotary
evaporation. Lyophilization of the resulting material afforded 106 mg
(196 umol, 69%) of pure7a as a fluffy, hygroscopic orange solitH
NMR (250 MHz, D:O): ¢ = 1.52 (s, 6H); 1.94 (tJ = 7.3 Hz, 2H);
2.04 (td,J = 7.3 Hz,J = 7.0 Hz, 2H); 3.90 (s, 2H); 4.29 (1 = 6.9

Hz, 2H); 5.26 (t,J = 6.9 Hz, 1H); 5.32 (tJ = 7.0 Hz, 1H); 6.13 (d,

J = 8.7 Hz, 1H); 8.25 (dJ = 8.7 Hz, 1H).3'P NMR (200 MHz,
D:0): 6 = —9.50 (d, 1P),—7.90 (d, 1P). MS (FAB, 3-NBA):m/z
calculated for [M— H]~, 491.0811; found, 491.0698;16131N7010P>
(543.4).

Synthesis of Tris-ammoniun{ 3,7,11-trimethyl-12-(7-nitro-benzo-

[1,2,5]oxadiazo-4-ylamino)-dodeca-2,6,10-trien}pyrophosphate
(NBD-FPP) (7b).Compoundrb was prepared using NBD-NH-Far-Cl
(4b) (79.0 mg, 186umol) and tris(tetraN-butylammonium) pyrophos-
phaté? (1.17 g, 1.23 mmol) as described for the synthesis7af
Compoundrb was obtained as a fluffy, hygroscopic orange solid (62.0
mg (115umol, 61%)).*H NMR (250 MHz, D,O): ¢ = 1.26 (br, 3H);
1.41 (br, 3H); 1.46 (br, 3H); 1.681.87 (m, 8H); 3.87 (m, 2H); 4.25
(t, J=6.8 Hz, 2H); 5.10 (] = 6.9 Hz, 1H); 5.13-5.25 (m, 2H); 6.07
(d,J = 8.7 Hz); 8.19 (d,) = 8.7 Hz, 1H).31P NMR (200 MHz, RO):
0 =-9.20 (m, 1P);~5.40 (m, 1P). MS (FAB, 3-NBA):n/z calcd for
[M(C21H3oN4O10P,) + NH4*]~, 578.1781; found, 578.1921 ;s
N7O1P; (611.5).

Synthesis of the Compound Library.Investigated members of the

4 °C) and filtered through a 0.4bm nitrocellulose filter (Schleicher
and Schuell). The filtrate was loaded ort 5 mLHi-Trap Ni Sepharose
column (Pharmacia) pre-equilibrated with the lysis buffer. The column
was washed extensively with lysis buffer containing 5 mM imidazol,
and the bound protein was eluted with a linear2d0 mM imidazol
gradient in 30 column volumes. Fractions containing GST-GTPases
were pooled. In some cases, proteins were further purified by gel
filtration on a 26/60 Superdex 200 column (Pharmacia) equilibrated
with buffer containing 25 mM HEPES pH 7.2, 25 mM NacCl, 5 mM
DTT, 2 mM MgCh, and 200uM guanosine diphosphate (GDP),
concentrated to ca. 10 mg/mL and stored in multiple aliquots&Qa

°C.

Expression and purification of protein tyrosine phosphatase
PRL-3 was performed according to a slightly modified version of the
procedure reported earliét Briefly, the PRL overexpressing. coli
cells were resuspended in a phosphate buffered saline (PBS) buffer
(pH 7.4) supplemented with 20 mM imidazol and 1 mM PMSF. The
cell-free extract was applied on a Hi Trap Ni Chelating column
(Amersham Biosciences), and, after extensive washing, the bound
protein was eluted using a gradient ofZ800 mM imidazole. Fractions
containing electrophoretically homogeneous PRL-3 were collected, and
finally the buffer was changed to the storage buffer (50 mM Tris pH
7.5, 150 mM NaCl, 1 mM DTT).

Expression and purification of prenyltransferaseswas performed
essentially as described for RabGGTédeor the expression of FTase,
the expression temperature was raised t6@and the expression time
was shortened to 4 h.

SDS-PAGE-Based Prenyltransferase Assa$.uM protein substrate
(RhoA, Ki-Ras4B, Rabl, or Rab7 fused to GST) was incubated with
5 uM of the appropriate prenyltransferase (GGTase-l, FTase, or
RabGGTase, respectively) and 251 NBD-GPP or NBD-FPP in the

tripeptide library 343, 621, 623, 656, 651, 650, 669, 670, 672, and 673 prenylation buffer (50 mM Hepes pH 7.2, 50 mM NaCl, 5 mM DTT,
were synthesized in a parallel approach and isolated as pure compounds mM MgCl,, 20 uM GDP) in a final volume of 2QuL. When Rab

as described befofé.The FTase inhibitor B581 was purchased from
EMD Biosciences®

Construction of Expression Vectors for Small GTPasesOpen

proteins were used as protein substrate, REP-1 was also added to the
mixture to a final concentration of @M. Control reactions were
supplemented with a 5-fold excess of GGPP or FPP over the fluorescent

reading frames of canine Rab7, human Rab1A, RhoA, and Ki-Ras were lipid, which prevents incorporation of fluorescent analogues into protein

amplified by PCR with specific primers carryingdd and Xhd
restriction sites. PCR products were digested Witld and Xhd and
inserted into the pGATEV vector predigested with the same enzyfnes.
The integrity of the open reading frames was verified by nucleotide
sequencing.

Construction of Expression Vectors for PrenyltransferasesThe
two-vector expression system for RabGGTase was described &éarlier.

substrate due to higher concentration and affinity of the native
isoprenoids for prenyltransferase (see Results and Discussion). The ratio
of unlabeled to labeled isoprenoids required f80% inhibition of
NBD-isoprenoid incorporation was determined by titrating a standard
prenylation reaction with increasing concentrations of either GGPP or
FPP. The reaction mixtures were incubated for 15 min at room
temperature and then quenched by addition of:R®f hot 2x SDS-

For construction of expression systems for GGTase-l and FTase, anPAGE sample buffer. The samples were boiled at’@5for 3 min,

identical strategy was employed. The cDNA for theubunit of FTase
was inserted between tiNdd and Xhd sites of the pGATEV vector,

and 25uL was loaded onto 15% SDS-PAGE. The fluorescent bands
corresponding to the prenylated proteins were visualized in the gel using

and thes subunits of GGTase-l and FTase were cloned between the a Fluorescent Image Reader FLA-5000 (Fuji) (excitation laser, 473 nm;

Ndd and Xhd sites of pET30 expression vector.

Expression and Purification of Glutathione-S-transferase (GST)-
GTPase Fusion Proteins Expression vectors for substrate GTPases
were transformed into competelt coli BL21(DE3) Codon Plus RIL

cutoff filter, 510 nm) followed by staining with Coomassie blue and
scanning.

