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PERSPECTIVES

G-proteins are a large, ubiquitous group of proteins in which the binding and
hydrolysis of GTP play an integral role in the control of their function. This
group of proteins comprises the heterotrimeric G-proteins, which have been
well characterized and shown to transduce extracellular signals into intracel-
lular responses, and the monomeric (small) G-proteins, whose functions are
less well defined but are thought to regulate intracellular signaling pathways.
Together, these two superfamilies of G-proteins regulate nearly every cellular
activity.

Although each G-protein bears distinctive structural features, which define
its role in a specific signal transduction pathway, there is a high degree of
homology between members of each superfamily of G-proteins, as well as
regions of high homology between the small G-proteins and the heterotrimeric
G-proteins. In addition, many members of the G-protein superfamilies are
substrates for a large number of covalent modifications. Among these are
nearly every covalent modification known (with the exception of glycosyla-
tion), including ADP-ribosylation, prenylation, acylation, and phosphoryla-
tion. Each of these modifications is critical in controlling the proper interaction
of the G-protein with other proteins, as well as with the appropriate membrane
compartments. This review will briefly discuss the enzymology and structure
of each of these covalent modifications, with an emphasis on their functional
significance as they pertain to G-proteins and the potential for pharmacological
intervention.
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BACKGROUND

Heterotrimeric G-Proteins

In 1971, Rodbell et al discovered that guanine nucleotides were required for
the regulation of receptor-mediated signal transduction (1). This finding
ultimately led to the discovery of a family of GTP-binding proteins, now
known as G-proteins, which share the function of transducing extracellular
stimuli into intracellular responses, usually in the form of a change in
concentration of a second messenger molecule. These G-proteins are all
heterotrimers consisting of «, 8, and vy subunits, of molecular mass 36-52,
35-36, and 6-8 kDa, respectively. To date, molecular cloning techniques have
identified in mammalian tissues more than 17 different o subunits, 4 B
subunits, and 4 + subunits, with partial protein sequencing providing evidence
for a total of at least 8 different y polypeptides (2). Homologs of G-protein
o, B, and vy subunits have also been identified in yeasts, Drosophila
melanogaster, Caenorhabditis elegans, and the slime mold Dictyostelium
discoideum (2). The classification, properties, and function of these different
subunits are the subjects of many recent publications (2) and will not be
presented in detail here. In summary, the o subunits possess the GTP-binding
and hydrolyzing activities and, in most systems, interact with receptor and
effector proteins as well. The B and vy subunits form a By complex, which is
not dissociable under nondenaturing conditions. The major function of the By
complex appears to be the formation of the holoenzyme, which constitutes
the inactivated state of the protein. More recently, however, the By complex
has also been implicated as a carrier of intracellular signals such as activation
of phospholipase A; (3-6), adenylate cyclase (6a, 6b), and the mating response
in yeast (7). Although the different G-proteins have traditionally been defined
by their o subunits, the recent discoveries of greater numbers of 3 and vy
subunits complicate this picture.

Signal transduction processes known to be mediated by G-proteins include
the hormone- and neurotransmitter-mediated re gulation of adenylate cyclase,
phosphoinositide metabolism, and ion channels, as well as the sensory systems
of vision, olfaction, and taste. The molecular mechanism of G-protein-medi-
ated signal transduction has been elucidated simultaneously in two systems—
the hormone-stimulated increase in adenylate cyclase activity and the
light-stimulated phototransduction cascade. A number of excellent reviews on
the mechanism of G-protein-mediated signal transduction have been published
(8-10); hence, only a brief introduction to their mechanism will be given here.
A schematic representation of the general mechanism undetlying signal
transduction by heterotrimeric G-proteins is shown in Figure 1A, with a listing
of the well-established signal transduction pathways and the subfamilies
involved. In the resting state of the cell, association of the GDP-bound
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Figure ]l General mechanisms of G-protein-mediated signal transduction. (A) Receptor-activated
signal transduction of heterotrimeric G-proteins. Activated receptor (R*) catalyzes the exchange
of bound GDP for GTP on G-protein, which in turn interacts with an effector protein to produce
an intracellular signal. The activated state of G-protein is terminated by an intrinsic GTPase
activity. Several well-characterized G-protein-mediated signal transduction systems are listed,
with the relevant G-protein. (8) Known components of small G-protein-mediated signal
transduction. A signal is presumed to drive the small G-protein to its activated, GTP-bound state,
a process that may be facilitated by GEPs. After or during completion of the signaling task, the
intrinsic GTPase activity of the small G-protein, enhanced by a GAP, returns the protein to its
inactive state. Several of the systems in which small G-proteins have been implicated, with the
groups involved, are listed.

holoenzyme with the receptor protein results in a high-affinity state of the
receptor for its ligand. On binding of a ligand, the receptor activates the
G-protein, causing it to exchange its bound GDP for GTP. The binding of
GTP changes the conformation of the a subunit, resulting in a release of the
By complex. The a subunit then activates or inactivates effector enzymes
directly, as in the case of adenylate cyclase, or removes an inhibitory
constraint, as in activation of the cyclic GMP (¢cGMP) phosphodiesterase in
the visual phototransduction cascade. The activated o subunit is subsequently
turned off by its intrinsic GTPase activity, allowing reassociation with the By
complex.

An important hallmark of G-protein-mediated signal transduction is ampli-
fication of the primary signal. For most systems, this is achieved in two stages:
the first is the activation of 10 to several hundred G-proteins by a single
ligand-bound receptor, and the second is the turmover of thousands of
second-messenger molecules by each activated effector enzyme. In this way
the signal carried by a single ligand molecule may be amplified more than
10°-fold, as exemplified by the phototransduction cascade of the visual system,
capable of detecting a single photon.
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Small G-Proteins

For many years, the ras oncogene has been known to encode a 2 1-kDa protein
that specifically binds and hydrolyzes GTP (11). The designation of the ras
gene product as a G-protein, and subsequently as the prototypical small
G-protein, was made with the discovery that it possessed regions of homology
to the a and <y subunits of the heterotrimeric G-proteins (12). On the basis of
their sequence homology with heterotrimeric G-proteins, it was postulated
that the ras proteins were also involved in signal transduction processes. This
discovery precipitated an intense search for other ras-like proteins. Within the
past several years, a large number of proteins similar in size and with various
degrees of homology to the ras proteins have been identified (13—15). As with
the heterotrimeric G-proteins, many of these genes or gene products have been
found in Dictyostelium discoideum, yeast, and Drosophila melanogaster, as
well as in most mammalian tissues. They are separated into groups on the
basis of the methods by which they were purified or their cDNAs cloned; the
major groups are ras, rab/smg p25, rac, ral, rap/smg p2l, rho,
G25K/CDC42Hs, and ADP-ribosylation factor (ARF). The multiple names
by which some groups are known arise from their independent discoveries in
different laboratories. These groups can further be classified into four major
families on the basis of amino acid homologies. These are the ras (including
rap and ral), rho (including rac and G25K/CDC42Hs), rab, and ARF families
(13).

The regions of highest homology within the superfamily of small G-proteins
occur in four noncontiguous regions that form the GTP-binding and hydrolysis
domains (15). An additional common structural feature is the presence of a
cysteine residue at or near the carboxy! terminus of nearly all small G-proteins,
which is an important site for posttranslational modification. Members of the
ras and rho families possess -Cys-Xaa-Xaa-Xaa carboxyl termini, whereas
those of the rab family possess carboxyl termini ending in cither a -Cys-Xaa-
Cys or -Cys-Cys motif. As will be discussed in detail later in this review, the
cysteine residues in all three of these motifs are important sites for prenylation.
Thus far, members of the ARF family constitute the only small G-proteins
that lack the consensus carboxyl-terminal cysteine. These proteins, which
were first discovered by their ability to stimulate ADP-ribosylation of the
heterotrimeric G-proteins by cholera toxin (hence the name A DP-ribosylation
factor) (16, 17), do not undergo most of the covalent modifications common
to the other small G-proteins and will not be discussed in further detail.

Although little is known regarding the exact function of most small
G-proteins, nearly all appear to be involved in intracellular signal transduction
pathways, such as the regulation of cell growth and differentiation, vesicular
transport, and cytoskeletal organization (18, 19). Because of this and because
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of their resemblance to the heterotrimeric G-proteins, they have been
postulated to interact with specific “receptor” and “effector” proteins (18). As
is the case with the heterotrimeric G-proteins, these interactions are regulated
by the GTP-bound “active” state and GDP-bound “inactive” state of the small
G-protein. The known components of the GTP-mediated activation-deactiva-
tion cycle common to all small G-proteins are compared with those of the
heterotrimeric G-proteins in Figure 1B. As shown in this figure, a number of
proteins interacting with the small G-proteins have also been described,
although their designation as receptor or effector proteins remains elusive.
The first of these proteins to be discovcred was a GTPase-activating protein
(GAP), which stimulates the relatively low GTPase activity of proto-oncogenic
ras over 200-fold (20). Because the site of interaction of ras with GAP has
been localized to its “effector” binding domain, GAP is presumed to be the
downstream effector of ras (21-23). GAPs have subsequently been identified
for rab3A/smg p25A (24), rap/smg p21 (25-29), rho (30), and
G25K/CDC42Hs (31), ranging in size from ~25 to ~110 kDa. Each GAP
appears to be unique and specific for each family of small G-proteins.

In addition to GAPs, the interaction of small G-proteins with other groups
of proteins, collectively known as GDP-GTP exchange proteins (GEPs), is
well established. These consist of GDP dissociation inhibitors (GDIs) and
GDP dissociation stimulators (GDSs), which stoichiometrically interact with
the GDP-bound form of the small G-protein and regulate the release of bound
GDP and hence the rate of interconversion between their inactive and active
states. Thus far, GDIs interacting with rab3/smg p25 (32), rho (33, 34), and
an as yet unclassified small G-protein called 24K G (35) have been identified,
and GDSs which act on ras (36-39) and rap/smg p21 (40) have also been
shown. In contrast to GAPs, GDIs and GDSs are not totally specific and
appear to be capable of regulating multiple small G-proteins from different
families. Whether this characteristic is physiologically relevant, however,
remains to be seen.

Covalent Modifications

It is well known that the proper function ef many proteins relies on the covalent
addition of a variety of molecular entities to their polypeptide chains. These
may be as simple as an additional phosphate group or as large and complex
as glycophospholipid moieties. G-proteins, both heterotrimeric and small,
appear to be unique in possessing a large number of these modifications,
which include ADP-ribosylation, prenylation, acylation, and phosphorylation.

Since this review centers on these modifications as they pertain to members
of both classes of G-proteins, with particular regard to their function and
potential as sites for pharmacological intervention, a general introduction to
their chemistry would be prudent. These covalent modifications are illustrated
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Figure 2 Schematic depiction of covalent modifications known to affect G-proteins. (A)
ADP-ribosylation of arginine, cysteine, and asparagine by cholera, pertussis, and botulinum
toxins, respectively. (B) Prenylation and a-carboxyl methylation of proteins with
-Cys-Xaa-Xaa-Xaa, -Cys-Xaa-Cys, and -Cys-Cys motifs. Question marks indicate potential sites
not yet conclusively shown to be modified. (C) Acylation processes relevant to G-proteins,
including N-myristoylation and thioester-linked palmitoylation. (D) Phosphorylation of serine,
threonine, and tyrosine residues, respectively.
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generically in Figure 2. ADP-ribosylation involves the transfer of an ADP-ri-
bose moiety from NAD™ to an acceptor residue, either arginine, cysteine, or
asparagine, resulting in formation of the ADP-ribosylated protein and nico-
tinamide. This mono(ADP-ribosyl)ation is distinct from poly(ADP-
ribosyl)ation in structure, substrates, chemistry, and subcellular localization;
henceforth, “ADP-ribosylation” will refer only to the former. Prenylation
involves the transfer of an isoprenoid moiety from its corresponding pyro-
phosphate precursor to a cysteine near the carboxyl terminus in a thioether
linkage, followed in some cases by proteolysis of three terminal residues to
yield a carboxyl-terminal prenyl cysteine and methyl esterification of the
newly exposed a-carboxyl group. Acylation is a more general process and
includes the attachment of a variety of acyl groups in several possible linkages.
The two acylation reactions prominent in the modifications of G-proteins,
N-myristoylation and thioester-linked palmitoylation, are outlined in Figure
2. Both processes involve the transfer of the acyl moiety from their coenzyme
A (CoA)-activated precursors. In N-myristoylation, a specific signal sequence
directs an N-myristoyltransferase to attach a myristate group to an amino-ter-
minal glycine in an amide linkage, a process that appears to be cotranslational
and irreversible. In contrast, thioester-linked palmitoylation occurs on candi-
date cysteine residues and is posttranslational; it is consequently capable of
turning over. No palmitoyltransferases have yet been purified or cloned, and
palmitoylation appears at least in some cases to be nonenzymatic (41).
Phosphorylation is a common regulatory modification, which has been
described many times in great detail (42, 43). In the ensuing sections, we
will discuss each of these modifications in detail as they pertain to G-proteins
and then conclude with a discussion of possible pharmaceutical interventions
based on these modifications.

ADP-RIBOSYLATION OF G-PROTEINS

Of the many posttransiational modifications that G-proteins undergo, ADP-
ribosylation was the first modification to be identified and is the best
characterized thus far. In a strict sense, ADP-ribosylation of G-proteins may
not be considered a posttranslational modification, since the available evidence
suggests that G-proteins are not ADP-ribosylated under normal physiological
conditions. In this modification, the ADP-ribose moiety of NAD is transferred
to the GTP-binding o subunit (Figure 2). Although the first and best-known
ADP-ribosyltransferases are toxins produced by several strains of bacteria, the
corresponding endogenous enzymes have now been described. Each toxin
appears to ADP-ribosylate only a specific family of G-proteins. Cholera and
pertussis toxins, from the bacteria Vibrio cholerae and Bordetella pertussis,
respectively, catalyze the transfer of ADP-ribose from NAD to the a subunits
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of heterotrimeric G-proteins. Most recently, toxins from certain Clostridium
botulinum strains have been reported to catalyze ADP-ribosylation of certain
groups of small G-proteins. Although the ADP-ribosylation of G-proteins by
these bacterial toxins is well known to result in serious and potentially fatal
clinical manifestations, the physiological relevance of ADP-ribosylation by
these endogenous enzymes is not well understood.

Cholera Toxin-Mediated ADP-Ribosylation of Heterotrimeric
G-Proteins

Cholera is a highly contagious disease caused by the bacterium V. cholerae.
The primary manifestation of the disease is massive diarrhea, which can result
in death by dehydration if the fluid loss is not treated. This activity was shown
at the cellular level to be the result of continuous transport of water and
consequent loss of electrolytes from the basal to apical surfaces of the intestinal
epithelium. The intracellular activity was subsequently identified as a highly
elevated adenylate cyclase activity. These effects were shown to be dependent
on the presence of the A subunit of cholera toxin, NAD+, cellular cytosolic
factors, and ATP (44). By analogy to diphtheria toxin, this effect was assumed
to inwlve ADP-ribosylation.

