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ABSTRACT ras proteins undergo posttranslational mod-
ification by a 15-carbon farnesyl isoprenoid at a cysteine within
a defined COOH-terminal amino acid motif; i.e., Cys-Ali-Ali-
Ser/Met (where Ali represents an aliphatic residue). In other
low molecular mass GTP-binding proteins, cysteines are mod-
ified by 20-carbon geranylgeranyl groups within a Cys-Afi-Ali-
Leu motif. We changed the terminal Ser-189 of Ha-ras p21 to
Leu-189 by site-directed mutagenesis and found that the pro-
tein was modified by [3Hlgeranylgeranyl instead of [3H]farne-
syl in an in vitro assay. Gel-permeation chromatography of
[3H]mevalonate-labeled hydrocarbons released from Immuno-
precipitated ras proteins overexpressed in COS cells indicated
that'Ha-ras p21(Leu-189) was also a substrate for 20-carbon
isoprenyl modification in vivo. Additional steps in Ha-ras p21
processing, normally initiated by farnesylation, appear to be
supported by geranylgeranylation, based on metabolic labeling
of Ha-ras p21(Leu-189) with [3H~palmitate and its subcellular
localization in a particulate fraction from COS cells. These
observations indicate that the amino acid occupying the ter-
minal position (Xaa) in the Cys-Ali-Ali-Xaa motif constitutes a
key structural feature by which Ha-ras p21 and other proteins
with ras-like COOH-terminal isoprenylation sites are distin-
guished as substrates for farnesyl- or geranylgeranyltrans-
ferases.

A variety of proteins in eukaryotic cells contain cysteine
residues that are modified posttranslationally by thioetler
linkage to isoprenyl groups (see refs. 1 and 2 for review). Of
the isoprenylated proteins thus far identified, the p21 prod-
ucts of the ras genes have received particular attention
because isoprenylation initiates a series of posttranslational
processing events required for protein interaction with the
cell membrane and expression of oncogenic activity (3-9).
ras proteins undergo modification by a 15-carbon farnesyl
group at a cysteine within a defined COOH-terminal amino
acid motif; i.e., Cys-Ali-Ali-Ser or Cys-Ali-Ali-Met (where
Ali represents an aliphatic amino acid) (3, 4, 7-13). Three
amino acids distal to the farnesyl cysteine are subsequently
removed (3, 4, 14) and the terminal COOH group is methyl-
ated (14, 15). In some cases (e.g., Ha-ras p21) cysteines
upstream from the farnesylation site are palmitoylated, re-
sulting in stable membrane association (3, 4).

Several proteins in mammalian cells contain cysteines that
are modified by 20-carbon geranylgeranyl instead of 15-
carbon farnesyl groups (16, 17). As in the case of ras p21, the
modified cysteines are located in the fourth position from the
COOH terminus in the predicted sequences of many gera-
nylgeranylated proteins; e.g., raplA (18), raplB (19), G25K
(20), raci, rac2, ralA (21), and the )y6 subunits of the hetero-
trimeric brain guanine nucleotide binding proteins (G pro-

teins) (22, 23). Studies with purified ras p21 farnesyltrans-
ferase indicate that the minimal structural element recog-
nized by the enzyme consists of the COOH-terminal Cys-
Ali-Ali-Ser/Met tetrapeptide (10, 24). Consistent with this
finding, farnesylation occurs in two proteins that are unre-
lated to ras p21 except for the presence of a COOH-terminal
Cys-Ali-Ali-Met sequence; i.e., nuclear lamin B (25) and the
y subunit of transducin (26, 27). The existence of a separate
protein geranylgeranyltransferase that recognizes a COOH-
terminal structural element distinct from the Cys-Ali-Ali-
Met/Ser farnesylation signal is suggested by three observa-
tions. First, discrete sets of farnesylated and geranylgeranyl-
ated proteins have been found to coexist within a single cell
type (17, 28). Second, synthetic tetrapeptides based on the
COOH-terminal sequences of ras proteins compete effi-
ciently with Ha-ras p21 in a farnesylation assay, whereas a
tetrapeptide based on the COOH-terminal sequence of a
geranylgeranylated protein (the G-protein y6 subunit) does
not (10, 24). Third, protein geranylgeranyltransferase activ-
ities have been described that are chromatographically sep-
arable from ras p21 farnesyltransferase (29, 30). In consid-
ering possible structural features that may serve to mark
proteins as substrates for modification by 20-carbon versus
15-carbon isoprenyl groups, it is noteworthy that the pre-
dicted sequences of many geranylgeranyl-modified proteins
contain leucine in the last position (Xaa) of the Cys-Ali-Ali-
Xaa motif, instead of methionine or serine as found in the
farnesylated proteins. In the present study, the potential
significance of this difference was assessed by determining
the effects of COOH-terminal serine to leucine mutation on
the posttranslational isoprenoid modification of Ha-ras p21.

