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ABSTRACT. Farnesylation is a posttranslational lipid modification in which a 15-carbon farnesyl isoprenoid

is linked via a thioether bond to specific cysteine residues of proteins in a reaction catalyzed by protein
farnesyltransferase (FTase). We synthesized the benzyloxyisoprenyl pyrophosphate (BnPP) series of
transferable farnesyl pyrophosphate (FPP) analodieese] to test the length dependence of the isoprenoid
substrate on the FTase-catalyzed transfer of lipid to protein substrate. Kinetic analyses show that
pyrophosphate$a—e and geranyl pyrophosphate (GPP) transfer with a lower efficiency than FPP whereas
geranylgeranyl pyrophosphate (GGPP) does not transfer at all. While a correlation was found between
Km and analogue hydrophobicity and length, there was no correlation betygand these properties.
Potential binding geometries of FPP, GPP, GGPP, and analdgueswere examined by modeling the
molecules into the active site of the FTase crystal structure. We found that andldgdisplaces
approximately the same volume of the active site as does FPP, whereas GPP and afategoesupy

lesser volumes antle occupies a slightly larger volume. Modeling also indicated that GGPP adopts a
different conformation than the farnesyl chain of FPP, partially occluding the space occupied byae Ca
peptide in the ternary X-ray crystal structure. Within the confines of the FTase pocket, the double bonds
and branched methyl groups of the geranylgeranyl chain significantly restrict the number of possible
conformations relative to the more flexible lipid chain of analogliase. The modeling results also
provide a molecular explanation for the observation that an aromatic ring is a good isostere for the terminal
isoprene of FPP.

Protein farnesyltransferase (FTdsegtalyzes the transfer  lation of Ras proteins has received much attention since the
of a 15-carbon farnesyl isoprenoid from farnesyl pyrophos- discovery that oncogenic forms of these proteins require
phate (FPP) to a conserved cysteine of its protein substratemodification in order to transform cell$( 7). As a result,
forming a thioether bondl( 2). The reactive cysteine is FTase has emerged as a major target for the development of
located in the C-terminal GaX motif in which C is the anti-cancer therapeutics and is the subject of numerous
modified cysteine, aand a are often an aliphatic residue, structural and structurefunction analyses as part of a
and X is Ser, Met, Ala, or GIn. Farnesylation is the first and widespread program to develop selective inhibitors (FTISs)
obligatory step in an ordered series of posttranslational (8—12). Several potent inhibitors of FTase have been
modifications which mediate membrane localization and identified which prevent in vivo farnesylation.

possibly proteir-protein interactions for a variety of proteins  Analogues of FPP that are alternative transferable sub-
involved in cellular regulatory event8<5). The farnesy-  strates for FTase have been utilized to study farnesylation
and subsequent downstream processing evets 1(g).
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pyrophosphate; GPP, geranyl pyrophosphate; GGPP, geranylgeranyl However, there is limited information available on the
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15 14 13 o o of _Iipid to target protein. FPP analogues where fheand
2 s A BB w-isoprene double boqu (6,7 and 10,11) are saturated and
127117 876 235 0 6_0 ('):O- where both thg- andw-isoprene double bqnd_s are saturated
cop and the 7- and 11-methyl groups were missing are transfer-
able by FTasel). However, it is not clear what effect these
o O modifications have on the transfer efficiency of the ana-
N N N ~ O,r'la'\o,ila'\o logues. _ . . o
o. o7 We report the synthesis and biochemical characterization
GGPP of the benzyloxyisoprenyl pyrophosphate (BnPP) series of
o o FPP analogueslé—e). These molecules were designed to
/K/\/K/\ P.__P. test the effect modification of thg-isoprene to an alkyl-
075 0°40- ether chain of variable length and of replacement of the
GPP w-terminal isoprene unit of the farnesyl group with a
o o benzyloxy functionality had on the FTase-catalyzed transfer
QM P B to substrate. All of the analogues are transferred to the dansyl-
©/ 0°4.0°4.0- GCVLS peptide substrate by FTase with a lower efficiency
AGPP than FPP. Comparison of the analogue structures and kinetics

of analogue transfer with those of FPP, GPP, and GGPP
reveals that the conformational restrictions imposed by the

o 0 . . .
©\/O\/€Wo*é‘\o’#‘o methyl branching and unsaturation of tidsoprene may
> -

0.0 6. play an important role in substrate discrimination by FTase.
n<1:B2PP We also find that the benzyl group_is an acce_ptable isostere
n = 2: B3PP for the w-isoprene of FPP and that incorporation of an ether
N linkage in the chain significantly reduces the affinity of the
n = 5: B6PP analogue pyrophosphate for FTase. This information, along

FiGURE 1 Structures of famesyl pyrophosphate (FPP), geranylgera- With models of the substrate binding modes, will be useful
nyl pyrophosphate (GGPP), geranyl pyrophosphate (GPP), andin the design and synthesis of additional substrate analogues
transferable FPP analogues 8-anilinogeranyl pyrophosphate (AGPP)and mechanism-based FTase inhibitors.
B2PP, B3PP, B4PP, B5PP, and B6PP.
FTase to H-Ras; however, the 20-carbon isoprenoid gera-EXPERIMENTAL PROCEDURES
nylgeranyl pyrophosphate (GGPP) is ndt5( 21, 22. General Chemical Procedureall reactions were con-
Analysis of the FTase crystal structures suggests that the FPRIucted under dry argon and stirred magnetically except as
binding pocket on the enzyme is too shallow to allow the noted. Reaction temperatures refer to the external bath
longer GGPP to bind in a productive conformatid®8¢ temperatures except as noted. Analytical TLC was performed
26). The depth of the hydrophobic FPP binding pocket in on precoated (0.25 mm) silica gel 60F-254 (Merck) plates.
FTase is postulated to function as a molecular ruler that Visualization was achieved either by UV irradiation or by
discriminates between the natural substrate FPP and GGPPanisaldehyde sulfuric acid spray followed by heating. Flash
The ruler measures the span from the aromatic residues athromatography was performed on Merck silica gel 60
the bottom of the hydrophobic cavity to the positive cleft at (230—400 mesh ASTM). All chromatography solvents were
the top rim of then—a barrel where the pyrophosphate binds purchased from VWR (EM Science-Omnisolv high purity
and the catalytic zinc ion is found. In this model, gera- grade) and used as received. Anhydrous acetonitrile, pyridine,
nylgeranyl transfer by FTase is prevented by forcing the C and DME were purchased from Aldrich; anhydrous THF was
position of the bound GGPP to protrude beyond the catalytic purchased from Fluka; all other reagents were purchased
zinc ion. This hypothesis implies that productive substrate either from Aldrich or from Pfaltz and Bauer, unless
binding is dependent on the isoprenoid conformation. otherwise noted. NMR spectra were obtained in CDCI
However, substrate discrimination is dependent upon ad-(unless otherwise noted) at 200 MHz or at 400 MHz.
ditional factors since the much shorter GPP is also transferredChemical shifts for the following deuterated solvents are
by FTase to peptide substrate with much lower efficiency. reported in ppm downfield using the indicated reference
The structure of thev-terminal group of FPP analogues peaks: CDQ (CDCl; internal peak, 7.27 ppm féH, 77.4
(Figure 1) has been found to profoundly influence the ability ppm for *3C), D,O (TSP, 0 ppm foH and3C; H:PO, as
of FTase to transfer lipid analogues to target protelt’s ( an external reference, 0 ppm f&iP). Mass spectra were
27—36). Incorporation of photoreactive functionality and obtained from the University of Kentucky Mass Spectra
heteroatoms on the-terminus of FPP analogues generated Facility. HPLC pyrophosphate purifications were carried out
FTls 27—36). However, substitution of the terminal isoprene by monitoring at 214 nm using a preparative Vydag C
with an aniline group resulted in a transferable analo@8e (  (218TP1010) column, and eluted under the following gradi-
The FPP analogue 8-anilinogeranyl pyrophosphate (AGPP)ent at a flow rate of 4 mL/min: €6 min, 100% A; 6-18
is transferred to Ras by FTase with the same kinetics as FPPmin, 5% A; 18-19 min, 5% A; 19-28 min, 100% A; 28
This result suggests that an aniline group is an isostere for35 min, 100% A. Solvents: A= 25 mM NH;HCO;; B =
the terminal isoprene moiety of FPP with respect to binding CH;CN. HPLC analysis of fluorescence product studies was
to FTase and transfer to protein substrate. carried out using a Hewlett-Packard Series 1100 system
Much less is known about the structural requirements for equipped with a UV (monitoring at 254 nm) and fluorescence
the -isoprene unit of FPP on the FTase-catalyzed transfer detector (340 nm excitation, 505 nm emission).
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General Procedure for Monobenzylatedw-Alkyldiols
(3a—e) (37). Solid potassium hydroxide (85%, 132.0 g, 2.0
mol) was added to the glycol (5.0 mol) and stirred until
dissolution. The temperature was then increased t6(®0
(internal temperature), and benzyl chloride (180.2 g, 2.0 mol)

Micali et al.