Analysis of Prenylation by Fluorescent Lipids Using Steady-State
Kinetics. FTase, GGTase-l, and RabGGTase steady-state kinetics were

cells, and high-level expression of fusion proteins was induced by the assayed by quantitating the amount of NBD-prenylated GST-Ki-Ras,
addition of IPTG to suspension cultures to a final concentration of 0.2 GST-RhoA, or Rab7 products respectively on SDS-PAGE as described

mM at the ORg, 0.9, and then incubated at 2G for 12 h. Cells were
lysed in lysis buffer (50 mM NaiPO, pH 8.0, 0.3 M NacCl, and 2
mM S-mercaptoethanol (BME), 1 mM phenylmethylsulfonylfluoride
(PMSF)) by passing twice through a fluidizer (Microfluidics). The
resulting homogenate was clarified by centrifugation (30gQ@0h at

(34) Thutewohl, M.; Kissau, L.; Popkirova, B.; Karaguni, I. M.; Nowak, T.;
Bate, M.; Kuhimann, J.; Muller, O.; Waldmann, Bioorg. Med. Chem.
2003 11, 2617-2626.

(35) Cox, A. D.; Garcia, A. M.; Westwick, J. K.; Kowalczyk, J. J.; Lewis, M.
D.; Brenner, D. A.; Der, C. JJ. Biol. Chem.1994 269 19203-19206.
(36) Kalinin, A.; Thoma, N. H.; lakovenko, A.; Heinemann, |.; Rostkova, E.;
Constantinescu, A. T.; Alexandrov, Rrotein Expression Puri2001, 22,

84-91.

above. A typical reaction contained various concentrations of fluorescent
isoprenoids or various concentrations of protein substrate in 25 mM
Hepes, pH 7.2, 40 mM NaCl, 2 mM Mg&l2 mM DTT, 100uM
GDP. After pre-equilibration of the assay mixture at 3D in the
absence of enzyme, the reaction was initiated by the addition of the
prenyltransferase transferase to a final concentration-@02nM. At

time intervals, aliquots of 1AL were withdrawn, and the reaction was
stopped by the addition of Laemmli sample buffer and analyzed by

(37) Matter, W. F.; Estridge, T.; Zhang, C.; Belagaje, R.; Stancato, L.; Dixon,
J.; Johnson, B.; Bloem, L.; Pickard, T.; Donaghue, M.; Acton, S.;
Jeyaseelan, R.; Kadambi, V.; Vlahos, CBibchem. Biophys. Res. Commun.
2001, 283 1061-1068.
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SDS-PAGE. The fluorescence of the bands corresponding to the solutions of 20, 50, or 200 nM fluorescent isoprenoid diphosphate were

prenylated GTPases was scanned as described above and was quantitrated with recombinant prenyltransferase. Titrations were fitted using

tatively analyzed using AIDA densitometry software. the quadratic equation describing the fluorescence change expected
Bead-Based Prenyltransferase Assaythe GST-fusion GTPases  under these conditions:

(GST-Ki-Ras, GST-Rab7, or GST-RhoA) were immobilized on glu-

tathione-Sepharose beads. For this purpose, 430f glutathione- (Frax = Frnir) % [(P+ L+ K) — /(P + L + K)? — 4pl]
Sepharose 4B beads (Amersham Biosciences) 75% slurry in ethanol F;, + >
was dispensed and equilibrated with binding buffer PBS (137 mM NacCl, P

2.7mMKCl, 4.3 mM NaHPQ,, 1.4 mM KH,PO,, pH 7.3). Thebeads  \ areF is the fluorescence intensity (in arbitrary unitByn is the
were pelleted by centrifugation at §pdor 5 min in a benchtop  jyensity at the beginning of the titratiofmy is the fluorescence
centrifuge, and the supernatant was discarded. For binding, the resultlngimensity of the complexP is the total NBD-isoprenoid concentration,

approximately 10QiL of drained beads was incubated with 0.5 mg of | ' e prenyltransferase concentration, afids the dissociation
GST-Ki Ras4B, GST-Rab7, or GST-RhoA in PBS in a final volume ¢, qtant for the interaction. In the fit to this equati®inn, Fras P,

of 1 mL. After 30 min o_f incu_bation at room temperature, the beads , 4 Kq were allowed to vary in the program Grafit (Erithacus
were harvested by centrifugation at §I0r 5 min. The unbound GST- Software)®

fusion protein was removed by washing the beads three times with 10 0. 1he competive titration of GGTase- with NBD-FPP and GGPP
bed volumes of fresh PBS. Approximately 0.3 mg of GST-tagged fis \ere performed with the program Scientist (Micromath) using a

protein was immobilized on 100L of drained beads. To correct for g file that allows simulation and fitting to the set of three equations

differences in binding efficiencies of proteins to the matrix and 10 jescrining the two equilibria and the generation of the fluorescence
compensate for potential loss during we_\shlng and handling stgps, thegiynal (for details, see ref 39). The, value for the GGTase-I:NBD-
amount of the GTPase substrates used in the bead assay was increasgbp interaction was held constant at the value determined from the

to 1:20 molar ratio with respect to prenyltransferase. direct titration

To perform the prenylation reaction, the beads were then equilibrated ¢l culture. Human epidermal carcinoma A431 cells were cultured
with reaction buffer (50 mM Hepes pH 7.2, 50 MM NaCl, 5mM DTT, iy pulbecco’s modified Eagle’s medium (Sigma) supplemented with
5 mM MgCl;, 20 uM GDP) and finally resuspended in 20 of the 10% fetal bovine serum, 4 mitglutamine, and 4.5 g/L glucose and
same buffer. This resulted in an approximately 30% slurry. For a typical \yere adjusted to contain 1.5 g/L sodium bicarbonate. Cells were
bead-based prenylation reaction,l0of a 30% slurry of glutathione- passaged every 4 days. COS-7 cells were grown in DMEM medium
Sepharose bound GST-GTPase was incubated wigM3of the with glutamine (Invitrogen) with 10% fetal bovine serum, and penicillin/
appropriate prenyltransferase, 40 NBD-GPP or NBD-FPP, and 200 streptomycin. Cells were passaged every 3 days.
uM synthetic inhibitor. In the case of GST-Rab7, REP-1 was also added  |yracellular Delivery and Imaging of the NBD-Isoprenoids.
to a final concentration of 6M. The total reaction volume was brought  gpconfluent A431 cells grown on glass cover slips were incubated
to 20uL with prenylation buffer. In parallel, positive control reactions g ice or at 37°C with 10u4M NBD-FPP or NBD-GPP added directly
(no inhibitor) were carried out. The reaction mixtures were incubated g the growth medium, washed three times with PBS fixed for 10 min
for 8 min at 25°C in a Thermo mixer (Eppendorf) with continuous i 494 formaldehyde diluted in PBS, and mounted onto object slides.
agitation (800 rpm). The reactions were stopped by addition of 500 ce|l imaging was done using a Nikon Eclipse 80i confocal microscope
uL of cold prenylation buffer, diluting the reaction mixture 25-fold.  \yith g green (488 nm) excitation laser.

