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Protein Farnesyltransferase-Catalyzed Isoprenoid Transfer
to Peptide Depends on Lipid Size and Shape, not

Hydrophobicity

Thangaiah Subramanian,” Suxia Liu,® Jerry M. Troutman,” Douglas A. Andres,® and

H. Peter Spielmann*®™ <%

Protein farnesyl transferase (FTase) catalyzes transfer of a 15-
carbon farnesyl group from farnesyl diphosphate (FPP) to a con-
served cysteine in the C-terminal Ca,a,X motif of a range of pro-
teins, including the oncoprotein H-Ras (“C” refers to the cysteine,
“a” to any aliphatic amino acid, and “X” to any amino acid) and
the lipid chain interacts with, and forms part of the Ca,;a,X pep-
tide binding site. Previous studies have shown that H-Ras biologi-
cal function is ablated when it is modified with lipids that are
3-5 orders of magnitude less hydrophobic than FPP. Here, we
employed a library of anilinogeranyl diphosphate (AGPP) and
phenoxygeranyl diphosphate (PGPP) derivatives with a range of
polarities (logP (lipid alcohol)=0.7-6.8, logP (farnesol)=6.1)
and shapes to examine whether FTase-catalyzed transfer to pep-

Introduction

Protein farnesyl transferase (FTase) catalyzes the transfer of a
15-carbon farnesyl group from farnesyl diphosphate (FPP, 1;
Figure 1) to a conserved cysteine in the C-terminal Ca;a,X
motif of a range of proteins, including the oncoprotein H-Ras
(“C” refers to the cysteine, “a” to primarily aliphatic amino
acids, and “X” to any amino acid). Farnesylation is obligatory
for the proper biological function of H-Ras and a number of
small molecule inhibitors of FTase (FTls) have been developed
as anticancer agents."™ Several FTls are currently in phase |, Il
and Il clinical trials for the treatment of cancer,>®” but the re-
sponse in patients has not been significant.! An explanation
for the lack of FTI clinical efficacy is the process of alternative
prenylation in which some FTase substrates can become gera-
nylgeranylated by geranylgeranyl transferase type | (GGTase-I)
when FTase activity is limiting."®"? This has led to substantial
interest in developing alternative lipids incapable of support-
ing normal prenyl group function."""¥ Several studies have ex-
amined lipid features that influence the efficiency of isopre-
noid transfer to Ca,a,X peptides by FTase.'*™ These studies
have focused on how the length of the isoprenoid affected
transfer kinetics,™ replacement of the terminal isoprene with
aryl substituents,>'®2%2" and alteration of the steric demands
and electronic properties of the isoprenoid branched methyl
groups.'*1#1622231 Dagpite these efforts, information on the
structural features that give rise to productive interactions of
FPP analogues with the FTase active site remain limited. The
reaction mechanism of FTase is unexpectedly complex
(Scheme 1). Product release is the rate determining step (k)
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tide is dependent on the hydrophobicity of the lipid. Analysis of
steady-state transfer kinetics for analogues to dansyl-GCVLS pep-
tide revealed that the efficiency of lipid transfer was highly de-
pendent on both the shape and size, but was independent of the
polarity of the analogue. These observations indicate that hydro-
phobic features of isoprenoids critical for their association with
membranes and/or protein receptors are not required for efficient
transfer to Ca,a,X peptides by FTase. Furthermore, the results of
these studies indicate that the role played by the farnesyl lipid in
the FTase mechanism is primarily structural. To explain these re-
sults we propose a model in which the FTase active site stabilizes
a membrane interface-like environment.

for the FTase reaction, and an unusual feature of the FTase
mechanism is that product dissociation is greatly enhanced by
binding of either a new FPP or Ca;a,X peptide substrate. Re-
markably, the hydrophobic thioether product has decreased af-
finity for the enzyme despite the nonpolar amino acid resides
that line the active site.?” X-ray crystallographic analysis shows
that the lipid chain interacts with, and forms a substantial part
of the Ca;a,X peptide binding site throughout the course of
the reaction.>>*®

FPP analogues have been used to study physical interactions
between the lipid, FTase and Ca,;a,X peptide as well as the bio-
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Figure 1. FPP, GPP, GGPP and FPP analogues.

logical function of the modification.'>'>'¢'%27] The Ca,a,X tet-
rapeptide is sufficient for prenyltransferase recognition, and
the kinetics of FPP transfer to dns—GCVLS is identical to that of
full length H-Ras.”*? The analogue 8-anilinogeranyl diphos-
phate (AGPP, 2a; Figure 1) is transferable to Ca;a,X substrates
with apparent steady-state kinetics nearly identical to FPP, and
the aniline moiety appears to act as an isostere for the FPP ter-
minal isoprene.">* AGPP has been used to probe the endoge-
nous modification of proteins by FTase and is competitive with
FPP in vitro and in cell culture.?*3*3" We previously prepared
and examined the FTase catalyzed lipid transfer of an AGPP an-
alogue library to the dns-GCVLS peptide corresponding to the
H-Ras Ca;a,X motif and found that reactivity depends on both
size and shape of the lipid.®*** Small meta and para substitu-
tions on the aniline ring increase reactivity with dns-GCVLS
while others with ortho substitutions were potent FTase inhibi-
tors. In other work, investigation of ten FPP analogues showed
that the normal biological function of H-Ras is blocked when
modified with isoprenoids that are 3-5 orders of magnitude
less hydrophobic than the farnesyl group.'” The H-Ras biologi-

[Cajx]/ EeCaaX \\{fduct]

E EeproducteCaaX
[FPP]
Path B: [FPP] [CaaX]
[CaaX]
EeFPP E*FPPeCaaX — Esproduct
Path A: lp’°":‘°ﬂ\ EeproductsFPP /IF:PI

Scheme 1. FTase reaction mechanism showing two pathways. Path A repre-
sents FPP stimulated product release, and path B represents peptide stimu-
lated product release; E: FTase enzyme; E-FPP: FTase:FPP complex; E-FPP-
CaaX: FTase-FPP-CaaX peptide complex; E-product: FTase bound product
complex; E-product-FPP: FTase bound to both FPP and the reaction product;
E-CaaX: peptide bound FTase inhibitory complex; E-product-CaaX: peptide
bound enzyme product complex.
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compounds for a unique class of
potential anticancer therapeu-
tics. However, the poor reactivity
of the least polar FPP analogue
Isox-GPP (8) with H-Ras and
Ca,a,X peptides has raised the
possibility that other polar FPP
analogues might also be poor
substrates for FTase.