(D) 5-Benzyloxy-1-pentanol methanesulfonatd) (52):
90%.*H NMR ¢ 7.35-7.39 (m, 5H), 4.53 (s, 2H), 4.26 (i,
2H, J = 6.6 Hz), 3.52 (t, 2HJ = 6.0 Hz), 3.02 (s, 3H),
1.50-1.90 (m, 6H);%C NMR ¢ 138.89, 128.79, 128.05,
127.98, 73.30, 70.32, 70.21, 37.64, 29.41, 29.22, 22.56.

was added while keeping the temperature of the reaction (E) 6-Benzyloxy-1-hexanol methanesulfond® (39, 53):

mixture at 90°C (internal temperature). The temperature was
then raised to 130C (internal temperature) and kept at this
point for 2 h longer. The reaction mixture was then cooled,
diluted with water, and extracted withJ. The extract was
washed with water, dried (MgS{ filtered, and evaporated.
The residue was purified by distillation under reduced
pressure to afford the benzyloxy ether as a colorless oil.

(A) 2-Benzyloxyethanol3§): bp 90-95 °C/0.7 mmHg
(62%).*"H NMR 0 7.32-7.40 (m, 5H), 4.58 (s, 2H), 3.77 (t,
2H,J=5.0 Hz), 3.61 (t, 2HJ) = 5.0 Hz), 2.47 (s, 1H)}*C
NMR ¢ 138.34, 128.85, 128.19, 73.58, 71.72, 62.13.

(B) 3-Benzyloxy-1-propanol3f): bp 95-100 °C/0.7
mmHg (67%).*H NMR 6 7.34-7.39 (m, 5H), 4.55 (s, 2H),
3.79 (t, 2H,J = 5.6 Hz), 3.68 (t, 2H,J = 6.0 Hz), 2.63 (s,
1H), 1.84-1.93 (m, 2H)*3C NMR 6 138.47, 128.82, 128.07,
128.02, 73.53, 69.47, 61.88, 32.38.

(C) 4-Benzyloxy-1-butanol3¢): bp 102-105 °C/0.7
mmHg (67%).!H NMR 6 7.30-7.38 (m, 5H), 4.53 (s, 2H),
3.62 (t, 2H,J = 6.0 Hz), 3.52 (t, 2H,J = 5.8 Hz), 2.90 (s,
1H), 1.64-1.73 (m, 4H)13C NMR ¢ 138.53, 128.80, 128.08,
73.33, 70.63, 62.85, 30.26, 26.87.

(D) 5-Benzyloxy-1-pentanol3€): bp 105-110 °C/0.7
mmHg (71%)XH NMR 6 7.31—7.37 (m, 5H), 4.50 (s, 2H),
3.61 (t, 2H,J = 6.2 Hz), 3.48 (t, 2HJ = 6.4 Hz), 2.10 (s,
1H), 1.40-1.68 (m, 6H);'3C NMR 6 138.92, 128.76, 128.05,
127.94, 73.25, 70.62, 63.01, 32.72, 29.70, 22.68.

(E) 6-Benzyloxy-1-hexanddé) (38—43): bp 115-120°C/
0.7 mmHg (63%)H NMR ¢ 7.26-7.35 (m, 5H), 4.50 (s,
2H), 3.62 (t, 2H,J = 6.6 Hz), 3.47 (t, 2HJ = 6.2 Hz),
1.36-1.65 (m, 9H);C NMR ¢ 138.92, 128.70, 128.00,
127.86, 73.24, 70.68, 63.18, 33.05, 33.01, 26.37, 25.95.

General Procedure for Methanesulfonatéa—e. To a
cooled (0°C) solution of the benzyloxy alcoh8a—e (150.0
mmol) in anhydrous pyridine (60 mL) was added methane-
sulfonyl chloride (165.0 mmol, 18.9 g). The reaction mixture
was stirred fo 3 h at 0°C, then diluted with water, and
extracted with BEXO. The organic solution was washed (10%
HCI, then water, then 10% NaHGQOthen water), dried
(MgSQy), filtered, and evaporated to obtain a colorless oil
that was used in the next step without further purification.

(A) 2-Benzyloxyethanol methanesulfonate) (44—47):
90%.'H NMR ¢ 7.34-7.37 (m, 5H), 4.59 (s, 2H), 4.40 (t,
2H,J= 4.8 Hz), 3.75 (t, 2HJ) = 4.8 Hz), 3.03 (s, 3H)}*C
NMR ¢ 137.79, 128.90, 128.34, 128.16, 73.63, 69.49, 68.11,
37.92.

(B) 3-Benzyloxy-1-propanol methanesulfondts) (45, 48,
49): 88%.'H NMR 6 7.35-7.39 (m, 5H), 4.54 (s, 2H), 4.39
(t, 2H,J = 6.2 Hz), 3.62 (t, 2H,) = 6.0 Hz), 2.98 (s, 3H),
2.01-2.11 (m, 2H);3C NMR ¢ 138.39, 128.78, 128.06,
73.37, 67.63, 65.76, 37.30, 29.72.

(C) 4-Benzyloxy-1-butanol methanesulfondte (48, 50,
51): 94%.'H NMR 6 7.25-7.33 (m, 5H), 4.49 (s, 2H), 4.24
(t, 2H,J = 6.2 Hz), 3.51 (t, 2H,) = 6.0 Hz), 2.95 (s, 3H),
1.68-1.91 (m, 4H);3C NMR ¢ 138.75, 128.81, 128.04,
73.36, 70.39, 69.74, 37.67, 26.64, 26.11.

84%."H NMR ¢ 7.27-7.35 (m, 5H), 4.50 (s, 2H), 4.22 (t,
2H, J = 6.6 Hz), 3.47 (t, 2HJ = 6.2 Hz), 2.99 (s, 3H),
1.40-1.80 (m, 8H);C NMR ¢ 138.88, 128.71, 127.98,
127.88, 73.27, 70.46, 70.42, 37.70, 29.91, 29.43, 26.06,
25.65.

General Procedure for lodideésa—e. To a solution of Nal
(58.5 g, 390.0 mmol) in acetone (250 mL) was added at room
temperature a solution of the methanesulfodatee (130.0
mmol) in acetone (50 mL). After the mixture was stirred at
room temperature overnight, water was added and the
product extracted with &D. The organic phase was washed
(10% NaS;0s, then water), dried (MgS£), filtered, and
evaporated to obtain the desired iodide as a slightly yellow
oil that was used without further purification.

(A) Benzyl-(2-iodoethyl)etheb8) (45, 54-59): 93%.H
NMR 6 7.35-7.40 (m, 5H), 4.60 (s, 2H), 3.76 (t, 2H,=
6.6 Hz), 3.30 (t, 2HJ = 6.6 Hz);**C NMR ¢ 138.09, 128.80,
128.17, 128.09, 73.19, 71.04, 3.40.

(B) Benzyl-(3-iodopropyl)ethe5b) (45, 60-62): 95%.
H NMR ¢ 7.33-7.37 (m, 5H), 4.53 (s, 2H), 3.56 (t, 2H,
= 5.4 Hz), 3.32 (t, 2HJ = 6.2 Hz), 2.03-2.16 (m, 2H);
3C NMR 6 138.52, 128.74, 127.99, 73.45, 69.92, 33.83,
3.91.

(C) Benzyl-(4-iodobutyl)etheb€) (50, 51, 63-66): 90%.
IH NMR ¢ 7.30-7.38 (m, 5H), 4.52 (s, 2H), 3.51 (t, 2H,
= 6.0 Hz), 3.22 (t, 2HJ = 6.6 Hz), 1.68-2.02 (m, 4H);
3C NMR ¢ 138.71, 129.13, 128.72, 127.92, 73.26, 69.34,
30.96, 30.72, 7.27.

(D) Benzyl-(5-iodopentyl)ethei€) (67, 68): 98%. *H
NMR ¢ 7.25-7.40 (m, 5H), 4.52 (s, 2H), 3.49 (t, 2H,=
6.5 Hz), 3.20 (t, 2HJ = 7.0 Hz), 1.83-1.90 (m, 2H), 1.66-
1.70 (m, 2H), 1.56-1.55 (m, 2H);3C NMR ¢ 138.90,
128.73, 127.98, 127.90, 73.29, 70.36, 33.70, 29.06, 27.62,
7.21.

(E) Benzyl-(6-iodopentyl)etheis€) (63, 66): 82%. H
NMR ¢ 7.29-7.35 (m, 5H), 4.50 (s, 2H), 3.47 (t, 2H,=
6.4 Hz), 3.18 (t, 2HJ = 6.8 Hz), 1.35-1.90 (m, 8H);13C
NMR ¢ 139.02, 128.77, 128.02, 127.90, 73.30, 70.59, 33.87,
30.71, 29.97, 25.60, 7.51.