Cassel & Selinger (45) were the first to identify the regulatory component
of adenylate cyclase, later known as the stimulatory G-protein, Gs, as the
substrate for ADP-ribosylation. They showed that the activation of adenylate
cyclase in turkey erythrocyte membranes by cholera toxin appeared to mimic
the increases observed in the presence of the nonhydrolyzable GTP analog,
Gpp(NH)p, and correctly deduced that the action of cholera toxin was
inhibition of the intrinsic GTPase activity of Gs. Subsequently, labeling with
radiolabeled NAD" confimrmed that the a subunit of Gs is the substrate for
cholera toxin-mediated ADP-ribosylation (46-48). Maximal toxin activity is
observed when the toxin is pretreated with dithiothreitol and/or sodium
dodecyl sulfate and cytosol is present. The former effect is due to release of
the active A subunit of the toxin, and the latter is due to the presence of
ADP-ribosylation factor (16). Interestingly, ADP-ribosylation appears to be
reversible in the presence of the toxin and high concentrations of nicotinamide
(46). The reversibility of ADP-ribosylation will be discussed below.

Parallel studies were also performed on the retinal G-protein transducin
(49). The ADP-ribosylation of the o subunit of transducin was found to occur
only in the presence of photolyzed rhodopsin and was stimulated by the
presence of Gpp(NH)p and a stoichiometric amount of 3y complex (50). The
GTPase activity of transducin was found to decrease at a rate and to an extent
that closely paralled its ADP-ribosylation. The site of ADP-ribose incorpora-
tion on wansducin catalyzed by cholera toxin has been determined to be
Argl74, which corresponds to Argl187/188 of Gs (51).
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The physiological significance of ADP-ribosylation reactions is supported
by the identification of enzymes that are capable of the cyclical addition and
removal of an ADP-ribose moiety, as well as ADP-ribosylation factors that
enhance the rate of the transfer reaction. Arginine-specific ADP-
ribosyltransferase activity has been detected in a number of eukaryotic tissues
(52). In contrast to the bacterial toxins, these enzymes appear to consist of a
single subunit and exist in both cytosolic and integral membrane forms.
Enzymes that specifically catalyze the hydrolytic removal of ADP-ribose from
ADP-ribosylated arginine residues have been identified in many animal species
and tissues (53). Together with reports of the identification of NAD:arginine
ADP-ribosyltransferase activities in eukaryotic cells, these results suggest that
ADP-ribosylation may be a reversible, physiological event (54). Thus far,
however, the identification of endogenously ADP-ribosylated G-proteins has
not been reported.

Pertussis Toxin-Mediated ADP-Ribosylation of Heterotrimeric
G-Proteins

ADP-ribosylation by pertussis toxin differs from that by cholera toxin in both
substrate and effect. As with cholera toxin—mediated ADP-ribosylation,
pertussis toxin—mediated ADP-ribosylation affects a distinct subset of G-pro-
tein o subunits. Whereas Gs is the substrate for cholera toxin, the cellular
target for pertussis toxin is the inhibitory G-protein, G;.

Pertussis toxin actually consists of a mixturc of toxins sccreted by the
bacterium B. pertussis. The clinical manifestation of infection by this
bacterium is whooping cough (55). At the cellular level, one effect of
injections of pertussis toxin into animals is a potentiated insulin secretion in
response to elevated levels of glucose in the blood, also seen as an attenuation
of epinephrine-induced hyperglycemia (56). The factor responsible for this
biological effect was purified and identified as islet-activating protein (IAP)
owing to its effect of preventing a reduction of insulin secretion by the
pancreatic islet cells despite hypoglycemia (57). The investigation of IAP
effects on a number of cell lines suggested that IAP blocked the hormone- or
neurotransmitter-mediated inhibition of adenylate cyclase activity (58). Like
cholera toxin, the effect of IAP was shown to be dependent on the presence
of ATP and NAD. The use of radiolabeled NAD" identified the o subunit of
G;i as the substrate for ADP-ribosylation by pertussis toxin (58, 59). Later
studies also showed that the 39-kDa « subunit of the G-protein Go, as well
as the o subunit of transducin, is a substrate for pertussis toxin-catalyzed
ADP-ribosylation (60-64).

In contrast to the ADP-ribosylation of Gs o by cholera toxin, the
ADP-ribosylation of G-proteins by pertussis toxin is most efficient in the apy
heterotrimeric form (52). Subsequent studies demonstrated that ADP-ribosyla-
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tion blocks the interaction of the a subunits of the inhibitory G-proteins with
their receptors, thereby preventing the receptor-mediated exchange of GDP
for GTP (65, 66). As a result, the inhibition of adenylate cyclase is released,
leading to an elevation in the cellular concentration of cAMP. In the case of
transducin, the site of pertussis toxin ADP-ribosylation has been shown to be
a cysteine residue at the fourth position from the carboxyl terminus (67).
Interestingly, in the <y subunit of the heterotrimeric G-proteins and in a number
of other proteins, a cysteine residue in this position is modified by prenylation
(68—71). Mutation of the a subunit of Gs to mimic the C terminus of the «
subunit of Gi, by introduction of a candidate pertussis toxin ADP-ribosylation
site, did not result in modification (72, 73). This suggests that the recognition
site for pertussis toxin re sides outside the region altered or thatthe cooperative
interaction of the « subunit of G; with other specific protein components is
required for ADP-ribosylation.

Similarly to the discovery of NAD:arginine ADP-ribosyltransferases in
eukaryotic tissues, an NAD :cysteine ADP-ribosyltransferase activity has been
detected and purified from human erythrocytes (74, 75). Incubation of the
purified ADP-ribosyltransferase with inside-out erythrocyte membranes and
[**P]NAD labeled a 41-kDa polypeptide that migrated at the same position as
pertussis toxin-modified o subunit of Gi (76). This result suggested that this
subunit is the physiological ADP-ribosylation substrate for this enzyme,
although it is not known whether this modification occurs in intact cells.

Since the pertussis toxin-catalyzed ADP-ribosylation of heterotrimeric
G-proteins effectively inactivates the modified protein, this process has played
a significant role in identifying the involvement of Gi- and G-like proteins
in various cellular processes. As mentioned previously, the initial discovery
that a 41-kDa polypeptide was ADP-ribosylated by pertussis toxin led to the
first identification of Gi. Since then, treatment of intact cells or membranes
with pertussis toxin followed by assays for specific cellular events has been a
test for the involvement of G-protein-mediated pathways (52).

Botulinum Toxin ADP-Ribosylation of Small G-Proteins

Botulinum toxins are potent neurotoxins that act at presynaptic nerve terminals
by inhibiting release of neurotransmitters (77, 78). This inhibition of
neurotransmitter release was shown not to be due to alteration of Ca®* influx
and was surmised to be the result of an ADP-ribosylation reaction based on
the similarity of the botulinum toxins to other ADP-ribosylating bacterial
toxins (79, 80). The first molecular studies of botulinum toxin involved the
addition of purified type Cl or D toxin to various cultured cells and tissue
homogenates, resulting in the ADP-ribosylation of 21-26-kDa proteins
(81-84). The observed ADP-ribosylation was stimulated by guanine nucleo-
tides, suggesting that the predominant substrates were small G-proteins. At
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the same time, other studies reported the ADP-ribosylation of 21-24-kDa
proteins by C3 botulinum toxin (85). ADP-ribosylation by C3 toxin was also
stimulated by guanine nucleotides and Mg2+ , suggesting that the substrates
were GTP-binding proteins. Although the ADP-ribosylation of proteins
putatively involved in secretion and the inhibition of exocytosis appear to be
related events, studies have demonstrated that the two toxin activities are
distinct (86-88). Botulinum toxin D appears to inhibit secretion but possesses
no ADP-ribosyltransferase activity, whereas botulinum toxin C3 appears to
have the opposite effects (86). It is now clear that the toxin responsible for
ADP-ribosylation of members of the class of small G-proteins is the C.
botulinum exoenzyme C3 and not type Cl or D (89). The ADP-
ribosyltransferase activities previously associated with the C1 and D toxins
were most probably the result of contamination by C3 toxin. The gene for
the C. botulinum C3 ADP-ribosyltransferase has recently been cloned and
sequenced and has been verified to be the active ribosylating component of
the various toxin preparations (90). Evidence exists, however, for the presence
of a similar but distinct ADP-ribosyltransferase activity in C1 toxin (88). More
recently, epidermal cell differentiation inhibitor, an exoenzyme produced by
Staphylococcus aureus with 35% amino acid sequence homology to C3 toxin,
has also been demonstrated to exhibit ADP-ribosyltransferase activity on small
G-protein substrates (90a).

Concurrent with the discoveries of the 21-26-kDa botulinum toxin sub-
strates, the identification of a number of low-molecular-mass GTP-binding
proteins in the range of 20-30 kDa were reported. In particular, two proteins
of ~22 and ~25 kDa from various tissues were observed to be substrates for
C3 toxin-mediated ADP-ribosylation and were subsequently identified as
products of the rho and rac gene families (91-95). Other small G-proteins,
including c-H ras and ARE do not appear to be ADP-ribosylated (92). The
rho gene product was subsequently shown to be ADP-ribosylated on an
asparagine residue, corresponding to Asn4l of the Aplysia rho sequence (96).
The stability of the modification to neutral hydroxylamine treatment suggested
an N-glycosidic bond. Comparison with the structure of the ras protein
indicates that this residue is in the GAP interaction domain. Although the
botulinum toxin—mediated ADP-ribosylation of small G-proteins has been
shown to be stimulated by binding of guanine nucleotides, ADP-ribosylation
does not appear to have an effect on intrinsic GTPase activity or on GTPyS
binding (92). However, it remains to be determined whether ADP-ribosylation
has an effect on GAP interaction.

As inthe case of the cholera and pertussis toxin-mediated ADP-ribosylation
of the large G-proteins, the modification of rho and rac proteins by botulinum
toxin opens the possibility of defining the functions of these proteins. Addition
of C3 toxin to the media of cultured cells, however, appears to have mixed
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effects. Chardin et al (94) reported the collapse of the actin microfilament
network in Vero cells on addition of purified C3 toxin, which suggested that
the rho protein plays a role in cytoskeletal assembly. Nishiki et al (97),
however, reported that addition of C3 toxin to PCI12 cells results in the
termination of cell growth and induces neurite outgrowth. More recently,
treatment of Vero cells with the S. awreus epidermal cell differentiation
inhibitor resulted in a redistribution of Golgi markers and morphological
changes consistent with the involvement of its small G-protein substrate in
vesicular trafficking (97a). In all of these experiments, however, the specific
ADP-ribosylation substrates were not defined, and the contrasting effects may
occur because of different small G-proteins are predominantly modified in
each of these cell lines.

As in the case of cholera toxin—mediated ADP-ribosylation of Gs, a factor
has been isolated from bovine brain cytosol which is a specific activator of
the botulinum toxin-mediated ADP-ribosylation of bovine brain cytosolic
proteins (98). This activator appears to be specific for botulinum toxin
ADP-ribosylation and does not enhance the cholera toxin-mediated ADP-
ribosylation of Gs. Also of interest is the identification of a mammalian
enzyme with properties similar to those of the bacterial C3 toxin, as reported
for the ADP-ribosylation of heterotrimeric G-proteins (99). The existence of
specific activators and enzymes again suggests a physiological role for
ADP-ribosylation of small G-proteins. However, both membrane-bound and
cytosolic substrates were found to be stoichiometrically modified by the C3
toxin, suggesting that these proteins are not normally ADP-ribosylated.

PRENYLATION OF G-PROTEINS

Protein prenylation is a very recently discovered posttranslational modifica-
tion. The covalent addition of a prenyl moiety to a polypeptide was first
described for the yeast mating factors (100-103). These short polypeptides,
which mediate the mating response between opposite cell types in yeast, were
found to contain a unique farnesylcysteine residue at their carboxyl termini.
Schmidt et al (104) presented the first evidence that proteins in mammalian
cells are also modified by derivatives of mevalonic acid. On the basis of the
different fates of mevalonic acid radiolabeled at various positions, the
modifying group was deduced to be an isoprenoid. Since then, several methods
have been developed for the identification of prenyl groups on modified
proteins. One of the most rigorous methods involves chemical cleavage of the
modifying prenyl group with Raney nickel, which releases thioether-linked
lipids, followed by gas chromatography-coupled mass spectrometry (GC-MS).
The advantage of GC-MS analysis is that definitive identification of the prenyl
group, as well as its sterochemical configuration, can be determined.
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Farnsworth et al (105) and Rilling et al (106) used GC-MS to analyze the
total prenylated proteins in HeLa and CHO cells and demonstrated that the
predominant prenyl modification in mammalian cells is not the farnesyl group
but the 20-carbon geranylgeranyl group. The stereochemistry of both types
of prenyl groups was determined to be all-zrans. A similar method that has
been used to analyze prenylated proteins employs methyl iodide cleavage of
the prenyl group followed by high-performance liquid chromatography
(HPLC) for identification of the released isoprenoid (107). This method,
however, does not allow the rigorous assignment of the stereochemistry of the
modifying prenyl group. Although both GC-MS and HPLC analyses provide
definitive identification of the structure of the modifying isoprenoid, these
methods do not reveal the amino acid to which the prenyl group is attached
nor its location within the polypeptide. To alleviate these shortcomings,
GC-MS identification has been coupled with proteolytic digestion of the
prenylated polypeptide to its constituent amino acids followed by reversed-
phase HPLC separation of the digest and comparison with authentic standards
(108). Such a method can be used to confirm the modification of a cysteine
residue and, under carefully controlled conditions, the presencc of an
a-carboxyl methyl ester.

Prenylation differs from ADP-ribosylation in affecting a very diverse groups
of proteins. Among these are yeast mating factor peptides, nuclear lamins,
and -y subunits of heterotrimeric G-proteins, nearly all small G-proteins, and
certain G-protein-related enzymes such as the retinal cGMP phosphodiesterase
and rhodopsin kinase (109). Despite the apparent diversity in the structures
and functions of these proteins, all share the common characteristic of
possessing a cysteine residue at their carboxyl termini in a -Cys-Xaa-Xaa-Xaa,
-Cys-Cys, or -Cys-Xaa-Cys motif. However, it is important to note that not
all proteins bearing this distinctive carboxyl-terminal sequence are modified
by prenylation. Most notably, the a subunits of the heterotrimeric G-proteins
G;i, Go, and transducin terminate in this motif but are not prenylated (110).
Significantly, this cysteine residue is the site of ADP-ribosylation in these
proteins (67).

In the next section, the prenylation of large and small G-proteins possessing
a -Cys-Xaa-Xaa-Xaa motif will be discusscd jointly because of the similarity
of the respective mechanisms and putative functions, as well as the coincidence
of their discoveries. A subsequent section will deal exclusively with the
prenylation of -Cys-Cys and -Cys-Xaa-Cys motifs unique to members of the
superfamily of small G-proteins.

Prenylation of G-proteins with the -Cys-Xaa-Xaa-Xaa Motif

With respect to proteins terminating in a -Cys-Xaa-Xaa-Xaa motif, the term
“prenylation” is generally intended to encompass a closely coupled series of
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postiranslational modifications, involving attachment of an isoprenoid moiety
to the sulfhydryl group of a carboxyl terminal cysteine via a thioether linkage,
proteolytic removal of three residues downstream of the prenylated cysteine,
and methyl esterification of the newly exposed C-terminal cysteine residue
(109).