MATERIALS AND METHODS
Materials. [1-3H(N)]Farnesyl pyrophosphate (FPP) triam-

monium salt (20 Ci/mmol; 1 Ci = 37 GBq), L-[35S]methionine
(1163 Ci/mmol), [9,10-3H]palmitic acid (38 Ci/mmol), and
the ras-li (pan) antibody were obtained from DuPont/NEN.
[1-3H]Geranylgeranyl pyrophosphate (GGPP) (8 Ci/mmol)
was purchased from the USF Research Foundation (Tampa,
FL). [5-3H]Mevalonolactone (MVA) (2.0 Ci/mmol) was pre-
pared by reduction of mevaldic acid precursor (Sigma) with
sodium boro[3H]hydride (Amersham) as described by Keller
(31). Lovastatin was provided by Alfred Alberts (Merck
Sharp & Dohme). Human Ha-ras wild-type (wt) cDNA was
provided by Channing Der (La Jolla Cancer Research Foun-
dation). COS-M6 cells and the pCMV5 expression vector
were supplied by David Russell (University of Texas Health
Science Center).

Abbreviations: FPP, farnesyl pyrophosphate; GGPP, geranylgeranyl
pyrophosphate; MVA, mevalonolactone; G protein, guanine nucle-
otide binding protein; wt, wild type.
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Site-Directed Mutagenesis of Ha-ras. The plasmid pG-Hras
was constructed by subcloning a 1.2-kilobase (kb) BamHI/
EcoRI Ha-ras cDNA fragment into pGEM4. Site-directed
mutagenesis of the COOH-terminal Ser-189 codon (TCC) to
a Leu-189 codon (CTC) was performed by polymerase chain
reaction amplification of the Ha-ras cDNA from the plasmid
template pG-Hras, using the T7 promoter primer and the
mutator oligodeoxynucleotide (5'-ACGTGAATTCACCTG-
GTGTCAGLAGCAGCACACACTTGCAGCT-3'), where the
sequence complementary to the Leu-189 codon is underlined.
After amplification, the DNA product was digested with
BamHI and EcoRI (the EcoRI site was introduced by the
mutator oligonucleotide) and subcloned into pGEM4, gener-
ating the plasmid pG-Hras(Leu-189). The mutation in pG-
Hras(Leu-189) was confirmed by DNA sequence analysis
(32). Routine DNA manipulations, including restriction endo-
nuclease digestions, DNA ligations, dephosphorylations,
bacterial transformations, plasmid isolations, and agarose gel
electrophoresis were carried out by standard procedures (33).
In Vitro Translation and Isoprenylation of ras p21. pG-Hras

and pG-Hras(Leu-189) plasmids were linearized and tran-
scribed with T7 RNA polymerase (34). In vitro translations
were carried out in a methionine-deficient rabbit reticulocyte
lysate system (Promega) according to the manufacturer's
instructions. Standard 25-,l reaction mixtures containing 2.5
,ug of RNA were incubated for 1 h at 30°C. Translation was
monitored by including 20 ,Ci of L-[355]methionine (1186
Ci/mmol) in the reaction mixture. Reaction mixtures without
exogenous RNA served as controls for background incorpo-
ration. To monitor isoprenylation of the Ha-ras p21 proteins,
translation was carried out for 1 h, using unlabeled methio-
nine in place of radiolabeled methionine. The reaction mix-
ture was then supplemented with [3H]FPP (1.25 MCi), [3HJG-
GPP (2.5 uCi), or [3H](MVA) (25 ,Ci), and incubation was
continued for 1 h at 37°C. Translation products were analyzed
by SDS/PAGE and fluorography as described (34). For
studies aimed at estimating the chain lengths of the radiola-
beled protein-bound isoprenoids (see below), translation
reaction mixtures containing [3H]MVA were scaled up to a
final vol of 137 ,ul.