General Procedure for Ketonéda—e. To a solution of
ethylacetoacetate sodium salt (22.0 g, 144.6 mmol) in
anhydrous DME (200 mL) at room temperature was added
a solution of the iodidéba—e (72.3 mmol) in anhydrous
DME (50 mL), and the reaction mixture was heated at reflux
overnight. After cooling to room temperature, a solution of
NaOH (16.0 g, 400.0 mmol) in water (160 mL) was added,
and the mixture was refluxed for 2 h, cooled to room
temperature, acidified with 50% )80, (40 mL, final pH
~2), and then refluxed fa2 h more. Water was added, and
the product was extracted withet. The organic phase was
washed (10% NaHCgihen water), dried (MgS), filtered,
and evaporated to obtain an oily residue. Purification by
distillation under reduced pressure gave the ketone as a
colorless oll.

(A) 5-Benzyloxy-2-pentanonéd) (69—71): bp 98-100
°C/0.7 mmHg (79%)H NMR 6 7.32-7.36 (m, 5H), 4.49
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(s, 2H), 3.49 (t, 2HJ = 6.0 Hz), 2.56 (t, 2HJ = 7.2 Hz), 40.96, 29.62, 24.39, 19.00, 14.684 NMR (2) 6 7.20—
2.14 (s, 3H), 1.621.95 (m, 2H)*C NMR 6 208.93, 138.70,  7.28 (m, 5H), 5.59-5.60 (m, 1H), 4.44 (s, 2H), 4.634.10
128.68, 127.93, 127.88, 73.17, 69.58, 40.64, 30.31, 24.20.(m, 2H), 3.38-3.44 (m, 2H), 2.57#2.61 (m, 2H), 1.81 (d,
(B) 6-Benzyloxy-2-hexanonélj (72, 73): bp 108-110 3H,J = 1.5 Hz), 1.48-1.65 (m, 4H), 1.19-1.23 (m, 3H);
°C/0.7 mmHg (77%)!H NMR 6 7.26-7.38 (m, 5H), 4.43  3C NMR (2) ¢ 166.92, 160.32, 138.90, 128.72, 127.96,
(s, 2H), 3.41 (t, 2HJ = 6.2 Hz), 2.38 (t, 2HJ = 7.0 Hz), 127.88, 116.38, 73.28, 70.45, 59.78, 40.96, 32.60, 30.10,
2.06 (s, 3H), 1.561.65 (m, 4H)*C NMR ¢ 209.23, 138.92,  25.20, 25.05.
128.73, 128.01, 127.90, 73.29, 70.34, 43.76, 30.22, 29.54, (C) Ethyl-8-benzyloxy-3-methyl-2-octenoate)( bp 155~
20.98. 165°C/0.7 mmHg (81% after distillation, 50% after flash).
(C) 7-Benzyloxy-2-heptanonédj (74): bp 120-125°C/ 'HNMR (E) ¢ 7.20-7.27 (m, 5H), 5.575.58 (m, 1H), 4.43
0.7 mmHg (73%)H NMR 6 7.30-7.36 (m, 5H), 4.50 (s, (s, 2H), 4.01+-4.09 (m, 2H), 3.38-3.41 (m, 2H), 2.042.08
2H), 3.48 (t, 2HJ = 6.2 Hz), 2.44 (t, 2H) = 7.2 Hz), 2.14 (m, 2H), 2.07 (d, 3HJ = 1.5 Hz), 1.53-1.60 (m, 2H), 1.29
(s, 3H), 1.32-1.70 (m, 6H);3C NMR ¢ 209.62, 138.98,  1.45 (m, 4H), 1.181.22 (m, 3H);**C NMR (E) 6 167.21,
128.74, 128.10, 127.90, 73.22, 70.45, 43.95, 30.15, 29.81,160.33, 138.96, 128.70, 127.97, 127.85, 115.92, 73.25, 70.53,
26.05, 23.86. 59.78, 41.20, 29.91, 27.57, 26.18, 19.05, 1468 NMR
(D) 8-Benzyloxy-2-octanonebd): bp 135-140 °C/0.7 (2) 6 7.20-7.27 (m, 5H), 5.575.58 (m, 1H), 4.43 (s, 2H),
mmHg (66%).1H NMR 6 7.25-7.35 (m, 5H), 4.50 (s, 2H), = 4.01-4.09 (m, 2H), 3.38-3.41 (m, 2H), 2.53-2.57 (m, 2H),
3.47 (t, 2H,J = 6.5 Hz), 2.42 (t, 2H) = 7.5 Hz), 2.13 (s,  1.80 (d, 3H,J = 1.0 Hz), 1.53-1.60 (m, 2H), 1.29-1.45
3H), 1.52-1.65 (m, 4H), 1.36-1.42 (m, 4H);**C NMR ¢ (m, 4H), 1.18-1.22 (m, 3H);**C NMR (2) 6 166.96, 160.58,
209.46, 139.00, 128.67, 127.93, 127.80, 73.20, 70.64, 44.00,138.96, 128.70, 127.97, 127.85, 116.21, 73.25, 70.53, 59.78,
30.15, 29.92, 29.31, 26.33, 24.10. LRMS (EI): {()\234.2. 41.20, 33.80, 32.00, 28.10, 19.20, 14.58. LRMS (EI):*{M
(E) 9-Benzyloxy-2-nonanonésd): bp 135-140 °C/0.3 290.3.
mmHg (79%).*H NMR ¢ 7.26—-7.35 (m, 5H), 4.48 (s, 2H), (D) Ethyl-9-benzyloxy-3-methyl-2-nonenoatd)( bp 172-
3.45 (t, 2H,J = 6.6 Hz), 2.39 (t, 2H,) = 7.4 Hz), 2.16 (s, 176 °C/0.7 mmHg (90% after distillation, 48% after flash).
3H), 1.30-1.62 (m, 10H);C NMR ¢ 209.53, 139.00, H NMR (E) 6 7.27-7.36 (m, 5H), 5.645.67 (m, 1H), 4.51
128.65, 127.92, 127.78, 73.19, 70.33, 44.08, 30.18, 30.03,(s, 2H), 4.16-4.19 (m, 2H), 3.46:3.49 (m, 2H), 2.13+2.16
29.55, 29.44, 26.37, 24.12. LRMS (El): (N1248.2. (m, 2H), 2.15 (d, 3HJ) = 1.0 Hz), 1.55-1.67 (m, 2H), 1.26-
General Procedure for Olefinga—e. Triethylphospho- ~ 1.50 (m, 9H);3C NMR (E) 6 167.19, 160.44, 139.01,
noacetate (100.0 mmol, 22.4 g) was added dropwise to al28.67, 127.93, 127.80, 115.84, 73.20, 70.66, 59.74, 41.18,
stirred suspension of NaH (100.0 mmol, 2.4 g) in dry THF 29.98, 29.33, 27.64, 26.39, 19.02, 14.6A. NMR (2) ¢
(60 mL) at 0°C and allowed to stir for 30 min. A solution  7.27-7.36 (m, 5H), 5.645.67 (m, 1H), 4.51 (s, 2H), 4.10
of the ketoneba—e (50.0 mmol) in dry THF (40 mL) was  4.19 (m, 2H), 3.46:3.49 (m, 2H), 2.66-2.64 (m, 2H), 1.88
then added at the same temperature. After the reaction wagd, 3H,J = 1.5 Hz), 1.55-1.67 (m, 2H), 1.26:1.50 (m,
allowed to warm to room temperature and stirred overnight, 9H); 3C NMR (2) 6 166.96, 160.69, 139.01, 128.67, 127.93,
it was then diluted with saturated NEI and extracted with 127.80, 116.04, 73.20, 70.66, 59.74, 41.20, 33.66, 29.91,
Et,O. The ether layer was washed with water, dried (MgSO  28.20, 27.76, 19.02, 14.67. LRMS (El): (N304.3.
filtered, and evaporated to give an oily residue. Purification (E) Ethyl-10-benzyloxy-3-methyl-2-decenoaf&e):( bp
by distillation under reduced pressure yields the olefin as a 163-168 °C/0.3 mmHg (88% after distillation, 54% after
colorless oil and as aB/Z mixture in the ratio~8:2. The flash).'H NMR (E) 6 7.27-7.40 (m, 5H), 5.66:5.68 (m,
distillate was further purified by flash chromatography (5% 1H), 4.52 (s, 2H), 4.164.22 (m, 2H), 3.443.51 (m, 2H),
Et,O in hexane) to enrich thE isomer. Evaporation of the  2.08-2.18 (m, 2H), 2.16 (d, 3HJ = 1.0 Hz), 1.25-1.70
last fractions afforded a&/Z mixture in the ratio 9:1. (m, 13H);**C NMR (E) 6 167.28, 160.65, 139.07, 128.72,
(A) Ethyl-6-benzyloxy-3-methyl-2-hexenodata) (71): bp 127.99, 127.85, 115.84, 73.26, 70.80, 59.80, 41.29, 30.10,
130-140°C/0.7 mmHg (72% after distillation, 46% after 29.63, 29.50, 27.69, 26.46, 19.09, 14.78. NMR (2) ¢
flash). 'H NMR (E) ¢ 7.27-7.35 (m, 5H), 5.66-5.68 (m, 7.27-7.40 (m, 5H), 5.66:5.68 (m, 1H), 4.52 (s, 2H), 4.10
1H), 4.49 (s, 2H), 4.084.19 (m, 2H), 3.43-3.51 (m, 2H), 4.22 (m, 2H), 3.443.51 (m, 2H), 2.582.66 (m, 2H), 1.88
2.19-2.30 (m, 2H), 2.15 (d, 3HJ) = 1.2 Hz), 1.72-1.90 (d, 3H,J = 1.0 Hz), 1.25-1.70 (m, 13H);3C NMR (2) 6
(m, 2H), 1.23-1.30 (m, 3H);**C NMR (E) 6 167.80, 160.18,  166.88, 160.80, 139.07, 128.72, 127.99, 127.85, 116.37,
138.83, 128.79, 128.04, 128.00, 116.20, 73.30, 69.76, 59.80,73.26, 70.80, 59.80, 41.29, 33.71, 30.10, 29.63, 28.10, 25.50,
37.77, 27.81, 19.00, 14.68H NMR (2) 6 7.27-7.35 (m, 19.09, 14.72. LRMS (El): (M) 318.4.
5H), 5.66-5.68 (m, 1H), 4.50 (s, 2H), 4.68.19 (m, 2H), General Procedure for Ester Reduction To Afford Alcohols
3.43-3.51 (m, 2H), 2.662.74 (m, 2H), 1.88 (d, 3HJ = 8a—e. A solution of the olefinfa—e (7.5 mmol) in dry THF
1.2 Hz), 1.72-1.90 (m, 2H), 1.23-1.30 (m, 3H);*3C NMR (10 mL) was added to a suspension of LiAlEB03.6 mg,
(2 6 167.80, 160.18, 138.83, 128.79, 128.04, 128.00, 116.25,8.0 mmol) in dry THF (20 mL) at OC. The reaction was
73.30, 70.64, 59.80, 30.44, 28.05, 25.80, 22.07. allowed to warm to room temperature and stirred for 2 h.
(B) Ethyl-7-benzyloxy-3-methyl-2-heptenoatk) (49): bp After addition of EtOAc, the reaction was diluted with water
140-150°C/0.7 mmHg (62% after distillation, 50% after and extracted with EO. The ether layer was washed with
flash). 'TH NMR (E) 6 7.20—-7.28 (m, 5H), 5.59-5.60 (m, water, dried (MgS@Q), filtered, and evaporated to give an
1H), 4.43 (s, 2H), 4.034.10 (m, 2H), 3.38-3.44 (m, 2H), oily residue that was purified by flash chromatography (20%
2.07-2.10 (m, 2H), 2.09 (d, 3H) = 1.0 Hz), 1.48-1.65 EtOAc in hexane).
(m, 4H), 1.19-1.23 (m, 3H);:3C NMR (E) 6 167.17, 160.07, (A) 6-Benzyloxy-3-methyl-2-hexen-1-8B) (71): 60%.
138.90, 128.72, 127.96, 127.88, 116.09, 73.28, 70.30, 59.78H NMR (E) 6 7.29-7.40 (m, 5H), 5.46-5.49 (m, 1H), 4.54
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(s, 2H), 4.17 (d, 2HJ = 8.0 Hz), 3.51 (t, 2H,) = 6.6 Hz),
2.10-2.19 (m, 2H), 1.63-1.82 (m, 6H);3C NMR (E) &