The anti-Ras behavior of this
small set of more polar FPP ana-
logues prompted us to examine the relationship of isoprenoid
hydrophobicity to the efficiency of FTase catalyzed lipid trans-
fer to Ca;a,X peptides. Additional FPP analogues with a range
of polarity and shapes were prepared and their transfer effi-
ciency determined. We found that the efficiency of lipid trans-
fer was highly dependent on both the shape and size, but was
independent of the hydrophobicity of the analogue. The ap-
parent catalytic efficiency (k./K"®"®) for transfer of several an-
alogues to a dns-GCVLS (H-Ras Ca;a,X sequence) peptide was
greater than that for the natural substrate FPP. These observa-
tions indicate that hydrophobic features of isoprenoids critical
for their association with membranes and/or protein receptors
are not required for efficient transfer to Ca,a,X peptides by
FTase, and that hydrophobic interactions between the lipid
and aromatic residues in the FTase active site do not drive
binding of FPP to the enzyme. Furthermore, the results of
these studies indicate that the role played by the farnesyl lipid
in the FTase mechanism is primarily structural. To explain these
results, we propose a model in which the FTase active site sta-
bilizes a membrane interface-like environment.

|
o

Results and Discussion

Synthesis of FPP analogues in which the AGPP amino group
is replaced by other moieties

In order to examine whether the AGPP aniline nitrogen con-
tributes to specific interactions that are obligatory for efficient
analogue transfer to Ca,a,X peptides, molecules 3, 4, 5, 6a and
7 with CH,, S, CH,0, O linkers between the terminal aryl group
and the geranyl chain were synthesized. Methylene linked ana-
logue 3 was prepared in five steps from 8-chlorogeranyl ace-
tate by using a modified procedure from Spencer and co-work-
ers (Scheme 2).B¥ THP ether 13 was obtained by protection of
8-chlorogeraniol 12 in quantitative yield. Coupling of benzyl
magnesium chloride with chloride 13, followed by removal of
the THP ether provided alcohol 15, which was converted to
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Scheme 2. Synthesis of (2E,6E)-3,7-dimethyl-9-phenyl-nona-2,6-dien-1-di-
phosphate: a) PPTS, DHP, DCE; b) PhCH,MgCl, Et,0, 0°C; c) PPTS, MeOH;
d) Ph,PBr,, CH;CN; e) (Bu,N);HP,0,, CH,CN.

the corresponding bromide and diphosphorylated to give di-
phosphate 3 (Scheme 2).

The key step in the preparation of analogues 4, 5 and 7 was
alkylation of the appropriate thiophenol or benzylalcohol with
8-bromogeranyl acetate 16 (Scheme 3). The desired diphos-
phates 4, 5 and 7 were then obtained by saponification of ace-
tates 18a-c to give alcohols 19a-c, which were converted to
the corresponding bromides followed by diphosphorylation
with (Bu,N);HP,0O, in CH;CN. Compound 6a was prepared by
solid state Mitsunobu reaction as described below.

Analogue linker atom has a moderate effect on reactivity
with Ca;a,X peptide

The kinetic parameters Pk, and *KP®*" for analogue trans-
fer to dns-GCVLS were measured by using a continuous fluo-
rescence assay (Table 1). The apparent kcat/Kf:”“de is the catalyt-
ic efficiency of FTase, which

H. P. Spielmann et al.
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X\)\/\)\/\
T OAc
R 18a-c
b)l
XM\
R L = OH
Lz 19a-c
o, d)l
XM
gL = OPP
I

= 4,57

Scheme 3. Synthesis of diphosphates 4, 5, 7: a) NaH, THF; b) K,CO;, MeOH/
H,0; c) PhyPBr,, CH;CN; d) (Bu,N);HP,0,, CH,CN.

was not detected. All reactions between FPP analogues and
dns-GCVLS peptide were analyzed by HPLC through detection
of the resulting components by using dansyl fluorescence. No
product was detected by HPLC when we observed no increase
in dansyl fluorescence. Although single turnover reactions for
the “unreactive” analogue diphosphates cannot be excluded
by this method, the lack of steady-state turnover indicates that
product release is impaired.

Synthesis of phenoxygeranyl diphosphate FPP analogue
library

A library of 25 transferable AGPP derivatives were previously
prepared.®>3® The number of analogues to be examined was
increased by preparing a directed library of 33 ether-linked
phenoxygeranyl diphosphates (PGPP) 6a-ad and 9a-c
(Schemes 4 and 5). The PGPP ether linkage removed the ani-
line H-bond donor, altered the conformational preference of
the lipid and allowed for the straightforward introduction of

measures the ability of the
enzyme to catalyze a reaction at . ) ) ) )
R Table 1. Steady-state kinetic properties of FPP diphosphate analogues for reaction with dns-GCVLS.
low peptide substrate concentra-
tions. We found that the linker R group and position Compound  logp2rPll  appg ] appydns=GAVISId Apparent K, /K6
appears to have only a modest | on ring” number [s'x1071  [uml lum's7'x1077
effect on the transfer efficiency; | NH 2a 3.6 10+3 0440 20+4
this suggests that the aniline ni- | CH: 3 4.8 40+2 3.8+03 n+8
. . . . S 4 4.8 17+0.5 20+0.1 8+2

trogen is not critical for efficient

9 . CH,0 5 4.0 17+0.3 1+0.4 17+£10
transfer of the unsubstituted | g 6a 41 3042 20402 1648
parent molecules. Consistent CH,0,X=3,4,5trimethoxy 7 32 Nde Nde@ Nde
with previous observat{ons, [a] The analogues are listed in order of increasing substituent surface area; [b] logP measurements of the corre-
transfer of the bulky 3,4,5-trime- sponding alcohol; [c] *Pk,,,, PPKPPi% and apparent k., /K" were determined by using a Michaelis-Menten
thoxy substituted analogue 7 analysis as described;*? [d] Nde: not determined.
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Scheme 4. Synthesis of phenoxygeranyl diphosphates 6 a-ad: a) NaBH,,
DCE/EtOH; b) PPTS, MeOH/DCE, reflux; c) PhsP, DEAD, phenols, DCE; d) PPTS,
MeOH/DCE, reflux; e) Ph;PBr,, CH,Cl,; f) (Bu,N);HP,0,, CH,CN.

