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Prenyltransferases catalyze alkylation reactions between prenyl
diphosphates and a variety of nucleophiles including nucleic acids,
cell wall components, proteins, and smaller cofactors.1 Recently,
considerable interest in understanding protein prenyltransferases
has developed due to the discovery that many important proteins
are prenylated within the cell; these modifications include
farnesylation (C15) and geranylgeranylation (C20).2 The finding
that the Ras protein is farnesylated and that inhibition of this
process in a variety of mutant Ras-induced cancer models arrests
the growth of tumor cells has resulted in intense efforts to develop
inhibitors that prevent farnesylation.3

Protein farnesyltransferase (PFTase) catalyzes the nucleophilic
substitution reaction between farnesyl diphosphate (FPP) and a
protein-derived cysteine residue, and is hence the target for
inhibitors of Ras farnesylation.4 Since information concerning
the chemical mechanism of an enzyme-catalyzed reaction can be
useful for the development of selective inhibitors, there is
considerable interest in defining the mechanism of PFTase. Mu
et al. have demonstrated that PFTase catalyzes farnesylation with
inversion of configuration at the C-1 isoprenoid center.5 While
these data suggest an associative mechanism for the alkylation
reaction, they cannot be used to rule out a dissociative mechanism
involving a tight ion pair between a putative allylic carbocation
and the departing diphosphate leaving group. An ion pair within
the active site of the enzyme may prevent racemization and control
the possible trajectory of approach for the incoming nucleophile.
Elegant experiments performed by Poulter and colleagues using
farnesyl diphosphate analogues containing fluorine substitutions
at C-13 indicate that the introduction of electron withdrawing
groups decreases the rate of reaction (6.7-fold for CH2F, 770-
fold for CF3).6 These data suggest that farnesylation proceeds
with some ionic character. However, the magnitude of the
substituent effects are significantly smaller than those observed
for FPP synthase (103-fold for CH2F, 108-fold for CF3).7 Efforts
to prepare mechanism-based inactivators containing vinyl or
cyclopropyl groups that act to trap cationic intermediates have
not been successful.8 Moreover, work by Casey and co-workers
indicates that the nucleophile in the PFTase-catalyzed reaction is
likely to be a protein-derived thiolate.9 This suggests that the
change in nucleophilicity from an alkene (FPP synthase) to a
thiolate (PFTase) could result in a change in transition-state

structure from one involving only C-O bond cleavage to one
involving both C-O bond cleavage and C-S bond formation.
To address this mechanistic issue, we sought to investigate the
effect of deuterium substitution at C-1 of FPP on the rate of
PFTase-catalyzed farnesylation. Secondary kinetic isotope effect
(KIE) measurements such as these have been used extensively
to analyze the mechanisms of nucleophilic substitution reactions.10

In general, reactions that proceed via dissociative pathways
manifest normalR-secondary KIEs withkH/kD values near 1.2,
while associative mechanisms yieldR-secondary KIE values close
to unity or slightly inverse.11

To perform these experiments, a synthesis of [1-2H2]FPP was
required. Since we planned to prepare a number of isotopically
substituted forms of FPP, we elected to employ a chemoenzymatic
route.12 Dideuterated isopentenyl diphosphate ([1-2H2]IPP, 1b)
was first prepared in six steps from methyl allyl bromide;13 the
deuterium atoms were introduced by LiAl2H4 reduction of methyl
isopentenoate to [1-2H2]isopentenyl alcohol. The desired diphos-

phate was obtained by tosylation of the alcohol followed by
pyrophosphorylation.14 [1-2H2]IPP (1b) was then combined with
geranyl diphosphate (2) and FPP synthase to produce [1-2H2]FPP
(3b), which was subsequently purified by reversed-phase HPLC.15

Unlabeled FPP was synthesized and purified in a similar manner.
Kinetic isotope effect experiments were performed by incubat-

ing a mixture of [1-H2]FPP (3a) and [1-2H2]FPP (3b) with
N-dansyl-GCVIA (4) and yeast PFTase at 30°C for 240 min
followed by fractionation on a Sep-Pak C18 reversed-phase
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cartridge to desalt and concentrate the products (N-dansyl-GC-
(S-farnesyl)VIA,5a and5b). Reactions were performed under
two types of conditions to determine the KIE. The first condition
consisted of an excess of the labeled FPP mixture (3a and 3b,
2.5 µM) relative to N-dansyl-GCVIA (4, 0.5 µM), while the
second contained the same FPP concentration with the peptide
in excess (3.0µM). This experimental design allowed the isotopic
composition of the products to be examined at low levels of FPP
conversion from reactions performed under the first type of
condition, while the isotopic composition analysis of the products
at complete FPP conversion allowed for determination of the
actual isotopic composition present in the FPP starting material.
The isotopic composition of each sample was determined by mass
spectrometric analysis using matrix-assisted laser desorption
ionization (MALDI) in conjunction with ion cyclotron resonance
(ICR) detection.16 The ratio of 5a/5b in each reaction was
calculated by deconvolution of the intensity pattern from the
isotopic distribution observed for the [M+ Na]+ product ion
peaks ([M+ Na]+, [M + Na + 1]+, [M + Na + 2]+, [M + Na
+ 3]+, and [M + Na + 4]+).17 A representative mass spectrum
containing a mixture of5a and 5b is shown in Figure 1. The
ratio of the products5a/5b obtained at partial conversion divided
by the product ratio obtained at total conversion gives the isotope
effect onDV/K[FPP].18

Table 1 gives the values for the KIE obtained in three sets of
experiments; the average value for theR-secondary KIE in the
yeast PFTase catalyzed reaction is 0.991( 0.033. By itself, this
low value suggests an associative mechanism for PFTase.
However, some care is necessary in interpreting these results. First,
given the ordered sequential kinetic mechanism followed by
PFTase,19 the relationship betweenDV/K[FPP] and the intrinsic KIE
(kH/kD) is DV/K[FPP] ) (kH/kD + cf)/(1 + cf), where cf is the
“forward commitment factor.”20 Thus, the value for the intrinsic
KIE may be masked ifcf is large. A recent presteady-state
analysis of the yeast PFTase reaction21 allows the calculation of
a value forcf and permits an estimation of 0.977 for the intrinsic
KIE to be made.22 Such a magnitude for the intrinsicR-secondary
KIE is more consistent with an associative mechanism than with
a cationic dissociative pathway. However, this value is still
greater than some of the inverse effects observed in reactions
that proceed via SN2 mechanisms.23 Thus, yeast PFTase may
catalyze farnesylation with partial, but not complete, SN2 char-
acter; we favor this interpretation since it provides a rationale
that is consistent with both the KIE results described here as well
as the substituent effects noted above. A complete understanding
of the transition-state structure in this reaction will require
additional KIE experiments; however, the present study provides
compelling evidence for associative character in this reaction.
Finally, it should be noted that the use of MALDI mass
spectrometry to determine isotopic ratios for use in KIE experi-
ments reported here may greatly facilitate kinetic analysis in other
macromolecular systems.
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Figure 1. MALDI -ICR mass spectrum of a mixture of5a and 5b
obtained from a reaction between a mixture of3a, 3b, and4 catalyzed
by yeast PFTase. The major peaks contributed from5a ([M + Na]+)
and5b ([M + Na + 2]+) are indicated.

Table 1. Values forDV/K[FPP]

experiment KIE no. of samples

1 0.965( 0.086 3
2 0.968( 0.040 4
3 1.041( 0.054 4
av 0.991( 0.033
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