Micali et al.

crude ammonium salt was purified by RP-HPLC to give the
pyrophosphatetéa—e as white solids.

139.63, 138.97, 128.78, 128.09, 127.96, 124.02, 73.24, 70.15, (A) 6-Benzyloxy-3-methyl-2-hexen-1-ol pyrophospHde (

59.66, 36.28, 28.02, 16.48.

(B) 7-Benzyloxy-3-methyl-2-hepten-1-@b). 53%. H
NMR (E) 6 7.27-7.39 (m, 5H), 5.39-5.50 (m, 1H), 4.55
(s, 2H), 4.17 (d, 2HJ = 7.0 Hz), 3.52 (t, 2H,) = 6.0 Hz),
2.03-2.17 (m, 2H), 1.531.77 (m, 8H);°C NMR (E) o

78%. HPLC: tr ~ 12.8 min."H NMR (DO, 400 MHz)d
7.48-7.38 (m, 5H), 5.47 (tq, 1H] = 1.1 Hz), 4.56 (s, 2H),
4.48 (t, 2H,J = 6.6 Hz), 3.58 (t, 2H,J = 6.8 Hz), 2.13 (t,
2H,J=7.9 Hz), 1.79-1.75 (m, 2H), 1.72 (s, 3H}3C NMR
(D;0, 100.7 MHz)d 144.96, 140.32, 131.59, 131.47, 131.14,

139.80, 139.00, 128.76, 128.04, 127.92, 123.97, 73.23, 70.56122.94 (m), 75.38, 72.69, 65.47 (k= 5.3 Hz), 38.08, 29.52,

59.63, 39.55, 29.61, 24.50, 16.39. LRMS (EI): {()\234.2.
(C) 8-Benzyloxy-3-methyl-2-octen-1-o8c(: 58%. H
NMR (E) 6 7.27-7.37 (m, 5H), 5.355.47 (m, 1H), 4.52
(s, 2H), 4.15 (d, 2H,) = 7.0 Hz), 3.48 (t, 2H,) = 6.2 Hz),
1.99-2.07 (m, 2H), 1.28-1.70 (m, 10H);33C NMR (E) 6

18.35;%P NMR (D,O, 162.1 MHz)d —6.93 (d, 1PJ = 22
Hz), —9.48 (d, 1P = 22 Hz). HRMS (MALDI): calculated
(M—H)~ 379.072, measured 379.071.

(B) 7-Benzyloxy-3-methyl-2-hepten-1-ol pyrophosphate
(1b): 81%. HPLC: tg &~ 13.5 min.'H NMR (D;0, 400 MHz)

140.20, 138.98, 128.70, 127.99, 127.85, 123.68, 73.23, 70.720 7-49-7.37 (m, 5H), 5.46 (tq, 1H) = 1.3 Hz), 4.56 (s,

59.71, 39.80, 29.97, 27.81, 26.19, 16.49. LRMS (EI):*{M
248.2.

(D) 9-Benzyloxy-3-methyl-2-nonen-1-ddf: 54%. H
NMR (E) 6 7.27-7.36 (m, 5H), 5.39-5.42 (m, 1H), 4.52
(s, 2H), 4.15 (d, 2HJ = 7.0 Hz), 3.48 (t, 2H,J) = 6.5 Hz),
1.99-2.04 (m, 2H), 1.66-1.67 (m, 5H), 1.36-1.45 (m, 7H);
13C NMR (E) 6 140.45, 139.08, 128.72, 128.00, 127.86,

123.60, 73.24, 70.82, 59.78, 39.84, 30.08, 29.48, 27.96,

26.46, 16.53. LRMS (EIl): (M) 262.2.

(E) 10-Benzyloxy-3-methyl-2-decen-1-8ef 56%. H
NMR (E) 6 7.28-7.38 (m, 5H), 5.385.46 (m, 1H), 4.52
(s, 2H), 4.16 (d, 2HJ = 7.0 Hz), 3.48 (t, 2H,) = 6.6 Hz),
1.97-2.08 (m, 2H), 1.58-1.68 (m, 5H), 1.22-1.48 (m, 9H);

2H), 4.49 (t, 2HJ = 6.6 Hz), 3.59 (t, 2H,) = 6.6 Hz), 2.08
(t,2H,J= 7.3 Hz), 1.71 (s, 3H), 1.651.55 (m, 2H), 1.54
1.44 (m, 2H):**C NMR (D0, 100.7 MHz)j 145.89, 140.34,
131.58, 131.44, 131.12, 122.58 (m), 75.30, 72.99, 65.57 (d,
J = 5.3 Hz), 41.26, 31.02, 26.20, 18.38P NMR (D0,
162.1 MHz)6 —7.36 (d, 1P = 21 Hz),—9.44 (d, 1PJ =
21 Hz). HRMS (MALDI): calculated (M-H)~ 393.087,
measured 393.087.

(C) 8-Benzyloxy-3-methyl-2-octen-1-ol pyrophosphagg (
78%. HPLC: tgr ~ 14.0 min.*H NMR (D 0O, 400 MHz)¢
7.48-7.38 (m, 5H), 5.46 (tq, 1H] = 1.3 Hz), 4.55 (s, 2H),
4.49 (t, 2H,J = 6.4 Hz), 3.57 (t, 2H,) = 6.6 Hz), 2.06 (t,
2H,J = 7.7 Hz), 1.71 (s, 3H), 1.62 (p, 2H, = 7.5 Hz),
1.44 (p, 2H,J = 7.3 Hz), 1.33 (p, 2H,J = 6.8 Hz); °C

“C NMR (E) 6 140.10, 139.05, 128.72, 128.01, 127.85, MR (D,0, 100.7 MHz) 146.29, 140.36, 131.57, 131.41,
123.50, 73.23, 70.85, 59.78, 39.87, 30.12, 29.71, 29.57,131 11 122,30 (m), 75.28, 73.11, 6556 fd= 5.3 H2)

27.95, 26.51, 16.54. LRMS (El): (V) 276.2.