polar functional groups. A focused phenoxygeranyl diphos-
phate library was prepared by a mixed solid-phase organic syn-
thesis (SPOS)-solution phase route (Scheme 4). Reduction of
the previously described resin-bound aldehyde 20 with NaBH,
in DCE/EtOH (1:1) resulted in the corresponding alcohol 21 in
82% yield. Diversity was introduced into the library by solid
phase Mitsunobu reaction of alcohol 21 with 5 equiv of the ap-
propriately substituted phenols in DCE at room temperature to
provide the corresponding resin bound ethers 23a-ad. The
resin-bound THP ethers 23a-ad were released from the resin
as the corresponding allylic bromides by agitation with 2 equiv
Ph;PBr, in CH,Cl, for 4 h, and the bromides were then trapped
in situ with 6 equiv (Buy,N);HP,O; in CH;CN to give the desired
phenoxygeranyl diphosphates 6a-ad. The crude diphosphates
were converted to the NH,* form by ion-exchange chromatog-
raphy and then purified by RP-HPLC. Release of the THP-resin
linked lipids as the corresponding allylic bromides provided a
traceless linker pathway to the desired FPP analogues 6a-ad.
The phenoxygeraniols 24a-ad were made by cleavage of
ethers 23a-ad from the resin by treatment with DCE/MeOH/
PPTS at 80°C, followed by silica gel column chromatography
(Table 2).

To test the hypothesis that the size and shape of the lipid
rather than the absolute polarity are essential for efficient
transfer by FTase to peptide, three additional hydroxymethyl
PGPP derivatives 9a-c were prepared by solution methods
(Scheme 5). AGPP analogues with methoxy, trifluoromethoxy
and ethyl groups were transferred to dns-GCVLS by FTase,?
and the polar hydroxymethyl group was roughly isosteric with
these moieties (Scheme 5). Preparation of these polar PGPP an-
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Scheme 5. Synthesis of hydroxymethylphenoxygeranyl diphosphate:

a) DEAD, PhsP, THF; b) NaBH,, EtOH; c) PPTS, MeOH; d) a-methyl-o-nitro-
benzyl chloroformate, pyridine/CH,Cl,; e) PPTS, MeOH; f) Ph;PBr,, CH,CN;
g) (BuyN);HP,0,, CH;CN; h) NH,HCO5/H,0, hv, 0°C.

alogues required masking of the reactive hydroxymethyl group
during synthesis. The similar reactivity of the benzylic and allyl-
ic alcohol functions as well as the acid and base sensitive di-
phosphate in these amphipathic molecules narrowly constrain
suitable protecting groups that can be used. Consequently, we
employed the photolabile a-methyl-o-nitrobenzyl carbonate
group to protect the hydroxymethyl group of analogues 28a-
c during THP cleavage, subsequent diphosphorylation, ion ex-
change and purification. Alcohols 29a-c were obtained by
Mitsunobu reaction of 8-hydroxy-OTHP protected geraniol 25
with either 3- or 4-hydroxybenzaldehyde or methylsalicylate
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Table 2. Hydrophobicity and steady-state kinetic properties of isoprenoids for reaction with dns—GCVLS.

R group and Compound log perPibl appg 19 appdns—GAVLS (] Apparent
position on number [s7'x107% [um] K/ Kons—oVs1d
ring® [um™'s7'x107%]
GPP 1 3.6 0.4+0.1 2749 15407
Isox-GPP 8 0.7 441 13404 2.8+0.2
FPP 1 6.1 1442 0.8+0.1 1843

H 6a 4.1 3042 20402 1542

H 2a 3.6 12429 05+0.19 24+69
oF 6b 43 1941 1.340.1 1543
m-F 6c 48 0.4+0.04 0.1£0.015 85+1.6
p-F 6d 3.7 58+5 45405 1343

o-F 2b 4.1 15439 0.9+0.29 16419
m-F 2c 3.7 10419 0.3440.089 26+39
p-F 2d 35 9.540.49 0.2640.049 35444
2,6-di-F 6e 44 167+3 16.5+0.6 1042
3,4-di-F 6f 49 11404 0.7+0.05 1644
2,3-di-F 69 44 23405 13407 1941
3,5-di-F 6h 48 1040.2 0.5+0.02 1842
2,3,5,6-tetra-F 6i 46 31042 51.243.9 6+1
m-CN 6j 3.9 440.1 0.4240.02 1042
p-CN 6k 2.7 193+9 33423 6+2
m-CN 2h 3.1 13419 1.0+£0.19 11.540.3
p-CN 2i 29 70439 10.240.6" 6.840.1¢
p-NO, 6l 42 5542 63+04 8+1
p-NO, 2j 3.1 160+ 20 1542 10.7 +£0.2
o-Br 6m 5.1 30+3 3.1+0.34 1041
m-Br 6n 6.0 6+04 70+0.1 8+2

p-Br 60 5.6 50+1 18.7+0.8 341

o-Br 2k 5 13419 1.0+£0.29 13439
p-Br 21 46 27489 1.740.59 16429
0-CH, 2m 4.1 16.6 0.9 4.040.49 4.240.59
m-CH, 2n 3.3 6.940.5" 0.17 £0.06' 38489
p-CH, 20 34 60209 4419 16419
o-CF, 2p 4 304109 >109 0.940.1
m-CF, 6p 6.0 134+0.5 1.140.1 1242
3,5-di-Cl 6q 52 1940.7 1.340.1 1542
3,4-di-Cl 6r 5.1 24+1 2.1+0.13 1242

ol 6s 44 11+0.5 3.2+0.20 441

m-l 6t 3.7 740.2 0.4+0.02 1742

p-l 6u 3.6 27+1 23+02 1241

m-l 2r 48 24429 0.9+0.19 2639

p-l 2s 49 17 439 1.4+049 12449
0-CH,OH 9a 1.0 NR!? NR! NR!
m-CH,OH 9b 0.9 4441 4040.2 1042
p-CH,OH 9c 0.8 11546 8.0+06 1443
0-MeO 2t 4.1 8.8+£0.9 0.9+0.2¢ 9.3+0.6
m-MeO 2u 33 53459 434069 12421
p-MeO 2v 3 140+ 40 304109 542
o-Et 6V 40 1141 25+04 441

m-Et 6w 55 17407 21402 8+1

p-Et 6Xx 5.1 28+0.8 44403 6+1

o-Et 2w 48 17429 7419 2.4+0.69
m-Et 2x 46 8429 3.8+0.89 2.1+0.19
m-CF;0 6y 5.1 340.2 0.3+0.01 1142
p-CF;0 62 5.1 1640.3 1.340.1 1242
m-CF,0 2aa 49 40+ 109 234069 1941
p-CF,0 2ab 49 27 +69 3.140.99 8.740.39
m-iPr 6aa 6.7 21405 1.940.1 1141