The first indication that G-proteins were modified similarly to the yeast
mating factors was the identification of thatthe RAM1 gene of Saccharomyces
cerevisiae was essential to the posttranslational modification of both the yeast
mating a factor and RAS, the yeast homolog of the mammalian ras protein
(111). Examination of both sequences revealed that the only similarity was a
-Cys-Xaa-Xaa-Xaa sequence at their carboxyl termini, suggesting that this
motif signaled the modification of both proteins by the RAM1 gene product.
This proposition was strengthened by the discovery that mammalian ras
proteins are substrates for an a-carboxyl methyl esterification not previously
demonstrated in mammalian proteins (112). These results led to the proposal
that a -Cys-Xaa-Xaa-Xaa carboxyl-terminal sequence serves as a general
signal for lipidation of the cysteine sulfhydryl group, proteolysis of the three
carboxyl-terminal amino acids, and methyl esterification of the resulting
carboxyl-terminal cysteine. Following these reports, Gutierrez et al (113)
demonstrated that between the newly synthesized and mature ras polypeptides
existed another species, of intermediate hydrophobicity and apparent molec-
ular size, which could be selectively partitioned into a detergent phase.
Hancock et al (114) subsequently identified this form as being modified by
polyisoprenylation on Cys186 and further showed that in H- and N-ras,
palmitoylation of an adjacent cysteine residue followed prenylation of Cys186.
These results demonstrated that the previous assignment of Cys186 as the site
of palmitoyl modification was incorrect (115, 116) and that the carboxyl
terminus of ras was indeed processed identically to that of the yeast mating
factors. The isoprenoid moiety on ras was subsequently identified as the
15-carbon farnesyl group (107). In yeast, the RAS2 protein is also modified
by farnesylation (117).

The next major discovery occurred when Yamane et al (68) and Mumby et
al (69) showed that the y subunits of G-proteins purified from bovine brain
and the neural cell line PC12, respectively, are modified by geranylgeranyla-
tion and carboxyl methylation on a C-terminal cysteine. These studies
represented the first identification of proteins modified by the 20-carbon
geranylgeranyl group. Geranylgeranylation of G-protein -y subunits was also
demonstrated by [*H]mevalonic acid labeling following expression in a rabbit
reticulocyte lysate system (118). Interestingly, the «y subunit of transducin was
found to be modified by a farnesyl moiety (70, 71). Subsequently, analysis
of purified G25K (119) and raplB (120), and of metabolically labeled rac,
ral, raplA, and rho during expression in rabbit reticulocyte lysates or
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transfected cells (121, 122), showed that all of these small G-proteins are
geranylgeranylated. The mechanisms and properties of each step in the
prenylation process will now be considered.

PRENYLATION Prenyl modification of proteins with -Cys-Xaa-Xaa-Xaa mo-
tifs is highly specific. For polypeptides with a given -Cys-Xaa-Xaa-Xaa
sequence, only one type of prenyl group has been found. The information
dictating this specificity has been shown unequivocally to reside in the
-Cys-Xaa-Xaa-Xaa sequence. Hancock et al (114) first demonstrated that the
-Cys-Xaa-Xaa-Xaa motif is sufficient for signaling prenylation by adding this
motif to a heterologous protein, protein A, and showing that a product of
mevalonic acid was incorporated. More conclusive evidence came from the
work of Reiss et al (123), who showed that tetrapeptides modeled after the
carboxyl terminus of ras were capable of inhibiting the in vitro farnesylation
of recombinant ras protein and could also serve as substrates for the protein
farnesyltransferase. The results of these studies indicated that nonpolar
aliphatic or aromatic residues in the first and second positions following the
cysteine were most cffective in inhibiting thc farnesylation of ras. The amino
acid at the carboxyl terminus was found to have the most influence on the
efficacy of the tetrapeptide. Methionine, phenylalanine, and serine were most
effective, whereas aliphatic residues at this position were least effective.
During this time, it was also becoming apparent that almost all
geranylgeranylated proteins possess primary sequences terminating in a
leucine residue. Studies with recombinant ras (124) and G25K/CDC42Hs
proteins (H. K. Yamane, R. A. Cerione, & B. K.-K. Fung, unpublished
results) with various amino acid substitutions at the carboxyl terminus
confirmed the importance of the carboxyl-terminal residue in dictating the
specificity of the two prenyl modifications. In summary, proteins terminating
in a -Cys-Xaa-Xaa-Xaa motif are farnesylated when a moderately polar
residue, such as serine, methionine, or glutamine, is present at the carboxyl
terminus and are geranylgeranylated when a large hydrophobic residue, such
as leucine, valine, isoleucine, or phenylalanine, is the carboxyl-terminal
residue. It should be noted, however, that nearly all proteins shown to be
geranylgeranylated thus far terminate in leucine.

Prenylation of -Cys-Xaa-Xaa-Xaa-encoded proteins is now known to be
catalyzed by at least two different protein prenyltransferases, a protein
farnesyltransferase (123, 125) and a protein geranylgeranyltransferase (124,
126--129a). The prenyl donors are farnesyl pyrophosphate and geranylgeranyl
pyrophosphate, respectively. The former is a direct intermediate in the
cholesterol biosynthetic pathway, and the latter appears to be a specific
substrate for protein prenylation, although it may also serve as a precursor for
the higher-molecular-weight dolichols. The specificity of the pre-
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nyltransferases appears to be absolute; rat brain farnesyltransferase does not
transfer geranylgeranyl groups to -Cys-Xaa-Xaa-Leu-terminating peptides,
and vice versa. The enzymes have a specific requirement for the divalent
cations Mg2+ and Zn>* (130). The former is required in millimolar concen-
trations and the latter in micromolar concentrations. In an elegant series of
experiments, Zn>" was shown to be required for binding of the protein or
peptide substrate to the B subunit, while Mg?* is required for transfer of the
farnesyl moiety (130).

Several protein prenyltransferases have now been purified from various
sources and demonstrated to have similar properties. The rat brain farnesyl-
transferase is composed of a 49-kDa o subunit and a 46-kDa 8 subunit. The
B subunit has been shown to contain the protein-binding site by chemical
cross-linking studies, whereas the a subunit is presumed to contain the prenyl
pyrophosphate—binding site (131). Transfection studies indicate that the
formation of the o heterodimer is an absolute requirement for stability and
activity (132). Although the geranylgeranyltransferase has not yet been
purified to homogeneity, available evidence suggests that it is also an af3
heterodimer with subunit functions very similar to those of the farnesyl-
transferase (129a). Moreover, both protein prenyltransferases appear to share
identical « subunits, as determined by cross-reactivity with monoclonal and
polyclonal antibodies against the purified farnesyltransferase o subunit (133).
The mechanism by which the two prenyltransferases share common a subunits
that bind different prenyl pyrophosphate precursors has yet to be determined.
It is possible that there is cooperativity between the binding sites, as in the
case of the myristoyl-CoA:protein N-myristoyltransferase; binding of the
“wrong”-chain-length acyl-CoA markedly reduces its affinity for peptide
substrates (134).

Genetic evidence has also pointed to the existence of both a farnesyl-
transferase and a geranylgeranyltransferase in the yeast S. cerevisiae. The
deduced amino acid sequence of the RAM1/DPR1 and RAM?2 gene products,
previously shown to be essential genes responsible for the maturation of both
a factor and RAS, are homologous to the B and « subunits of the rat brain
farnesyltransferase, respectively (111,124, 135-137). Protein geranylgeranyl-
transferase activity in S. cerevisiae is dependent on the CDC43/CALI gene,
suggesting that it encodes the B subunit of the geranylgeranyltransferase (124,
138). Furthermore, geranylgeranyltransferase activity is reduced in ram2
mutants, suggesting that RAM2 encodes a common subunit of both yeast
protein prenyltransferases (124, 138).

PROTEOLYSIS Of the three steps in the prenylation of substrate proteins, the
least well characterized thus far is the proteolytic removal of the three
carboxyl-terminal residues which occurs prior to a-carboxyl methyl esterifi-
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cation. Recently, several groups have reported the identification of pre-
nylcysteine proteolytic activity in yeast and mammalian system (139, 140).
Canine pancreatic microsomes have been known to catalyze the a-methyl
esterification of prenylated proteins expressed in rabbit reticulocyte lysates,
implying the presence of a protease activity (141, 142). The specificity of
this proteolytic activity, however, is not known. The characterization of
protease activity specific to prenylated proteins was described in the yeast S.
cerevisiae (139). Distinct membrane and cytosolic protease activities were
identified and shown to be distinct from carboxypeptidase Y. The cytosolic
protease was partially purified and shown to have a molecular mass of
~110-kDay; it cleaved the carboxyl-terminal residues of a farnesylated synthetic
yeast ras C-terminal peptide in rapid succession. Protease activity apparently
specific to prenylated peptides has also been identified in bovine liver
microsomes (140). This activity was found to cleave a farmesylated model
tetrapeptide on the carboxyl side of the farmmesylated cysteine, releasing a
tripeptide. It was not inhibited by addition of up to a fivefold excess of
nonfamesylated tetrapeptide, suggesting that it is specific for prenylated
peptides.

a-CARBOXYL METHYLATION The a-carboxyl methylation of mammalian
proteins was first demonstrated on ras proteins overexpressed in a fibroblast
cell line, which incorporated methyl groups with a stability consistent with
a-carboxyl methyl esters (112). The a-carboxyl methylation of 21-26-kDa
membrane proteins in rod outer segment membranes and in a macrophage
cell line were subsequently reported, suggesting that other small G-proteins
were substrates for this modification (143, 144). The small G-protein G25K,
purified from bovine brain membranes, was shown to be carboxyl methylated
on reconstitution with a methyltransferase activity in detergent-stripped bovine
brain membranes (145). By using the same reconstitution assay, the first
heterotrimeric G-protein shown to be carboxyl methylated was the «y subunit
of brain G-proteins (146).

A methyltransferase activity which catalyzed the a-carboxyl methylation
of farnesylated or geranylgeranylated synthetic peptide substrates was identi-
fied in endoplasmic reticulum membranes of ratliverhomogenates (147, 148).
The corresponding S-acylated and geranylated peptides were poor substrates
for the methyltransferase, suggesting that both the nature and length of the
prenyl group are important for recognition by the enzyme. Furthermore,
N-acetyl-famesylcysteine has been shown to be a substrate for a-carboxyl
methyltransferases from various tissues and yeast, indicating that upstream
residues are not involved (149-152). Study of analogs of N-acetyl-famesyl-
cysteine showed that S-farnesyl-3-thioproprionic acid is a good stubstrate for
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the methyltransferase in rod outer segment membranes, defining this structure
as the minimal recognition unit for the methyltransferase (151).

In S. cerevisiae, mutations of the STEI4 gene have been shown to abolish
farnesylcysteine methyltransferase activity (152—154). The assignment of the
STE14 gene product as the methyltransferase was verified by its expression
in Escherichia coli and by the demonstration that the resulting protein
catalyzed a-carboxyl methylation of farmesylcysteine substrates in vitro (152).
The STE14 gene was required for in vivo carboxyl methylation of a factor
and RAS proteins, indicating that a common enzyme may be responsible for
the methylation of all prenylated proteins (152). As in the case of the
mammalian enzymes, the STEI4 gene product is found exclusively in the
membrane fractions.

In contrast to the prenylation and proteolysis steps, methyl esterification of
the prenylated cysteine may be reversible. The methyl ester is susceptible to
hydrolysis at higher pH and by nonspecific esterase activity in various
proteases (108). The presence of a methylesterase activity in rod outer
segments has been suggested (150). Thus far, however, no methylesterase
activity specific for prenyl cysteine methyl esters has been identified. In
conjunction with the reversibility of the methylation reaction is the possibility
that methylation plays a role in the function of -Cys-Xaa-Xaa-Xaa-encoded
proteins, as methylation does in bacterial chemotaxis. Although evidence for
this form of regulation in mammalian cells is limited, a recent study has shown
the presence of an unmethylated form of G25K/CDC42Hs in rabbit brain
cytosol, which translocates to membranes upon being carboxyl methylated
(152a). It is noteworthy that in yeasts, the absence of an a-carboxyl methyl
ester on mating factors results in the nearly complete loss of activity (102,
103, 152).

Prenylation of Small G-proteins with -Cys-Cys and
-Cys-Xaa-Cys Motifs

A number of small G-proteins possess a carboxyl-terminal cysteine in a
-Cys-Xaa-Cys or -Cys-Cys motif. In contrast to the -Cys-Xaa-Xaa-Xaa motif,
the -Cys-Xaa-Cys and -Cys-Cys carboxyl-terminal motifs appear to be unique
to members of the rab family of small G-proteins. Farnsworth et al (105) were
the first to determine that small G-proteins possessing this motif were modified
by prenylation. They showed that both cysteine residues of the -Cys-Ala-Cys
sequence of rab3A are modified by geranylgeranylation. Studies of the
-Cys-Cys-terminating proteins rablB, rab2, yptl, and ypt3 from the yeast
Schizosaccharomyces pombe, and the -Cys-Xaa-Cys-terminating proteins rab4
and rab6, have also shown that these proteins incorporate geranylgeranyl
groups when expressed in rabbit reticulocyte lysates or COS cells (155-158).
The stoichiometries of these modifications have not been unequivocally
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demonstrated, but the available evidence suggests that only one of the two
cysteine residues is geranylgeranylated (159, 159a). The apparently exclusive
geranylgeranylation of -Cys-Xaa-Cys- and -Cys-Cys-encoded proteins is
consistent with the greater abundance of the geranylgeranyl moiety from
analysis of whole-cell extracts (103, 106).

Recently, the identification and purification of a protein geranylgeranyl-
transferase activity specific for proteins with the -Cys-Xaa-Cys motif have
been reported (124, 159a, 160, 160a). In contrast to the farnesyltransferase
and geranylgeranyltransferase described in the previous section, synthetic
peptides with the -Cys-Xaa-Cys motif are not substrates for this enzyne and
do not competitively inhibit geranylgeranylation of the substrate protein.
Furthermore, mutant H-ras proteins terminating in -Cys-Cys are not prenylated
(156). These results strongly suggest that other regions of the substrate proteins
are required for recognition by this enzyme. The apparent requirement for a
secondary recognition site is plausible since the -Cys-Xaa-Cys and -Cys-Cys
motifs appear to be restricted to a highly homologous group of small
G-proteins, whereas a large number of structurally diverse proteins possess
the -Cys-Xaa-Xaa-Xaa motif .

In S. cerevisiae the BET2 gene encodes a polypeptide responsible for the
membrane localization of yptl and sec4 (161). The BET2 protein has been
postulated to be a component of the -Cys-Cys geranylgeranyltransferase on
the basis of the homology of its predicted amino acid sequence (34% identity)
to that of RAM1/DPRI and the fact that yptl and sec4 terminate in -Cys-Cys
sequences (124, 161). The processing of RAS and a factor is unaffected by
mutations to BET2, indicating that it does not encode a prenyltransferase
subunit common to the yeast farnesyltransferase.

Prenylated proteins terminating in -Cys-Xaa-Cys motifs have been shown
to undergo methylation of the a-carboxyl group (158, 162). In contrast to the
processing of -Cys-Xaa-Xaa-Xaa-encoded proteins, proteolysis of amino acid
residues downstream of the prenylated cysteine is not required. Prenylated
proteins ending in the -Cys-Cys motif have not been observed to be methyl
esterified (158). The significance and mechanism of this specificity of
methylation is not known.