Transient Expression and Metabolic Labeling of Ha-ras p21
in COS Cells. Simian COS cells were grown in 60-mm dishes
in Dulbecco's medium (high glucose) supplemented with 10%
fetal calf serum. Transfection was performed with 5 ,ug of
plasmid DNA mixed with DEAE-dextran (35). Control cul-
tures were transfected with the pCMVS expression vector
(39) without a ras insert. Parallel cultures were transfected
with pCMV5-Hras, constructed by subcloning a 1.2-kb
BamHI Ha-ras(wt) fragment into the polylinker of pCMV5,
or with pCMV5-Hras(Leu-189). The latter plasmid was con-
structed by cloning the EcoRI-digested, Klenow filled-in,
BamHI-digested Ha-ras(Leu-189) fragment from pG-
Hras(Leu-189) into the BamHI/Sma I sites of pCMV5.
Isoprenylated proteins were labeled by incubating the trans-
fected cells in medium containing [3H]MVA (200 ,Ci per ml
of medium) for 20 h, beginning 24 h after transfection. In
separate cultures, proteins were also labeled with [35S]me-
thionine (50 gCi per ml of medium) or [3H]palmitate (1 mCi
per ml of medium) for the same period of time. For studies
aimed at determining the chain lengths of the isoprenyl
groups attached to Ha-ras p21, cells from two parallel cul-
tures were pooled and incorporation of [3H]MVA was en-
hanced by adding 25 ,uM lovastatin to the medium during the
labeling period. To determine the subcellular distribution of
ras p21, cells were harvested 48 h after transfection and
fractionated as described (35). Proteins in the soluble
(100,000 x g superatant) and particulate (100,000 x g pellet)
fractions were separated on SDS gels and immunoblotted
with pan-reactive ras antibody as described in detail else-
where (35).

Estimation of Isoprenoid Chain Length. [3H]MVA-labeled
Ha-ras proteins from in vitro translations or COS cell immu-
noprecipitates were electroeluted from SDS gels and reacted
with Raney nickel catalyst (17, 25). Radiolabeled isoprenoids
were extracted into pentane, reduced over platinum oxide,
and subjected to high-performance gel-permeation chroma-
tography as described (21, 28). Retention times of the radio-
labeled hydrocarbons were determined in relation to hydro-
carbons of defined chain length (mixed with samples prior to
injection on the column); i.e., 2,6,10-trimethyldodecane (far-
nesane), 2,6,10,14-tetramethylhexadecane (phytane), and
2,6,10,15,19,23-hexamethyltetracosane (squalane).

Immunoprecipitation of ras p21. Cells were lysed by son-
ication in 0.4 ml of 0.5% SDS/2 mM EDTA/aprotinin (100
Ag/ml)/1 mM phenylmethylsulfonyl fluoride/100 mM
Tris HCl, pH 8.3. The volume was adjusted to 0.5 ml by
addition of solution containing 5% sodium deoxycholate, 5%
Nonidet P-40, and aprotinin (1 mg/ml). Samples were then
incubated with ras antibody (1:33 dilution) for 2 h at 40C.
Immune complexes were collected as recommended by the
manufacturer (DuPont/NEN), using protein A-Sepharose
beads coated with rabbit anti-mouse IgG. Proteins were
released from the beads by incubation at 1000C for 5 min with
2% SDS, 10%6 2-mercaptoethanol, 30% (vol/vol) glycerol,
0.02% bromphenol blue, 0.05 M Tris-HCl (pH 6.8), and
SDS/PAGE was carried out as described (34, 35).

RESULTS
Isoprenylation of Ha-ras p21 Proteins in Vitro. Reticulocyte

lysates contain enzymes capable of catalyzing the modifica-
tion of proteins by both 15-carbon and 20-carbon isoprenyl
groups (21, 34, 36, 37). Therefore, this system was used to
determine whether changing the terminal amino acid in the
sequence for Ha-ras p21 from serine to leucine altered its
ability to undergo farnesylation. Based on incorporation of
[35S]methionine, the Ha-ras and Ha-ras(Leu-189) proteins
were synthesized with comparable efficiencies (Fig. LA).
Whereas Ha-ras p21 was readily labeled by [3H]FPP, incor-
poration of radioactivity into Ha-ras p21(Leu-189) was un-
detectable (Fig. 1B). When identical translations were per-
formed with [3H]GGPP instead of [3H]FPP, radioactivity was
incorporated only into the Leu-189 mutant protein and not
the wild-type Ha-ras p21 (Fig. 1C). Recent studies indicate
that protein geranylgeranyltransferase is structurally distinct
from ras p21 farnesyltransferase (29, 30). Thus, it is possible
that different specific activities of the two enzymes in the
reticulocyte lysate may account for the lower incorporation
of [3H]geranylgeranyl into Ha-ras p21(Leu-189) compared to
the incorporation of [3H]farnesyl into Ha-ras p21.
Both the Ha-ras and Ha-ras(Leu-189) translation products

