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I .  INTRODUCTION 

Covalent modification by isoprenoid lipids (prenylation) 
is now recognized as a mechanism to promote membrane 
interactions and biological activities of a variety of cellular 
proteins. Both the 15-carbon farnesyl and 20-carbon ger- 
anylgeranyl isoprenoids are involved in these modifications, 
which occur on carboxyl-terminal cysteine residues of pro- 
teins (Fig. 1). Known prenylated proteins include the 
nuclear protein lamin B and a number of GTP-binding 
regulatory proteins (G proteins) responsible for controlling 
a wide spectrum of signal transduction pathways. This 
review summarizes the development of, and recent studies 
in, the field of protein prenylation, with particular emphasis 
on the biochemistry of the processes involved. Several other 
recent reviews are available for more detailed coverage of 
aspects which receive limited attention here (1-3). 

11. A BRIEF HISTORY OF T H E  FIELD 

The  first evidence that isoprenoids could be’covalently 
attached to proteins came from studies in Japan in the late 
1970s on the structures of certain fungal mating factor pep- 
tides (4, 5). These investigators found that the 15-carbon 
isoprenoid, farnesyl, was an integral component of several 
such mating factors, and defined the linkage to the peptide 
as being a thioether in which a cysteine sulfhydryl was at- 
tached to the C-1 carbon of the isoprenoid (Fig. 1). While 
the functional significance of this modification was not at all 
clear, the fact that the modification was a stoichiometric and 
quite stable one suggested that it was an important compo- 
nent of the active mating factor. 

The  discovery that mammalian proteins could also be 
prenylated grew out of studies concerning the effects of 
compactin, an inhibitor of isoprenoid biosynthesis, on 
mammalian cell growth and morphology. Compactin acts 
on HMG-CoA reductase, the enzyme that catalyzes the 
synthesis of mevalonate (MVA), the precursor to all isopre- 
noids (Fig. 2). Studies in the late 1970s and early 1980s 
had shown that treatment of cells with high concentrations 
of compactin resulted in an arrest of cell growth that could 
not be reversed by exogenously added cholesterol o r  other 
sterols (6, 7); these sterols are the major products of the 

isoprenoid pathway. However, small amounts of MVA could 
reverse the effects of compactin, suggesting that a nonsterol 
metabolite of MVA (or MVA itself) was important in this 
recovery from cell growth arrest. When this type of experi- 
ment was performed using [3H]MVA to follow the meta- 
bolic fate of the labeled compound, Schmidt, Schneider, 
and Glomset (8) found that the label was incorporated into 
a subset of cellular proteins. This observation was con- 
firmed and extended by other groups (9, lo), although some 
time would pass before the identities of the proteins that 
were prenylated or the nature of the modifying group were 
determined. 

The  first specific mammalian protein identified as 
being prenylated was the nuclear protein lamin B (11, 12). 
Parallel studies on a putative lipid modification of the 
a-factor mating peptide of Saccharomyces cerevisiae revealed 
that this mating factor, like the fungal factors studied a 
decade earlier, was also prenylated, specifically by a far- 
nesyl isoprenoid (13). A feature common to both lamin B 
and the a-factor peptide, as well as the fungal mating fac- 
tors studied a decade earlier, was the presence of a so- 
called “CAAX-motif“ at their carboxyl terminus. This 
motif, where “C” was a cysteine residue to which the iso- 
prenoid was attached, “A’: initially signified an aliphatic 
amino acid, and “X” denoted an undefined amino acid, 
was believed at the time to signal addition of a palmitoyl 
(16-carbon fatty acid) group to proteins containing this 
lipid (14). The  discovery that the CAAX-motif could in 
fact direct addition of isoprenoids to proteins containing 
it prompted a re-examination of other proteins containing 
this motif to determine if they too were prenylated. Chief 
among these CAAX-containing proteins that were exam- 
ined were the products of the ras family of protoonco- 
genes. The  simultaneous discoveries that the ras proteins 
were modified by the 15-carbon farnesyl group, and that 
this modification was required for the oncogenic forms of 
these proteins to transform cells (15-17), provided the first 
functional correlate of this modification and dramatically 
increased interest in this form of lipid modification. 

