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Abstract: The syntheses of two photoactive analogs (1a and 1b) of farnesyl pyrophosphate that
incorporate stable ether-linked benzophenones are described. Compounds 1a and 1b were prepared from
geraniol in 17% overall yield. Both 1a and 1b are competitive inhibitors of yeast protein
farnesyltransferase with respect to farnesy! pyrophosphate and have K, values of 45 nM and 49 nM.
Upon photolysis for twelve hours, 1a and 1b both inactivate the enzyme by 40%.
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Protein prenylation, discovered in 1976 by Kamiya, is an important post-translational protein
modification.! A large number of prenylated proteins including Ras have been identified which has stimulated
considerable interest in this area and a number of groups are designing inhibitors of protein farnesyltransferase
(PFTase) as potential anticancer agents.” Photoaffinity labeling is a useful technique for studying the
interactions between small molecules and proteins.® To gain information about the interactions between
proteins and prenyl pyrophosphates, we have synthesized a number of analogs of farnesyl pyrophosphate
(FPP) and geranylgeranyl pyrophosphate (GGPP) that incorporate benzophenone crosslinking groups.’
Benzophenone-containing compounds have synthetic and photochemical properties® that complement existing
diazoester-containing reagents.’ Earlier work demonstrated the utility of benzophenone-containg analogs 2a
and 2b by crosslinking these compounds to the B-subunit of yeast PFTase.” This paper describes the
preparation and use of new analogs, 1a and 1b, that possess ether-linked benzophenones in lieu of the ester-
linkages present in compounds 2a and 2b. Compounds 1a and 1b can be prepared by a more efficient
synthesis, bind to PFTase with higher affinity, and are more stable to a variety of conditions when compared
with 2a and 2b.

*/\/k/\)\/\ 9 5 /,\/\/k/\)\/\/k/\ 9 ¥
X N "o oo x A O ~ o’P\o’P‘o_
o. O o_

Famesy! Pyrophosphate (FPP)_ Geranylgeranyl Pyrophosphate (GGPP)
Q
o O o O
/ I\ - I\ D N a7 .‘o
O O_ °© O_O o_ -
o 2a

SV SVUUUPN S At
o x e O,g\ O,CFI’)\ o. ’o"
0 1b T

8833



8834

Synthesis. The syntheses of compounds 1a and 1b were each accomplished in six steps as illustrated in
Scheme 1. Geraniol (3) was first protected by reaction with 3,4-dihydropyran and pyridinium p-
toluenesulfonate (PPTS);” other protecting groups including chloroacetoxy and TBDPS proved to be
problematic in later steps of the synthesis. The resulting ether, 4, was then oxidized with f-butyl
hydroperoxide and catalytic H,SeQ, to yield 5 in 56% yield after purification by flash chromatography.® The
E-stereoselectivity for the hydroxylation reaction was confirmed by pulsed field gradient NOE spectroscopy as
indicated in Scheme 1° Compound § was then treated with NaH and 4-(bromomethyl) benzophenone or 3-
(bromomethyl) benzophenone to give 6a and 6b in 78% and 80% yields, respectively.® An alternative
procedure based on Mitsunobu coupling” of § with 4-(hydroxymethyl) benzophenone gave 6a in 47% yield
and was consequently not pursued further. Deprotection of 6a and 6b was accomplished with PPTS in ethanol
to yield 7a and 7b in quantitative yield.” In early experiments, alcohol 7a was converted to the corresponding
chloride by treatment with N-chlorosuccinamide and dimethyl sulfide followed by pyrophosphorylation.
However, subsequent efforts using the method described by Davisson et al. to generate the more reactive
allylic bromides produced the final pyrophosphates in higher yields.” Thus, 7a and 7b were treated with PPh,
and CBr, to give 8a and 8b™ which were then reacted, without purification, with tris (tetra-n-butylammonium)
hydrogen pyrophosphate to give 1a and 1b in 41% and 38% yields. Diphosphates 1a and 1b were purified by
reversed-phase chromatography and characterized by '"H NMR, *'P NMR, UV, and HR-FAB mass
spectrometry.”® The route described here produces 1a and 1b in 17% overall yield and thus provides an
efficient means of preparing photoactive analogs of FPP and GGPP.
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Enzyme Inhibition and Photolysis. To evaluate their potential as enzyme inhibitors, the rate of PFTase™

catalyzed prenylation of a peptide substrate (N-Dansyl-GCVIA) was measured in the presence of 1a and 1b.
This was accomplished using an assay that measures the time dependent increase in the fluorescence of the
dansyl group as the neighboring cysteine is farnesylated.” No change in the fluorescence of the peptide was
observed in reactions containing 1a or 1b without FPP which suggests that these compounds are not substrates
for PFTase. In the presence of FPP, 1a and 1b attenuate the rate of peptide farnesylation indicating that these
compounds are enzyme inhibitors. Plots of 1/v versus [I], shown in Fig. 1, gave IC,, values of 1600 nM for 1a
and 850 nM for 1b. Comparison of these values with data obtained in previous work with esters 2a and 2b
suggests that the ether analogs are more potent inhibitors (Table 1). Further kinetic experiments and analysis
by the method of Eadie-Hoftsee gave K, values of 45 nM (1a) and 49 nM (1b) and indicated that these
inhibitors are competitive with respect to FPP. These values are 7 to 20 fold less than those for the
corresponding esters highlighting the deleterious effect on binding of the carbonyl groups present in 2a and 2b
(Table 1). Comparison of these K, values with the K, of 75 nM obtained for FPP by Dolence et al " indicates
that 1a and 1b bind effectively to PFTase; the presence of the benzoylbenzyl groups in 1a and 1b result in a
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ca. 1.5 fold increase in binding affinity for PFTase when compared to FPP. Finally, photolysis of PFTase in
the presence of 1a or 1b resulted in 40% inactivation over 12 hours” comparable to results observed with 2a

and 2b.®
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Figure 1 Table 1

Implications for Studies of Protein Prenylation. This paper describes efficient syntheses of analogs of
FPP that contain stable ether linkages between the photoactive benzophenone and isoprenoid moieties. In
addition to photoaffinity labeling experiments with purified PFTase and PGGTase (that are now in progress),
compounds 1a and 1b may be useful in experiments with crude cellular extracts. Radiolabeling of 1a and 1b
with tritium should be straightforward since we have already determined that 7b can be oxidized with MnO, and
reduced back to 7b with NaBH,; this is in contrast to the ester-linked analogs which undergo degradation
(probably via transesterification with solvent) in the presence of NaBH,. The stable ether linkage present in
intermediates 8a and 8b should also facilitate the preparation of photoactive prenylated peptides by solid phase
synthesis or post-synthetic peptide modification. Finally, the ability of 1a and 1b to bind to PFTase, as well or
better than FPP, suggests that elaboration of the third isoprene unit in FPP may be fruitful for the design of new
inhibitors of PFTase.
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