Function of Prenylation

Although the exact functional role of prenylation remains to be elucidated, a
large body of evidence, both cytochemical and functional, points to a role in
membrane localization. Direct evidence for the involvement of prenyl groups
in membrane binding has been provided by limited proteolysis which cleaves
a small (~1-kDa) carboxyl-terminal fragment from several small G-proteins
(145, 163). In all cases, the smaller prenylated carboxyl-terminal fragment
has been shown to bind to membranes while the remainder of the protein is
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found in the supernatant fraction. The GTP-binding and hydrolyzing functions
of the amino-terminal fragment remain unaffected. In vivo, mutational
analyses have shown that the absence of prenylation results in translocation
of the mutant G-protein from the membranes to the cytosol (114, 164-166).
These results clearly demonstrate a general role of prenylation in membrane
localization.

As discussed previously, proteins can be modified by either a farnesyl or
geranylgeranyl group. What, if any, are the functional differences between
the two prenyl modifications? A priori, the geranylgeranyl group, with its
additional five-carbon isoprene unit, is likely to be more hydrophobic and
therefore expected to confer tighter binding of the prenylated protein to
membranes. Perhaps the clearest example of a difference between these prenyl
groups rcsides with thc prenylated vy subunits of transducin and brain
G-proteins. Consistent with these differences in prenylation and the membrane
avidity of geranylgeranyl groups over farnesyl groups, transducin heterotrimers
can be eluted from rod outer segment membranes with low-ionic-strength
buffers, while brain G-proteins require detergents for solubilization (167, 168).

In addition to the prenyl moiety, other regions of the protein may be involved
in facilitating membrane binding. Studies of the ras proteins have demonstrated
that although farnesylation of the carboxyl terminal cysteine increases
hydrophobicity, it is by itself insufficient to direct membrane localization
(114). In H-, N-, and K-ras(A) proteins, the membrane localization necessary
fortransforming activity is conferred by palmitoylation of an upstream cysteine
(Cys181 or Cys184). This acyl modification is discussed in more detail in a
subsequent section. In K-ras(B) and most other small G-proteins, which lack
an adjacent upstream cysteine, membrane localization is conferred by a
polybasic domain immediately preceding the prenylated cysteine (169).
Mutants in which the positively charged lysine residues constituting this
domain were changed to neutral glutamine residues illustrated a direct
correlation between membrane localization and the number of positively
charged residues in this domain. All mutants were prenylated normally. The
presence of the polybasic domain is believed to facilitate membrane binding
by charge-charge interactions with the negatively charged phospholipids or
proteins on the membrane surface. In support of this hypothesis, mutation of
the contiguous lysine residues to arginine residues preserved the membrane-
localizing function of this domain (169). As an additional example of
differences between the two prenyl modifications, a geranylgeranylated mutant
K-ras(B) protein associated with a membrane fraction even in the absence of
a polybasic domain (169).

Although the importance of prenylation in membrane localization has
clearly been demonstrated for the ras proteins, studies of other small
G-proteins suggest that the prenyl group may also have other functions.
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Disruption of the -Cys-Xaa-Xaa-Xaa motif has been shown to abolish both
membrane binding and biological activity (114, 164). Removal of the
carboxyl-terminal prenylation signal and replacement with an amino-terminal
myristoylation site restores transforming activity (170), suggesting that the
sole function of prenylation is membrane binding and not interaction of the
prenyl group with a membrane-bound receptor. On the other hand, interaction
of the small G-protein smg p21B/rap1B with smg p21 GDI is dependent on
its posttranslational modification by prenylation (163). Proteolytic cleavage
of smg p21B demonstrated that the small carboxyl-terminal fragment is
required for interaction with its GDI. Studies with synthetic peptides have
shown that a geranylgeranyl group is required for inhibition of this interaction
(171). The use of smg p25A/rab3A with various degrees of carboxyl-terminal
processing further verified that only forms that were geranylgeranylated
formed a complex with smg p25A GDI (172). The interaction of smg p25A
GDI with the geranylgeranyl moiety of smg 25A is consistent with a possible
role of the GDI in translocating this small G-protein from the membrane to
the cytosol. Along similar lines, farnesylation of the y subunit of transducin
has been shown to be required for interaction with the o subunit (70, 173).

ACYLATION OF G-PROTEINS

Many forms of protein acylation, differing in both the acyl group and the
method of attachment, have been described (174, 175). Of particular interest
to the study of G-proteins is N-myristoylation, in which a myristate moiety
is attached to an N-terminal glycine rcsidue via an amide bond. The consensus
sequence for N-myristoylation has been established to be an amino-terminal
glycine residue (following cleavage of the initiator methionine) with a
hydroxyamino residue commonly found four amino acids downsweam. Using
an extensive panel of peptides, Towler et al (176, 177) have made a
comprehensive probe of the substrate specificity of the N-myristoyltransferase
from S. cerevisiae. Their results indicate that in addition to an N-terminal
glycine the second most desirable feature is the presence of a small uncharged
amino acid, such as alanine, or a hydroxyamino acid four residues downstream
from the glycine. The remaining residues near the amino terminal appear to
be more tolerant with respect to the range of amino acids allowed. Although
a hexamer can be sufficient as a substrate, the effect of the addition of further
residues depends on their identity. It is clear that in certain proteins, additional
regions of the polypeptide may play a role in determining whether it is a
substrate for the N-myristoyltransferase (178).

Deichaite et al (179) have shown that N-myristoyltransferase activity is
present in nearly every eukaryotic cell type. They further demonstrated in an
elegant experiment that myristoylation is a cotranslational rather than post-
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translational event. Using a rabbit reticulocyte lysate expression system
synchronized for the start of translation, they showed that the attachment of
a myristate group to the p60" protein occurs before the nascent polypeptide
is less than 100 residues long. Furthermore, myristoylation did not occur after
synthesis of the p60"*" protein was completed.

In addition to N-myristoylation, a number of small G-proteins are
posttranslationally modified by palmitoylation, in which a palmitate group is
attached to a cysteine residue in a process closely linked to prenylation. The
myristoylation of heterotrimeric G-protein « subunits and palmitoylation of
ras proteins will be considered separately.

Myristoylation of Heterotrimeric G-Proteins

The possibility that G-protein a subunits are acylated stemmed from reports
that the activated a subunits, following release from the associated By
complexes, remain localized to plasma membranes despite the lack of any
obvious hydrophobic domains (168). This membrane localization was thought
to be required for promoting the subsequent reassociation of a subunits with
By complexes following deactivation by the inherent GTPase activity. Addi-
tionally, the deduced amino acid sequences of some G-protein o subunits were
known to possess an N-terminal sequence characteristic of the modification
site for N-myristoylation.

The myristoylation of endogenous G-protein a subunits was first found in
isolated proteins from bovine brain (174) and human astrocytoma cells (180).
Schultz et al (174) demonstrated that the o subunit of G, purified from bovine
brain possessed a stoichiometric amount of myristate which was released by
acid hydrolysis. Buss et al (180) metabolically labeled human astrocytoma
cells with either [355]methionine, [BH]palmitate, or [3H]myristate and im-
munoprecipitated G-protein a subunits by using specific antipeptide antibod-
ies. Using this technique, the 40- and 41-kDa a subunits of G;, as well as the
a subunit of G,, were found to be myristoylated. The stability of radiolabeled
myristate to hydroxylamine treatment was consistent with attachment through
an amide linkage. The o subunit of Gs was not myristoylated, consistent with
the fact that the deduced amino acid sequences of both the 45- and 52-kDa
forms of this o subunit do not show the presence of an N-terminal glycine
(181).

Subsequently, the myristoylation of specific G-protein o subunits was
studied in depth by the transient expression and labeling in COS cells
containing the appropriate cDNA constructs (182, 183). These studies verified
that the o subunits of Gij, Gi2, Gis, Go, and G; were substrates for
myristoylation and, furthermore, that these a subunits, as well as a subunit
of Gs overexpressed in COS cells, were localized to membrane fractions.
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Interestingly, the o subunit of transducin transiently expressed in COS cells
was found to be myristoylated (183), although the protein purified from retinal
rods was found to contain only minor amounts of myristate groups (180).
More recent studies have found that the purified a subunit of transducin is
indeed fatty acylated on an N-terminal glycine by a heterogeneous mixture of
lauroyl, myristoyl, (cis-AS)-tetradecaenoyl, and (cis,cis-A5 ,Ag)-tetradeca-
dienoyl groups (183a).

The function of N-myristoylation appears to vary. In the case of p60'",
myristoylation appears to be essential for interaction with a membrane-bound
receptor (184). Although interaction of N-terminal peptides of p60"*" with
its receptor was clearly shown to require myristoylation, N-terminal peptides
from other myristoylated proteins did not interact with the receptor, indicating
that the presence of the myristate group is essential but not sufficient for
recognition by the receptor. In the case of myristoylated G-protein o subunits,
mutagenesis of the N-terminal glycine to alanine in the o subunits of Gij; and
G, followed by expression of the mutant cDNAs in COS cells resulted in o
subunits that were not myristoylated and whose localization shifted from
membrane to cytosol (182, 183). Recently, a more in-depth study of the
function of myristoylation in G-proteins, involving coexpression of the a
subunit of G, with the N-myristoyltransferase in E. coli, was undertaken (185).
The resulting a subunit of G, was found to consist of a mixture of recombinant
nonmyristoylated and myristoylated forms, which could be purified to
homogeneous preparations and used to investigate the functional role of the
myristate group by comparing the properties of the two preparations. The
most striking result was the inability of the nonmyristoylated « subunit to
interact effectively with By complexes as determined by several criteria. In
contrast, the myristoylated form behaved identically to the corresponding
purified brain protein. These results are consistent with reports that the amino
terminus of the « subunit of transducin is required for its interaction with the
By complex (73, 186, 187). The failure of nonmyristoylated a subunits to
form a stable complex with By, known to bind strongly to membranes (188),
may explain its release from the membranes to the cytosol. More recently,
the role of myristoylation in G-protein function was investigated through the
study of gip2, an oncogenic a subunit of G; with transforming activity (188a,
188b). Removal of the site of myristoylation by site-directed mutagenesis
resulted in nonmyristoylated gip2 which lacked transforming activity (188c).
While these studies indicate a role for myristoylation in protein-protein
interaction, the exact nature of this interaction remains to be elucidated.

The relative importance of myristoylation in B-y interaction and membrane
localization may vary among the various a subunits. The best evidence for
this variability is the fact that the o subunit of Gs is not myrisytoylated, yet
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requires detergent for solubilization. Additionally, recombinant a subunits of
some G-proteins (Gi1, G2, Gi3, and Go) modified by the less hydrophobic
myristate analog 10-(propoxy)decanoate (11-oxamyristate) remained in the
supernatant, while the distribution of others (G and G;) remained unchanged
(183). These results suggested that myristoylation is critical to the localization
of some, but not all, o subunits. Since these oxatetradecanoic acid analogs
can enter cells and their incorporation appears to be variable with different
protein substrates, Duronio et al (178) have suggested that they may be of
therapeutic significance.

Palmitoylation of Small G-Proteins

Thus far, only members of the ras family of small G-proteins have been shown
to be modified by palmitoylation (114-116). Within this group, the H-, N-,
and K-ras(A) proteins are palmitoylated on a cysteine residue immediately
upstream of the farnesylated cysteine in a thioester linkage. The palmitoyl
moiety has been shown to be essential for high-avidity membrane binding,
which in turn is required for ras transforming activity (114). The only
exception is K-ras(B), which lacks the upstream cysteine residue (11).
K-ras(B), as well as most other small G-proteins, instead possesses a polybasic
domain upstream of the prenylated cysteine that facilitates membrane local-
ization (169). This mechanism has been discussed in a previous section.

Although the palmitoylation of ras is being discussed under the topic of
acylation, the palmitoylation is intrinsically linked to the prenylation of the
ras proteins. Evidence for this close link is the fact that for a number of years,
the ras proteins were thought to be palmitoylated on Cys189 (115, 116), the
cysteine residue subsequently shown to be farnesylated (114). The reason for
this misinterpretation is that farnesylation of Cys189 is required for the
palmitoylation of an upstream cysteine residue, Cys186 (114). Consequently,
site-directed mutagenesis to remove Cys189 abolishes palmitoylation, but does
so indirectly by preventing the farnesylation of this cysteine.

Magee et al (189) demonstrated that, in contrast to prenylation, the
palmitoylation of ras is dynamic with a half-life of approximately 20 min,
compared with about 1 day for the ras protein. The higher turnover of the
palmitate group reflects the lability of the thioester linkage and the observation
that palmitoylation may occur nonenzymatically (41). These authors further
showed that the membrane-bound form, but not the cytosolic form, of ras is
palmitoylated. This is consistent with observations that although farnesylation
increases its hydrophobicity, palmitoylation is required for strong membrane
binding (169). Although evidence is lacking, it is possible that the palmitoyla-
tion of G-proteins is a regulated, reversible process designed for cyclical
translocation of the ras protein between the membrane and cytosol.
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PHOSPHORYLATION OF G-PROTEINS

Many proteins, including G-proteins, are substrates for phosphorylation.
However, in contrast to the modifications described to this point, the
phosphorylation of G-proteins is the least well defined, particularly with regard
to the heterotrimeric G-proteins.

Phosphorylation of Heterotrimeric G-Proteins

The first evidence that G-proteins may be regulated by phosphorylation came
with the observation that treatment of platelet membranes with partially
purified protein kinase C resulted in phosphorylation of a 41-kDa protein to
a level approximated at 1 mol of P; incorporated per mol of substrate (190).
The observed phosphorylation was dependent on Ca”* and phosphatidylserine
and was inhibited by the addition of 8-y complexes. More recent results with
recombinant G-proteins have shown that the a subunit of G, is stoichiomet-
rically phosphorylated by partially purified protein kinase C on a serine residue
near the amino terminus, whereas the recombinant a subunits of Gi, Giz, and
Gis are not labeled under the same conditions (191). Phosphorylation of the
a subunits of several G-proteins has also been reported to occur on both serine
and tyrosine residues in a reconstituted system containing purified insulin
receptor protein kinase (192), protein kinase C (193), and pp60“°" (194).
Although these results clearly demonstrate that the a subunits of G-proteins
can be phosphorylated in vitro, a link with the physiological effects has yet
to be conclusively demonstrated. The possibility that G-proteins are substrates
for phosphorylation by protein kinase C and receptor tyrosine kinases is
intriguing, however, in that it may represent the potential for crosstalk between
the adenylate cyclase, phosphatidylinositol, and growth factor receptor
tyrosine kinase second-messenger systems.

A more convincing phosphorylation of heterotrimeric G-proteins occurs in
vivo on the B-subunit homolog (STE4) of the yeast S. cerevisiae, in response
to binding of mating factors from cells of the opposite mating type to a cell
surface receptor. Cole & Reed (195) demonstrated that the STE4 gene product
was phosphorylated in MATa haploid cells in response to treatment with o
factor, as well as in MAT« cells in response to a factor. The phosphorylated
product was not observed in an isogenic strain in which the STE4 gene was
deleted. Analysis of the phosphorylated STE4 protein showed the presence of
phosphoserine. Deletion of regions of the protein believed to contain the sites
of phosphorylation resulted in the absence of mating factor-induced phos-
phorylation. Yeast expressing the mutant STE4 protein displayed partial
characteristics of the mating response during vegetative growth and displayed
greater sensitivity and responsiveness in mating factor-induced events than
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wild-type cells. These results suggested that phosphorylation may be a negative
regulatory signal, with deletion of the phosphorylation sites producing a
constitutively activated protein.