Abbreviations: MVA, mevalonate; FPP, farnesyl diphosphate; PFT, 
protein farnesyltransferase; GGPP, geranylgeranyl diphosphate; PGGT, 
protein geranylgeranyltransferase. 
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Fig. 1. Structures of the farnesyl-cysteine and gerarylgeranyl-cysteine. 
The isoprenoid is attached via a thioether linkage from the C-l carbon 
to the thiol of the amino acid. 

111. CLASSES OF PRENYLATED PROTEINS 

The increasing awareness that the presence of a CAAX- 
motif at its carboxyl terminus identified a protein as a 
candidate for prenylation prompted a flurry of activity 
directed toward determining the prenylation status of 
such proteins. Searches of the protein sequence data bases 
initially identified - 40 such candidates; surprisingly, 
most of these proteins were members of the class of GTP-  
binding proteins (the so-called “small G proteins”) related 

to the ras proteins. Furthermore, most of the remaining 
candidates (e.g., the y subunits of the heterotrimeric G 
proteins, cGMP phosphodiesterase) were also known to 
be involved in cellular signaling events (1, 18). Essentially 
all of these candidate proteins that have been closely in- 
spected have been shown to be prenylated. To date, only 
the 15-carbon farnesyl and 20-carbon geranylgeranyl 
groups have been found to modify proteins, with geranyl- 
geranyl being the predominant isoprenoid attached (19, 
20). Of considerable interest to those studying the en- 
zymology of the prenylation processes (see below), the 
COOH-terminal amino acid (“X) of the CAAX box is 
now known to specify which isoprenoid is attached to a 
candidate protein. If this residue is a serine, methionine, 
or glutamine residue, the protein contains the farnesyl 
isoprenoid, while a leucine at that position directs ger- 
anylgeranyl addition (2, 21). 

Prenylation is not the only posttranslational modifica- 
tion performed on proteins containing the CAAX-motif. 
Specifically, the mature forms of these prenylated proteins 
lack the three COOH-terminal amino acids (the “AAX). 
A cellular peptidase (see Section VI) removes these three 
amino acids, leaving the prenylated cysteine as the 
COOH-terminal residue. Additionally, in all cases where 
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Fig. 2. Biosynthesis of isoprenoids in eukaryotic cells. HMG-CoA (3-hydroxy-3-methylglutaryl coenzyme A) is 
formed from three molecules of acetyl-coA. The rate-limiting enzyme in the pathway, HMG-CoA reductase, is the 
site of action of the pharmacological agent, mevinolin. 
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Fig. 3. Carboxyl-terminal processing of prenylated proteins. The proteins are synthesized as soluble precursors containing a cysteine residue fourth 
from the COOH-terminus (the so-called “CAAX-motif‘). Prenylation is catalyzed by soluble protein prenyltransferases using the appropriate prenyl 
diphosphate donor. Either the 15-carbon farnesyl or 20-carbon geranylgeranyl group is added, depending on the COOH-terminal residue (“X” of 
the CAAX-motif). After prenylation, the three COOH-terminal residues are removed by a peptidase and the now-free C O O H  group of the modified 
cysteine residue is methylated in a S-adenosylmethionine (AdoMet)-dependent reaction. Recent studies have shown that some proteins that have a 
natural COOH-terminal cysteine residue, most notably members of the rab/YPTl family of GTP-binding proteins, are also prenylated although their 
processing presumably goes by a different pathway. See text for further details. (Graphics by Joyce Higgins) 

the prenylated proteins have been closely examined, a 
substantial fraction have the carboxyl group of this cys- 
teine residue methylated (2, 22). The net result of these 
three apparently closely linked processing steps is the 
production of a mature protein with a highly hydrophobic 
COOH-terminus, a dramatic enhancement of the inher- 
ent hydrophobic properties of these proteins (Fig. 3). 