p-iPr 6ab 6.8 4445 214429 241

o-Ph 6ac Nde'® NR NR™ NR™®

p-Bn 6ad 6.5 30406 23+0.1 1343

[a] The analogues are listed in order of increasing substituent surface area; [b] logP measurements of the corre-
sponding alcohol; [c] *Pk,,,, PPKPPi% and apparent k./KP*" were determined by using a Michaelis-Menten
analysis as described;*? [d] from Troutman et al.;®? [e] Nde: not determined; [f] NR: no reaction determined by
RP-HPLC product analysis.
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followed by NaBH, reduction.
The THP protected alcohols
28a-c were acylated with o-
methyl-o-nitrobenzyl chlorofor-
mate to give carbonates 30a-c.
The corresponding isoprenoid
alcohols 31a-c were obtained
in quantitative yield by cleavage
of THP ethers 30a-c with PPTS
in MeOH. The nitrobenzyl pro-
tected diphosphates 32a and
32c¢ were obtained by treating
the alcohols 31a-c with Ph;PBr,
to give the corresponding bro-
mide, which were then trapped
in situ by (Bu,N);HP,O, in
CH5CN. Carbonate 32c¢ was not
isolated, rather, p-hydroxymethyl
PGPP 9c was purified directly
from the diphosphorylation re-
action.

The other two hydroxymethyl
PGPP derivatives 9a and 9b
were obtained in quantitative
yield by photolysis of the RP-
HPLC purified carbonates 32a
and 32b with pyrex-filtered UV
light for 5-10 min in aqueous
ammonium bicarbonate at 0°C.
The advantage of photodepro-
tection is that the nitroso by-
products are separated from the
pure analogue diphosphates 9a
and 9b by CH,Cl, extraction;
this avoids additional chroma-
tography (Scheme 5).

Analogue hydrophobicity de-
pends on terminal aromatic
moiety substituents

The lipophilicity of the anilino-
geranyl diphosphates 2a-ae
and phenoxygeranyl diphos-
phates 6a-ad and 9a-c is corre-
lated with the apparent logP
(log P??) of the parent alcohols
(Table 2) and was determined
from RP-HPLC capacity factors.
The logP is the logarithm of the
partition coefficient between
water saturated octanol and oc-
tanol saturated water and is a
useful metric of hydrophobicity
and the ability of compounds to
associate with membranes. The
incorporation of aromatic rings

ChemBioChem 2008, 9, 2872 - 2882
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and heteroatoms into the analogues decrease their hydropho-
bicity relative to farnesol.

FTase catalysis depends on isoprenoid size and shape, not
hydrophobicity

The kinetic parameters *PPk,,, **PKPePi% and apparent k., /KP®"%
were measured for transfer of each PGPP analogue to dns-
GCVLS by using a continuous fluorescence assay (Table 2).
Thirty one of the 33 PGPP analogues 6a-ad and 9a-c were
detectably transferred to dns-GCVLS peptide by FTase
(Table 2). The aryl substituents of 20 PGPP molecules were
identical to previously reported AGPP analogues.®? In general,
transfer kinetics and hydrophobicity of PGPP and AGPP ana-
logues with identical aryl moieties were similar. The log P**" of
PGPP analogues varied within + 1.3 units of the corresponding
AGPP (Table 2) and apparent k. /K™ were within a factor of
=+ 5.3. However, there are a number of important differences in
reactivity between the two different classes of FPP analogues.
The p-Et-PGPP 6 X, p-iPr-PGPP 6 ab, m-iPr-PGPP 6 aa, p-Bn-PGPP
6ad and o-I-PGPP 6s analogues were efficient substrates,
whereas corresponding AGPP analogues were not transferred
to the dns-GCVLS peptide.*? Larger substituents in the trans-
ferable PGPP series might be productively accommodated in
the FTase active site because the ether linkage is conforma-
tionally less restricted than the aniline linkage in the corre-
sponding AGPP analogues. We found that the meta- and para-
hydroxymethyl PGPP 9b and 9c, respectively, were efficiently
transferred by FTase while the ortho isomer 9a was not; this
further reinforces the observation that reactivity depends on
substituent position and size. Remarkably, the para-hydroxy-
methyl PGPP 9b was almost as efficient a substrate as FPP;
this indicates that FTase activity is not necessarily decreased by
hydrophilic lipid analogues.

FPP analogue transfer efficiency does not correlate with
lipid hydrophobicity

The apparent k., /KPePtde, PpPeptde qng appk  for the library of
54 transferable PGPP and AGPP analogues as well as GPP and
FPP was plotted against logP® to determine whether there is
a simple relationship between FTase catalytic activity and lipid
shape, size and hydrophobicity (Figure 2).

Thirty nine different substituted aryl groups were represent-
ed in the library; 15 of these were identical in both the anilino-
geranyl and phenoxygeranyl series, eight were unique AGPP
and 16 were unique PGPP structures. The hydrophobicity of
the compounds in the library spanned six orders of magnitude
and included molecules with both greater (p-iPr-PGPP 6ab,
log P=6.8) and substantially lower (Isox-GPP 8, logP=0.7) log
P2 than FPP (logP=6.1). Surprisingly, we found no discerna-
ble relationship between apparent k. /K°®“ and logP®® of
the transferable analogues. Similar plots of **"k_,, versus log
PP and PPKIN~GVNS yersus log P* also showed no obvious
relationship between the measured properties.

The pattern of analogue reactivity with dns-GCVLS leads to
the surprising conclusion that isoprenoid transfer efficiency
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Figure 2. Plot of apparent log P versus apparent k,/KP"% for FPP, GPP and
54 transferable AGPP and PGPP analogues with dns-GCVLS. There are 39 dif-
ferent aryl structures present in the analogue library: 16 are unique to the
PG series, 8 are unique to the AG series and 15 are represented in both; ©:
FPP, GPP, AGPP and PGPP as indicated by arrows; m: ortho-, A: meta-, ®:
para-substituted analogues; o: Isox-GPP and multisubstituted PG analogues.
The underlying data are from Table 2.

does not depend on lipid hydrophobicity. Rather, isoprenoid
size and shape appear to be the most important lipid physical
properties for FTase-catalyzed transfer to Ca,a,X peptides. This
result is even more startling in light of the extensive contacts
between the farnesyl hydrocarbon and the predominantly hy-
drophobic aromatic amino acid side chains in the enzyme
active site revealed in X-ray crystal structures of the binary FTa-
se:FPP and ternary FTase:FPP-CaaX and FTase:product com-
plexes.’®¥-* These observations are important because they
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indicate that the biological functions of the isoprenoid that
depend on hydrophobic association with membranes and/or
protein receptors are not critical for efficient transfer to Ca;a,X
peptides by FTase. Furthermore, the results of these studies in-
dicate that the role played by the farnesyl lipid in the FTase
mechanism is primarily structural. Several data provide evi-
dence to support these conclusions.