Phosphorylation of Small G-Proteins

Shortly after their discovery, the viral ras proteins were shown to be modified
by autophosphorylation (196). The phosphorylated residue was determined to
be Thr59, which is the site of one of two point mutations responsible for
oncogenic activation. This autophosphorylation is most probably the artifactual
consequence of this mutation, which introduces a phosphorylation site adjacent
to the binding pocket for the guanine nucleotide phosphate groups. This
autophosphorylation reaction may consequently not have any significance in
the normal function of cellular ras proteins.

Ras proteins are also phosphorylated in vitro by protein kinase A and protein
kinase C (197) and in vivo on stimulation of cells expressing high levels of
ras by activators of these protein kinases (198, 199). The site of phosphory-
lation of H-ras was identified by site-directed mutagenesis as Ser177 (198),
while thatof K-ras was deduced tobe Ser181 (199). Although the physiological
significance of these modifications has not been determined, their localization
to the carboxyl-terminal hypervariable domain resembles the phosphorylation
of smg p21B/rap]1B, whose effects have been better characterized and will be
discussed below (200). With regard to the possible physiological significance
of phosphorylation of the mammalian ras proteins, it has been clearly
demonstrated that ras GAP is phosphorylated by mitogen receptor protein
kinases (201-204). It is possible that the phosphorylations of ras and GAP are
coordinately regulated under physiological conditions.

The RAS2 protein of S. cerevisiae, which is responsible for the regulation
of adenylate cyclase, has also been shown to be an excellent substrate for
protein kinase A in vitro (205). In this case, phosphorylated RAS?2 exhibited
a greatly decreased ability to activate adenylate cyclase in an in vitro assay.
Furthermore, phosphorylation did not inhibit the ability of RAS2 to bind or
hydrolyze GTP, suggesting that the observed decrease was mediated by an
effect on interaction with another protein, possibly adenylate cyclase.

Evidence for the phosphorylation of other small G-proteins has been
scattered, but substantial amounts of information have been obtained for two
small G-protein families. The major small G-protein family in which phos-
phorylation has been well characterized is the rap/smg p21/Krev group. smg
p21A and smg p21B purified from human platelet membranes and bovine
brain membranes were shown to be phosphorylated stoichiometrically in a
cell-free system by protein kinase A in a cAMP-dependent manner (206, 207).
Additionally, this small G-protein was phosphorylated in intacthuman platelets
on stimulation by cAMP-elevating agonists prostaglandin E; and iloprost and
by treatment with dibutyryl cAMP, suggesting that it is a physiological
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substrate (207, 208). The site of phosphorylation of smg p21B was shown to
be Serl79, very near the prenylated carboxyl terminus (200). Functionally,
this phosphorylation has been demonstrated to reduce its binding to membranes
and enhance its GDS-stimulated GDP-GTP exchange (200). These results are
consistent with a report that smg p21 purified from the cytosol of human
platelets was shown to be a substrate for protein kinase A only after removal
of endogenous phosphate groups by treatment with alkaline phosphatase (209).
The authors further suggest that phosphorylation serves as a signal for
translocation of the membrane-bound form of this protein to the cytosol.

Phosphorylation of members of another small G-protein, G25K was
described by Hart et al (210). G25K was shown to be substrate for the
epidermal growth factor (EGF) receptor/tyrosine kinase in a reconstituted lipid
vesicle system. The phosphorylation was observed to be stimulated by EGE,
and G25K incorporated maximally ~2 mol of phosphate groups per mol of
GTP~S-binding activity. Bacterially expressed recombinant ras proteins were
not phosphorylated under these conditions and may be the result of a lack of
prenyl modification. This report suggests a possible role for this protein in
mitogenic pathways.

POTENTIAL PHARMACOLOGICAL SIGNIFICANCE OF
G-PROTEIN MODIFICATIONS

Because of the wide variety of cellular processes that they regulate, G-proteins
represent prime targets for pharmacological intervention in many disease
states. When the involvement of G-proteins in disease states is discussed, the
implication of the ras proteins in many cancers immediately comes to mind.
A closely related and rapidly emerging topic concerns the recent discovery
that several mammalian oncogenes are homologous to and display GAP, GDI,
or GDS activity in vitro (211-213). Less well known is that genetic defects
in G-protein function have been implicated in pseudohypoparathyroidism
(214), diabetes (215), Albright hereditary osteodystrophy (216), and hereditary
obesity in mice (217, 218). A somatic mutation of the o subunit of Gs has
been shown to result in McCune-Albright syndrome (218a) or acromegaly
(219), depending on whether it is expressed early in embryonic development
or in the adult pituitary, respectively. Elucidation of the site of these mutations
has uncovered a class of a subunits with oncogenic potential (188a, 188b,
219a). When one considers that many defects in G-protein-linked receptors
and effectors may be compensated for by modulating the activity of the relevant
G-protein, the pharmacological significance of G-proteins grows substantially.
As discussed throughout this review, covalent modifications of G-proteins are
essential to their interaction with other proteins and with their target mem-
branes, as well as to thcir intrinsic activities. Cholera and whooping cough,
for instance, are well known to be the direct result of the ADP-ribosylation
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of G-proteins by bacterial toxins (55). More recently, the newly discovered
rab geranylgeranyltransferase was found to have a striking similarity to the
choroideremia gene product, indicating the possibility of a direct link between
a defect in prenylation and this form of retinitis pigmentosa (159a). Undoubt-
edly, other G-protein-related diseases, both from the list above and among
pathogenic states not yet identified to be G-protein-related, will be found to
result from defects in posttranslational modifications. Some G-protein-related
diseases may also potentially be treated by altering their properties through
their posttranslational modifications. Consequently, we discuss here potential
therapies based on the covalent modifications of G-proteins. As with any
discussion of this type, some of the ideas discussed may find potential
significance in the near future, while others will be further removed or of
research interest only.

The most promising, or certainly the most popularized, pharmaceutical
treatment of a G-protein-ielated disease is the treatment of certain cancers by
interfering with the prenylation of oncogenic ras proteins. The loss of
transforming activity on blocking of prenylation is well established (164, 220).
The most straightforward method for inhibiting prenylation is by limiting the
synthesis of 3-hydroxy-3-methylglutaryl (HMG)-CoA and hence prenyl pyro-
phosphates through the use of HMG-CoA reductase blockers such as com-
pactin (221, 222) and mevinolin (223). Although these drugs are used in the
treatment of hypercholesteremia and can be used to block protein prenylation
in cultured cells, their lack of specificity may pose a problem with the function
of other prenylated proteins. An intriguing result is the observation by Crowell
et al (224) that the cyclized isoprenoid limonene, which occurs only in plants,
is a specific inhibitor of the prenylation of low-molecular-weight G-proteins.
A more specific approach entails the use of protein farnesyltransferase
inhibitors, based on the structures of substrate tetrapeptides. Since it is likely
that a single protein farnesyltransferase modifies all substrate proteins, other
farnesylated proteins, such as nuclear lamin B, will also presumably be
affected. The challenge in the future will be to find suitable inhibitors that
target ras farnesylation without affecting other prenylated proteins or the
intrinsic properties of the enzyme. If the farnesyl modification of ras is required
for its interaction with a downstream effector, as is the case for the
geranylgeranyl group of rapl A in the interaction of this small G-protein with
its GDI, a more specific, and consequently more promising, approach would
involve the use of prenylated analogs corresponding to the carboxyl terminus
of ras. Furthermore, the same approach could be used to reverse oncogenic
activation involving other small G-proteins.

Other steps in the maturation of ras may also serve as targets for the
pharmaceutical disruption of oncogenic ras activity. One possibility is pal-
mitoylation, since it is at this step that the ras proteins become tightly
membrane bound. Such an intervention would require a better understanding
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of the enzymology of palmitoylation. Another point of intervention is the
a-carboxyl methylation step. Inhibitors such as N-acetylfarnesylcysteine have
been shown to be effective in blocking this step (149), and it may be possible
to design specific inhibitors for different prenylated proteins.

ADP-ribosylation is a G-protein modification clearly linked to a disease
state. ADP-ribosylation of G-proteins by exotoxins secreted by V. cholerae
and B. pertussis results in cholera and whooping cough, respectively (55).
Unfortunately, pharmacological intervention in the treatment of these diseases
has been limited. As discussed previously, ADP-ribosylation appears to be
reversible in the presence of excess nicotinamide. Consistent with this result,
the fluid loss associated with cholera has been shown to be reduced by
administration of nicotinamide (225). It is possible that, under certain
circumstances, the effects of these toxins will be prevented or reduced by
the administration of peptides that mimic the ADP-ribosylation sites of the
affected G-proteins. Another area in which toxins of this type may be of
potential pharmaceutical use is in the design of recombinant toxins, where
a chimeric protein composed of a toxin domain and a targeting domain is
used to selectively kill undesirable cells (226). Diphtheria toxin, which
ADP-ribosylates elongation factor 2 and consequently inhibits protein
synthesis, has been used in experimental studies as a selective cytotoxin. It
is possible that toxins that ADP-ribosylate G-protein will be used in a similar
fashion, perhaps when uncoupling of a specific signal transduction pathway
is desired.

A more moderate alternative to the therapeutic ADP-ribosylation of
G-proteins is the modulation of G-protein—receptor coupling by alteration of
its myristoylation. The oxatetradecanoic acid analogs of myristic acid have
been shown to pemmeate cells and covalently modify substrate G-proteins
(178). Furthermore, modification with the 11-oxamyristate analog has been
shown to result in the translocation of some G-proteins from the membrane
to the cytosol (183). Clearly, a better understanding of the implications of
this translocation, as well as the effects of these analogs and their metabolites
on other acylated proteins, would have to precede the potential pharmaco-
logical use of these analogs. In the meantime, myristic acid analogs represent
a valuable tool in delineating the effects of myrstoylation in G-protein
function.

Phosphorylation is such a widespread covalent modification and regulatory
mechanism that its general inhibition would clearly have undesirable effects.
The best-characterized G-protein phosphorylation is the protein kinase A—cat-
alyzed phosphorylation of smg p21B/rap1B. This phosphorylation has been
shown to enhance its sensitivity to smg p21 GDS, which directly or indirectly
results in translocation from the membrane to the cytosol as part of its function.
In this case, the use of peptide analogs corresponding to the phosphorylation
site may be useful in disturbing this cycle when necessary.
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CONCLUDING REMARKS

Knowledge of the many covalent modifications that members of both the
heterotrimeric and small G-protein superfamilies undergo has expanded at a
remarkable rate. The speed with which these discoveries have been made has
been facilitated by the strong similarities in structure and function among these
superfamilies, which have allowed discoveries in one group of proteins to be
applied to the others. Consequently, possible pharmacological interventions
in the treatment of G-protein-related diseases, based on an advanced knowl-
edge of their covalent modifications, are already emerging. Such therapies
may herald a new era in the pharmacological treatment of disease, since
G-proteins have been implicated in the regulation of a diverse array of
important cellular processes. This erais near for the heterotrimeric G-proteins,
whose mechanism of action and regulatory pathways are already well
elucidated. The future for pharmacological intervention in small G-protein-
related diseases is equally bright, because these proteins have been implicated
in cell proliferation and differentiation, vesicular transport, and secretion.
Defects in these processes may be the underlying cause of many cancers and
neurological disorders. Understanding of the covalent modifications of the
small G-proteins has far outpaced the knowledge of their functions, which
will be critical to the development of successful drug therapies for these
diseases. Fortunately, clearer pictures of the functions of the small G-proteins
are already beginning to emerge, and the next several years should witness
the elucidation of these pathways.

ACKNOWLEDGMENTS

Work in our laboratory was supported by a grant from the National Eye
Institute (EY 05895), the Wong Fund, and the Alcon Award to B.K.-K.E We
thank all our colleagues, including Steven Clarke, Neil Van Dop, and Gary
Johnson, for their helpful discussions.

Literature Cited

1. Rodbell, M., Krans, H. M. J., Pohl, ments of bovine retina and its modu-
S., Bimbaumer, L. 1971. The lation by GTP-binding proteins. /. Biol.
glucagon-sensitive adenyl cyclase sys- Chem. 262:163-68
tem in plasma membranes of rat liver. 4. Jelsema, C. L., Axelrod, J. 1987.
IV. Effects o ﬁuanyl nucleotides on Stimulation of phospholipase A2 activ-
binding of 2 I-glucagon. J. Biol. ity in bovine rod outer segments by
Chem. 246:1872-176 the By subunits of transducin and its

2. Simon, M. 1., Strathman, M. P., inhibition by the a subunit. Proc. Nazl.
Gautam, N. 1991. Diversity of G pro- Acad. Sci. USA 84:3623-27

teins in signal transduction. Science
252:802-8

Jelsema, C. L. 1987. Light activation
of phospholipase Az in rod outer seg-

Axelrod, J., Burch, R. M., Jelsema,
C. L. 1988. Receptor-mediated activa-
tion of phospholipase Azvia GTP-bind-
ing proteins: Arachidonic acid and its



Annu. Rev. Pharmacol. Toxicol. 1993.33:201-241. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

6a.

6b.

1.
12.

14.

15.

17.