It has recently become clear that prenylation is not 
limited to proteins containing the COOH-terminal C U X -  
motif, but also occurs on another subset of the GTP- 
binding proteins termed the rabIYPT1 family ( 2 3 ,  24). 
Most of these proteins have COOH-terminal sequences 
ending in Cys-Cys or two cysteines separated by another 
amino acid (Cys-X-Cys). The rab/YPTl proteins have 
been implicated in control of intracellular membrane 
trafficking pathways, and apparently have the capacity to 
reversibly associate with membranes (25, 26). Further- 
more, in many (if not all) of these proteins, both of the 
cysteine residues are prenylated with the geranylgeranyl 
isoprenoid (24). As these modifications occur at the ex- 
treme COOH-terminus, no proteolytic processing is re- 
quired to expose the carboxylate of the prenylated cys- 

teine residue for methylation, but this methylation of the 
carboxyl group has been shown to occur (24). 

IV. ENZYMOLOGY OF PRENYLATION 

The information currently available on the various pro- 
tein prenyltransferases is summarized in Table 1. Efforts 
to develop in vitro systems to examine protein prenylation 
were initiated immediately after the identification of the 
farnesyl group as that modifying the ras proteins and 
lamin B, as the approach then became apparent. Farnesyl 
diphosphate (FPP) was the logical donor of the isoprenoid 
since it is the activated form of farnesyl in the isoprenoid 
biosynthesis pathway (27) (see Fig. 2). The protein sub- 
strate for the putative enzyme that would transfer the far- 
nesyl was supplied by production of recombinant H-ras 
protein in bacterial expression systems; purification of the 
recombinant protein yielded the unmodified form of ras 
that was recognized by the enzyme responsible for its far- 
nesylation. By following incorporation of [3H]FPP into this 
ras protein, Reiss et al. (28) identified and purified a cyto- 
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TABLE 1 .  Properties of protein urenvltransferases 

Protein 
Prenyltransferase 

Protein Subunit 
Substrate Isoprenoid Metal Composition 

C-Terminus Substrate Reauirements (Mammalian) 
S. cereoisiae 

Gene Product Reference 

PFT C A A X  FPP ZnZ', Mg2' 48 kDa(cr) RAM2(a) 28-32 
X = M , S , Q A  46kDa(@) RAMI(@) 

PGGT(CAAX) -CAAX GGPP Zn2+, Mg2+ 48 kDa(cr) RAMZ(a) 21, 35-37 
x-I, 43 kDa(@) CDC43(@)(?) 

PGGT(CC) -cc GGPP ? ? BETZ? 51, 56 
(rab proteins) Others? 

PGGT(CXC) [same as PGGT (CC)?] -CXC GGPP ? ? BETZ? 55 
Others? 

The PGGT enzymes are separated into three classes, one of which acts on CAAX-containing proteins [PGGT(CAAX)] and two that act on the 
rab/YPTI protein family members [PGGT(CC) and PGGT(CXC)], although there may be only one enzyme that can recognize the latter two classes 
of substrate proteins. Single letter amino acid abbreviations are: C ,  cysteine; M ,  methionine; S, serine; Q. glutamine; A, alanine; L, leucine. 

solic enzyme from rat brain that catalyzed this reaction. 
The enzyme was a heterodimer of 48 kDa (designated the 
01 subunit) and 46 kDa (the subunit) polypeptides, and 
exhibited an absolute requirement for divalent metal ions 
for activity. Activity of this enzyme, designated protein 
farnesyltransferase (PFT), has now been identified in ex- 
tracts from a variety of mammalian tissues (29, 30). 