The beads were immediately pelleted by short spinning in a benchtop  Transfection of COS-7 Cells with EYEP-Ki-Ras and ECFP-GDI
centrifuge and washed three times with the same buffer. Finally, the 5nq Detection of in Vivo Prenyltransferase Activity. The vector
beads were resuspended in 20 of buffer, spread on a glass slide, pH2b_GDI_ECFP_Tev_EYFP_Ki_Ras is a derivative of pHcRed1-N1
covered with cover slips, and visualized using a fluorescence microscope(c|0mech) designed to coexpress ECFP-GDI and EYFP-Ki-Ras fusion
(Axiophot, Zeiss, Germany). The NBD fluorescence was visualized proteins and will be described elsewhere (Delon and Alexandrov,
using the Zeiss filter set for FITC because this fluorophor has spectral unpublished). For in vivo prenylation experiments, COS-7 cells were
characteristics closest to those of NBD. grown in 12-well dishes to 70% confluence and incubatedfo with

The images were acquired through ax1Plan-Neofluar objective 200 ug of plasmid DNA mixed with 20Qug/mL DEAE dextran per
using an AxioCam CCD camera (Carl Zeiss Vision GmbH, Germany). well. This was followed by a 4.5 h incubation of the cells with 10
The exposure time was 10 s in all cases. The software used to recordof chloroquine to inhibit lysosomal degradation and allow DNA to

images was Axio Vision 2.05 (Zeiss). escape from lysosomes and enter the nucleus. Approximately 24 h after
IC 50 Determination. 3 uM GST-tagged GTPase was incubated for  transfection, cells were rinsed with fresh medium and compactin was
4 min at room temperature with ZM prenyltransferase, 1@M added to the medium at 20M. After 24 h of incubation with

fluorescent lipid, and increasing concentrations of inhibitor. The compactin, fluorescent isoprenoids were added to a final concentration
reactions were stopped by addition of sample buffer and resolved on of 100 uM to the medium and cells were incubated for an additional
SDS-PAGE. The fluorescence of the bands corresponding to the 6 h. In control experiments, cells were incubated with/80of GGPP
prenylated GTPases was quantitatively analyzed using AIDA densito- or FPP in addition to fluorescent isoprenoids. Following the incubation,
metry software, and the values were corrected for pipeting errors using cells were lysed and resolved on 12% SDS-PAGE gel. The fluorescent
Comassie blue staining of the same bands. The data were fitted usingbands were visualized using a fluorescent image reader (FLA-5000)
a quadratic equation equivalent to that given below for fluorescence as described above.
titrations.

Fluorescence Measurements=luorescence spectra and long time
base fluorescence measurements were performed with an Aminco SLM Synthesis of Fluorescent Analogues of FPP and GGPP.
8100 spectrophotometer (Aminco). All reactions were followed at 25 The fluorescent 7-nitro-benzo[1,2,5]oxadiazol-4-ylamino (NBD)

°C in 50 mM Hepes pH 7.2, 50 mM NaCl, and SmM DTT inavolume  g4y40 was chosen because it is one of the smallest known
of 1 mL. The NBD fluorescence was excited at 487 nm, and data were

collected at 530 nm for the interaction with GGTase-I or at 550 Nm (38) Thoma, N. H.; lakovenko, A.; Owen, D.; Scheidig, A. S.; Waldmann, H.;
for the interaction with FTase and RabGGTase. Data analysis was Goody, R. S.; Alexandrov, KBiochemistry200Q 39, 12043-12052.
performed with the program Grafit 4.0 (Erithacus Software). To estimate (39) g\zlaxizggai/. » K., Scheidig, A. J.; Goody, R. Blethods EnzymoR001,

the affinity of the recombinant enzymes for phosphoisoprenoids, (40) Ghosh, P. B.; Whitehou, M. WBochem. J1968 108, 155.

Results and Discussion
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1an=1 signal change indeed reflected specific interaction of the
Tr-uso/‘L/)\/J\n)\/N'4I2 1bn=2 developed compounds with the active sites of the enzymes (data
a-c not shown). The large changes in fluorescence allowed us to
l determine the affinity of prenyltransferases for the analogues.
H Titrations of NBD-GPP or NBD-FPP with prenyl transferases
ClWN 4an=1 are shown in Figure 2. In the case of RabGGTase, 200 nM
n p\NOZ 4bn=2 NBD-Fpp was titrated with increasing concentrations of enzyme.
A 0 9 o-’N For the other two prenyltransferases, GGTase-l and FTase,
HO'§‘0’§‘oe(ﬁsu,,)a(5) l" -e titration of the same concentration of NBD-labeled lipid gave
steep curves with sharp kinks, indicating much tighter binding
o ?F.z .CF.f W\)\/n 7an=1 (not shown). To determine more accurately the binding constants
(NHy)s 05 060 . Q Thn=2 for these two enzymes, the concentrations of NBD-FPP and
° ° N NO, NBD-GPP were lowered to 20 and 50 nM, respectively. The
O-N experimental data were fitted using a quadratic equation,
0 0 H yielding K4 values of 1.6+ 0.1 nM for the FTase:NBD-GPP
(ﬁm)a eO’?\O'?\O/\M‘)s\/N ;;2212 interaction, 64+ 1 nM for GGTase_—I:NBD-FPP, and 328 9
B 8 8 ni Q:\No nM for RabGGTase:NBD-FPP (Figure 2).
Nb-h 2 While the determined affinities of FTase and GGTase-| for
‘o o : | fluorescent isoprenoids are close to those for the native
(RHas eb’f"o'f"o’\MM aenz) substrates, RabGGTase bound NBD-FPP ca. 30-fold more
88 " weakly than it bound GGP#:4142

Figure 1. (A) Synthesis of fluorescent diphosphasand7b: (a) NBD- i
Cl. NaHCQ, buffer (pH 8-9), CHCN: 67-65% (b) PPTS, 60C. EtOH- Among many other utilities, the fluorescent analogues offer

93-94%; (c) NCS, DMS,~30 — 0 °C, 4a = quant.;4b = quant.; (d)5, a (_:o_nvenient methqd for the determinatiqn of the enzyr_nes’
CHsCN, room temperature, 3 h; (€) DOWEX ion exchange N2NH,t; affinity for their native substraté®. We decided to test this
7a = 69%; 7b = 61%. (B) Comparison of the fluorescent isoprenoid approach on GGTase-l, whose affinity for GGPP was deter-
analogues with the native phosphoisoprenoids. mined previously only by a gel filtration ass&}y200 nM of

) . NBD-FPP was mixed with 200 nM GGpp, and the resulting
compounds that produces relatively intense fluorescence upon . . L . .
S, . . . solution was titrated with increasing concentrations of GGTase-
irradiation with light generated by lasers used in screening robots R - .
- . I. As can be seen in Figure 3, there was an initial lag in the
and confocal microscopes. The synthesis of the labeled a8 orescence increase, explained by GGPP binding more strongl
logues starts from parent amin&e?® and 1b, both of which » €XP y 9 gy