There are multiple points in the FTase mechanism where
lipid binding is structurally important (Scheme 1).? Mutagene-
sis and computational studies suggest that the primary source
of free energy for FPP binding to FTase are electrostatic inter-
actions between the negatively charged diphosphate group
and the positively charged amino acid residues at the upper
rim of the FTase active site.'**' The lipid binds to one wall of
the FTase active site in an extended conformation in the E-FPP
complex and forms a substantial part of the peptide binding
site in the E-FPP-CaaX complex.**" Lipids, such as GPP, that
are too small to adequately fill the farnesyl lipid binding site,
as well as molecules that are substantially larger than FPP, such
as GGPP, are poor substrates for FTase.'*">*® Larger molecules
physically interfere with the transfer reaction by occluding the
peptide binding site."*'® The poor transfer kinetics for GPP
(log P=3.6) relative to FPP are not due to reduced lipophilicity
of the geranyl group, as AGPP is almost identical in size to FPP,
but has the same logP as GPP and is transferred to Ca;a,X
peptides more efficiently than FPP2? Additionally, a number of
other analogues with a range of lipophilicities are transferred
more efficiently to dns—GCVLS than FPP (Table 2); this reinfor-
ces the observation that the size and shape of the isoprenoid
are critical determinants of transferability.***” In particular, the
divergent transfer efficiencies of the four most polar ana-
logues, Isox-GPP 8 and o-, m-, p-hydroxymethyl PGPP 9a-c,
illustrate this point (Table 2).

The Ca,a,X peptide adopts a single extended conformation
in the E-FPP-CaaX, E-product and E-FPP-product complexes.’*®
Notably, Ca,a,X peptides with a wide range of hydrophobicity
and amino acid residues in the a,, a, and X positions are pro-
ductively accommodated in the active site in essentially the
same conformation.”**® The third isoprene of the lipid diphos-
phate makes intimate contacts with the a, residue and back-
bone of the Ca,a,X peptide cosubstrate in the E-FPP-CaaX,
E-product and E-FPP-product complexes.” In contrast, con-
tacts between the first and second isoprenes and FTase active
site amino acid side chains are disrupted upon product forma-
tion and new interactions form between the lipid and the
Ca,a,X peptide in the E-product complex.”® It is clear that sub-
stantial changes in the structure, electronics and hydrophobici-
ty of the terminal isoprene and its interactions with the Ca;a,X
peptide do not interfere with achieving the transition state
and product formation (Tables 1 and 2).*? The dissociation
constant (KP®") for four Ca,a,X peptides with the FTase-FPP
complex are very different from each other and are not corre-
lated with k/KP*P%% ' Furthermore, changes in the structure
of the first and second isoprene can also yield transferable ana-
logues."*-*¥ However, there is no simple relationship be-
tween the structures of the lipid donor and peptide acceptor
and their reactivity.
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The thioether product is substantially more hydrophobic
than either substrate, and product release depends on binding
of either a new lipid diphosphate or Ca;a,X peptide
(Figure 1).2>%9 Product release stimulated by lipid diphosphate
binding results in formation of the E-product-FPP complex in
which two lipid moieties interact with the enzyme. The struc-
ture of this complex, which was revealed by X-ray crystallo-
graphic analysis, shows that the new FPP and alkylated pep-
tide are in the active site while the farnesyl thioether is flipped
out into an exit groove.?**>*3¥ presumably, association of the
FPP and displacement of the alkylated lipid is driven by elec-
trostatic interaction of the diphosphate moiety with the
enzyme. Displacement of the alkylated peptide product by
Ca,a,X is consistent with the free energy of E-product being
higher than E-CaaX and the observation that farnesylation of
competitive Ca,a,X peptides decreases their affinity for
FTase.” We have previously observed that AGPP can be less
efficient than FPP at stimulating product release due to the de-
creased hydrophobicity of AGPP.2**! However, AGPP is trans-
ferred more efficiently to dns-GCVLS than FPP; this indicates
that there might be greater flux through the peptide stimulat-
ed release pathway for AGPP compared with FPP at compara-
ble isoprenoid concentrations. It is possible that analogues
more hydrophilic than AGPP are even less efficient at stimulat-
ing product release from the E-product complex due to their
relatively stronger interactions with the bulk solvent water.
However, the efficiency of peptide stimulated release for some
of the hydrophilic analogues (notably p-hydroxymethyl PGPP
9c and p-CN-PGPP 6k) must increase correspondingly, as their
overall efficiency of transfer is comparable or significantly
better than for FPP (Table 2).

The FTase active site stabilizes a membrane interface-like
environment

The FTase active site is predominantly lined with tryptophan
and tyrosine residues.”® Partition of tryptophan and tyrosine
side chains into membrane interfaces is strongly favored while
their partition into the membrane alkyl phase is disfavored.”
Zwitterionic membrane interfaces are about 15 A thick and
consist of a complex and thermally disordered mixture of
water, charged lipid head-groups and methylenes from the
edges of the hydrocarbon core.”™ The highly favorable free
energy for partition of both tryptophan and tyrosine side
chains into membrane interfaces suggests that the FTase
active site lining stabilizes a membrane interface-like volume.
Similar to membrane interfaces, the FTase active site contains a
large number of water molecules as well as a variety of
charged groups. The R202f3, E198 and D200p side chains are
at the bottom, and the highly polar diphosphate-binding and
Zn?"-coordinating residues are at the upper rim of the active
site. Small N-acyl peptides (1-6 residues) composed of nonpo-
lar or aromatic residues and charged Ctermini are unstruc-
tured and partition almost exclusively into palmitoyloleoyl-
phosphatidylcholine (POPC) membrane interfaces and are vir-
tually insoluble in the membrane alkyl phase.”™ The dns-
GCVLS peptide as well as the C termini of H-, K- and N-Ras are
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unstructured in solution and bind to FTase in an extended con-
formation.®® X-ray crystallographic analysis shows that Ca,a,X
peptide substrate binding is mediated by interactions through
ordered water molecules.®”