An unexpected property of the PFT was its ability to 
recognize short peptides corresponding to the COOH- 
terminal sequences of known farnesylated proteins (28). 
In fact, the enzyme was capable of interacting with a 
tetrapeptide containing just the four residue CAAX-motif 
of known farnesylated proteins with essentially the same 
affinity shown for the intact proteins, suggesting that it is 
only these four COOH-terminal residues that form the 
recognition site for attachment of the isoprenoid. This 
property of the PFT was exploited for its purification, as 
immobilization of a hexapeptide corresponding to the 
COOH-terminus of K-ras produced an effective affinity 
column. The sequence requirements for optimal interac- 
tion of these short peptides with the PFT have been exten- 
sively examined and have shown that the cysteine is an ab- 
solute requirement, with the last amino acid (the " X  
residue) also playing an important role (31). While the 
capacity for a high-affinity interaction of the CAAX pep- 
tides with the PFT generally reflects the abilities of these 
peptides to serve as alternate substrates of the enzyme, 
variants of these peptides have been identified that serve 
as true competitive inhibitors of the enzyme without 
themselves becoming modified (32). Given the level of in- 
terest in producing inhibitors of the PFT as potential 
chemotherapeutic agents in the treatment of ras-associated 
cancers (33, 34), the high affinity interaction of the short 
peptides (K;  values of e 2 0 0  nM) provides a valuable 
starting point for the design of specific inhibitors that 
could serve to block protein farnesylation in vivo. 

The discovery that the majority of prenylated proteins 
were modified not by the farnesyl but by the geranylger- 

any1 group suggested that a separate enzyme would be re- 
sponsible for this modification. Using an approach similar 
to that described above for the identification of the PFT, 
an enzymatic activity capable of transferring the geranyl- 
geranyl group from geranylgeranyl diphosphate (GGPP) 
to candidate proteins and short peptides was identified 
(21, 35, 36). This enzyme, termed protein geranylgeranyl- 
transferase (PGGT), exhibits properties very similar to 
those of the PFT described above, including a require- 
ment for divalent metals (see below) and the ability to 
recognize short peptides encompassing the CAAX-motif 
of known geranylgeranylated proteins, i.e., those contain- 
ing a COOH-terminal leucine residue (21, 35). The chief 
determinant for specific recognition of CAAX-containing 
proteins by the PGGT is, in fact, this leucine residue, as 
production of an H-ras protein with a leucine-for-serine 
switch at the COOH-terminal position converts the pro- 
tein from a PFT to a PGGT substrate (21). Like the PFT, 
the PGGT is an apparent heterodimer, with polypeptide 
components of 48 kDa (a subunit) and 43 kDa (0 subunit) 
visualized in preparations of the purified enzyme (37). 
Furthermore, antisera raised against portions of the PFT- 
a! subunit also recognize this polypeptide component of 
the PGGT (37, 38). Thus, these two transferases appar- 
ently share a common, or highly related, subunit. The 
functional significance of this observation is not yet clear, 
although it has been proposed that the a! subunit contains 
the isoprenoid binding site for these enzymes (39). The /3 
subunit of the enzymes apparently contains the binding 
site for peptide substrates, since radioactively-labeled sub- 
strate peptides can be cross-linked to this subunit of the 
PFT (39). Since the ,d subunit is the one that distinguishes 
these two protein prenyltransferases, this property is con- 
sistent with the known peptide-binding specificities of 
these two enzymes. 

Analysis of the specificities of interactions of the PFT 
and PGGT with the metal ions required for activity is 
being actively investigated. Recent evidence suggests that 
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both Mg2+ and Zn2+ are required for catalysis by both en- 
zymes (37, 40). By analogy with other enzymes that use 
diphosphate-containing substrates, it is thought that the 
Mg2' contributes to the binding of the diphosphate 
moiety of the isoprenoid (28, 37). However, the Zn2+ ap- 
pears to be a component of the enzyme itself, as purifica- 
tion of the enzymes in the presence of a chelating agent 
or prolonged dialysis against such an agent is required to 
observe the Znz+-dependence (37, 40). The presence of a 
tightly bound Zn2+ would classify these protein 
prenyltransferases as Zn-metalloenzymes (41). Given the 
avidity of Znz+-sulfur interactions, it is possible that the 
Zn2+ atom directly participates in catalysis by assisting in 
positioning and deprotonation of the incoming thiol 
group of the protein substrate for isoprenoid transfer. 