. . . . than NBD-FPP to the transferase, initially resulting in the
are obtained in a four-step sequence from commercially avail- . : )
able geraniol and famesol (Figure 1A). After a variety of formation of a fluorescently silent complex. The data were fitted
conditions were tested, the best yields for the attachment of theggg::?iréiﬂlé W:Taéggngr%%r?gn eKS C\'/Z?Jlstof S';giao %rf \Q&USIy
fluorescent NBD group were obtained using an inorganic base pp_ - d . : '

. L . . for the GGPP:GGTase-l interaction (Figure 3).

in an acetonitrile/buffer solvent mixture. Acid-catalyzed removal . .

of the THP-protecting group furnished the desired fluorescent This demonstraf[es the utility of the de\_/e_loped quore_scent
alcohols in good yields. Transformation of these into chlorides analogues for studies of prenyltransferase:lipid substrate interac-
43 and4b was achieved quantitatively using the Cordgim tions and shows that GGTase-l binds its lipid substrate
reaction. Finally, conversion into the target diphosphates was S|gn|I|30antIy more tightly than was previously believed (16
achieved by nucleophilic substution with tris(tetdabutylam- M). . o

monium) hydrogenpyrophosphdiéollowed by cation exchange NBD-GPP and NBP-FPP Function as Efficient Prenyl

to give the ammonium sat Purification of the diphosphates ~ Donors for Prenyltransferases Following the observation that

7 by C18 column chromatography afforded the target com- NBD-FPP and NBD-GPP can bind to prenyltransferases in a

pounds in 6-69% yield. The diphosphate structure was verified Mode similar to that of native phosphoisoprenoids, we set out
by H NMR and3P NMR as well as by mass spectrometry. t0 determine whether these compounds could also serve as lipid

The resulting compounds were designated NBD-GR gnd donors for these enzymes. To this end, we performed an in vitro
NBD-FPP {7h). prenylation reaction in which enzymes were mixed with their
Interaction of NBD-GPP and NBP-FPP with Prenyltrans- corresponding fluorescent isoprenoid substrates and RablA,

ferases.The fluorescence spectra of NBD-GPP and NBD-FPP Rab7, RNhoA, or Ki-Ras4B GTPases fused to GST. Control
had excitation maxima at 487 nm and emission maxima at 550 Samples were supplemented with an excess of GGPP or FPP
nm (Figure 2). Addition of excess FTase, GGTase-l, or that would compete with the fluorescent analogues and thus
RabGGTase to a solution of NBD-GPP or NBD-FPP resulted Yield nonfluorescent prenylated GTPases (see Materials and
in large fluorescence changes. Surprisingly, the sign of this Methods for details).

change varied depending on the transferases. Thus, while The reaction was allowed to proceed for 15 min at room
addition of GGTase-l resulted in a fluorescence increase of temperature and was quenched by addition of SDS-PAGE
275%, the addition of FTase or RabGGTase resulted in
fluorescence quenching by 75% and 70%, respectively (Figure (41) Eil:)réwgﬁqiirfri;glégbgg'GJésJiifls'gggévazo' A.; Moomaw, J. F.; Casey, P. J.
2). Addition of an excess of GGPP or FPP to the mixture (42) Yokoyama, K.: Zimmerman, K.; Scholten, J.; Gelb, M.HBiol. Chem.
resulted in reversal of the signal change and return of the ., 1997 272 3334 3952

. R ) Yokoyama, K.; McGeady, P.; Gelb, M. Biochemistryl995 34, 1344—
fluorescence to the original level, indicating that the fluorescence 1354.

J. AM. CHEM. SOC. = VOL. 128, NO. 9, 2006 2827



ARTICLES Dursina et al.

1,2 — 1 Tt 1 ' T T T T 1
] GGTase-1 A
NBD-FPP
Z08
=]
o6
(m) ¥
g8
B 04
0,2
PEREN BN S N TR BN SN R | [ 1 L 1 L 1 L 1 I (-
520 540 560 580 600 620 520 540 560 580 600 520 540 560 580 600 620
Wavelength(nM) Wavelength(nM) Wavelength(nM)
16 T T T T T T T T T T T T T T T
D {24 1
FTase - RabGGTase 1
z 12 NBD-GPP 1 2} NBD-FPP i
5T 1 1] ]
=16 S0 =6nM N =328nM
B osl- K 1M Kg=6n ] Kg=328n
m N L
L 1 2}
04 PR R St i S i o %) P AT SRR ST R B i i . [ T N R R |
0 50 100 150 200 250 300 0 20 40 60 80 100 120 O 2 4 6 8

Conc. of FTase (nM) Conc. of GGTase-I (nM) Conc. of RabGGTase (uM)

Figure 2. Interaction of NBD-GPP and NBD-FPP with prenyltransferases: @A Emission scans of NBD-GPP (A) and NBD-FPP (B,C) in the absence
(small filled circles) and presence of increasing concentrations of prenyltranserases-(i#de~ green solid lines). (D) Titration of 50 nM of NBD-GPP

with increasing concentrations of FTase. The data were fitted to a quadratic equation as described in Materials and Methods. (E) Titration of 20 nM NBD
FPP with increasing concentrations of GGTase-I|. Data were fitted as in (D). (F) Titration of 200 nM NBD-FPP with increasing concentrations of$@abGGTa
Data were fitted as in (D).

o ——r—---—r— decreasing amounts of the prenylation mixture on the SDS-
] PAGE gel and analyzed it by fluorescent scanning. We were
able to detect as little as 6 fmol of fluorescent protein, indicating
] that the developed methods could be significantly scaled down
1.4 ] ] (data not shown). Fluorescent scanning and quantification of
] i the SDS-PAGE gels loaded with increasing amounts of fluo-
3 rescently labeled Rab7 showed that the signals remained in the
| linear range over a 10-fold range of concentrations (not shown).