were labeled when the isoprenoid precursor [3H]MVA was
added to the lysate (Fig. 1D). Chromatographic determina-
tions of the relative sizes of the [3H]MVA-derived isoprenyl
groups released from each protein were consistent with the
results of the [3H]FPP and [3H]GGPP labeling experiments;
i.e., the [3H]MVA-labeled hydrocarbons from Ha-ras p21
coeluted with the 15-carbon farnesane standard, whereas the
[3H]MVA-labeled hydrocarbons from Ha-ras p21(Leu-189)
coeluted with the 20-carbon standard (Fig. 2). In contrast to
the results obtained with the [3H]FPP and [3H]GGPP sub-
strates (Fig. 1 B and C), the labeling of the Leu-189 protein
with [3HJMVA was better than that observed for Ha-ras
p21(wt) (Fig. ID). The explanation for this difference is not
obvious, but one possibility is that the concentration of FPP
generated from [3H]MVA in the reticulocyte lysate is not
optimal for the farnesyltransferase reaction.

Isoprenylation of Ha-ras Proteins in Cultured Cells. To
determine whether changing the COOH-terminal amino acid
of Ha-ras p21 from serine to leucine altered its modification
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Fio. 1. Incorporation of radiolabeled isoprenoid precursors into
Ha-ras proteins translated in vitro. Translation/isoprenylation reac-
tions were carried out in reticulocyte lysates containing Ha-ras(wt)
RNA (lane 1), ,Ha-ras(Leu-189) RNA (lane 2), or no exogenous RNA
(lane 3). The following radiolabeled precursors were added to the,
translation reaction mixtures: [35S]methionine (A), [3HJFPP (B),
[3H]GGPP (C), and [3H]MVA (D). Aliquots from each reaction (5 g1
for 35S-labeled samples, 12.5 ul for 3H-labeled samples) were sub-
jected to SDS/PAGE and autoradiography or fluorography. The
autoradiogram in A was exposed for 3 days. All fluorograms (B-D)
were exposed for 14 days. Molecular masses of marker proteins
(kDa) are indicated on the right. Based on scintillation counting of
[35S]methionine in the dried gels (A), -0.169 pmol of Ha-ras p21 and
0.192 pmol of Ha-ras p21(Leu-189) were synthesized. Assuming
comparable protein synthesis in the parallel reaction mixtures con-
taining 3H-labeled substrates, the stoichiometries of isoprenylation
were 1.1 mol of [3H]farnesyl per mol of Ha-ras p21 (B) and 0.2 mol
of [3H]geranylgeranyl per mol of Ha-ras p21(Leu-189) (C). [3H]MVA
incorporation values (D) were 1698 dpm (-0.62 mol of 15-carbon
prenyl group per mol of Ha-ras p21), and 3721 dpm [-0.90 mol of
20-carbon prenyl group per mol of Ha-ras p21(Leu-189)].

from farnesylation to geranylgeranylation in vivo, COS cells
were transfected with expression vectors containing either
Ha-ras or Ha-ras(Leu-189) cDNA inserts. As indicated by
incorporation of [35S]methionine into immunoprecipitated
ras p21, both the wild-type and Leu-189 Ha-ras proteins were

Retention Time (min)

FIG. 2. Estimated sizes of [3H]MVA-derived hydrocarbons re-
leased from Ha-ras translation products. [3H]MVA-labeled isoprenyl
groups released from Ha-ras(wt) (A) or Ha-ras(Leu-189) (B) trans-
lation products were extracted into pentane and reduced over
platinum oxide. Recoveries of 3H from the proteins were 45% (6380
dpm) for Ha~ras(wt) and 41% (12,400 dpm) for Ha-ras(Leu-189).
Aliquots of the radiolabeled hydrocarbons [3301 dpm for Ha-ras(wt)
and 5612 dpm for Ha-ras(Leu-189)] were subjected to gel-permeation
chromatography along with standards of defined chain length. Elu-
tion of the radiolabeled hydrocarbons (94-100% recovery of dpm
loaded) was monitored by liquid scintillation- counting. Retention
times of the squalane (C30), phytane (C20), and farnesane (C15)
standards, which are marked at the top of the chromatogram, were
determined with an on-line refractive index detector.

