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Abstract
Proteins bearing a CaaL sequence are typically geranylgeranylated to enable their proper
localization and function. We found that many of the dansyl-GCaaL peptides representing
mammalian CaaL proteins can be farnesylated by FTase. This result may have important
implications for prenylated protein biology.

It is predicted that more than 60 mammalian proteins are farnesylated, and a similar number
are monogeranylgeranylated1, 2 (Figure 1). Two enzymes catalyze these modifications:
farnesyltransferase and geranylgeranyltransferase-I (FTase and GGTase-I). In both cases,
the isoprenoid is attached to the cysteine in a C-terminal “Ca1a2X” sequence. While the “a”
residues guide substrate ability,3, 4 the X position is the most important selectivity factor for
FTase versus GGTase-I. Those peptides bearing X residues of Ser, Gln, and Met are
farnesylated (Ras proteins and others) and those bearing Leu are geranylgeranylated (Rho
proteins and others). However, it has been demonstrated that RhoB, with a C-terminal
CKVL CaaX box, can be prenylated by either FTase or GGTase-I in mammalian cells.5, 6

FTase emerged as a drug target when it was discovered that Ras proteins are farnesylated.
FTase inhibitors (FTIs) have been developed and clinically evaluated.7 Unfortunately, many
tumors are resistant to FTIs, due in part to the ability of K-Ras to serve as a substrate for
either FTase or GGTase-I.8, 9 Interest in GGTase-I inhibitors (GGTIs) as anti-cancer agents
is gaining momentum,10 as genetic ablation of GGTase I leads to tumor regression in mice
with K-Ras-driven lung tumors.11 GGTIs have been developed by several groups, and
clinical trials began in 2009 with GGTI-2148.12 It is not known if the alternate farnesylation
of any geranylgeranylated proteins would confer resistance to GGTIs, and this is a key
question with regard to their evaluation.10 As a complement to proteomic methods,13, 14
we have employed peptide libraries to evaluate FTase substrate specificity.3 In this study,
we screened 41 dansyl-GCaaL (DnGCaaL) peptides versus FTase, and found a surprising
number of efficient substrates.

The DnGCaaL peptides evaluated were chosen in one of two ways. First, a number of
sequences are predicted as GGTase-I substrates based on the crystal structure of this
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enzyme.1, 2 Second, additional GGTase I candidate substrate sequences were identified from
database searches, in particular focusing on sequences possessing diverse “a” residues. The
41-member DnGCaaL library was prepared using standard Fmoc solid phase peptide
synthesis protocols, with Fmoc-Leu-Wang resin, Fmoc-amino acids, dansyl-Gly, and
HBTU/HOBt couplings.

A continuous spectrofluorimetric assay was used to determine FTase substrate activity for
the DnGCaaL peptides.3, 15 The FTase substrate DnGCVLS, representing the CaaX box of
H-Ras, was used as the control. Briefly, 3 μM DnGCaaL peptide and 9 μM FPP are
combined, and farnesylation is initiated with the addition of recombinant mammalian FTase
(0.05 μM). Peptide farnesylation is measured after 30 min via the relative fluorescence
increase (RFI, Table 1, column 3) in emission at 535 nm. The formation of farnesylated
product was confirmed by HPLC (Table 1, column 4) after 60 minutes. The prototypical
FTase substrate DnGCVLS exhibits complete turnover to farnesylated product under these
conditions after 15 minutes.

The data from the DnGCaaL peptide screen are presented in Table 1. Based on their FTase
substrate ability, the peptide sequences can be separated into four categories. Ten peptides
(Table 1, entries 1-10) are good FTase substrates, using our previously reported screening
conditions.3 They exhibit activity in the fluorescent assay between 9% and 101% that of
DnGCVLS, and their substrate ability is confirmed via the HPLC assay. Nine additional
peptides (Table 1, entries 11-19) are poor FTase substrates. They exhibit <5% of the activity
of DnGCVLS in the fluorescence assay, and they demonstrate partial substrate conversion to
product by HPLC. Five peptides (Table 1, entries 20-24) are marginal substrates, exhibiting
some peptide product by HPLC but no significant activity by the fluorescence assay. The
remaining 17 CaaL peptides (entries 25-41) exhibit no substrate ability with FTase. To
provide more detailed information on the most effective substrates (Table 1, entries 1-10),
kcat/KM values were determined for each one, using our recently reported kinetic assay.4
Each peptide was validated as an FTase substrate. However, the initial screening results
overstated their relative efficiencies, with kcat/KM values ranging from 3% to 28% that of
the prototypical FTase substrate DnGCVLS.4