Experimental analysis of kinetic mechanism of protein 
prenyltransferases has been mostly limited to studies on 
the PFT, as this enzyme has been available in highly 
purified form for study. A recent steady-state approach 
has shown that substrate binding to the enzyme occurs in 
random order (42). This analysis is consistent with both 
the ability of the enzyme to bind to a CAAX-peptide 
affinity column in the absence of FPP (i.e., the affinity 
chromatography step used in the purification of the en- 
zyme (28)), and the capacity of the PFT to form a high- 
affinity complex with FPP in the absence of a protein sub- 
strate (39). The important question of the chemical 
mechanism of the reaction is still unanswered; the two 
likely possibilities are either a SN1-type formation of a 
farnesyl-cation followed by thiol addition, or direct dis- 
placement of the pyrophosphate from FPP by the thiol in 
a SNZ reaction. Inhibition studies with farnesyl cation 
analogs could prove useful in distinguishing between 
these possible mechanisms (43, 44). 

In parallel with the biochemical characterization of 
these two protein prenyltransferases from mammalian tis- 
sues, a genetic approach using the yeast Saccharomyces 
cerevisiae has yielded important information on, and model 
systems to study the biology of, these modifications. This 
work grew out of studies on the processing of the yeast 
a-factor mating peptide. As noted above, this mating fac- 
tor is modified by the farnesyl group. Initial studies re- 
vealed that the product of a yeast gene known as RAM1 
(or DPRl) was necessary for the processing not only of the 
a-factor but also of the yeast ras protein (45, 46). These 
observations led to the discovery that ras in yeast is also 
farnesylated, and that the product of the RAMI/DPRl 
gene encoded one of the subunits (the /3 subunit) of the 
yeast PFT (17, 47, 48). Additionally, a second gene known 
as RAM.? had been implicated in this pathway (49), and 
it has recently been shown to encode the CY subunit of this 
organism's PFT (50). The unambiguous identification of 
these two gene products as the yeast PFT subunits was 
greatly aided by the cloning of both the CY and P subunits 
of the mammalian PFT (48, 51, 52); the sequence homol- 

ogy between the mammalian cDNAs and their respective 
yeast genes was sufficient to identify the yeast genes as 
PFT subunits. This identification has been confirmed by 
co-expression of the RAMl/DPRl and RAM.? genes in a 
bacterial system, resulting in the production of enzymati- 
cally active PFT (50). This requirement for coexpression 
of the cDNAs encoding the PFT subunits to observe ac- 
tivity was also seen in the mammalian system developed 
(48); apparently the subunits expressed alone are not 
stable. 

The identification of the RAM2 gene product as the CY 

subunit of the yeast PFT has allowed a genetic test of the 
hypothesis noted above that this subunit is common to 
both the PFT and PGGT enzymes. Disruption of the 
RAM2 gene in yeast results in a loss of both PFT and 
PGGT activities in extracts prepared from the mutant 
strain, an observation which supports this hypothesis (50). 
Sequence information is not yet available for the p 
subunit of the mammalian PGGT, although the gene 
known as CDC43 (or CALl) is thought to encode this 
subunit of the S. cerevisiae enzyme. Evidence for this desig- 
nation comes both from sequence analysis of the gene, 
which shows high homology to both the yeast RAM.? gene 
and also to the subunit of the mammalian PFT, and the 
observation that disruption of the CDC43 gene in yeast 
results in a loss of PGGT activity (51, 53). 

Much less is known about the protein prenyltransfer- 
ase(s) that act on the small GTPbinding proteins contain- 
ing the Cys-Cys or Cys-X-Cys motifs at their COOH- 
terminus (e.g., the rab/YPTl proteins noted above). Solu- 
ble enzymatic activities capable of geranylgeranylating 
proteins containing both motifs have been identified and 
partially purified (54, 55). However, it is not yet clear 
whether there are two separate enzymes or whether a 
single protein can recognize and modify both types of 
proteins. The characterized enzyme(s) exclusively use 
GGPP as the prenyl donor. Unlike the PFT and PGGT 
enzymes described above that act on proteins containing 
the CAAX-motif, the rab/YPTl prenyltransferase(s) do 
not recognize short peptides encompassing the COOH- 
terminus of their substrates. Thus, members of this class 
of protein prenyltransferases apparently contain an ex- 
tended binding site for the protein substrate, with part of 
the recognition domain including determinants upstream 
of the prenylation site. 