The sensitivity of the developed assay allowed us to analyze
1 the steady-state kinetics for all three prenyltransferases. Reaction
] mixtures containing fixed amounts of prenyltransferases and
] varying amounts of either protein or lipid substrates were
—r incubated for different lengths of time and then resolved by
0 200 400 600 800 1000 SDS-PAGE. The fluorescence intensity of the bands was
analyzed using fluorescent scanning, and the initial velocities
Concentration of GGTase-I (nM) of the reactions were fitted with a linear equation (see inset in
Figure 3. Competitive titration in which 200 nM NBD-FPP was mixed  Figure S1). The obtained rates were plotted against the
with 200 nM GGPP and then titrated with increasing concentrations of concentration of the substrates and fitted to the Michaelis
GGTase-l. The data were fitted numerically using the program Scientist. . . .
The Kq value for GGPP determined from the fit was 0:250.01 nM. Menten equation (Figures S1, S2). The results are summarized
in Table 1. The obtaine&,, values reflect the differences in
sample buffer, after which the samples were resolved on a 15%measured affinities of protein prenyltransferase for their respec-
SDS-PAGE gel and scanned for fluorescence using a fluorescentive fluorescent substrates with RabGGTase displaying the
image reader followed by Coomassie blue staining. As can be highestK,, value of 4.7uM and GGTase-I the lowest of 26
seen in Figure 4, under these conditions incubation of all three nM. Remarkably, thé.s; values of all prenyltransferase are in
prenyltransferases with their respective protein substrates leda range of ca. 0.17$, which is very close to the values
to emergence of fluorescent bands corresponding to prenylatedpreviously measured for protein prenyltransfergée®. This
GTPases. No fluorescent products were generated when eitheindicates that the basic catalytic mechanism of prenyltransferases
the enzyme or the fluorescent isoprenoid were omitted (not
shown). As expected, the reaction was strongly inhibited by (44) Pompliano, D. L.; Rands, E.; Schaber, M. D.; Mosser, S. D.; Anthony; N.
excess GGPP or FPP (Figure 4) or by a specific inhibitor (not (45) JA'haGr:?,bj' %,;ngla(?s%r:g/nqunﬁ?sl)\/lzaiﬁiL?sig,ol\(al_.?%%ﬁeler, B.: Hansen. J. C.:
shown). Therefore, we conclude that the observed fluorescent’ ~ westover, K. D.; Deisenhofer, J.; Seabra, M.Blochemistry1998 37,
GTPases do indeed represent specific products of the prenylatiory¢, %gﬁg}fiﬁsm oomaw, 3. F.; Casey, PJ.Jiol, Chem1994 263 23465-
reaction. To assess the sensitivity of the method, we loaded 23470.
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Figure 4. SDS-PAGE gels of the fluorescently labeled GST-Rabl, GST-Rab7, GST-RhoA, GST-Ki-Ras (A), and PRL-3 (B) proteins after prenylation with
NBD-GPP and NBD-FPP mediated by prenyltransferases. The control reactions were supplemented with a 5-fold excess of either GGPP or FPP over the
fluorescent isoprenoid. Lower panels represent the fluorescent scans of the gels, while the upper panels show the same gels stained with @omassie bl

Table 1. Steady-State Kinetic Parameters of the Protein case of RabGGTase, which is in accord with the notion of strict
Prenyltransferases with NBD Isoprenoids as Lipid Substrates specificity of this enzyme for Rab GTPases (data not shown).
prenyltransferase substrate Kn@M)  ka(s7!)  KalKn(M7's7) Our results indicate that PRL-3 may possibly be a dual substrate
FTase NBD-GPP 0.5 0.09 2x 10 for both FTase and GGTase-I. Further in vivo experiments
GST-KiRas 2 : 0.5¢ 1¢° i is in vi
NED-FPP 0.03 30 % 16° should be performed to confirm this in vitro result and to reveal
- . X . . . . . .
GGTase-| GST-RhoA 42 0.08 0.03 10F its potential physiological significance.
NBD-FPP 4.7 0.1x10° Development of a Microscopic Prenyltransferase Assay.
RabGGTase  pop7REP1 1 0.04 0.4 10° P P y ¢

The assay described above provides a significant improvement
over the existing prenylation assays due to its simplicity and
is not significantly influenced by the substitution of the distal applicability to all protein prenyltransferases. However, its major
part of the isoprenoid chain with an NBD group (Table 1). shortcoming is in its reliance on SDS-PAGE for detection and
To ascertain that the observations for FTase and GGTase |quantification of the results, which limits its usefulness for
had general applicability and are not restricted to small GTP testing larger compound libraries. Therefore, we sought to
binding proteins, we tested a different type of substrate. We develop an alternative architecture that could be potentially
chose protein tyrosine phosphatase PRL-3, which is known to scaled down and automated. After testing several possible
be a substrate of FTase in vitro and displays a prenylation- approaches, we chose to use the on-bead assay depicted
dependent subcellular distribution in vivo. Although this was schematically in Figure 5A.
attributed to the activity of FTase, the potential involvement of  In this assay, the protein substrate is attached to glutathione-
GGTase-I cannot be automatically ruled out, given the in vitro Sepharose beads via a GST tag, and the transferase, fluorescent
evidence for the geranylation of the PRL-1 and PRL-2 homo- |ipid, and inhibitor are mixed with substrate-loaded beads. If
logues of PRL-3" The results of prenylation experiments using the prenylation reaction occurs, the lipid is transferred to the
FTase and GGTase-| prenyltransferases are shown in Figurebead and can be visualized by microscopy using a standard
4B. It appears from these data that PRL-3 can be prenylated byfluorescence microscope. We tested this assay by exposing beads
both FTase and GGTase-l, although the latter reaction seemggaded with GST-Ki-Ras fusion protein to a mixture of NBD-
to be somewhat less efficient (lanes 1 and 4). In the presenceFpp and FTase. After incubation, the beads were washed to
of a 5-fold excess of the corresponding native substrates (FPPremove free lipids and viewed under a fluorescence microscope.
_ano_l QGPP, respectively), formation of_ fluorescent produ_cts IS As can be seen in Figure 5B, beads bearing GST-Ki-Ras
inhibited (lanes 2 and 5). No prenylation was detected in the gppeared brightly fluorescent, while the control beads remained
(47) Zeng, Q.: Si. X.: Horstmann, H.: Xu, Y. Hong, W.: Pallen, CJ.JBiol. (jark. Althqugh the size of the individual beads varied, quantita-
Chem.200Q 275, 21444-21452. tive analysis of the fluorescence of surface segments of the beads
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glutathione GST

Prenvl‘;n"sferase
Il

substitution of tyrosine at position 1 of compound 670 to

histidine (see compound 651) or phenylalanine at position 2 to
tyrosine (see compound 672) leads to loss of activity toward
RabGGTase, while having no significant effect on the activity

toward GGTase-l and FTase (Figure 6B).

We chose the compounds with the most pronounced activities
) for further analysis and determined theirs®alues toward the
most susceptible enzymes. We performed in vitro prenylation
experiments in solution in the presence of increasing concentra-
tions of inhibitors, as shown for 670 and RabGGTase in Figure
7. By plotting the fluorescence intensities of the bands against
the concentration of inhibitor, we could determine the;lC
values valid for the conditions used (Figure 7 and Table 2).
From these data of Table 2, it appears that compounds 650 and
670 are potent inhibitors of GGTase-I/FTase and RabGGTase,
with ICs values in the low micromolar range, which would
qualify these substances as hits in the search for possible lead
compounds. Compounds used in this study were previously
tested for inhibition of FTase using a continuous fluorescent
assay?* With one exception, the results of the bead-based assay
correlate well with those of the continuous fluorescent assay.
For example, compounds 670 and 650 are shown to display
ICso values of>50 and 13uM toward rat FTasé? The only
exception is compound 623 that was inactive in the bead assay
Figure 5. On-bead microscopic assay for identification of prenyliransferse PUt Was shown to display gof 9 «M for rat FTase. The reason
inhibitors. (A) Principle of the assay. (B) On-bead prenylation of GST-Ki-  for this is currently unclear and requires further investigation.
Ras wit_h FTase usirjg NBD-GPP as a substrate. Pan'el 1, GST-_Ki-Ras loadedThe results imply that the developed bead-based fluorescent
g,ezgsiA”flé%?tggpvg:;hmg?esg \‘;"Vﬂﬂ ';'E zchi':n'zglsr’ :;g]uitbouft,‘:’vF',tQ?it ZST °5% assay provides sensitivity and selectivity comparable to that of
but with a 5 molar excess of FPP; 5, as in 1 but in the presence of an Other established prenyltransferase assays. Although the assay
FTase inhibitor B581. was employed here essentially in a qualitative manner, calibra-