overexpressed relative to endogenous ras proteins in the COS
cells (Fig. 3A). The 23-kDa [35S]methionine-labeled ras pro-
tein was assumed to represent unprocessed Ha-ras p21 that
accumulated due to saturation ofthe normal posttranslational
processing pathway. Consistent with this interpretation,
[3H]MVA was incorporated only into the faster-migrating
forms ofHa-ras p21 and Ha-ras p21(Leu-189) (Fig. 3A). When
the sizes of the [3H]MVA-derived groups were estimated by
gel-permeation chromatography, the radiolabeled hydrocar-
bon released from ras p21 immunoprecipitated from the
Ha-ras-transfected cells coeluted exclusively with the 15-
carbon standard (Fig. 3B). In contrast, most ofthe [3H]MVA-
labeled hydrocarbon extracted from ras p21 in the Ha-
ras(Leu-189)-transfected cells coeluted with the 20-carbon
standard (Fig. 3B). In the latter case, the small amount of
radiolabeled material coeluting with the 15-carbon standard
was comparable to that extracted from the endogenous ras
proteins in control cells (Fig. 3B).

Palmitoylatlon and Subceliular Distribution of ras Proteins.
A 21.5-kDa protein immunoprecipitated from COS cells
overexpressing Ha-ras was metabolically labeled by
[3H]palmitate (Fig. 4A), as well as by [3H]MVA (Fig. 4B).
Moreover, immunoblots indicated that this 21.5-kDa ras
protein was localized predominantly in the particulate frac-
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FIG. 3. Estimated sizes of [3H]MVA-derived hydrocarbons re-
leased from Ha-ras proteins overexpressed in COS cells. COS cells
were transfected with pCMV5 (no insert) (lanes 1), pCMV5-Hras(wt)
(lanes 2), or pCMV5-Hras(Leu-189) (lanes 3). Twenty-four hours
after transfection, cells were labeled for 18 h with either [35S]me-
thionine or [3H]MVA, and ras proteins were recovered from cell
lysates by immunoprecipitation. (A) (Upper) The entire [35S]methio-
nine-labeled immunoprecipitate from each culture was subjected to
SDS/PAGE and fluorography (24-h exposure). Scintillation counting
of gel slices indicated that the 21.5-kDa band contained 19,293 dpm
(79% of total recovered radioactivity) in the case of the Ha-ras
protein, and 8277 dpm (51% of the total recovered radioactivity) in
the case of the Ha-ras(Leu-189) protein. (Lower) [3H]MVA-labeled
ras proteins were immunoprecipitated from parallel cultures and
one-fifth of the protein was subjected to SDS/PAGE and fluorog-
raphy (14 days of exposure). The remaining immunoprecipitated
protein was eluted from adjacent lanes of the gel and the [3H]MVA-
derived isoprenyl group was released by reaction with Raney nickel.
Recoveries were 86% (2816 dpm) for the control, 84% (36,547 dpm)
for Ha-ras(wt), and 97% (15,652 dpm) for Ha-ras(Leu-189). (B) The
size ofthe labeled isoprenyl group was then determinedby subjecting
aliquots of the saturated hydrocarbons to gel-permeation chroma-
tography. Radioactivity loaded and column recoveries were as
follows: control, 1642 dpm, 69%6; Ha-ras(wt), 7354 dpm, 93%;
Ha-ras(Leu-189), 2575 dpm, 100%1. Retention times of the squalane
(C30), phytane (C20), and farnesane (C15) standards are marked at
the top of the chromatogram.
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FIG. 4. [3H]Palmitate labeling and subcellular distribution of
Ha-ras versus Ha-ras(Leu-189) proteins. COS cells were transfected
with pCMV5 (no insert) (lanes 1), pCMV5-Hras(wt) (lanes 2), or
pCMV5-Hras(Leu-189) (lanes 3). Cells were incubated for 18 h with
[3H]palmitate (A) or [3H]MVA (B), beginning 24 h after transfection.
Immunoprecipitated ras proteins were subjected to SDS/PAGE,
transferred to nitrocellulose, and subjected to fluorography (17- and
13-day exposures for [3H]palmitate and [3H]MVA, respectively).
After removing the fluor, the same blots were incubated with ras
antibody, followed by l25-Ilabeled goat anti-mouse IgG. (C) Cells
from parallel cultures were fractionated into soluble (lanes S) and
particulate (lanes P) components and the total protein in each fraction
was subjected to SDS/PAGE and immunoblotting with ras antibody.
The percentage of total ras protein in the particulate fraction,
estimated by direct determination of bound "I was as follows:
Ha-ras p21(wt), 57% (lanes 2); Ha-ras p21(Leu-189), 43% (lanes 3).