FPP and the transferable analogues are intrinsically flexible
and adopt a number of interconverting conformations in solu-
tion.”” The conformational space accessible to the lipid chain
in these molecules is significantly reduced upon binding to
FTase."” The loss of conformational entropy is proposed to be
partially compensated for by contacts with the binding site as
well as by displacement of waters that hydrate the active site
and lipid. Structural studies reveal that the terminal FPP iso-
prene is buried in a pocket formed from W102f3, Y154f, Y205,
C25403, W3033 and the dns-GCVLS leucine Ca,a,X a, side
chain. Efficient transfer of the substantially less hydrophobic
analogues implies that the free energy for lipid diphosphate
association does not depend strongly on the lipid chain hydro-
phobicity. The FTase dissociation constant (Kp) for FPP and a
series of four transferable FPP analogues with a range of hy-
drophobicities are similar to each other and are not correlated
with ke, or K9 for transfer to dansyl-GCVLS.”® This is par-
ticularly important as farnesol preferentially partitions into
alkyl phases relative to the aqueous phase (Table 2). The free
energy change for moving amino acid side chains from water
into a membrane interface is about one half that of moving
the same residue into the membrane alkyl phase.” A mem-
brane interface-like active site would act to level both favora-
ble and unfavorable changes in free energy for transfer of the
substrates and products into and out of the FTase active site.
Therefore, one function of the active site aromatic residues is
to reduce the affinity of FTase for alkyl phases in order to facili-
tate release of the hydrophobic product once the diphosphate
has been displaced. This is consistent with the observation
that farnesol is a poor inhibitor of FTase. Interaction of the FPP
lipid chain with the active site residues is important for orient-
ing and tethering the charged diphosphate moiety in a confor-
mation that is most conducive to binding and activation as a
leaving group. Furthermore, the leveling effect allows the
PGPP and AGPP series lipid chains to function as a structural
anchor for the diphosphate leaving group despite their re-
duced hydrophobicity. Previously, Gibbs and co-workers devel-
oped a pharmacophore model for FPP analogues in which hy-
drophobic elements were placed at the lipid C3- and C11-
methyl groups to account for critical interactions observed in a
variety of analogues.®***? Qur observations that efficiency of
isoprenoid transfer does not depend on the lipid hydrophobic-
ity, but does depend on the lipid moiety that occupies an ap-
propriate volume of the active site are consistent with this
model.

Conclusions

These observations are consistent with an FTase active site
that has evolved to either provide no net stabilization or
which slightly destabilizes the association of alkyl groups (and
phases) while stabilizing the binding of Ca;a,X peptides with
open hydrogen bonds. The conclusion that interactions be-
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tween the FTase active site and alkyl phases are destabilized
provides part of the explanation for why the substantially
more hydrophobic farnesylated thioether product can be eject-
ed from the active site by an incoming Ca,;a,X peptide. Loss of
the diphosphate upon thioether formation removes much of
the free energy that drives binding of FPP to FTase; this allows
displacement of the product by either a new lipid diphosphate
or new Ca,a,X peptide. These results also show that analogues
with large changes in hydrophobicity engineered into the iso-
prenoid structure retain activity as FTase substrates; this could
be important for the development of prenylated protein func-
tion inhibitors.

Experimental Section

All reactions, except for resin preparation, were performed in PTFE
tubes by using a Quest 210 apparatus manufactured by Argonaut
Technologies/Biotage (Uppsala, Sweden). All RP-HPLC was per-
formed by using an Agilent 1100 HPLC system equipped with a mi-
croplate autosampler, diode array and fluorescence detector. N-
Dansyl-GCVLS was purchased from Peptidogenics (San Jose, CA,
USA). Spectrofluorometric analyses were performed in 96-well flat
bottom, nonbinding surface, black polystyrene plates (Corning;
Aex=340 nm; A.,,=505 nm with a 10 nm cutoff) with a SpectraMax
GEMINI XPS fluorescence well-plate reader. HPLC analysis of pep-
tide reactions were carried out by using a microsorb C18 column
with 0.01% TFA in water (A) and 0.01% TFA CH,CN (B) as the
mobile phase as described.?” Absorbance readings were deter-
mined by using a Cary UV/Vis spectrophotometer. All assays were
performed at minimum in triplicate and the average values are re-
ported with one standard of deviation error. Recombinant mam-
malian protein farnesyl transferase was a gift from Dr. Carol Fierke
(University of Michigan). Reaction temperature refers to the exter-
nal bath. All solvents and reagents were purchased from VWR
(West Chester, PA, USA; high purity) and Aldrich, respectively, and
used as received. Merrifield-Cl resin was purchased from Argonaut
technologies. Synthetic products were purified by silica gel flash
chromatography (EtOAc/hexane) unless otherwise noted. RP-HPLC
purification of lipid diphosphates were carried out by using a
Varian Dynamax, 10 um, 300 A, C-18 (10 mmx250 mm) column
and eluted with a gradient mobile phase and flow rate of
4mLmin': 90% of A and 10% of B linear increase to 100% of B
and retained in the same ratio for two more minutes and brought
back to 90% of A and 10% of B over 5 min and monitored at 254
and 210 nm; A is 25 mm aqueous ammonium acetate, B is CH,CN.
'HNMR and C NMR spectra of alcohols were obtained in CDCl,
and 'H and *'P of diphosphates in D,0 with a Varian Inova spec-
trometer that operated at 400 MHz ('H), 100.6 MHz (*C) and
161.8 MHz (*'P). Chemical shifts are reported in ppm from CDCl, in-
ternal peak at 7.27 ppm for 'H and 77.4 ppm for *C; D,0 (TSP,
0 ppm for 'H; H;PO, as an external reference, 0 ppm for *'P). ESI-
MS were performed at the University of Kentucky Mass Spectra Fa-
cility. Positive and negative ion electrospray ionization (ESI) mass
spectra were obtained by using a Thermo Finnigan LCQ with
sample introduction by direct infusion. High resolution impact (El)
ionization mass spectra were recorded at 25e€V on a JEOL JMS-
700T MSstation (magnetic sector instrument) at a resolution of
greater than 10000. Samples were introduced via a heatable direct
probe inlet. Perfluorokerosine (pfk) was used to produce reference
masses. Spectral data for all new molecules are reported in the
Supporting Information.
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Synthesis of farnesyl diphosphate (FPP, 1), geranyldiphosphate
(GPP, 11) and anilinogeranyl diphosphates (2 a-ae): FPP and GPP
were prepared as described by Davisson et al.*® Anilinogeranyl
analogues 2a-ae were prepared on solid support or in solution as
previously described by Subramanian and Chehade et al.**3¢