) L tion of fluorescent intensities of the beads would enable more
confirmed that the fluorescence was distributed h°m°geneOUSIunantitative Use

(data not shown). Control experiments using FPP or a competi-
tive inhibitor of FTase (B581) demonstrated that, as in the case
of the gel-based assay, the appearance of the fluorescent sign
was highly specific (Figure 5B). We repeated similar experi-
ments with RabGGTase and GGTase-l and confirmed that the
assay was both sensitive and specific (data not shown).
Assay Validation and Identification of Novel Prenyltrans-
ferase Inhibitors. To test the applicability of the developed
assay in the identification and analysis of novel prenyltransferase
inhibitors, we chose a peptidomimetic tripeptide library based
on a naturally occurring inhibitor of farnesyltransferdse.
Among the library members, a number of farnesyltransferase
inhibitors with activity in the low micromolar range had been
identified by using known fluorescence- and radioactivity-based

? . L
assays! The simultaneous inhibition of GGTases by these this signal change, we obtainedavalue for the FTase:dansyl-

compounds had not been tested so far. For the assay validatio . - ; .
test, we selected nine compounds that were highly water-solublerbCVl‘S interaction of ca. #M (Figure 8A), rather higher than

and could be tested in the assay over a broad range Of}rk:'?er\;?:ltlijsnﬁf 'I}g I\:legtaptzretegfffgéttz(fe CF(;FriSiZS:g tlgSEOSEﬁSttrhe}tse
concentrations (data not shown). The selected compounds were . L - PO

. . interaction, the inhibitor was titrated to a mixture of FTase (17
added to the prenylation reactions at 20-fold excess over

fluorescent isoprenoid, and reactions were developed andMM) In large excess over the fluorescent peptide (384 nM). As

messure as descrbed sbove. AS can be see in Fgure oATTOl 1 FLTe 56, here was o deceace Iy Tuoesconce
several of the tested compounds displayed inhibitory activity pep ) '

toward the prenyltransferases. Interestingly, the presented resultdDis displacement is not complete, as can be seen by comparison

L ; of the data of Figure 8A, which indicate that the fluorescence
demonstrate that the inhibitors showed different potency and
e . . should be decreased by more than a factor of 2 under the
specificity toward different prenyltransferases. For instance, concentration conditions used if complete dissociation occurred
inhibitors 670 and 650 appear to inhibit all three prenyltrans- P ’
ferases, while compounds 65} and 672 are active only toward(48) Pompliano, D. L.: Gomez, R. P.: Anthony, NJJAm. Chem. S0d992
FTase and GGTase-l. Analysis of the structures shows that a 114 7945-7946.

=

Fluorescence

positive control hackground

IxFrPe

Interaction of Compounds 650 and 670 with FTaseThe
qbtained IGo values provide an indication of the inhibitory
aactivity of the identified compounds under the chosen conditions
but do not provide direct information on either their mode of
action or their affinity for prenyltransferases. To obtain initial
insights into the mechanisms of action of compounds 650 and
670, we chose to test them against the two most distantly related
prenyltransferases, FTase and RabGGTase. To determine whether
the identified inhibitors compete with the FTase peptide or lipid
substrates, we took advantage of the well-characterized fluo-
rogenic FTase substrate dansyl-GCVS.

Addition of FTase to the peptide solution excited at 329 nm
resulted in a large (ca. 3-fold) fluorescence intensity increase
and blue shift that could be used for titration experiments. Using
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Figure 6. Identification of prenyltransferase inhibitors in the library of tripeptide compounds. (A) Fluorescence of GST-GTPase loaded beads after the
prenylation reaction with prenyltransferases and NBD isoprenoid in the presence of putative inhibitors. The samples denoted as positiveereontrols w
incubated with buffer only. (B) Structures of the tested compounds.

This result shows that direct competition between peptide and marked negative effect of the inhibitor on peptide binding, but
inhibitor binding does not occur, and does not allow distinction it was not possible to accurately determine the appagaalue
between a mechanism in which the two ligands bind simulta- under these conditions reliably because saturation was not
neously with mutual weakening of binding, and one in which achievable at the highest concentrations of FTase that could be
the fluorescence intensity of the peptide, but not its affinity, is ;sed. The data quality was good enough to allow a rough
reducsd vvthefn trlﬁd';h'b'ltor |sfalso bo“”% Zgg tltratlcngolea,\(jls 10 estimate of th&g value under these conditions (8514 M),

an estimate for théq value of compoun (ca. NM), "~ and because this was under conditions of a high degree of

becaus_e at the very low concentrgtlon of _pepude_ used this saturation of FTase by the inhibitor, this gives an approximate
essentially acts as a tracer and monitors the interaction between

FTase and 650. The question of the exact nature of the effectv?luebfor ?eTz;QtuaKd of Ih?hpfi):d.e \:'E?tn cor;poun:ih 65(;)f.|s_t
of inhibitor binding on peptide binding is partially answered also bound. This suggests that the inhibitor reduces the afhinity

by the experiment of Figure 8C, in which the titration of FTase ©f Peptide binding by a factor of ca. 5.
against fluorescent peptide was repeated in the presence of a Similar experiments with compound 670 showed that it bound
high concentration of compound 650. There is obviously a a factor of ca. 3 less strongly than compound 650, in agreement
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Figure 7. Determination of |G of the inhibitor 670 for the RabGGTase.

consecutive additions of FPP did not influence the level of
fluorescence, indicating that the NBD-GPP was fully displaced
(Figure 8D,E). Fitting of the data resulted in appariénvalues

of 1.6 and 3uM for compounds 650 and 670, respectively.
These results suggest that binding of 650 or 670 to FTase occurs
at a site that does not overlap significantly that of NBD-GPP
and leads either to a change in fluorescence of bound NBD-
GPP or to partial displacement of NBD-GPP, or a combination
of both. Further information on this is given by the experiment
of Figure 8F, where we performed co-titration experiments in
which a mixture of 32 nM of NBD-GPP mixed with @M of
compound 670 was titrated with FTase. When the data was fitted
with a quadratic equation, an apparé&ptvalue of 8.2 nM was
obtained (compare this with &4 value of 1.6 nM for FTase:
NBD-GPP interaction).