COVALENT MODIFICATIONS OF G-PROTEINS 231

metabolites as second messengers.
Trends Neuro. Sci. 11:117-23

Kim, D., Lewis, D. L., Graziadei,
L., Neer, E. J., Bar-Sagi, D., Clapham,
D. E. 1989. G-protein [y-subunits
activate the cardiac muscarinic K"-
channel via phospholipase Aj. Nature
337:557-60

Tang, W.-J., Gilman, A. G. 1991.
Type-specific regulation of adenylyl
cylase by G protein By subunits. Sci-
ence 254: 1500-3

Federman, A. D., Conklin, B. R.,
Schrader, K. A., Reed, R. R., Bourne,
H. R. 1992. Hormonal stimulation of
adenylyl cylase through Giprotein By
subunits. Nature 356:159-61
Whiteway, M., Hougan, L., Dignard,
D., Thomas, D. Y., Bell, L., ¢t al
1989. The STE4 and STE!18 genes of
yeast encode potential B and -y subunits
of the mating factor receptor-coupled
G protein. Cell 56:467-71

Gilman, A. G. 1987. G proteins: Trans-
ducers of receptor-generated signals.
Annu. Rev. Biochem. 56:615-49
Neer, E. J., Clapham, D. E. 1988.
Roles of G protein subunits in trans-
membrane signalling. Nature 333:129-

K7}

Casey, P. J., Gilman, A. G. 1988. G
protein involvement in receptor-effector
coupling. J. Biol. Chem. 263:2577-80
Barbacid, M. 1987. ras genes. Annu.
Rev. Biochem. 56:779-827

Hurley, J. B., Simon, M. 1., Teplow,
D. B., Raobishaw, J. D., Gilman, A.
G. 1984. Homologies between signal
transducing G proteins and ras gene
products. Science 226:860-62
Downward, J. 1990. The ras super-
family of small GTP-binding proteins.
Trends Biochem. Sci. 15:469-72
Evans, T., Hart, M. J., Cerione, R.
A. 1991. The ras superfamilies: Reg-
ulatory proteins and post-translational
modifications. Curr. Opin. Cell Biol.
3:185-91

Takai, Y., Kaibuchi, K., Kikuchi, A.,
Kawata, M. 1992. Small GTP-binding
proteins. /nt. Rev. Cyt. 133:187-230
Kahn, R. A., Gilman, A. G. 1984,
Purification of a protein cofactor re-
quired for ADP-ribosylation of the stim-
ulatory regulatory component of
adenylate cyclase by cholera toxin. J.
Biol. Chem. 259:6228-34

Kahn, R. A., Gilman, A. G. 1986.
The protein cofactor necessary for ADP-
ribosylation of Gs by cholera toxin is
itself a GTP binding protein. J. Biol.
Chem. 261:7906-11

Bourne, H. R. 1988. Do GTPases

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

dircct membrane traffic in secretion?
Cell 53:669-71

Hall, A. 1990. The cellular functions
of small GTP-binding proteins. Science
249:635--40

Trahey, M., McCormick, F. 1987. A
cytoplasmic protein stimulates normal
N-ras p21 GTPase, but does not affect
oncogenic mutants. Science 238:542--45
Adari, H., Lowy, D. R., Willumsen,
B. M., Der, C. J., McCormick, F.
1988. Guanosine triphosphatase acti-
vating protein (GAP) interacts with the
p21 ras effector binding domain. Sci-
ence 240:518-21

Calés, C., Hancock, J. F., Marshall,
C. J., Hall, A. 1988. The cytoplasmic
protein GAP is implicated as the target
for rcgulation by thc ras gene product.
Nature 332:548-51

Schaber, M. D., Garsky, V. M,
Boylan, D., Hill, W. S., Scolnick, E.
M., Marshall, M. S., Sigal, I. S,
Gibbs, J. B. 1989. Ras interaction with
the GTPase-activating protein (GAP).
Proteins 6:306-15

Burstein, E. S., Linko-Stentz, K., Lu,
Z., Macara, I. G. 1991. Regulation
of the GTPase activity of the ras-like
protein p2S5rab3A. Evidence for a
rab3A-specific GAP. J. Biol. Chem.
266:2689-92

Ueda, T., Kikuchi, A., Ohga, N.,
Yamamoto, J., Takai, Y. 1989. GTPase
activating proteins for the smg-21 GTP-
binding protein having the same effector
domain as the ras proteins in human
platelets. Biochem. Biophys. Res. Com-
mun. 159:1411-19

Kikuchi, A., Sasaki, T., Araki, S.,
Hata, Y., Takai, Y. 1989. Purification
and characterization from bovine brain
cytosol of two GTPase-activating pro-
teins specific for smg p21, a GTP-
binding protein having the same effector
domain as c-ras p2ls. J. Biol. Chem.
264:9133-36

Rubinfeld, B., Munemitsu, S., Clark,
R., Conroy, L., Watt, K., Crosier,
W., McCormick, F., Polakis, P. 1991.
Molecular cloning of a GTPase acti-
vating protcin Ispf:cific for the Krev—1
protein p21™P"." Cell 65:1033--42
Polakis, P. G., Rubinfeld, B., Evans,
T., McCormick, F. 1991. Purification
of a plasma membrane-associated
GTPase-activating protein specific for
rapl/Krev-1 from HL60 cells. Proc.
Nail. Acad. Sci. USA 88:239--43
Nice, E. C., Fabri, L., Hammacher,
A., Holden, J., Simpson, R. J., Bur-
gess, A. W. 1992. The purification of
a rapl GTPase-activating protein from



Annu. Rev. Pharmacol. Toxicol. 1993.33:201-241. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

232

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

YAMANE & FUNG

bovine brain cytosol. J. Biol. Chem.
267:1546-53

Morii, N., Kawano, K., Sekine, A.,
Yamada, T., Narumiya, S. 1991. Pu-
rification of GTPase-activating protein
specific for the rho gene products. J.
Biol. Chem. 266:7646-50

Hart, M. J., Shinjo, K., Hall, A.,
Evans, T., Cerione, R. A. 1991. Iden-
tification of the human platelet GTPase
activating protein for the CDC42Hs
protein. J. Biol. Chem. 266:20840-48
Sasaki, T., Kikuchi, A., Araki, S.,
Hata, Y., Isomura, M., et al. 1990.
Purification and characterization from
bovine brain cytosol of a protein that
inhibits the dissociation of GDP from
and the subsequent binding of GTP to
smg p25A, a ras p21-like GTP-binding
protein. J. Biol. Chem. 265:2333-37
Ohga, N., Kikuchi, A., Ueda, T.,
Yamamoto, J., Takai, Y. 1989. Rabbit
intestine contains a protein that inhibits
the dissociation of GDP from and the
subsequent binding of GTP to rhoB
p20, a ras p2l-like GTP-binding pro-
tein. Biochem. Biophys. Res. Commun.
163:1523-33

Ueda, T., Kikuchi, A., Ohga, N.,
Yamamoto, J., Takai, Y. 1990. Puri-
fication and characterization from bo-
vine brain cytosol of a novel regulatory
protein inhibiting the dissociation of
GDP from and the subsequent binding
of GTP to rhoB p20, a ras p21. J.
Biol. Chem. 265:9373-80

Ueda, T., Takeyama, Y., Ohmori, T.,
Ohyanagi, H., Saitoh, Y., Takai, Y.
1991. Purification and characterization
from rat liver cytosol of a GDP dis-
sociation inhibitor (GDI) for liver 24K
G, a ras p2l-like GTP-binding protein,
with properties similar to those of smg
p25A GDI. Biochemistry 30:909-17
Downward, J., Riehl, R., Wu, L.,
Weinberg, R. A. 1990. Identification
of a nucleotide exchange-promoting ac-
tivity for p2lras. Proc. Natl. Acad.
Sci. USA 87:5998-6002

Wolfman, A., Macara, I. G. 1990. A
cytosolic protein catalyzes the release
of GDP from p2lras. Science 248:67—
69

West, M., Kung, H.-F., Kamata, T.
1990. A novel membrane factor stim-
ulates guanine nucleotide exchange re-
action of ras proteins. FEBS Lett. 259:
245-48

Huang, Y. K., Kung, H.-F., Kamata,
T. 1990. Purification of a factor capable
of stimulating the guanine nucleotide
exchange reaction of ras proteins and
its effect on ras-related small molecular

40.

41.

42.

43.

44,

4s.

46.

47.

48.

49.

50.

51

mass G proteins. Proc. Natl. Acad.
Sci. USA 87:8008-12

Yamamoto, T., Kaibuchi, K., Mizuno,
T., Hiroyoshi, M., Shirataki, H.,
Takai, Y. 1990. Purification and char-
acterization from bovine brain cytosol
of proteins that regulate the GDP/GTP
exchange reaction of smg p2ls, ras
p21-like GTP-binding proteins. J. Biol.
Chem. 265:16626-34

O’Brien, P. J., St. Jules, R. S., Reddy,
S., Bazan, N. G., Zatz, M. 1987.
Acylation of disc membrane rhodopsin
may be nonenzymatic. J. Biol. Chem.
262:5210-15

Roach, P. J. 1991. Multisite and hi-
erarchal protein phosphorylation. J.
Biol. Chem. 266:1413942

Edelman, A. M., Blumenthal, D. K.,
Krebs, E. G. 1987. Protein serine/thre-
onine kinases. Annu. Rev. Biochem.
56:567-613

Gill, D. M. 1975. Involvement of
nicotinamide adenine dinucleotide in
the action of cholera toxin in vitro.
Proc. Natl. Acad. Sci. USA 72:2064--68
Cassel, D., Selinger, Z. 1977. Mech-
anism of adenylate cyclase activation
by cholera toxin: Inhibition of GTP
hydrolysis at the regulatory site. Proc.
Natl. Acad. Sci. USA 74:3307-11
Cassel, D., Pfeuffer, T. 1978. Mech-
anism of cholera toxin action: Covalent
modification of the guanyl nucleotide-
binding protein of the adenylate cyclase
system. Proc. Natl. Acad. Sci. USA
75:2669-73

Gill, D. M., Meren, R. 1978. ADP-
ribosylation of membrane proteins cat-
alyzed by cholera toxin: Basis of the
activation of adenylate cyclase. Proc.
Natl. Acad. Sci. USA 75:3050-54
Johnson, G. L., Kaslow, H. R.,
Boumne, H. R. 1978. Genetic evidence
that cholera toxin substrates are regu-
latory components of adenylate cyclase.
J. Biol. Chem. 253:7120-23

Abood, M. E., Hurley, J. B., Pappone,
M.-C., Bourne, H. R, Stryer, L. 1982.
Functional homology between signal-
coupling proteins. J. Biol. Chem. 257:
1054043

Navon, S. E., Fung, B. K.-K. 1984.
Characterization of transducin from
bovine retinal rod outer segments.
Mechanism and effects of cholera
toxin-catalyzed ADP-ribosylation. J.
Biol. Chem. 259:6686-93

Van Dop, C., Tsubokawa, M., Bourne,
H. R., Ramachandran, J. 1984. Amino
acid sequence of retinal transducin at
the site ADP-ribosylated by cholera
toxin. J. Biol. Chem. 259:696--98



Annu. Rev. Pharmacol. Toxicol. 1993.33:201-241. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

COVALENT MODIFICATIONS OF G-PROTEINS 233

Moss, J., Vaughan, M. 1988. ADP-
ribosylation of guanyl nucleotide-bind-
ing regulatory proteins by bacterial
toxins. In Advances in Enzymology,
ed. A. Meister. New York:Interscience
Moss, J., Stanley, S. J., Nightingalse,
M. S., Murtagh, J. J. Jr., Monaco,
L., et al. 1992. Molecular and im-
munological characterization of ADP-
ribosylarginine hydrolases. J. Biol.
Chem. 267:10481-88

Moss, J., Jacobson, M. K., Stanley,
S. J. 1985. Reversibility of arginine-
specific mono(ADP-ribosyl)ation: Iden-
tification in erythrocytes of an
ADP-ribose- L-arginine cleavage en-
zyme. Proc. Natl. Acad. Sci. USA
82:5603-7

Spiegel, A. M., Gierschick, P., Levine,
M. A., Downs, R. W. Jr. 1985. Clinical
implications of guanine nucleotide-
binding proteins as receptor-effector
couplers. N. Engl. J. Med. 312:26-33
Yajima, M., Hosoda, K., Kanbayashi,
Y., Nakamura, T., Takahashi, I., Ui,
M. 1978. Biological properties of is-
lets-activating protein (IAP) purified
from the culture medium of Bordetella
pertussis. J. Biochem. 83:305-12
Yajima, M., Hosoda, K., Kanbayashi,
Y., Nakamura, T., Nogimori, K., et
al. 1978. Islet-activating protein (IAP)
in Bordetella pertussis that potentiates
insulin secretory responses of rats. J.
Biochem. 83:295-303

Ui, M. 1984. Islet-activating protein,
pertussis toxin: A probe for functions
of the inhibitory guanine nucleotide
regulatory component of adenylate cy-
clase. Trends Pharmacol. Sci. 5:277-
79

Bokoch, G. M., Katada, T., Northup,
J. K., Hewlett, E. L., Gilman, A. G.
1983. Identification of the predominant
substrate for ADP-ribosylation by islet-
activating protein. J. Biol. Chem. 258:
2072-75

Van Dop, C., Yamanaka, G.,
Steinberg, F., Sekura, R. D., Manclark,
C. R., et al. 1984. ADP-ribosylation
of transducin by pertussis toxin blocks
the light-stimulated hydrolysis of GTP
and cGMP in retinal photoreceptors.
J. Biol. Chem. 259:23-26

Manning, D. R., Fraser, B. A., Kahn,
R. A., Gilman, A. G. 1984. ADP-
ribosylation of transducin by islet-ac-
tivating protein. Identification of
asparagine as the site of ADP-ribosyla-
tion. J. Biol. Chem. 259:749-56
Watkins, P. A., Moss, J., Bums, D.
L., Hewlett, E. L., Vaughan, M. 1984.
Inhibition of the bovine rod outer seg-

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

ment GTPase by Bordatella pertussis
toxin. J. Biol. Chem. 259:1378-81
Sternweis, P. C., Robishaw, J. D.
1984. Isolation of two proteins with
high affinity for guanine nucleotides
from membranes of bovine brain. J.
Biol. Chem. 259:13806-13

Katada, T., Oinuma, M., Ui, M. i986.
Two guanine nucleotide-binding pro-
teins in rat brain serving as the specific
substrate of islet-activating protein, per-
tussis toxin. Interaction of the a-sub-
units with By-subunits in development
of their biological activities. J. Biol.
Chem. 261:8182-91

Murayama, T., Ui, M. 1983. Loss of
the inhibitory function of the guanine
nucleotide regulatory component of ad-
enylate cyclase due to its ADP ribosyla-
tion by islet-activating protein, pertussis
toxin, in adipocyte membranes. J. Biol.
Chem. 258:3319-26

Cote, T. E., Frey, E. A., Sekura, R.
D. 1984. Altered activity of the in-
hibitory guanyl nucleotide-binding com-
ponent (Ni) induced by pertussis toxin.
Uncoupling of Nj from receptor with
continued coupling of N; to the catalytic
unit. J. Biol. Chem. 259:8693-98
West, R. E. Jr., Moss, J., Vaughan,
M., Liu, T., Liu, T.-Y. 1985. Pertussis
toxin-catalyzed ADP-ribosylation of
transducin. J. Biol. Chem. 260:14428-
30

Yamane, H. K., Famsworth, C. C.,
Xie, H., Howald, W ., Fung, B. K.-K.,
et al. 1990. Brain G protein y subunits
contain an all-zrans-geranylgeranyl cys-
teine methyl ester at their carboxyl
tcrmini. Proc. Natl. Acad. Sci. USA
87:5868-72

Mumby, S. M., Casey, P. J., Gilman,
A. G., Gutowski, S., Stermweis, P.
C. 1990. G protein y subunits contain
a 20-carbon isoprenoid. Proc. Natl.
Acad. Sci. USA 87:5873-71

Fukada, Y., Takao, T., Ohguro, H.,
Yoshizawa, T., Akino, T., Shimonishi,
Y. 1990. Famesylated +y-subunit of
photoreceptor G protein indispensable
for GTP-binding. Nature 346:658—60
Lai, R. K., Pérez-Sala, D., Caiiada,
F. J., Rando, R. R. 1990. The ¥y
subunit of transducin is famesylated.
Proc. Natl. Acad. Sci. USA 87:1673-77
Freissmuth, M., Gilman, A. G. 1989.
Mutations of Gsa designed to alter the
reactivity of the protein with bacterial
toxins. Substitutions at Argl87 result
in loss of GTPase activity. J. Biol.
Chem. 264:21907-14

Osawa, S., Dhanasekaran, N., Woon,
C. W., Johnson, G. L. 1990. Gai-Gas



Annu. Rev. Pharmacol. Toxicol. 1993.33:201-241. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

234

74.

75.

76.

717.

78.

79.

80.

81.

82.

83.

84,

85.