2-((2E,6E)-8-Chloro-3,7-dimethyl-octa-2,6-dienyloxy)-tetrahydro-
pyran (13): Chloride 12%” (2 g, 1.06 mmol), dihydropyran (1.07 g,
1.27 mmol) and PPTS (50 mg) in dry methanol (10 mL) were stirred,
overnight, at room temperature. The reaction mixture was concen-
trated, extracted into CH,Cl,, the organic phase was washed with
sat. NaHCO,, water, brine, dried (MgSO,), filtered and concentrated.
Chromatographic purification of the crude product gave chloride
13 in quantitative yield. The spectral data were consistent with
previous reports.®"

2-((2E,6E)-3,7-Dimethyl-9-phenyl-nona-2,6-dienyloxy)-tetrahy-
dro-pyran (14): Benzyl magnesium chloride (3.68 mL, 1.0M solu-
tion in Et,0, 3.68 mmol) was added dropwise to a solution of 13
(149, 3.68 mmol) in Et,0 (20 mL) at 0°C and stirred for 3 h. After
the reaction was warmed to room temperature and stirred, over-
night, it was diluted with sat. NH,Cl (5 mL) and extracted with Et,0
(2x). The organic extracts were dried (MgSO,), filtered and evapo-
rated. Chromatographic purification of the oily residue gave ether
14 (994 mg, 83 %).

(2E,6E)-3,7-Dimethyl-9-phenyl-nona-2,6-dien-1-ol  (15): Com-
pound 14 (990 mg, 0.3 mmol) and PPTS (50 mg) were stirred in dry
MeOH (5 mL), overnight. The reaction mixture was concentrated,
extracted with ethyl acetate, washed with sat. NaHCO;, brine, dried
(MgSO,), filtered and evaporated. Chromatographic purification of
the residue gave alcohol 15 (670 mg, 91 %).

(2E,6E)-3,7-Dimethyl-9-phenyl-nona-2,6-dien-1-diphosphate  (3):
Ph;PBr, (103 mg, 0.246 mmol) in CH;CN (2 mL) was added drop-
wise to a cooled (0°C) solution of alcohol 15 (30 mg, 0.123 mmol)
in CH;CN (5 mL) and stirred for 2 h. The ((nBu),N);HP,0, (480 mg,
0.492 mmol) in CH;CN (2 mL) was then added, and the solution
allowed to warm to room temperature over 30 min. The reaction
mixture was concentrated and washed with Et,0. The organic ex-
tracts were discarded and the residue suspended in ion exchange
buffer (2 mL; 25 mm NH,HCO; in 2%, v/v, iPrOH/water). The resul-
tant white solution was loaded onto a pre-equilibrated 4x30 cm
column of Dowex AG 50W-X8 (100-200 mesh) cation-exchange
resin (NH," form). The flask was washed with buffer (2x2 mL) and
loaded onto the column before being eluted with ion-exchange
buffer (100 mL). The eluent was lyophilized to yield a white solid.
This solid was dissolved in a solution of NH,HCO; buffer (25 mm;
4 mL), purified by RP-HPLC (t; ~7 min) and lyophilized to give 3
(18 mg, 32%) as a white powder.

General procedure for synthesis of alcohols 19a-c: Compound
17 (17a-c; 0.45 mmol) in THF (2 mL) was added dropwise to a
stirred suspension of NaH (182 mg, 0.45 mmol) in THF (5 mL) at
0°C and allowed to stir for 1 h. Bromide 16 (1.25 g, 0.45 mmol) in
THF (5 mL) was added and stirred at 0°C for 1 h. The reaction was
then allowed to warm to room temperature and stirred, overnight,
then diluted by slow addition of water, concentrated and extracted
with CH,Cl,. The organics were washed with water, brine, dried
(MgS0,), filtered and concentrated. The residue was dissolved in
MeOH (5 mL) and stirred at room temperature, overnight, with
K,CO; (1.9 g, 1.35 mmol). The reaction mixture was concentrated,
extracted with ethyl acetate. The organics were washed with
water, brine and concentrated in vacuo. Chromatography of the
residue gave 19a—c (0.988 g of 19a: 83%; 0.886 g of 19b: 75%;
1.16 g of 19¢: 73%).
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General procedure for synthesis of diphosphates 4, 5 and 7: Al-
cohol 19 (19a-c, 30 mg each) was stirred with Ph;PCl, (2 equiv) in
dry CH;CN (3 mL) at 0°C and allowed to warm to room tempera-
ture over 1h and stirred at the same temperature for 10 h. The
((nBu)4N);HP,O, (480 mg, 0.492 mmol) in CH;CN (2 mL) was then
added and stirred for 3 h at room temperature. The lipid diphos-
phate was isolated as described above for compound 3 (14 mg of
4:26%; 21 mg of 5: 38%; 23 mg of 7: 47 %).

Resin-bound alcohol 21: Resin 20 (11.62g, 1.87 mmolg™,
21.7 mmol) was agitated with DCE/EtOH (200 mL, 1:1) for 20 min,
followed by addition of NaBH, (1.10 g, 30 mmol) in small portions.
The resultant mixture was agitated for 3 h at room temperature
and then heated to 50°C for 12 h. The reaction mixture was
cooled to room temperature and filtered. The resin was thoroughly
washed with 1:1 THF/H,0 (3 %), 1:1 MeOH/H,O (3x), THF (3x), 1:1
MeOH/CH,Cl, (3x) and CH.Cl, and dried to give the product
(11.68 mq).

General procedure for resin cleavage: Resin 21 (500 mg,
0.935 mmol) in 10 mL of DCE/MeOH (1:1, v/v) and PPTS (50 mg,
0.199 mmol) was heated at reflux for 12 h. The cooled resin was fil-
tered, washed with CH,Cl, (3x) and the combined filtrate was con-
centrated. The residue was extracted with ethyl acetate, washed
with sat. NaHCO,;, water, dried (MgSO,), filtered and concentrated.
Chromatographic purification of the crude product gave diol 22
(128 mg, 81%). The spectral data were consistent with previous
reports.’*?

General procedure for alcohols 24a-ad (Mitsunobu reaction):
DEAD (4 equiv; 0.217 mL, 0.608 mmol, 40% solution in toluene)
was added to a suspension of resin 21 (100 mg, 1.52 mmolg™',
0.152 mmol), PhsP (159 mg, 0.608 mmol) and appropriate phenol
(4 equiv) in DCE (4 mL) and agitated, overnight. Product resin 23 a-
ad was washed with CH,Cl, (5x) and THF (5x) and dried under
vacuum. The alcohols 24a-ad were cleaved from the dried resin as
for 22 (see above).