Ester Reduction ofc Using DIBAL-H To Afford Alcohol
8c. To the solution of esterc (5.50 g, 18.9 mmol) in 100
mL of dry THF was added diisobutyl aluminum hydride (1.0
M solution in toluene, 50.3 mL, 75.5 mmol) under argon at
—78 °C. The reaction was stirred at78 °C for 2 h.

41.58, 31.28, 29.40, 27.77, 18.38P NMR (DO, 162.1
MHz) 6 —7.28 (d, 1PJ = 22 Hz),—9.46 (d, 1IPJ =21
Hz). HRMS (MALDI): calculated (M-H)~ 407.103, mea-
sured 407.102.

(D) 9-Benzyloxy-3-methyl-2-nonen-1-ol pyrophosphate
(1d): 77%. HPLC: tgr ~ 14.6 min.!H NMR (D0, 400 MHz)

Methanol was added, and the reaction mixture was allowed § 7.48-7.38 (m, 5H), 5.45 (tq, 1H) = 1.3 Hz), 4.55 (s,

to warm to room temperature. After dilution with water, the
mixture was extracted with ED (2x). The combined organic
layers were washed (water then brine) and dried over MgSO
Concentration followed by flash chromatography purification
(20% EtOAc in hexane) afforded 4.50 g (95.9%) of alcohol
8c as a colorless oil.

General Procedure for Carersion of Alcohol8a—einto
Pyrophosphateda—e. To a solution of alcohoBa—e (1.15
mmol) in dry acetonitrile (10 mL) was addégN-diisopro-
pylethylamine (230.5 mg, 1.83 mmol), and the solution was
then placed at OC with stirring. After 10 min at CC, PPh-

2H), 4.49 (t, 2HJ = 6.6 Hz), 3.57 (t, 2HJ) = 6.8 Hz), 2.06
(t, 2H,J = 7.5 Hz), 1.71 (s, 3H), 1.60 (p, 2H,= 7.5 Hz),
1.43 (p, 2H,J = 7.7 Hz), 1.35 (m, 2H), 1.29 (m, 2H}3C
NMR (D20, 100.7 MHz)d 146.71, 140.34, 131.57, 131.44,
131.11, 121.99 (m), 75.30, 73.19, 65.80 Jd= 5.3 Hz),
41.63, 31.36, 30.93, 29.62, 27.96, 18.3'2 NMR (D,O,
162.1 MHz)6 —9.09 (d, 1PJ = 21 Hz),—9.67 (d, 1PJ =
20 Hz). HRMS (MALDI): calculated (M-H)~ 421.119,
measured 421.118.
(E) 10-Benzyloxy-3-methyl-2-decen-1-ol pyrophosphate

(16): 78%. HPLC: tr ~ 15.1 min.*H NMR (D0, 400 MHz)

Cl, (547.5 mg, 1.71 mmol) was added evenly to the reaction ¢ 7.48-7.38 (m, 5H), 5.46 (tq, 1HJ = 1.3 Hz), 4.56 (s,

mixture over a period of 10 min. The reaction was stirred at
0 °C for 40 min, then diluted with 20 mL of 10% EtOAc in

2H), 4.48 (t, 2H,J = 6.6 Hz), 3.58 (t, 2H,) = 6.6 Hz), 2.06
(t, 2H,J = 7.7 Hz), 1.72 (s, 3H), 1.60 (p, 2H,= 7.0 Hz),

hexane, and filtered over a short pad of silica gel. The filtrate 1.43 (p, 2H,J = 7.3 Hz), 1.38-1.24 (m, 6H);'3C NMR
was concentrated to afford a crude oily residue which was (D20, 100.7 MHz)d 146.49, 140.36, 131.58, 131.45, 131.13,

then dissolved in 6 mL of dry acetonitrile. Tris(tetrabuty-

122.36 (m), 75.30, 73.22, 65.36 @+ 5.3 Hz), 41.72, 31.41,

lammonium)hydrogen pyrophosphate (2.23 mmol, 2.28 g) 31.23, 31.12, 29.71, 28.01, 18.43P NMR (DO, 162.1

was added, and the reaction mixture was stirrad3fdn at

MHz) 6 —5.48 (d, 1PJ = 22 Hz), -9.31 (d, 1P,J = 22

room temperature. Solvent was removed, and the residue wa$iz). HRMS (MALDI): calculated (M-H)~ 435.134, mea-

dissolved in 3 mL of ion exchange buffer (25 mM MH
HCO;s in 2% v/v i-PrOH—-water). The solution was loaded
onto a cation-exchange resin (hHform) and eluted with

sured 435.134.
Continuous Fluorescence Assaye kinetic constant&,
Vmax andkeofor FPP, GPP, and BnPP analogdes-e were

ion exchange buffer, and the eluant was lyophilized. The determined using the continuous spectrofluorometric assay
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originally developed by Pompliano et al.5) and modified
by Poulter and co-workers76) with some additional
modification. Utilizing N-dansyl-GCVLS as the peptide
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(D) N-Dansyl-G-(7-benzyloxy-3-methyl-2-hepten-1-S-cys-
teine)-VLS {1b: HPLC: tg ~ 22.8 min. HRMS (ESI):
calculated for GeHe/NeO10S, 927.4360, measured 927.4341.

substrate, the linear portion of the increase in fluorescence (E) N-Dansyl-G-(8-benzyloxy-3-methyl-2-octen-1-S-cys-
versus time was measured with a Hitatchi F2000 spectrof- teine)-VLS {1¢: HPLC: tg ~ 23.8 min. HRMS (ESI):

luorometer (excitation wavelength 350 nm; emission wave-

length 505 nm). The assay componefi?§9.6uL of assay
buffer (50 mM Tris-HCI, pH 7.5, 5 mM DTT, 5 mM MgG|
10uM ZnCly), 40 uL of detergent solution (0.4%-dodecyl-
p-p-maltoside in HO), 0.4uL of N-dansyl-GCVLS solution

(2 mM in 20 mM Tris-HCI, pH 7.5, 10 mM EDTA), 100
uL of FPP or FPP analogue {20 mM stock solutions in
12 mM NHHCO:/MeOH (7:3 viv), final concentration
0.03-3 uM} were assembled in a 1.5 mL Eppendorf tube
in the order indicated above and incubated at’@0for 5

calculated for GHggNgO10S, 941.4517, measured 941.4495.
(F) N-Dansyl-G-(9-benzyloxy-3-methyl-2-nonen-1-S-cys-
teine)-VLS 1{1d: HPLC: tg & 24.9 min. HRMS (ESI):
calculated for GgH71NsO10S, 955.4673, measured 955.4643.
(G) N-Dansyl-G-(10-benzyloxy-3-methyl-2-decen-1-S-cys-
teine)-VLS {16: HPLC: tr =~ 25.9 min. HRMS (ESI):
calculated for GgH73NsO10S, 969.4830, measured 969.4819.
Molecular Modeling The FTase starting structure was
created by adding hydrogen atoms to the binary FFase
FPP crystal structure (PDB code 1FT2)). Atom potential

min. Rat protein farnesyltransferase, recombinantly expressedypes and partial charges were assigned based on the cff91

in E. coli (77) containing an N-terminal His-tag on the
fB-subunit, was a gift from Jennifer Pickett and Carol Fierke
(University of Michigan). A 5QuL FTase solution [0.1 mg/
mL BSA with 0.27 uM FTase (for FPP only) or 1.2M

force field defaults. The cysteine and histidine residues
coordinating the zinc atom were considered to be deproto-
nated, and their charges were modified accordingly. Since
charges for the deprotonated residues are not provided in

FTase in assay buffer] was loaded into a 1.0 mL quartz the cff91 force field library, charges for deprotonated cysteine

cuvette and incubated at 3C€ for 5 min. The reaction was
initiated by the addition of the 350L assay buffer/peptide/
prenyl pyrophosphate solution to the ) FTase/BSA

were taken from the AMBER 6.0 library, and charges for
deprotonated histidine (histidinate) were taken from Pang
et al. (/8) Isoprenoid and BnPP molecules were constructed

solution. Fluorescence was detected using a time-based scain the “Builder” module of Insight 1l (v2000, MSI, Inc.).

at 30°C for a period of 60 s. The velocity was determined

Their atom potential types and partial charges were assigned

by converting the rate of increase in fluorescence intensity automatically based on hybridization and connectivities,

units (FLU/s) to pmol/s by fitting the data to eq 1:
V= (R x P)/IF Q)

whereV is the velocity of the reaction in pmol/R is the
rate of the reaction in FLU/s, arfélis equal to the number
of picomoles of FPP, GPP, or FPP analogliase used in
the reaction mixture when the numberMfdansyl-GCVLS
picomoles is 2-fold or greater than the number of prenyl
pyrophosphate picomoleBpay is the fluorescence intensity
of the reaction mixture after incubation for 60 min at 3D
when an amount oP was used for FPP, GPP, or FPP
analoguesla—e. Based on HPLC analysis of large-scale

resulting in an overall charge 6f2.5. To bring the charge
down to the proper value of 3, the partial charges of the
pyrophosphate groups were modified to more closely re-
semble those calculated by RESP)(fitting of FPP (Y. P.
Pang, personal communication). All ligand starting structures
were in the fully extended conformation. Minimization and
molecular dynamics were set up using the “Docking” module
and carried out with the “CDiscover” module of Insight Il
(v2000, MSI, Inc.) under the cff91 force field. The coordi-
nates of all protein residues were fixed, except for the
following active site residues, which were allowed to
move: Tyr 20@, His 201o, Trp 1023, Ala 1515, Tyr 1545,

reactions under similar conditions, we assume that eachMet 1933, Asp 20(5, Arg 2025, Tyr 2053, Cys 20, Gly

reaction has gone to completion.