YAMANE & FUNG

chimeras define the function of a chain
domains in control of G protein acti-
vation and f-y subunit complex inter-
actions. Cell 63:697-706

Tanuma, S., Kawashima, K., Endo,
H. 1987. An NAD:cysteine ADP-
ribosyltransferase is present in human
erythrocytes. J. Biochem. 101:821-24
Tanuma, S., Kawashima, K., Endo,
H. 1988. Eukaryotic Mono(ADP-
ribosyl)transferase that ADP-ribosylates
GTP-binding regulatory Gi protein. J.
Biol. Chem. 263:5485-89

Tanuma, S., Endo, H. 1989.
Mono(ADP-ribosyl)ation of G; by eu-
karyotic cysteine-specific mono(ADP-
ribosyl) transferase attentuates inhibi-
tion of adenylate cyclase by epineph-
rine. Biochim. Biophys. Acta 1010:246-
49

Simpson, L. L. 1981. The origin,
structure, and pharmacological activity
of botulinum toxin. Pharmacol. Rev.
33:155-88

Simpson, L. L. 1986. Molecular phar-
macology of botulinum toxin and tet-
anus toxin. Annu. Rev. Pharmacol.
Toxicol. 26:427-53

Knight, D. E., Tonge, D. A., Baker,
P. F. 1985. Inhibition of exocytosis
in bovine adrenal medullary cells by
botulinum toxin type D. Nature 317:
719-21

Penner, R., Neher, E., Dreyer, F.
1986. Intracellularly injected tetanus
toxin inhibits exocytosis in bovine adre-
nal chromaffin cells. Nature 324:76-78
Ohashi, Y., Narumiya, S. 1987. ADP-
ribosylation of a Mr 21,000 membrane
protein by type D botulinum toxin. J.
Biol. Chem. 262:1430-33

Ohashi, Y., Kamiya, T., Fujiwara,
M., Narumiya, S. 1987. ADP-ribosyla-
tion by typc Cl and D botulinum
neurotoxins: Stimulation by guanine
nucleotides and inhibition by guanidino-
containing  compounds.  Biochem.
Biophys. Res. Commun. 142:1032-38
Matsuoka, I., Syuto, B., Kurihara, K.,
Kubo, S. 1987. ADP-ribosylation of
specific membrane proteins in pheo-
chromocytoma and primary-cultured
brain cells by botulinum neurotoxins
type C and D. FEBS Lett. 216:295-99
Matsuoka, I., Sakuma, H., Syuto, B.,
Moriishi, K., Kubo, S., Kurihara, K.
1989. ADP-ribosylation of 24-26-kDa
GTP-binding proteins localized in neu-
ronal and non-neuronal cells by botu-
linum neurotoxin D. J. Biol. Chem.
264.706-12

Aktories, K., Frevert, J. 1987. ADP-
ribosylation of a 21-24 kDa eukaryotic

86.

87.

88.

89.

90.

90a.

91.

92.

93.

94.

protein(s) by C3, a novel botulinum
ADP-ribosyltransferase, is regulated by
guanine nucleotide. Biochem. J. 247.
363-68

Adam-Vizi, V., Rosener, S., Aktories,
K., Knight, D. E. 1988. Botulinum
toxin-induced ADP-ribosylation and in-
hibition of exocytosis are unrelated
events. FEBS Lett. 238:277-80
Moriishi, K., Syuto, B., Oguma, K.,
Saito, M. 1990. Separation of toxic
activity and ADP-ribosylation activity
of botulinum neurotoxin D. J. Biol.
Chem. 265:16614-16

Morii, N., Ohashi, Y., Nemoto, Y.,
Fujiwara, M., Ohnishi, Y., et al. 1990.
Immunochemical identification of the
ADP-ribosyltransferase in botulinum C1
neurotoxin as C3 exoenyzme-like mol-
ecule. J. Biochem. 107:769-75
Rdésener, S., Chatwal, G. S., Aktories,
K. 1987. Botulinum ADP-ribosyltrans-
ferase C3 but not botulinum neurotoxins
Cl and D ADP-ribosylates low mo-
lecular mass GTP-binding proteins.
FEBS Lett. 224:38-42

Nemoto, Y., Namba, T., Kozaki, S,
Narumiya, S. 1991. Clostridium bot-
ulinum C3  ADP-ribosyltransferase
gene. Cloning, sequencing, and expres-
sion of a functional protein in Es-
cherichia coli. J. Biol. Chem. 266:
19312-19

Sugai, M., Hashimoto, K., Kikuchi,
A., Inoue, S., Okumura, H., et al
1992. Epidermal cell differentiation in-
hibitor ADP-ribosylates small GTP-
binding proteins and induces hyper-
plasia of epidermis. J. Biol. Chem.
267:2600-4

Narumiya, S., Sekine, A., Fujiwara,
M. 1988. Substrate for botulinum ADP-
ribosyltransferase, Gy, has an amino
acid sequence homologous to a putative
rho gene product. J. Biol. Chem. 263:
17255-57

Kikuchi, A., Yamamoto, K., Fujita,
T., Takai, Y. 1988. ADP-ribosylation
of the bovine brain rho protein by
botulinum toxin type C1.J. Biol. Chem.
263:16303-8

Braun, U., Habermann, B., Just, I.,
Aktories, K. Vandekerckhove, J. 1989.
Purification of the 22 kDa protein
substrate of  botulinum ADP-
ribosyltransferase C3 from porcine brain
cytosol and its characterization as a
GTP-binding protein highly homolo-
gous to the rho gene product. FEBS
Lett. 243:70-76

Chardin, P., Boquet, P., Madaule, P.,
Popoff, M. R., Rubin, E. J., Gill, D.

‘M. 1989. The mammalian G protein



Annu. Rev. Pharmacol. Toxicol. 1993.33:201-241. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

95.

96.

97.

97a.

98.

99.

100.

101.

102.

103.

COVALENT MODIFICATIONS OF G-PROTEINS 235

rhoC is ADP-ribosylatcd by Clostridium
botulinum exoenzyme C3 and affects
actin microfilaments in Vero cells.
EMBO J. 8:1087-92

Didsbury, J. R., Weber, R. F., Bokoch,
G. M., Evans, T., Snyderman, R.
1989. rac, a novel ras-related family
of proteins that are botulinum toxin
substrates. J. Biol. Chem. 264:16378-
82

Sekine, A., Fujiwara, M., Narumiya,
S. 1989. Asparagine residue in the rho
gene product is the modification site
for botulinum ADP-ribosyltransferase.
J. Biol. Chem. 264:8602-5

Nishiki, T., Narumiya, S., Morii, N.,
Yamamoto, M., Fujiwara, M., et al.
1990. ADP-ribosylation of the rho/rac
proteins induced growth inhibition,
neurite outgrowth and acetylcholine
esterase in cultured PC-12 cells.
Biochem. Biophys. Res. Commun.
167:265-72

Sugai, M., Chen, C.-H., Wy, H. C.
1992. Bacterial ADP-ribosyltransferase
with a substrate specificity of the rho
protein disassembles the Golgi appara-
tus in Vero cells and mimics the action
of brefeldin A. Proc. Natl. Acad. Sci.
USA 89:8903-7

Ohtsuka, T., Nagata, K., Iiri, T.,
Nozawa, Y., Ueno, K., et al. 1989.
Activator protein supporting the botu-
linum ADP-ribosyltransferase reaction.
J. Biol. Chem. 264:15000--5
Maehama, T., Takahashi, K., Ohoka,
Y., Ohtsuka, T., Ui, M., Katada, T.
1991. Identification of a botulinum
C3-like enzyme in bovine brain that
catalyzes ADP-ribosylation of GTP-
binding proteins. J. Biol. Chem. 266:
10062-65

Kamiya, Y., Sakurai, A., Tamura, S.,
Takahashi, N. 1978. Structure of
rhodotorucinc A, a novel lipopeptide,
inducing mating tube formation in
Rhodosporidium toruloides. Biochem.
Biophys. Res. Commun. 83:1077-83
Sakagami, Y., Yoshida, M., Isogai,
A., Suzuki, A. 1981. Peptidal sex
hormones inducing conjugation tube
formation in compatible mating-type
cells of Tremella mesenterica. Bio-
chemistry 212:1525-27

Ishibashi, Y., Sakagami, Y., Isogai,
A., Suzuki, A. 1984. Structures of
tremerogens A-9291-I and A9291-VIIL:
Peptidyl sex hormoncs of Tremella
bransiliensis. Biochemistry 23:1399—
404

Anderegg, R. J., Betz, R., Carr, S.
A., Crabb, J. W., Duntze, W. 1988.
Structure of Saccharomyces cerevisiae

104.

105.

106.

107.

108.

109.

110.

I11.

112.

113.

114.

11s.

mating hormone a-factor. J. Biol.
Chem. 263:1823640

Schmidt, R. A., Schneider, C. J,
Glomset, J. A. 1984. Evidence for
post-translational incorporation of a
product of mevalonic acid into Swiss
3T3 cell proteins. J. Biol. Chem. 259:
10175-80

Famsworth, C. C., Gelb, M. H.,
Glomset, J. A. 1990. Identification of
geranylgeranyl-modified proteins in
HeLa cells. Science 247:320--22
Rilling, H. C., Breunger, E., Epstein,
W. W, Crain, P. F. 1990. Prenylated
proteins: The structure of the isoprenoid
group. Science 247:318-20

Casey, P. J., Solski, P. A., Der, C.
J., Buss, J. E. 1989. p2Iras is modified
by a farnesyl isoprenoid. Proc. Natl.
Acad. Sci. USA 86:8323-27

Xie, H., Yamane, H. K., Stephenson,
R. C, Ong, O. C., Fung, B. K.-K.,
Clarke, S. 1990. Analysis of prenylated
carboxyl-terminal cysteine methyl esters
in proteins. Meth. Compan. Meth. En-
zymol. 1:276-82

Clarke, S. 1992. Protein isoprenylation
and methylation at carboxyl-terminal
cysteine residues. Annu. Rev. Biochem.
61:355-86

Jones, T. L. Z., Spiegel, A. M. 1990.
Isoprenylation of an inhibitory G protein
a subunit occurs only upon mutagenesis
of the carboxyl terminus. J. Biol. Chem.
265:19389-92

Powers, S., Michaelis, S., Broek, D.,
Anna-A., Santa, S., et al. 1986. RAM,
a gene of yeast required for a functional
modification of RAS proteins and for
production of mating pheromone a-fac-
tor. Cell 47:413-22

Clarke, S., Vogel, J. P., Deschenes,
R. J., Stock, J. 1988. Posttranslational
modification of the Ha-ras oncogene
protein: Evidence for a third class of
protein carboxyl methyltransferases.
Proc. Natl. Acad. Sci. USA 85:4643--47
Gutierrez, L., Magee, A. 1., Marshall,
C.J., Hancock, J. F. 1989. Post-trans-
lational processing of p21ras is two-step
and involves carboxyl-methylation and
carboxy-terminal proteolysis. EMBO J.
8:1093-98

Hancock, J. F., Magee, A. 1., Childs,
J. E., Marshall, C. J. 1989. All ras
proteins are polyisoprenylated but only
some are palmitoylated. Cell 57:1167—
77

Willumsen, B. M., Norris, K.,
Papageorge, A. G., Hubbert, N. L.,
Lowy, D. R. 1984. Harvey murine
sarcoma virus p21 ras protein: Biolog-
ical and biochemical significance of



Annu. Rev. Pharmacol. Toxicol. 1993.33:201-241. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

236

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

YAMANE & FUNG

the cysteine nearest the carboxy ter-
minus. EMBO J. 3:2581-85

Chen, Z.-Q., Ulsh, L. S., DuBois,
G., Shih, T. Y. 1985. Posttranslational
processing of p21 ras proteins involves
palmitoylation of the C-terminal
tetrapeptide containing cysteine-186. J.
Virol. 56:607-12

Stimmel, J. B., Deschenes, R. J.,
Volker, C., Stock, J., Clarke, S. 1990.
Evidence for an S-famesylcysteine
methyl ester at the carboxyl terminus
of the Saccharomyces cerevisiae RAS2
protein. Biochemistry 29:9651-59
Maltese, W. A., Robishaw, J. D.
1990. Isoprenylation of C-terminal cys-
teine in a G-protein vy subunit. J. Biol.
Chem. 265:18071-74

Yamane, H. K., Famsworth, C. C.,
Xie, H., Evans, T., Howald, W. N,
etal. 1991. Membrane-binding domain
of the small G protein G25K contains
an S-(all-trans-geranylgeranyl)cysteine
methyl ester at its carboxyl terminus.
Proc. Natl. Acad. Sci. USA 88:286-90
Kawata, M., Farnsworth, C. C.,
Yoshida, Y., Gelb, M. H., Glomset,
J. A., Takai, Y. 1990. Posttranslation-
ally processed structure of the human
platelet protein smgp21B: Evidence for
geranylgeranylation and carboxyl meth-
ylation of the C-terminal cysteine. Proc.
Natl. Acad. Sci. USA 87:8960-64
Didsbury, J. R., Uhing, R. J., Snyder-
man, R. 1990. Isoprenylation of the
low molecular mass GTP-binding pro-
teins racl and rac2: Possible role in
membrane  localization.  Biochem.
Biophys. Res. Commun. 171:804—12
Buss, J. E., Quilliam, L. A., Kato,
K., Casey, P. J., Solski, P. A., et
al. 1991. The COOH-terminal domain
of the raplA (Krev-1) protein is
isoprenylated and supports transforma-
tion by an H-rasrrapl A chimeric pro-
tein. Mol. Cell. Biol. 11:1523-30
Reiss, Y., Goldstein, J. L., Seabra,
M. C., Casey, P. J., Brown, M. S.
1990. Inhibition of purified p2lras
famesyl:protein transferase by Cys-
AAX tetrapeptides. Cell 62:81-88
Kohl, N. E., Diehl, R. E., Schaber,
M. D, Rands, E., Soderman, D. D.,
etal. 1991. Structural homology among
mammalian and Saccharomyces
cerevisiae isoprenyl-protein transfer-
ases. J. Biol. Chem. 266:18884-88
Reiss, Y., Stradley, S. J., Gierasch,
L. M., Brown, M. S., Goldstein, J.
L. 1991. Sequence requirement for
peptide recognition by rat brain p21ras
protein famesyltransferase. Proc. Natl.
Acad. Sci. USA 88:732-36

126.

127.

128.

129.

129a.

130.

131.

132.

133.

134.

135.