tion (Fig. 4C), suggesting that it was the fully processed form
of Ha-ras p21 (3, 4). In cells overexpressing the mutant
Ha-ras(Leu-189) protein, the 21.5-kDa ras protein was sim-
ilarly localized in the particulate fraction and labeled with
[3H]palmitate (Fig. 4A and C). The [3H]palmitate signal in the
immunoprecipitated Ha-ras p21(Leu-189), although weaker
than in Ha-ras p21(wt), appeared to arise exclusively from
overexpressed Ha-ras(Leu-189) protein, since palmitoylation
of endogenous ras proteins in control COS cell cultures was
not detected under identical conditions (Fig. 4A).

DISCUSSION
These studies establish that a single amino acid substitution
(serine to leucine) at the COOH terminus of Ha-ras p21, a
natural substrate for farnesyl modification, converts the
protein to a substrate for geranylgeranyl modification in vivo,
as well as in vitro. This observation supports the notion that
occupancy of the terminal position (Xaa) of the Cys-Ali-Ali-
Xaa motif by leucine in many of the known geranylgeranyl-
modified proteins (18-21) constitutes a key structural ele-
ment required for their recognition by a specific geranylger-
anyltransferase. The importance ofthe terminal amino acid in
specifying the isoprenyl modification is further underscored
by recent studies in which synthetic variants of the Ki-rasB
p21 COOH-terminal tetrapeptide Cys-Val-Ile-Met were eval-
uated as potential inhibitors of ras p21 farnesyltransferase.
Most notably, substitutions in the terminal position normally
occupied by methionine had the greatest effect on inhibitory

activity, and peptides ending with leucine were generally
poor inhibitors of farnesylation (10, 24).

Farnesylation is regarded as a prerequisite for palmitoy-
lation and membrane localization of Ha-ras p21 (3-9). Ger-
anylgeranylated proteins such as the brain G-protein )6
subunit (23), raplB (19), and G25K (20) apparently undergo
additional processing steps analogous to those described for
Ha-ras p21; i.e., removal of three amino acids distal to the
modified cysteine and methylation of the terminal COOH
group. The studies described in Fig. 4 extend these obser-
vations insofar as they indicate that geranylgeranylated Ha-
ras p21(Leu-189) can also undergo palmitoylation. The basis
for the lower ratio ofprocessed (21.5 kDa) to unprocessed (23
kDa) forms of ras protein observed in the cells overexpress-
ing Ha-ras(Leu-189) (see Figs. 3 and 4) remains to be deter-
mined. Possibilities include a lower cellular activity of ger-
anylgeranyltransferase relative to farnesyltransferase, or dif-
ferences in the available pools ofFPP versus GGPP isoprenyl
donors. Although we did not assess the effect of a 20-carbon
versus a 15-carbon modification on the transforming ability of
ras, recent findings with a Ha-ras(Leu-61)/raplA chimeric
protein suggest that the transforming ability of oncogenic ras
variants can be supported by a geranylgeranyl modification
(18).
Mammalian cells contain many isoprenylated proteins

whose identities have yet to be established (1, 2). In the case
of proteins ending with the ras-like Cys-Ali-Ali-Met motif,
the altered substrate specificity conferred by a single amino
acid difference, coupled with the loss of isoprenylation
observed when the position of the cysteine is changed or the
three-amino acid extension (-Ali-Ali-Xaa) is deleted (10-12,
21, 24), implies that the structural elements recognized by the
farnesyl- and geranylgeranyltransferases are quite stringent.
On the other hand, our recent finding that rablB and rab2
proteins can be modified by 20-carbon isoprenyl groups
attached to cysteines within a very different COOH-terminal
structural element (GGCC-COOH) (38) suggests that the
enzymology of protein isoprenylation is more complex than
heretofore suspected. It now seems probable that mammalian
cells contain multiple protein:isoprenyltransferases, each
recognizing a different class of target proteins with a distinct
type of COOH-terminal motif.
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