Product StudiesLarge-scale reactions contained 50 mM
Tris-HCI, pH 7.5, 5 mM MgC}, 10uM ZnCl;, 5 mM DTT,
0.04%n-dodecylf-p-maltoside, 2.5«M N-dansyl-GCVLS,
0.25uM FTase, and 2xM FPP, GPP, ofla—e in a final
reaction volume of 40@L. After the samples were allowed
to react fo 1 h at 37°C, each reaction mixture was loaded
onto an analytical Vydac §(208TP54) column and eluted
with a linear gradient of 640 min 10% B to 100% B at a
flow rate of 1 mL/min. Solvents: A= 0.01% (v/v) TFA in
water; B = 0.01% (v/v) TFA in CHCN. The fraction

2505, Tyr 2513, Phe 258, Cys 254, Trp 303, Tyr 3615,

Tyr 3653. Residues that coordinate the oxygen atoms of the
pyrophosphate moiety were initially allowed to move, but
this allowed too much distortion of the active site, so these
residues were subsequently held fixed. For similar reasons,
residues that coordinate the zinc atom were also fixed, as
was the zinc atom itself. A two-stage refinement was used
to model the binary complexes. The first round consisted of
a Monte Carlo conformational search and minimization, from
which 20 structures were generated. This was done with the
electrostatic component of the force field turned off and the

corresponding to coincident absorbance and fluorescencevan der Waals component scaled to 10%. The second round

peaks was collected and analyzed by mass spectroscopy.

(A) N-Dansyl-G-(farnesyl-1-S-cysteine)-VLY):(HPLC:
tr &~ 27.1 min. HRMS (ESI): calculated for,g471NsOsS;
915.4724, measured 915.4726.

(B) N-Dansyl-G-(geranyl-1-S-cysteine)-VLI®) HPLC:
tr &~ 22.6 min. HRMS (ESI): calculated for@1saNsOoS;
847.4098, measured 847.4095.

(C) N-Dansyl-G-(6-benzyloxy-3-methyl-2-hexen-1-S-cys-

teine)-VLS {18: HPLC: tg =~ 21.9 min. HRMS (ESI):
calculated for GsHesNgO10S> 913.4204, measured 913.4186.

consisted of a Monte Carlo conformational search and
minimization of the 20 structures with all components of
the force field at 100% and inclusion of a distance-dependent
dielectric component (dielectric constantl) followed by
simulated annealing consisting of 50 increments of 100 fs
each to cool the system from 500 to 300 K. The overall and
per residue binding energy of each of the 20 structures was
then measured via a CDiscover routine in order to determine
the most likely binding mode for each ligand. For comparison
to these generated structures, the modified 1FT2 binary
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cocrystal structure was also minimized as in the second roundof the synthesis. Repeated flash chromatography of the ester
of refinement, but no simulated annealing was performed. isomer mixture7a—e raised theE/Z mixture to a 9:1 ratio.

This E/Z mixture was carried through the remainder of the

Synthesis of Benzylalkyl Pyrophosphate Analogues of FPP. Reduction of esterga—e with lithium aluminum hydride
Analoguesla—e were synthesized in seven steps starting furnished the allylic alcohol8a—e in 53—60% yield. We
from the commercially available glycoBa—e as outlined ~ found that the saturated alcohol formed by LAH over-
in Scheme 1. An attractive feature of this path is that the reduction was the major byproduct of this reaction. However,
overall length of the analogueka—e is easily varied by  the desired alcohdc could be obtained in 96% yield by
employing different starting alkyl diols. An excess of the reduction of estec with DIBAL-H. Alcohols 8a—e were
appropriate diol2a—e was monobenzylated with benzyl —converted into their corresponding allylic chlorides using-Ph
chloride and KOH to provide the monoeth@s—e in 62— PCh as previously describedl§), and immediately pyro-
71% yield after distillation. Alcohol8a—e were transformed ~ phosphorylated withn:BusN)sHP,O; (83, 84. Purification
into mesylategta—e by standard procedures with methane- of the reaction mixture by ion exchange chromatography and
sulfonyl chloride and pyridine. The mesylatéa—e were reverse phase HPLC provided the FPP analodzes as
then transformed into iodide€sa—e in high yield via the  Wwhite solids.

Finkelstein reaction. Ketone®a—e were obtained in 66 Analoguesla—e, FPP, and GPP, but Not GGPP, Are
79% vyield after distillation by reacting iodidézma—e with Substrates for Farnesyltransferase in Viti.continuous
sodium ethylacetoacetate followed by saponification of the fluorescence assay using the peptittdansyl-GCVLS was
ester and subsequent decarboxylation. Attempts to formemployed to determine whether compountis—e were
ketonessa—e directly from mesylateda—e with either the substrates or inhibitors for recombinant rat FTase. The
sodium salt of ethylacetoacetate or salts formed from continuous fluorescence assay, first developed by Pompliano
ethylacetoacetate and LHMDS, KHMDS, or DBU resulted et al. for the human FTase enzyme5)( and adapted by

in poor yield of the desired product. Condensation of ketones Poulter and co-workers for the yeast FTase enzy@@, (
6a—e with sodium triethylphosphonoacetate afforded olefins monitors the time-dependent increase in the fluorescence of
7a—ein 62—90% yield after distillation. Analysis of thtH the dansyl group due to the increase in the local hydrophobic
NMR spectra indicated that olefiria—e were a mixture of ~ environment as the adjacent cysteine residue is isoprenylated.
E/Z isomers in a 4:1 ratio. Resonances for taeand Z A time-dependent increase in fluorescence was observed
isomers of the esterga—e were assigned via NOE experi- when FPP, GPP, and analogues-e were incubated with
ments. Alternative reaction conditions for the Horner  FTase andN-dansyl-GCVLS peptide substrate, indicating all
Wadworth—-Emmons condensation did not alter tE¢Z of the analogues were substrates for FTase. However, no
ratio2 We found chromatographic separation of the desired increase in fluorescence was observed when GGPP was used,
E isomer from theZ isomer to be very difficult at all levels  in agreement with previously published reports that GGPP
is not a substrate for FTasgl( 22.

C&{éi—%gﬁ?g&%%%,’\l DBL# L):}CI,(C)IFE_CI;, Cr)t} )2 P(%) é ELEQZ)IZEF;OI\?FIE HPLC and mass spectrometric analysis were employed to
y , LICI , refiux; ; (C 1-Pr , Nan, 3 —

DME, reflux} (89); (d) { (EtO)POCHCO,EL DBU, LICl, CHCN, goan'_Fm th‘t"‘t ?h”e\lalzg“e]? Ge'c\':/fg’ a”OtI.OGIPP ‘t’)"etre ttragSfe”led
(e){ (EtOXPOCHCO:Et, NaH, GHs, 60°C} (72); (f) { (EtO)POCH:- y F1ase (o theN-aansyl- peptide substrate. samples