The concentration of 670 used in this experiment is many
orders of magnitude higher than Kg value, but the effect on
the apparent affinity for FTase for NBD-GPP is only a factor
of 5, again suggesting a mechanism in which both NBD-GPP
and the inhibitor can be bound simultaneously, with relatively
weak interaction between the binding sites, presumably by an
allosteric mechanism. Fitting the data by numerical simulation
to a model in which there is partial competition between binding
of the fluorescent lipid and compound 670, and using the values
for the affinities of lipid and inhibitor in binary complexes to
FTase obtained as described, led to a good fit wikyaalue
of 9.7 nM for the interaction of the FTase:670 complex with
NBD-GPP (Figure 8F). Thus, the interaction is weakened by a
factor of ca. 5 by the presence of compound 670 at its binding
site. Interaction of compound 650 with FTase:NBD-GPP
complex showed similar behavior, indicating that both com-
pounds have a dual mode of action by competing directly with
the weakly binding peptide substrate while also reducing the

(A) The top panel depicts a Coomassie blue stained 15% SDS-PAGE gel affinity for the lipid substrate.

loaded with samples for the prenylation reactions containing various
concentrations of inhibitor 670. In the negative control, RabGGTase was

The results obtained with compounds 650 and 670 suggest

omitted. The bottom panel shows the fluorescent scan of the gel. (B) that ternary complexes between FTase, NBD-GPP, and an

Quantification of the prenylation reaction shown in (A). The fluorescence inhibitor can be formed in which affinities for both substrates
of the GST-Rab7 band was measured and corrected as described in :
“Materials and Methods”, and the obtained data are plotted against the are reduced, but not dramatically enough to account for the

concentration of the inhibitor. The data were fitted to give ag Malue of complete inhibition of prenylation observed. This suggests that

ca. 54 2 uM. binding of inhibitor disturbs the organization of catalytically
Table 2. ICs Values of the Tested Compounds toward important rgsm;lues in the active site in addition to weakening
Prenyltransferases substrate binding.
compound prenyliransferase ICsp (M) Interaction of Compounds.650 and 670 with RabGGTase.
650 GGTase.l 1507 To u.nd.er.stand the mechan!sm by which cgmpounds 650 and
651 GGTase-l *0.3 670 inhibited RabGGTase, it would be desirable to perform a
651 FTase 8@ 38 set of experiments similar to those described above for FTase.
670 RabGGTase 52

However, the analysis of the inhibitor interaction with the
peptide binding site is complicated by the fact that the protein
with the previously measured difference inst@alues where substrate of RabGGTase is the Rab:REP complex and formation
650 was shown to be ca. 4 times more potent than370. of the catalytically competent ternary Rab:REP:RabGGTase
Because direct interference with peptide b|nd|ng cannot CompleX involves ml.l'tlple interactions distributed over the
completely explain the properties of the inhibitors 650 and 670, cOmplex components.
we tested the possibility that they might interact with the lipid As the nearest approximation, we chose to analyze the
binding site of the FTase. A mixture of 48 nM NBD-GPP with interaction of the Rab7:REP:RabGGTase complex with the
57 nM of FTase was titrated with either compound 650 or inhibitory compounds. To have a fluorescent readout of the
compound 670. This showed a dose-dependent and saturabléinding of the compound to the ternary complex, we used Rab7
increase of fluorescence. Interestingly, the increase of fluores-protein in which the prenylatable cysteine residues are modified
cence saturated before it reached the level of unbound NBD-with rhodamine. Rhodamine labeled Rab7 (r_Rab7) displays
GPP. If at this point an excess of FPP was added to the reaction]arge changes in its fluorescence upon interaction with REP and
the fluorescence increased to the level of free NBD-GPP and RabGGTasé? The titration data of 60 nM r_Rab7:REP:
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Figure 8. Analysis of interaction of compounds 650 and 670 with FTase. (A) Titration of 385 nM solution of Dans-GCVL with FTase. The fluorescence

of the peptide’s dansyl group was excited at 329 nm, and the data were collected at 550 nm. The data were fitted with a quadratic equation. (B) Titration
of 385 nM Dans-GCVL mixed with 1M FTase with compound 650. The data were processed as in (A) to give an apgrealue of 106 nM. (C)

Titration of 385 nM solution of Dans-GCVL with FTase in the presence ofili7of compound 650. The data were processed as in (A). (D) Titration of

48 nM NBD-GPP:FTase complex with compound 670. The data were fitted using the quadratic equation to give an l§gprérg «M. (E) Raw data

for a titration of NBD-GPP with FTase and then with compound 670. The initial level of the fluorescence signal represents the emission of free NDB-GPP.
In the first step, FTase was added to a final concentration of 57 nM. Subsequently, compound 670 was titrated into the cuvettepldistes Finally,

FPP was added to a final concentration of . (F) Titration of a 32 nM solution of NBD-GPP and 8 compound 670 with FTase. The fit shown is

based on numerical simulation with the program Scientist using a partially competitive model (see Supporting Information).

RabGGTase complex with compound 670 are shown in Figure Thus, the difference between the affinity of 670 for the ternary
9A. The observed fluorescence decrease data could be fitted asomplex in the absence and presence of NBD-FPP seen in the
described above to Kq value of 650 nM that represents the experiments of Figure 9A and B is probably a result of the
affinity of compound 670 to the catalytic ternary complex. To different Rab constructs used (wild type and rhodamine labeled,
assess the compound’s potential interaction with the lipid respectively). Interactions of compound 650 with RabGGTase
binding site of RabGGTase, we titrated a mixture of 100 nM showed behavior similar to that described for 670 albeit with
NBD-FPP and 480 nM RabGGTase with compound 670. As somewhat lower affinity (data not shown).

can be seen in Figure 9B, this resulted in a saturable increase Intracellular Delivery and Imaging and in Vivo Conjuga-

of fluorescence. As in the case of the FTase:670 interaction, tion of the NBD-Isoprenoids. The evident suitability of the
the fluorescence did not reach the level produced by unboundNBD-FPP and NBD-GPP isoprenoids for fluorescence imaging
NBD-FPP and addition of excess of GGPP led to the return of prompted us to assess their utility for in vivo experiments.
fluorescence to the level of free NBD-FPP (not shown). The Before attempting the microinjection studies, we tested the
fluorescence titration data could be fitted t&avalue of 1.8 ability of both compounds to permeate the plasma membrane
uM. This value represents the upper limit for tkg value of of cultured human epidermal carcinoma A431 cells. Already
the 670 interaction with the RabGGTase:NBD-FPP complex after 5 min of incubation intracellular staining could be observed.
and indicates that 670 is most likely to associate with the peptide To exclude the formal possibility that the observed staining was
binding site of RabGGTase but might have a weak influence, & consequence of fluid phase uptake, we incubated cells with
either allosterically or physically, on the lipid binding site. To fluorescent isoprenoids at 0C, which ensures complete
assess the effect of 670 binding on the affinity of RabGGTase suppression of intracellular membrane transport. Remarkably,
for its lipid substrate, we titrated a mixture of 100 nM of NBD-  this treatment did not abolish intracellular delivery of the
FPP with 44M 670 with increasing concentrations of the fluorescent compounds, nor did it significantly change their
transferase. The data presented in Figure 9C could be fitted tointracellular localization, indicating that isoprenoids were
aKq value of 480+ 40 nM, indicating that unlike in the case ~ ntérnalized by a process other then fluid phase uptake. The
of the FTase, the interaction of compound 670 with the peptide Series of confocal optical sections through a group of cells
binding site did not significantly influence the enzyme’s affinity depicted in the movie S1 shows that isoprenoids give diffuse
for the lipid substrate (compare value of 320 nM for the [ntracellular staining with numerous brightly fluorescent round
correspondingKq in the absence of the inhibitor; Figure 2F), structures located throughout the cytoplasm (Figure 10A). The

suggesting lack of communication between the binding sites isoprenoids were excluded from the nucleus and virtually absent
from the plasma membrane. On the basis of these images, we