The current understanding of FTase peptide specificity holds that the X residue of the
Ca1a2X sequence is the primary determinant for FTase/GGTase-I substrate discrimination,
and that CaaL peptides would likely not be FTase substrates.1, 2 This proved not to be
correct with the DnGCaaL library. It was previously also predicted with regard to the a1 and
a2 positions of the CaaX box that the enzyme will accept any amino acid at the a1 position,
but hydrophobic residues (e.g. Ile, Leu, Val) are preferred for the a2 residue. Our results
support this general a1/a2 model; of the 19 good/poor substrates, 18 contain Val, Leu, or Ile
at the a2 position. However, the factors that influence CaaL processing by FTase are quite
subtle. In particular, note that the Ca1IL sequence, which is found on nine peptides in the
library, is preferred by FTase. The seven most active CaaL peptides (Table 1, entries 1-7)
contain this sequence, and CLIL and CPIL are also confirmed substrates. Conversely, a
number of poor and marginal FTase substrates bear potentially favorable Val and Leu
residues at the a2 position. Another surprising finding is that DnGCLML is a good FTase
substrate (Table 1, entry 10). Methionine is rare as an a2 residue in a CaaX sequence, with
only four examples found among the proposed FTase or GGTase I substrates.1 Note that in
our earlier study on a DnGCaaS library,3 several unusual polar residues were accepted at the
a2 position, but that is not the case with the DnGCaaL library.

PRENbase is a database based on an algorithm that uses the 15 C-terminal amino acids to
predict FTase and GGTase-I substrates.16 This tool proved quite effective, predicting the
FTase substrate ability for 17 of the 19 good and poor CaaL substrates. The two exceptions
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were the CNIL and CRLL sequences (Table 1, entries 6 and 13). Another interesting feature
of the PRENbase analysis is that the CaaL sequence CLML (Table 1, entry 10) is correctly
predicted to be FTase substrate, but is not predicted to be a GGTase I substrate.

These data shed light on the tolerance of FTase for CaaL peptide sequences. We did not
anticipate that a substantial number of these peptides would be FTase substrates. Although
FTase has a second X residue binding site for hydrophobic side chains, structural analysis
seemed to indicate that phenylalanine bound best and leucine bound only with steric clashes.
1 However, an early study by the Merck group on the substrate activity of CaaX peptides
had demonstrated that certain CaaL peptides are farnesylated by FTase.17 More recent
detailed kinetic studies demonstrated that DnTKCVIL was an FTase substrate under single
turnover conditions, but did not exhibit efficient turnover under steady-state conditions.18

The difference in substrate activity between DnGCVIL (Table 1, entry 4) and DnTKCVIL is
presumably due to enhanced binding of the lysine-bearing peptide to FTase,19 preventing
product release.

Many geranylgeranylated proteins play key roles in cancer cell growth and signaling, and
thus are potential targets for GGTIs. However, alternative farnesylation of these sequences
would be a complicating factor. The only CaaL protein that is a well-described FTase
substrate is RhoB,5, 6 although the proteomic studies of Zhao and coworkers indicate that
the CVLL and CKAL sequences may be farnesylated in vivo.13 Surprisingly, the CKVL and
CVLL sequences are relatively modest FTase substrates in our assay, suggesting that other
CaaL proteins may be farnesylated in the cell. Hildebrandt and coworkers have carried out
an extensive proteomic examination of the post-translational modification of G-protein γ-
subunits frombovine brain.20 The γ–2 subunit, bearing the CAIL CaaX motif (Table 1, entry
2) is both geranylgeranylated and farnesylated in the cell, in accord with our biochemical
results. However, the γ–7 and γ–12 subunits, bearing the CIIL CaaX motif (Table 1, entry
2), did not exhibit farnesylation. Two studies have recently been carried out on the abilities
of various Ras-related proteins to be alternatively prenylated.21, 22 In the first study, Sebti
and coworkers reported that RalA did not exhibit cellular farnesylation by FTase.21 These
results are in contrast to ours where the RalA CaaX box (DnGCCIL) is an efficient FTase
substrate. This discrepancy could be due to unfavorable residues for FTase substrate ability
upstream of the CCIL sequence. Very recently, Der and coworkers have published the
results of a second study on the alternative prenylation of several additional CaaL-bearing
Ras-related proteins.22 It was demonstrated that Rac1 is solely a GGTase-I substrate, while
Rif/RhoF exhibits dual FTase/GGTase-I substrate ability behavior in cellular evaluation.
Both proteins bear a CLLL CaaX box, which is a poor FTase substrate in our enzymatic
assay (entry 15). Note that Rac1 bears a lysine residue adjacent to the prenylated cysteine
residue, while Rif/RhoF bears a leucine residue. Taking these cellular studies together with
our biochemical results, it is clear that the residues upstream of the CaaL box play an
important role in the FTase substrate ability of cellular proteins.

GGTase-I catalyzes the prenylation of many crucial signaling proteins, and is also emerging
as an important antitumor drug target. Our studies have shown that ten DnGCaaL peptides
function as efficient substrates for FTase, and several other sequences can also be accepted
as substrates. These results provide important and unexpected new insights into the
biochemical substrate specificity of FTase. In combination with the recent evaluation of the
prenyltransferase specificity of CaaL-bearing proteins in cells,20-22 our results provide an
indication of the importance of upstream residues in FTase/GGTase-I selectivity. It may be
of significant interest to evaluate the prenylation of other proteins indicated as potential
FTase substrates in Table 1.
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Figure 1.
Prenylation (either farnesylation by FTase or geranylgeranylation by GGTase-I) of Ras-
related proteins, and subsequent processing events.
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