Yeast genetics has also proven quite useful for analysis 
of both the enzymology and biology of prenylation of the 
Cys-Cys- and Cys-X-Cys-containing proteins. In particu- 
lar, the product of the yeast BET.? gene has been shown 
to be involved in the membrane localization of the YPTl 
and SEC4 GTFbinding proteins, which are involved in 
membrane trafficking in this organism (56). Sequence 
analysis has shown that the deduced product of the BET2 
gene has homology to both the yeast RAMI gene product 
and also the subunit of the rat PFT (56). Thus, the 
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BET2 gene is believed to comprise at least one subunit of 
the yeast protein prenyltransferase responsible for modifi- 
cation of proteins with the COOH-terminal Cys-Cys 
motif. The subunit structure of this class of protein 
prenyltransferases is not known; in particular, the ques- 
tion of whether they also contain the same (Y subunit as 
the PFT and PGGT enzymes that recognize proteins con- 
taining the CAAX-motif is important to address. How- 
ever, this is doubtful since extracts prepared from the 
yeast rum2 mutant have essentially unaltered ability to 
geranylgeranylate the YPTl protein in vitro when com- 
pared with extracts from wild-type yeast (51). 

V. BIOLOGICAL ROLE OF PRENYLATION 

Available information on the functional properties im- 
parted to proteins by attachment of isoprenoids and the 
subsequent COOH-terminal processing steps of proteoly- 
sis and methylation is mostly descriptive. The bulk of this 
information comes from the expression and analysis of 
mutant proteins that are unable to be prenylated. Muta- 
tion of the cysteine residue of the CAAX-motif is the most 
commonly applied technique; replacement of this residue 
by a serine abolishes the prenylation, as well as the subse- 
quent processing steps, of the mutant protein (1, 3). Simi- 
lar results have been obtained by treatment of cells ex- 
pressing oncogenic ras with the drugs compactin or 
mevinolin (17, 57). These compounds block prenylation 
by inhibiting the enzyme HMG-CoA reductase, the rate- 
limiting enzyme in isoprenoid biosynthesis (see Section I1 
and Fig. 2), thus eliminating the prenyl diphosphate sub- 
strates of the protein prenyltransferases. In most cases ex- 
amined, the unprenylated proteins produced in these sys- 
tems associate only poorly, if at all, with cellular 
membranes, thus confirming the expected contribution of 
the hydrophobic prenyl group to the membrane targeting 
of these proteins (2, 3, 58, 59). Additionally, as noted in 
Section 11, the abolition of the transforming capacity of 
oncogenic ras proteins by blocking their ability to become 
prenylated has highlighted the importance of prenylation 
in the biological activity of this family of proteins. 

A potentially important property of the nonprocessed 
ras mutants is that, although they are unable to induce 
cellular transformation, they can apparently inhibit this 
activity of processed, membrane-associated, oncogenic 
ras proteins (60). This implies that some of the activities 
of the nonprocessed oncogenic mutants are conserved 
(e.g., binding to regulatory and/or effector molecules of 
ras proteins). Since the nonprocessed normal ras proteins 
apparently do not exhibit the inhibitory property of the 
nonprocessed mutant proteins, specific inhibition of ras 
function in tumor cells containing an activated rus on- 

cogene by suppression of PFT activity may be a viable ap- 
proach to chemotherapy of these tumors (33). 