(49) Alexandrov, K.: Simon, I.: Yurchenko, V. lakovenko, A.: Rostkova, E.: concluded that the isoprenoids were not unspecifically associated
Scheidig, A. J.; Goody, R. Eur. J. Biochem1999 265, 160-170. with the plasma membrane.
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fraction of mammalian cells and in plart&.>* These observa-
tions do not automatically imply that the fluorescent isoprenoids
described here would behave in the same way because they may
interact differently with membranes or, if dephosphorylated on
cell entry, they may not be a substrate of putative isoprenoid
kinases.

Because of these uncertainties, we decided to test whether
NBD isoprenoids taken up by the cells could serve as prenyl-
—_— transferase substrates in vivo. The potential pitfalls of such an
experiment lie in the low abundance of protein substrates, their
long half-life, and the presence of an intracellular pool of native
QL AL SO S S L e B isoprenoids that would efficiently compete for protein incor-
poration with the fluorescent isoprenoids. To circumvent this
problem, we used COS-7 cells transiently transfected with a
construct coexpressing an EYFP-Ki-Ras fusion protein, which
is expected to be a substrate of FTase in vivo, and a control
ECFP-RabGDI fusion protein, which is not expected to be
prenylated. Expression of EYFP-Ki-Ras was confirmed by
Western blotting with anti-GFP antibody (not shown). To reduce

L the intracellular pool of phosphoisoprenoids, the cells were
0 5 10 15 pretreated for 24 h with compactin, a potent inhibitor of

Conc. MT670 (uM) 3-hydroxy-3-methylglutaryl-CoA reducta$e.

Transfected cells were incubated with NBD-GPP alone or
with mixtures of NBD-GPP and FPP or GGPP for 6 h. After
incubation, the cells were lysed, separated on SDS-PAGE gels,
and scanned for fluorescence. In the transfected cells pretreated
with compactin, a fluorescent band of 48 kDa corresponding
to EYFP-Ki-Ras could be observed, while no 80 kDa ECFP-
GDI was detectable, showing that fluorescence was a result of
an in vivo prenylation reaction. Another ca. 52 kDa band
i migrating just above it was present in both transfected and

400 b ] untransfected cells and represents the chaperone molecule
o HSP60 that unspecifically binds NDB isoprenoids on SDS-
Foure 6. Analvsis of interaction of ds 670 with RabGGT PAGE (J. Kuhlmann, personal communication). The HSP60
o B 2w e i, band was detectable regardless of whether cells were ireated
and 300 nM RabGGTase with increasing concentrations of compound 670, With NBD-GPP or with NBD-FPP, while the 48 kDa band was
The data were fitted with a quadratic equation leading to an appiseft observed only in transfected cells treated with NBD-GPP. This
650 nM. (B) Titration of a 100 nM solution of NBD-FPP and 480 nM  strongly suggests that the observed band represents EYFP-Ki-
RabGGTase with compound 670. The data were fitted as in Figure 8D and Ras covalently modified with NDP-geranyl by endogenous
led to aKq value of 1.84M. (C) Titration of a mixture of 100 nM solution ) ’
of NBD-FPP and 4M inhibitor 670 with RabGGTase. The data were fited ~ FTase. To further confirm that the observed 48kDa band indeed
as in Figure 8F and led to lq value of 480 nM. represented prenylated EYFP-Ki-Ras protein, we supplemented
the cultural medium with an excess of FPP or GGPP. As can

Temperature-independent membrane permeability of FPP andpe seen in Figure 10B, addition of FPP to the culture medium
GGPP has been previously demonstratetihe details of the  resulted in an almost complete disappearance of the 48 kDa
process are currently unclear, as it is unknown whether the band but did not affect the signal intensity of the 52 kDa band.
isoprenoids cross the membrane in the form of pyrophosphatesin contrast, addition of GGPP to the culture medium did not
or alcohols. The latter are more likely to be able to cross the affect the intensity of the fluorescent EYFP-Ki-Ras band.
membrane because they are much more hydrophobic than theRemarkably, the fluorescent signal could be efficiently sup-
prenyl pyrophosphates. Because the pyrophosphate group ofressed when the culture medium was supplemented with F-OH
phosphoisoprenoids is very susceptible to pH and phosphatasetbut not GG-OH), indicating that farnesyl alcohol is efficiently
mediated hydrolysis, the alcohols can be rapidly generated intransferred across the membrane and converted into pyrophos-
the culture medium or on the cellular membrane. However, the phate inside the cell (not shown).
fact that absorbed isoprenoids could be incorporated into proteins - The jdentity of the round intracellular structures accumulating
indicates that even if isoprenoids cross the membrane as alcohol§ygp-FPP and NBD-GPP could not be immediately established.

they are rephosphorylated in the cell by an as yet unknown ysing markers of intracellular compartments, we could exclude
enzyme>! Activities that could convert prenyl alcohols into

phosphates and pyrophosphates were found in the microsomal52) Crick, D. C.; Andres, D. A.; Danesi, R.; Macchia, M.; Waechter, Q. J.
Neurochem1998 70, 2397-2405.
(53) Bentinger, M.; Grunler, J.; Peterson, E.; Swiezewska, E.; Dallnekre.
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Figure 10. Intracellular delivery of NBD isoprenoids and their incorporatlon into protems in vivo. (A) A confocal section image of A431 cells pretreated
with 10 uM NBD-FPP. (B) SDS-PAGE analysis of COS-7 cells transiently expressing EYFP-Ki-Ras and ECFP-RabGDI in the presence of NBD-GPP or
NBD-FPP. Cells were pretreated with compactin to deplete the endogenous pool of isoprenods and were then c@thriedfiepresence of fluorescent
isoprenoids or with DMSO as a control. In competition experiments, culture supernatants were supplemented with GGPP or FPP. Cells were lysed and
resolved by 12% SDS-PAGE followed by fluorescent scanning.

that these structures represent the Golgi apparatus and lysosomeapplications involving mechanisms of membrane permeation,
(data not shown). It is possible that these structures accumulateintracellular localization of phosphoisoprenoids, and protein
the hydrophobic prenyl alcohols that are then converted into prenylation. This warrants the further development of phos-
the pyrophosphates by resident enzymes. Further work will be phoisoprenoid analogues, including those furbished with other
needed to clarify the nature and significance of these structures fluorophores suitable for multicolor in vivo imaging.
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