CO.Et, NaH, THF, 1} (81, 82. for mass spectroscopy were obtained from 1 nmol scale
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Table 1: HPLC Retention Time Comparison of Isoprenyl Table 2: Steady-State Kinetic Parameters
Pyrophosphate and-Dansyl-GC(lipid)VLS Peptide
Km at kca{Km
HPLC g, substrate (nM) (s1x 103 (x10PM1s? Vrel
lipid length lipid HPLC N-dansyl-GC(lipid)VLS GGPP 40 — — —
bstrate (atoms} carbons tz?(min) (min)
sy FPP 46+2 100+ 3 2241 1.0
GGPP 16 20 ND ND GPP 450+ 30 15+ 0.5 0.34+0.03 0.015
FPP 12 15 24.8 27.1 B2PP (la) 890+ 50 44+ 1 0.49+ 0.03 0.022
GPP 8 10 19.4 22.6 B3PP (Lb) 130+5 8.4+0.3 0.67+ 0.03 0.030
B2PP (a) 11 13 18.6 21.9 B4PP (Lo 56+ 3 27+ 1 49+0.3 0.22
B3PP (Lb) 12 14 19.3 22.8 B5PP (d) 91+5 43+ 1 4.7+ 0.3 0.21
B4PP (o) 13 15 20.6 23.8 B6PP (Le) 89+5 25+ 0.7 2.8+ 0.2 0.13
EZEE gg)) 12 ig g%g ggg aK; value estimated from an kgvalue of 0.2&M (101) for GGPP
: : when a value folS = [GGPP]= 0.25uM (101) is used 18). This

a Assuming benzyl group is an isostere for an isoprene group. value is in agreement with the finding that GGPP and FPP compete at
b Purified by analytical HPLC performed on a Waters HPLC controller essentially the same concentratio4)(
and a Waters 2487 dualabsorbance detector monitoring at 214 and
254 nm with a Western Analytical 250 4.6 mm, 5um BioBasic8 G 30 -
column. Compounds were eluted under the following gradient at a flow
rate of 1 mL/min: 0-5 min, 100% A; 5-37 min, 10% A; 3740 min,
10% A; 40-45 min, 100% A; 45-50 min, 100% A. Solvents: A= 25 -
25 mM NHHCO;; B = CH3CN. ND = not determined. HPLGk for
N-dansyl-GCVLS= 13.4 min.

1V (s/FLY)

transfer reactions for each of the substrates. Reverse phase
HPLC analysis of the reaction mixtures indicated quantitative
conversion of the parent peptide to tNedansyl-GC(lipid)-
VLS peptide by the appearance of new peaks with retention
times characteristic for alkylated pentapeptides (data not
shown) @2—35). The new peaks in the HPLC chromato-
grams corresponding to the modified peptides were isolated,
and lipid transfer was confirmed by high-resolution ESI mass - } . . ,
spectrometry. The products of analogue transfer catalyzed -0.02 0.00 0.02 0.04 0.06
by FTase to the peptide have increased hydrophobicity
relative to the unmodified peptide. This is reflected in longer )
retention times compared to the parent peptide as shown inf/6URE 2: - LineweaverBurk plots for FPP, GPP, and BnPP

. i - e .., analogues. Each value is the average of quadruplicate incubations
Table 1. The retention times of the peptides mod.|f|ed with i 'the presence of the indicated concentration of GBJ EPP
analoguesla—e and the parent pyrophosphates increased (x), B2PP @), B3PP ), BAPP @), BSPP @), or B6PP ), and
monotonically with increasing chain length. As expected, is representative of one experiment. Concentrations for each
there is a linear correlation between the retention times of analogue were distributed aroundis. FLU represents an arbitrary
the modified peptides and the parent pyrophosphates. ~ luorescence unit.

In these reactions, theo-isoprene isomer of the analogue of the analogues were poorer substrates than FPP. The most
pyrophosphates was present at approximately 11% of theefficiently transferred analoguég, was transferred with a
total analogue pyrophosphate concentration. Remarkably, the5-fold lower velocity k.a/Km) than FPP. Although gera-

Z o-isoprene isomer of FPP is a transferable substrate fornylgeranyl pyrophosphate (GGPP) is not transferred by FTase
FTase with a catalytic efficiency that is 41% of FPE5)( to substrate peptide, FTase binds FPP and GGPP with similar
Therefore, we do not consider the effect of the miZor  affinities (21).

o-isoprene isomers of the analogue pyrophosphates in our Analogue Hydrophobicity Correlates with J{KAnalysis
analysis of the FTase-catalyzed transfer reactions. of the kinetic pathway indicates that FTase proceeds through

Analoguesla—e and GPP Are Transferred with Lower a functionally ordered mechanism in which FPP binds first
Efficiency than FPP.Steady-state kinetic parameters for to the enzyme, with the overall equilibrium dissociation
transfer of FPP, GPP, and analogues-e for the transfer constant of FPP in the low nanomolar ran@é,(87). The
of lipid to theN-dansyl-GCVLS pentapeptide were measured protein substrate binds to theFPPP complex in a fashion
and are reported in Table 2. Lipid pyrophosphates were that is essentially irreversibl87, 89. In addition to proteins,
incubated at various concentrations with FTase and:l10 short peptides containing the appropriatgdé sequences
N-dansyl-GCVLS peptide, and initial reaction velocities were can be used as efficient substrates by protein farnesyltrans-
calculated from the time-dependent increase in fluorescenceferases 22, 89. For mammalian FTase, substrate binding
at each substrate concentration (Figure 2). These values werand product release are rate-limiting for steady-state catalysis
used to determine the kinetic paramet€rs Vimax Keas and under conditions of subsaturating and saturating substrate
kealKm Of FPP, GPP, and analoguéa—e (Table 2). The concentrations, respectivelg@q, 909. TheKy for FPP does
kinetic values obtained for FPP compared favorably to those not simply reflect thé<, for FPP when peptide concentration
reported in the literaturekg, = 40 NM, Kea = 0.09 S, Keaf is saturating, assuming that FTase follows an ordered binding
Kn=2x 10f M~ s?) (18, 85. While GPP and the BnPP  scheme 91). The Ky for FPP may reflect the binding of
class of analogues are alternative substrates for FTasefPP to the Eproduct complex to accelerate product dis-
catalyzed transfer to the pentapeptidielansyl-GCVLS, all sociation 00).

18] (o)
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The K., for analoguesla—e generally decreases with ingly, the chain length for maximunk. is found for
increasing chain length with a minimum fac and rising analoguesla and 1d while the minimumK,, is found for
again slightly for the longetd andleanalogues (Table 2).  1c. Analogueslc and 1d differ in length by one carbon,
Hydrophobicity is correlated with Kf, for FPP, GPP, and  suggesting that there is a compromise between the conforma-
analoguesla—e (R?> = 0.7). Analoguele is three atoms tion of the ternary complex best suited for catalysis and the
longer than FPP and one atom shorter than GGPP in its all-optimal interaction of the lipid with the FTageoduct
trans conformation (Table 1). TH&, values forld andle complex to accelerate product dissociation. This idea is
level off even thoughle is more hydrophobic, suggesting further supported by the observation that Qg for 1a is
thatK, is also dependent on the lipid binding geometry. The 44% of that for FPP but that th€, for 1ais 19-fold greater
correlation between hydrophobicity andkl/is significantly than that for FPP. In addition, while GPP is three atoms
improved by removing the data fde (R> = 0.86). These  shorter and haslé, half that of analoguéa, it is transferred
results imply that the FTaske binding geometry may be  to substrate only 34% as fast &a. Therefore, it is likely
less optimal for catalysis. While FPP ahb have the same  that the largerla makes more productive contacts in the
length in their extended conformations, FPP is considerably ternary complex than does the smaller GPP.
more hydrophobic (Table 1). Based on HPLC retention times, Interestingly, althoughic, 1d, andle are all longer than
1b has the same hydrophobicity as GPP although GPP has=PP in their fully extended all-trans conformations, they are
four fewer carbons. The lowerdd, for the BnPP analogues  transferred to the target peptide while GGPP is not. FTase
relative to FPP and GGPP is therefore likely to result from is a heterodimeric zinc metalloenzyme in which the metal
the ether oxygen and the increased conformational flexibility ion plays a catalytic rolel, 92-94). The zinc atom in
in the chain. It appears that the additional conformational FTase is located in th@ subunit near theo/ subunit
freedom in the alkyl ether chain and desolvation of the ether interface and marks the location of the active si8)(The
oxygen upon FTase binding by the BnPP analogues carry ag subunit is folded into ant/a. barrel whose central cavity
significant energetic cost. The differencesin most likely provides a deep hydrophobic cleft along one side to which
arise from the lipid-FTase interactions since molecular the isoprenoid moiety of FPP bind24). The G position of
modeling of the binary complexes indicates that the elec- the FPP molecule in the binary FfHase X-ray crystal
trostatic energy from pyrophosphate binding is similar for structures is in register with, but not bound to, the catalytic
all of the analogues (see below). zinc ion @3). This observation suggests that thedarbon

keat Is Not Correlated with Analogue Hydrophobicity or  of the lipid pyrophosphate must be in register with the zinc
Analogue LengthThere is no simple relationship between ion in order for efficient catalysis to occur. Binding of the
keat and either the length or the hydrophobicity of the shorter analogues may create a void in the pocket which
molecules examined in this study (Table 2). For FTase- interferes with productive binding by either the lipid or the
catalyzed transfer of FPP to peptide substrkig,is rate- peptide substrate. X-ray structural analysis has demonstrated
limiting and corresponds to product relea$8,(9]). The that the peptide in the ternary complex is found in intimate
interactions between the alkylated peptide and FTase shouldcontact with the farnesyl lipid25, 26. Additional stabiliza-
be correlated withk. if it is not dependent on the chemical tion of the ternary complex for productive transfer could
steps of the reaction and only on product release. The lackresult from van der Waals contacts between tharad X
of a correlation between the hydrophobicity of the product residues of the peptide and the FPP that may be absent in
peptide andk.y; coupled with the observation thég, for the shorter GPP antla substrates.