As noted in Section IV, yeast genetics is also proving 
quite useful for analyzing the role of prenylation in the 
biological activities of modified proteins. The approaches 
have included both disruption of the protein prenyltrans- 
ferase genes, resulting in elimination of the ability of the 
organism to perform that particular modification, and 
mutagenesis of the prenylation site of specific prenylated 
proteins, similar to that described above for studies in 
mammalian cells. These studies have provided informa- 
tion on the involvement of prenylated proteins in the mat- 
ing activity of 5’. cereuisiue, both at the level of the activity 
of the mating factor peptides and in the G protein- 
dependent signalling pathways involved in this process 
(61), and also in the secretory pathway of this organism 
(56, 61). One somewhat surprising result of these studies 
was that yeast completely lacking the RAM1 gene 
product, which comprises a subunit of this organisms’ 
PFT, are still viable even though preventing the farnesyla- 
tion of the ras protein in this organism (by COOH-terminal 
truncation or Cys-to-Ser mutation) abolished growth 
(62). A possible explanation is that, in the ruml- mutants, 
enough of the normally farnesylated proteins can become 
modified by the organisms’ PGGT to ensure survival. In 
support of this hypothesis, the PGGT enzyme can be ob- 
served under certain conditions (e.g., high protein sub- 
strate) to prenylate proteins normally modified by the 
PFT (21). Disruption of the RAM2 gene in yeast, though, 
abolishes the activities of both the PFT and PGGT (see 
Section IV), and is lethal (50). 

Results from direct biochemical analysis of the func- 
tional effects of isoprenoid addition to proteins are still 
sparse. However, the rapid progress in identifying the cel- 
lular machinery involved in the modifications (e.g., isola- 
tion of protein prenyltransferases) is allowing develop- 
ment of in vitro methods to expand these studies (see 
below). Still, some data are currently available in this 
regard. Competition studies using peptides corresponding 
to the COOH-terminus of the GTP-binding protein 
raplA have indicated that prenylation is required for the 
interaction of raplA with a specific protein that stimulates 
GDP dissociation from this GTP-binding protein (63). A 
similar approach to the analysis of the influence of pre- 
nylation and COOH-methylation on the properties of the 
small G protein rab3A indicates that the isoprenoid, but 
not the methyl group, is essential for this protein’s interac- 
tion with an inhibitory exchange protein (64). Addition- 
ally, prenylation of the y subunit of the retinal GTP- 
binding protein, transducin, has been reported to be re- 
quired for efficient signal transduction by this protein, 
although in this case it was not completely clear that the 
effects observed were due solely to prenylation-dependent 
processing of the protein (65). 
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VI. FUTURE DIRECTIONS 

Many questions remain to be addressed both on the 
molecular mechanisms of protein prenylation and the 
functional properties bestowed on proteins by isoprenoid 
addition (and, where applicable, the subsequent process- 
ing steps of proteolysis and methylation). Much of the 
current effort is centered on analysis of the protein prenyl- 
transferases since these enzymes, in particular the PFT, 
are logical targets for pharmacological intervention 
strategies designed to suppress prenyl protein (Le., onco- 
genic ras) activity. A key goal here will be to develop 
subtype-specific inhibitors, particularly cell-permeable 
forms. Invaluable in the design of such inhibitors will be 
the acquisition of more detailed mechanistic information 
on the various protein prenyltransferases (see Section IV). 
Expression of cDNAs encoding these enzymes should 
provide systems to produce sufficient amounts of protein 
for both detailed biochemical analysis as well as the de- 
velopment of model systems for examining more detailed 
biological questions. Obtaining structural information, 
particularly on the active sites of these enzymes, will be 
especially useful in the mechanistic studies. The role of 
Zn*+ that apparently occupies a high affinity site in these 
enzymes will also be important to define. Much insight 
into this problem will probably come from intensively 
studied Zn-metalloenzymes such as carboxypeptidase A, 
where decades of effort have yielded a wealth of informa- 
tion on the role of zinc in enzyme catalysis (66). 

The contribution of the isoprenoid to the activities of 
prenylated proteins should also be a fruitful area of inves- 
tigation. In particular, the extent to which the attached 
lipid affects protein-protein as well as protein-membrane 
interactions needs to be further defined for these modified 
proteins. The types of competition studies utilizing pre- 
nylated peptides described in Section V are proving useful 
in this regard. Additionally, the ability to produce un- 
modified proteins by bacterial expression of cDNAs and 
then modify them in vitro using the purified protein pre- 
nyltransferases will allow direct examination of the 
properties conferred on proteins by these modifications. 