General procedure for the synthesis of phenoxygeranyldiphos-
phates (6a-ad): Ph;PBr, (71 mg, 0.168 mmol) was added to resin
23a-ad (1.352 mmolg "), preswollen in dry CH,Cl, and agitated for
3 h under N,. The ((nBu),N);HP,O, (760 mg, 0.775 mmol) in dry
CH,CN (3 mL) was then added and agitated for 3 h at room tem-
perature. The resultant heterogeneous mixture was filtered and
the solid washed twice with dry CH;CN. The lipid diphosphate 6a-
ad was isolated from the combined filtrate as described above for
compound 3.

General procedure for THP ethers 27a-c: DEAD (1.9 mL, 40% in
toluene, 4.25 mmol) was added dropwise to a stirred solution of
25 (900 mg, 3.5 mmol), phenol 26 (518 mg for 26b and 26c,
646 mg in case of 26a, 4.25 mmol), PhsP (1.11 g, 4.25 mmol) in THF
(10 mL) at 0°C and stirred for 1 h. After allowing the reaction to
warm to room temperature and stir, overnight, it was diluted with
sat. NaHCO,, concentrated, and extracted with CH,Cl, (2x). The or-
ganic extracts were dried (MgSO,), filtered and concentrated. Chro-
matographic purification of the oily residue gave 27a-c (912 mg
of 27 a: 66 %; 1.05 g of 27 b: 83%; 702 mg of 27 c: 55%).

General procedure for hydroxymethyl-phenoxygeranyl-THP
ethers 28a-c: NaBH, (104 mg, 2.6 mmol) was added to ether 27
(1.3 mmol of 27 a-c) in EtOH (10 mL) at 0°C and stirred for 3 h. The
mixture was diluted with water and extracted with CH,Cl, (2x). The
organic extracts were dried (MgSO,), filtered and evaporated. Chro-
matographic purification of the oily residue gave 28a—c in quanti-
tative yield.
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General procedure for diols 29a-c: Ether 28 (28a-c, 100 mg,
0.27 mmol) was stirred with PPTS (20 mg) in dry CH;OH (3 mL),
overnight, at room temperature. The solvent was evaporated and
the residue extracted with ethyl acetate (2x20 mL). The organic
extracts were washed with sat. NaHCO,, brine, dried (MgSO,), fil-
tered and evaporated. Chromatographic purification of the oily res-
idue gave 29a-c in quantitative yield.

General procedure for carbonates 30a, 30b and 30c: Caution!
a-methyl-o-nitrobenzyl chloroformate®® was prepared in situ by
using the highly toxic phosgene.® The reaction and subsequent
work up must be carried out in an efficient fume hood! Ether 28
(28a-c, 150 mg, 0.41 mmoles) in 1:3 pyridine/CH,Cl, (4 mL) was
added dropwise to a solution of a-methyl-o-nitrobenzyl chlorofor-
mate (165 mg, 0.41 mmoles) in dry CH,Cl, (3 mL) at 0°C. The reac-
tion was allowed to warm to room temperature and stirred for
24 h. The solvent was removed under vacuum and the residue was
dissolved in CH,Cl, (20 mL), washed with NaHSO; (1 m; 2x), brine,
dried (MgSO,), filtered and evaporated. Chromatographic purifica-
tion of the oily residue gave 158 mg of 30a: 69%; 174 mg of 30b:
76%; 168 mg of 30c¢: 73%.

General procedure for compounds 31a-c: Compounds 31a-c
were prepared from ethers 30a-c (100 mg, 0.18 mmol) by the
same method as 29a-c above (72 mg of 31a: 85%; 69 mg of 31b:
82%; 70 mg of 31c: 83%).

General procedure for hydroxymethyl diphosphates 32a-c:
Ph,PBr, (45 mg, 0.106 mmol) in CH;CN (3 mL) was added dropwise
to a cooled (0°C) solution of alcohol 31 (31a-¢, 50 mg,
0.106 mmol) in CH,CN (2mL) and stirred for 3h. The
((nBu)4N);HP,O, (417 mg, 0.424 mmol) in CH;CN (2 mL) was then
added and the solution was allowed to warm to room temperature
over 1 h. The reaction mixture was worked up and diphosphates
32a-b were isolated as for 3 (31 mg of 32a: 31%; 28 mg of 32b:
39%; 18 mg of 9¢: 35%). Compound 32c¢ was unstable and was
obtained as 9c.

Preparation of compounds 9a and 9b: Compounds 31a or 31b
(10 mg) in a solution of NH,HCO; (25 mm; 1 mL) was irradiated
with pyrex-filtered UV light for 5 min at 0°C in a Rayonet device.
The yellow solution was extracted with CH,Cl,, the organics were
discarded and the aqueous layer was lyophilized to obtain 9a/9b
in quantitative yield.

Steady-state peptide kinetics: The kinetic constants Pk,
appKPePlide and apparent k../K2P for transfer of isoprenoids 1, 6a-
ad by FTase to peptide were determined by using a continuous
spectrofluorometric assay originally developed by Pompliano
et al.,® and modified for a 96-well plate format as described.??
Analogue transfer to peptide was analyzed by using RP-HPLC, as
described.®?

Determination of logP: The apparent logP values for the corre-
sponding alcohols 24a-ad were estimated from the capacity fac-
tors (k') by using RP-HPLC.['!

Supporting information: Spectral data for 3, 4, 5, 6a-ad, 7, 14,
15, 18a—¢, 19a-¢, 24a-ad, 27a—, 28a-c, 29a-¢c, 30a-¢, 31a—,
32a-c. 'H NMR spectra of 3, 15, 19a-d, 24a-ad, 'H NMR, *'P NMR
and LRMS spectra of 4, 5, 6a-ad, 7, 9a-c are available.

Abbreviations

FTase: protein farnesyltransferase; FPP: farnesyl diphosphate;
GGTase-l: protein geranylgeranyltransferase type 1, GPP: geranyl di-
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phosphate; GGPP: geranylgeranyl diphosphate; FTI: protein farne-
syltransferase inhibitor; PFl: prenyl function inhibitor; Ca,a,X: tetra-
peptide sequence cysteine-aliphatic amino acid-aliphatic amino
acid-X (serine, glutamine, or methionine for FTase); dns: dansylat-
ed; RP-HPLC: reversed-phase high-performance liquid chromatog-
raphy; H-Ras: Harvey-Ras; K-Ras: Kirsten-Ras; N-Ras: neuronal-Ras;
AGPP: 8-anilinogeranyl diphosphate; PGPP: 8-phenoxygeranyl di-
phosphate; ®*Pk,: apparent turnover number; *PKP®i%: apparent
Michaelis-Menten constant for peptide.
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