FPP is greater than that for GPP implies a significant kinetic ~ The inability of the BnPP series of molecules to be
contribution of the other steps in the mechanism for the transferred with the same efficiency as FPP is likely due to
transfer of GPP and the BnPP analogues. In addition, GGPPdifferences in the structure of the linker arm. The BnPP linker
is more hydrophobic than FPP and is not transferred by chain is comprised of flexible methylene units, and has a
FTase to peptide substrate. The rate of analogue transfer iarger number of conformations available to it compared with
high for 1a, falls precipitously forlb, and then rises fotc the more rigid FPP isoprenes. The three isoprenes of FPP
and 1d before falling again forle Interestingly, FPP and may serve to preorganize the molecule to fit into the
1b have the same fully extended length but have the highestisoprenoid binding site of FTase, thereby reducing the
and lowestk., values, respectively (Table 2). Structurally, number of conformations needed to place the pyrophosphate
1b lacks thep-isoprene double bond and branched methyl in register with the zinc atom and cysteine thiol of the peptide
group. These results suggest that the variatiokdifor the substrate. Because the BnPP class of molecules are less
analogues may reflect differences in the binding geometry organized than FPP, once the molecule has bound in the FPP
of the analogue and peptide substrate relative to FPP. Thishinding site, the lipid must find the optimal geometric fit.
view is strengthened by the observation that whiés only This may ultimately decrease the overall rate of the transfer
one carbon shorter than GGPP, it is transferred wilg.&  reaction. Additionally, interactions between the farnesyl chain
one-fourth that of FPP while GGPP is not transferred at all. and the CaaX peptide in the ternary complex are likely to
Clearly, the interactions between the lipid pyrophosphate, be dependent on the specific shape of the lipid chain. In the
peptide, and FTase that determiqg are dependent on the  case of the BnPP series, the lack of branched methyl groups
structure of the lipid. may result in sub-optimal interactions in the ternary complex.

FTase-Catalyzed Transfer of Lipid to N-Dansyl-GCVLS Modeling Praides a Molecular Explanation That an
Is Dependent on Analogue Lengline efficiency of transfer ~ Aromatic Ring Is a Good Isostere for the Terminal Isoprene
(kealKm) for the BnPP analogues is maximum fbc and of FPP. An essential feature of FTase is its ability to
1d, which are one and two carbons longer than FPP in its discriminate against both GPP and GGPP in favor of FPP.
fully extended conformation, respectively (Table 2). Interest- Potential binding geometries of FPP, GPP, GGPP, and
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Ficure 3: Cross section of FTase active site surface with pyrophosphate coordinating region in red, terminal isoprene “slot” in magenta,
catalytic zinc in yellow, and stick rendering of isoprenoid or BnPP in white. (A) FPP from minimized modified 1FT2 crystal structure, (B)
modeled B4PP showing terminal benzene inserted into slot, and (C) modeled GGPP showing proper coordination of pyrophosphate and
insertion of terminal isoprene into slot, but occlusion of peptide binding region that precludes efficient transfer. Cross sections are slightly
different from one another in order to best display the binding of each ligand. Active site residues that were allowed to move during
modeling superimpose with an RMSD of 0.30 A between (A) and (B), which is similar to the RMSD of 0.27 A for these residues between
binary cocrystal structures 1FT2 and 1FPP.

analogueda—e were examined by modeling the molecules extended and bound against the side of the active site
into the active site of the FTase crystal structure. The opposite that where the incoming peptide or protein C-
procedure used to model the lipid pyrophosphates into theterminus binds. Except for analogues, models of the
FTase active site reproduced the conformation and geometrycomplexes with the analogues have the terminal edge of the
of FPP found in the binary X-ray crystal structur@g (25. benzyl group occupying the slot at the floor of the FTase
Pairwise comparison of the position of the active site side active site (Figure 3B). Analoguga is too short for the
chains between the two available FTageP X-ray crystal benzyl group to bind into the slot when its phosphate is in
structures and the calculated FTégeP model shows a 0.27  register with the zinc ion. Similarly, the model of GPP bound
A rms deviation, indicating that the model is accurate on to FTase also shows that the terminal isoprene of GPP is
the order of the variation in the independent X-ray crystal unable to contact the residues within the slot. The loss of
structure determinations. Examination of the FTRE® these van der Waals interactions and the subsequent void in
X-ray crystal structure and the individual contributions to the complex may contribute to the high€y and lower rate
the binding energy of the molecules calculated from the of catalysis forlaand GPP. The modeling suggests that the
molecular models reveals several features that are importanbenzyl ring of analoguéb does not completely occupy the
for substrate recognition. slot, while it is efficiently filled by the benzyl groups ét—e
Electrostatic interactions between the pyrophosphate of (Figure 3B). The modeling results provide a molecular
FPP and residues Lys 184His 2483, Arg 2913, Lys 2943, explanation for the observation that an aromatic ring is a
and Tyr 30( are calculated to be the dominant source of good isostere for the terminal isoprene of FPP. The location
binding energy in the binary FTa$é®P complex. These of the volume occupied by the alkyl-ether chains of analogues
electrostatic interactions fix the position of the pyrophosphate 1a—ein these models is coincident with that of the farnesyl
with respect to the catalytic zinc ion. These electrostatic chain in the binary complex. However, only analoglo:
interactions were also calculated to be the dominant sourcedisplaces approximately the same volume of the active site
of binding energy for the FTase models with GPP, GGPP, as does FPP, where analogdes-c occupy lesser volumes
and analogue$a—e. In addition to Z@&*, Mg?* is required ~ andle occupies a slightly larger volume.
for the catalytic mechanism and appears to coordinate the The FTase Molecular Ruler for Isoprenoid Substrate
pyrophosphate moiety of FPP. However, removal of the Discrimination Is Dependent on Isoprene Double Bonds and
Mg?* ion does not affect substrate bindingl( 8§. The Branched Methyl Groupsn agreement with the modeling
location of the magnesium ion is not defined in any of the results for GPP, FPP, and analogties e, the pyrophosphate
X-ray crystal structures, and, therefore, the magnesium wasof GGPP was found in register with the zinc ion, and the
not modeled into the complex. In addition, the electrostatic terminal isoprene methyl groups were inserted into the slot
term for the binding energy of the lipid to FTase was still at the floor of the active site (Figure 3C). However, in sharp
dominant when the charge on the pyrophosphate was reduce@ontrast to the other molecules examined, the longer gera-
from —3 to —1. nylgeranyl chain adopts a different conformation than the
Examination of the binary X-ray crystal structure shows farnesyl chain of FPP, partially occluding the space occupied
that the terminal isoprene methyl groups of FPP fill a slot by the CaaX peptide in the ternary X-ray crystal structure.
defined by side chains from Trp 182Tyr 2053, Phe 253, Within the confines of the FTase pocket, the double bonds
Cys 254, Trp 303, and the aliphatic stretch of Arg 262 and branched methyl groups of the geranylgeranyl chain
at the bottom of the active site (Figure 384 23. This significantly restrict the number of possible conformations
“slot” at the floor of the active site is also visible in the X-ray relative to analoguesa—e. Therefore, substrate discrimina-
crystal structure of FTase along3]. Between the slot and tion by FTase may be achieved by the conformational
the pyrophosphate binding site, the FPP chain is fully restrictions that force the geranylgeranyl chain to traverse
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the peptide binding site rather than conform to the farnesyl
binding site. This model for FTase substrate discrimination
contrasts with the previously proposed mechanism for
substrate discrimination where transfer of the geranylgeranyl
lipid to peptide is prevented because thepGsition of GGPP
is forced to protrude beyond the catalytic zinc i@3(29.
Therefore, FTase might discriminate against transfer of
GPP and GGPP in favor of FPP by two different mecha-
nisms. The discrimination against the shorter GPP is appar-
ently due to the lack of important interactions in the binary
and/or ternary complex mediated by the terminal isoprene
unit of FPP, while discrimination against the longer GGPP

appears to stem from steric occlusion of the active site caused

by the conformational rigidity of the geranylgeranyl chain.
Implications of Analogue Structures for Altering Down-
stream Ras ProcessingVhile farnesylation is absolutely
required for Ras function, it is unknown whether the prenyl
group functions as a hydrophobic membrane association
signal @, 15, 95-98), a targeted farnesyl-protein recognition
(99, 100, or both. In contrast to FTIs, transferable FPP
analogues allow the examination and study of the prenyl
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structure on downstream processing events. Previous studies20-

have suggested that the hydrophobicity of the lipid, and not
the precise structure, plays a prominent role in promoting
the biological activity of H-Ras1(5). Of particular interest
will be studies to examine the biological function of
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transferable analogues where heteroatoms are introduced into23-

the lipid chain to determine if hydrophobicity is indeed the
primary determinant of H-Ras biological activity.
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