Another important question that remains to be ad- 
dressed is the presumed role that prenylation plays in tar- 
geting modified proteins to specific cellular membranes. 
Some prenylated proteins such as ras and the heterotri- 
meric GTFbinding proteins are specifically localized to 
the plasma membrane, while others such as the rab/YPTl 
proteins are directed to specific intracellular membranes. 
Since only two isoprenoid modifications, farnesyl and ger- 
anylgeranyl, have been found on these proteins, there 
must be additional determinants inherent in the protein 
that also contribute to specific membrane localization. At 
least two possibilities for specific targeting can be en- 
visaged. In the first, specific receptors would be found on 
target membranes that would recognize not only the iso- 

prenoid modification of their specific protein ligand but 
also some other, more unique, region of the protein. Such 
a targeting pathway has been proposed to function in the 
localization of a fatty acylated protein, myristoyl-src, to 
the plasma membrane of cells (67). The second possibility 
is that prenylated proteins are recognized by specific solu- 
ble “chaperone” proteins, and it is this complex that is 
directed to a specific membrane. Here again, the target 
membrane must contain a component that specifically 
recognizes the complex, although not necessarily the 
prenyl protein itself. A related problem here is how to 
achieve reversible association of prenylated proteins with 
membranes, as the lipid modification is thought to 
strongly promote interaction of the protein with the mem- 
brane once the modified protein gets there. At least in the 
case of some of the rab/YPTl proteins, a reversible associ- 
ation with membranes has been detected and is thought 
to play a crucial role in membrane trafficking pathways 
(25). To date there is no evidence that prenylation is rever- 
sible; pulse-chase studies have indicated that the co- 
valently attached isoprenoids are stable modifications of 
proteins (16). Thus, some other mechanism needs to be 
invoked. One possibility is that of phosphorylation near 
the site of the prenylated cysteine residue, as studies on 
prenylated small G proteins have shown that this process 
can result in a decreased association of the protein with 
both membranes and phospholipid vesicles (68, 69). Addi- 
tionally, the binding of the small G protein known as smg 
p25A/rab3A to membranes can be reduced by interaction 
with an identified inhibitory protein (26), so protein-pro- 
tein interactions may important in this process also. 

Similar questions concerning the additional modifica- 
tions of COOH-terminal proteolysis and methylation that 
occur on many proteins after isoprenoid attachment are 
also important to address. These modifications probably 
contribute significantly to the biological activity of 
prenylated proteins. As prenylation precedes these modi- 
fications, they have been more difficult to approach ex- 
perimentally. However, the ability to produce specific 
prenylated proteins and peptides is now providing the re- 
agents necessary for more detailed studies of these closely 
linked modifications. Enzymatic activities for both of 
these steps have been identified in cell extracts, but 
neither has been isolated. Two intriguing points have 
come from these studies. The first is that both processing 
steps apparently occur in the microsomal membrane frac- 
tion (70-73), as opposed to in the cytosolic fraction for 
prenylation, and the second is that specificity and genetic 
studies on the methyltransferase suggest there is a single 
enzyme for modification of both farnesylated and geranyl- 
geranylated proteins (74, 75). If this is the case, and the 
same holds for the protease, it would suggest that both 
classes of prenylated proteins traffic through the same 
membrane compartment in the cell on the way to their 
final destination. Thus, targeting of fully processed 
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prenylated proteins may be a problem of vesicular 
trafficking rather than the trafficking of a single polypep- 
tide or  a protein complex. It is possible that the trafficking 
of this class of lipid-modified proteins is much more like 
the classical Golgi-endoplasmic reticulum trafficking of 
membrane proteins than previously thought. Unraveling 
these pathways and the molecular details of protein pre- 
nylation should provide new insight into both protein- 
membrane association and the regulation of the activities 
of many crucial proteins involved in cellular signalling 
pathways. I 
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