Yoshida, Y., Kawata, M., Katayama,
M., Horiuchi, H., Kita, Y., Takai, Y.
1991. A geranylgeranyltransferase for
rhoA p2l distinct from the famesyl-
transferase for ras p21S. Biochem.
Biophys. Res. Commun. 175: 720-28
Yokoyama, K., Goodwin, G. W.,
Ghomashchi, F., Glomset, J. A., Gelb,
M. H. 1991. A protein geranylgeranyl-
transferase from bovine brain: Impli-
cations for protein  prenylation
specificity. Proc. Natl. Acad. Sci. USA
88:5302-6

Casey, P. J., Thissen, J. A., Moomaw,
J. F. 1991. Enzymatic modification of
proteins with a geranylgeranyl isopre-
noid. Proc. Natl. Acad. Sci. USA 88:
8631-35

Joly, A., Popjak, G., Edwards, P. A.
1991. Invitro identification of a soluble
protein:geranylgeranyl transferase from
rat tissues. J. Biol. Chem. 266:13495-
98

Moomaw, J. F., Casey, P. J. 1992.
Mammalian protein geranylgeranyl-
transferase. Subunit composition and
metal requirements. J. Biol. Chem.
267:17438-43

Reiss, Y., Brown, M. S., Goldstein,
J. L. 1992. Divalent cation and prenyl
pyrophosphate specificities of the pro-
tein farnesyltransferase from rat brain,
a zinc metalloenzyme. J. Biol. Chem.
267:6403-8

Reiss, Y., Seabra, M. C., Armstrong,
S. A., Slaughter, C. A., Goldstein, J.
L., Brown, M. S. 1991. Nonidentical
subunits of p2lH-ras famesyl-
transferase. J. Biol. Chem. 266:10672—
77

Chen, W.-J., Andres, D. A ., Goldstein,
J. L., Brown, M. S. 1991. Cloning
and expression of a cDNA encoding
the o subunit of rat p2lras protein
farnesyltransferase. Proc. Natl. Acad.
Sci. USA 88:11368-72

Seabra, M. C., Reiss, Y., Casey, P.
J., Brown, M. S., Goldstein, J. L.
1991. Protein famesyltransferase and
geranylgeranyl transferasc share a com-
mon o subunit. Cell 65:429-34
Rudnick, D. A., McWherter, C. A.,
Rocque, W.J., Lennon, P. J., Getman,
D. P., Gordon, J. 1. 1991. Kinetic
and structural evidence for a sequential
ordered bi bi mechanism of catalysis
by Saccharomyces cerevisiae myristoyl-
CoA:protein N-myristoyltransferase. J.
Biol. Chem. 266:9732-39

Chen, W.-J., Andres, D. A., Goldstein,
J. L., Russell, D. W., Brown, M. S.
1991. ¢cDNA cloning and expression
of the peptide-binding B subunit of rat



Annu. Rev. Pharmacol. Toxicol. 1993.33:201-241. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

COVALENT MODIFICATIONS OF G-PROTEINS 237

p2lras famesyltransferase, the counter-
part of yeast DPRI/RAMI. Cell 66:
327-34

Goodman, L. E., Judd, S. R.,
Famsworth, C. C., Powers, S., Gelb,
M. H., et al. 1990. Mutants of Sac-
charomyces cerevisiae defective in the
faesylation of ras proteins. Proc.
Natl. Acad. Sci. USA 87:9665-69
He, B., Chen, P., Chen, S.-Y.,
Vancura, K. L., Michealis, S., Powers,
S. 1991. RAM2, an essential gene of
yeast, and RAM} encode the two poly-
peptide components of the famesyl-
transferase that prenylates a-factor and
ras proteins. Proc. Natl. Acad. Sci.
USA 88:11373-77

Finegold, A. A., Johnson, D. 1.,
Famsworth, C. C., Gelb, M. H., Judd,
S. R., et al. 1991. Protein geranyl-
geranyltransferase of Saccharomyces
cerevisiae is specific for Cys-Xaa- Xaa-
Leu motif proteins and requires the
CDC43 gene product but not the DPRI
gene product. Proc. Natl. Acad. Sci.
USA 88:4448-52

Hrycyna, C. A., Clarke, S. 1992.
Maturation of isoprenylated proteins in
Saccharomyces cerevisiae. Multiple ac-
tivities catalyze the cleavage of the
three carboxyl-terminal amino acids
from famesylated substrates in vitro.
J. Biol. Chem. 267:10457-64

Ma, Y.-T., Rando, R. R. 1992. A
microsomal endoprotease that specific-
ally cleaves isoprenylated peptides.
Proc. Natl. Acad. Sci. USA 89:6275-79
Vorburger, K., Kitten, G. T., Nigg,
E. A. 1989. Modification of nuclear
lamin proteins by a mevalonic acid
derivative occurs in reticulocyte lysates
and rquires the cysteine residue of the
C-terminal CXXM motif. EMBO J.
8:4007-13

Hancock, J. F., Cadwallader, K., Mar-
shall, C. J. 1991. Methylation and
proteolysis are essential for efficient
membrane binding of prenylated p21K-
ras(B). EMBO J. 10:641-46
Backlund, P. S. Jr., Aksamit, R. R.
1988. Guaninc nuclcotide-dependent
carboxyl methylation of mammalian
membrane proteins. J. Biol. Chem.
263:15864--67

Ota, I. M., Clarke, S. 1989. Enzymatic
methylation of 23-29-kDa bovine ret-
inal rod outer segment membrane pro-
teins. J. Biol. Chem. 264:12879-84
Yamane, H. K., Fung, B. K.-K. 1989.
The membrane-binding domain of a
23-kDa G-protein is carboxyl methyl-
ated. J. Biol. Chem. 264:20100-5
Fung, B. K.-K., Yamane, H. K., Ota,

147.

148.

149.

150.

151.

152.

152a.

153.

154.

155.

156.

I. M., Clarke, S. 1990. The vy subunit
of brain G-proteins is methyl esterified
at a C-terminal cysteine. FEBS Lett.
260:313-17

Stephenson, R. C., Clarke, S. 1990.
Identification of a C-terminal protein
carboxyl methyltransferase in rat liver
membranes utilizing a synthetic farnesyl
cysteine-containing peptide substrate.
J. Biol. Chem. 265:16248-54
Stephenson, R. C., Clarke, S. 1992.
Characterization of a rat liver protein
carboxyl methyltransferase involved in
the maturation of proteins with the
-CXXX C-terminal sequence motif. J.
Biol. Chem. 267:13314-19

Volker, C., Miller, R. A., McCleary,
W. R., Rao, A., Poenie, M., et al.
1991. Effects of farnesylcysteine ana-
logs on protein carboxyl methylation
and signal transduction. J. Biol. Chem.
266:21515-22

Pérez-Sala, D., Tan, E. W., Canada,
F. J., Rando, R. R. 1991. Methylation
and dcmethylation reactions of guaninc
nucleotide-binding proteins of retinal
rod outer segments. Proc. Natl. Acad.
Sci. USA 88:3043-46

Tan, E. W., Pérez-Sala, D., Canada,
F. J., Rando, R. R. 1991. Identifying
the recognition unit for G protein meth-
ylation. J. Biol. Chem. 266:10719-22
Hrycyna, C. A., Sapperstein, S. K.,
Clarke, S., Michaelis, S. 1991. The
Saccharomyces cerevisiae STE14 gene
encodes a methyltransferase that me-
diates C-terminal methylation of a-fac-
tor and RAS proteins. EMBO J. 10:
1699-709

Backlund, P. S. Jr. 1992. GTP-stim-
ulated carboxyl methylation of a soluble
form of GTP-binding protein of G25K
in brain. J. Biol. Chem. 267:18432-39
Hrycyna, C., Clarke, S. 1990. Farnesyl
cysteine C-terminal methyltransferase
activity is dependent upon the STE/4
gene product in Saccharomyces
cerevisiae. Mol. Cell. Biol. 10:5071-76
Marr, R. S., Blair, L. C., Thomer,
J. 1990. Sacchuromyces cerevisiae
STEI4 gene is required for COOH-ter-
minal methylation of a-factor mating
pheromone. J. Biol. Chem. 265:20057-
60

Kinsella, B. T., Maltese, W. A. 1991.
rab GTP-binding proteins implicated in
vesicular transport are isoprenylated in
vitro at cysteines within a novel car-
boxyl-terminal motif. J. Biol. Chem.
266:8540-44

Khosravi-Far, R., Lutz, R. J., Cox,
A. D., Conroy, L., Bourne, J. R., et
al. 1991. Isoprenoid modification of



Annu. Rev. Pharmacol. Toxicol. 1993.33:201-241. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

238

157.

158.

159.

159a.

160.

160a.

161.

162.

163.

164.

YAMANE & FUNG

rab proteins terminating in CC or CXC
motifs. Proc. Natl. Acad. Sci. USA
88:6264-68

Kinsella, B. T., Maltese, W. A. 1992.
rab GTP-binding proteins with three
different carboxyl-tcrminal cysteine mo-
tifs are modified in vivo by 20-carbon
isoprenoids. J. Biol. Chem. 267:3940-
45

Newman, C. M. H., Giannakouros,
T., Hancock, H. J., Fawell, E. H.,
Armstrong, J., Magee, A. 1. 1992.
Post-translational processing of the
Schizosaccharomyces pombe YPT pro-
teins. J. Biol. Chem. 267:11329-36
Molenaar, C. M. T., Prange, R,
Gallwitz, D. 1988. A carboxyl-terminal
cysteine residue is required for palmitic
acid binding and biological activity of
the ras-related YPTI protein. EMBO
J. 7:971-76

Seabra, M. C., Goldstein, J. L.,
Sidhof, T. C., Brown, M. S. 1992.
Rab geranylgeranyl transferase. A
multisubunit enzyme that prenylates
GTP-binding proteins terminating in
Cys-X-Cys or Cys-Cys. J. Biol. Chem.
267:14497-503

Horiuchi, H., Kawata, M., Katayama,
M., Yoshida, Y., Musha, T., et al
1991. A novel prenyltransferase for a
small GTP-binding protein having a
C-terminal Cys-Ala-Cys structure. J.
Biol. Chem. 266:16981-84

Seabra, M. C., Brown, M. S., Slaugh-
ter, C. A., Siidhof, T. C., Goldstein,
J. L. 1992. Purification of component
A of rab geranylgeranyl transferase:
Possible identity with the choroideremia
gene product. Cell 70:1049-57
Rossi, G., Jiang, Y., Newman, A. P.,
Ferro-Novick, S. 1991. Dependence of
yptl and sec4 membrane attachment
on bet2. Nature 351:158-61
Famsworth, C. C., Kawata, M.,
Yoshida, Y., Takai, Y., Gelb, M. H.,
Glomset, J. A. 1991. C terminus of
the small GTP-binding protein smg
P25A contains two geranylgeranylated
cysteine residues and a methyl ester.
12’68L Natl. Acad. Sci. USA 88:6196-
Hiroyoshi, M., Kaibuchi, K.,
Kawamura, S., Hata, Y., Takai, Y.
1991. Role of the C-tcrminal region
of smg p2l, a ras p2l-like small
GTP-binding protein, in membrane
and smg p21 GDP/GTP exchange pro-
tein interactions. J. Biol. Chem. 266:
2962-69

Jackson, J. H., Cochrane, C. G.,
Boumne, J. R., Solski, P. A., Buss,
J. E., Der, C. J. 1990. Famesol mod-

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

ification of Kirsten-ras exon 4B protein
is essential for transformation. Proc.
Natl. Acad. Sci. USA 87:3042-46
Simonds, W. F., Butyrinski, J. E.,
Gautam, N., Unson, C. G., Spiegel,
A. M. 1991. G-protein By dimecrs.
Membrane targeting requires subunit
coexpression and intact yC-A-A-X do-
main. J. Biol. Chem. 266:5363-66
Kato, K., Cox, A. D., Hisaka, M.
M., Graham, S. M., Buss, J. E., Der,
C. J. 1992. Isoprenoid addition to ras
protein is the critical modification for
it membrane association and trans-
forming activity. Proc. Natl. Acad.
Sci. USA 89:6403-7

Kiihn, H. 1980. Light- and GTP-reg-
ulated interaction of GTPase and other
proteins with bovine photoreceptor
membranes. Nature 283:587-89

Eide, B., Gierschik, P., Milligan, G.,
Mullaney, I., Unson, C., et al. 1987.
GTP-binding protein in brain and neu-
trophil are tethered to the plasma mem-
brane via their amino termini. Biochem.
Biophys. Res. Commun. 148:1398-405
Hancock, I. F., Paterson, H., Marshall,
C. J. 1990. A polybasic domain or
palmitoylation is required in addition
to the CAAX motif to localize p2lras
t30 the plasma membrane. Cell 63:133—
9

Buss, J. E., Solski, P. A., Schaeffer,
J. P., MacDonald, M. J., Der, C. J.
1989. Activation of the cellular proto-
oncogene product p2lras by addition
of a myristoylation signal. Science 243:
1600-3

Shirataki, H., Kaibuchi, K., Hiroyoshi,
M., Isomura, M., Araki, S., et al.
1991. Inhibition of the action of the
stimulatory GDP/GTP exchange protein
for smg p2l by the geranylgeranylated
synthetic peptides designed from its
C-terminal region. J. Biol. Chem. 266:.
20672-77

Musha, T., Kawata, M., Takai, Y.
1992. The geranylgeranyl moiety but
not the methyl moicty of the smg-
25A/rab3A protein is essential for the
interactions with membrane and its
inhibitory GDP/GTP exchange protein.
J. Biol. Chem. 267:9821-25

Fukada, Y., Ohguro, H., Saito, T.,
Yoshizawa, T., Akino, T. 1989. Bv-
subunit of bovine transducin composed
of two components with distinctive -y
subunits. J. Biol. Chem. 264:5937-43
Schultz, A. M., Tsai, S.-C., Kung,
H.-F., Oroszlan, S., Moss, J.,
Vaughan, M. 1987. Hydroxylamine-
stable covalent linkage of myristic acid
in Goa, a guanine nucleotide-binding



Annu. Rev. Pharmacol. Toxicol. 1993.33:201-241. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

175.

176.

177.

178.

179.

180.

181.

182.

183.

183a.

COVALENT MODIFICATIONS OF G-PROTEINS 239

protein of bovine brain. Biochem.
Biophys. Res. Commun. 146:1234-39
Towler, D. A., Gordon, J. 1., Adams,
S. P., Glaser, L. 1988. The biology
and enzymology of eukaryotic protein
acylation. Annu. Rev. Biochem. 57:69—
99

Towler, D. A., Eubanks, S. R., Tow-
ery, D. S., Adams, S. P., Glaser, L.
1987. Amino-terminal processing of
proteins by N-myristoylation. J. Biol.
Chem. 262:1030-36

Towler,D. A., Adams, S. P., Eubanks,
S. R., Towery, D. S., Jackson-
Machelski, E., et al. 1987. Purification
and characterization of yeast myristoyl
CoA:protein  N-myristoyltransferase.
Proc. Natl. Acad. Sci. USA 84:2708-12
Duronio, R. J., Rudnick, D. A,
Adams, S. P., Towler, D. A., Gordon,
J. I 1991. Analyzing the substrate
specificity of Saccharomyces cerevisiae
myristoyl-CoA: protein N-myristoyl-
transterase by co-expressing it with
mammalian G protein o subunits in
Escherichia coli. J. Biol. Chem. 266:
10498-504

Deichaite, 1., Casson, L. P., Ling,
H.-P., Resh, M. D. 1988. In vitro
synthesis of pp60"**: Myristylation in
a cell-free system. Mol. Cell. Biol.
8:4295-301

Buss, J. E., Mumby, S. M., Casey,
P. J., Gilman, A. G., Sefton, B. M.
1987. Myristoylated o subunits of gua-
nine nucleotide-binding regulatory pro-
teins. Proc. Natl. Acad. Sci. USA
84:7493-97

Sullivan, K. A., Liao, Y., Alborzi,
A., Biederman, B., Chang, F., et al.
1986. Inhibitory and stimulatory G
proteins of adenylate cyclase: cDNA
and amino acid sequences of the «
chains. Proc. Natl. Acad. Sci. USA
83:6687-91

Jones, T. L. Z., Simonds, W. F.,
Merendino, J. J. Jr., Brann, M. R.,
Spiegel, A. M. 1990. Myristoylation
of an inhibitory GTP-binding protein
o subunit is essential for its membrane
attachment. Proc. Natl. Acad. Sci. USA
87:568-72

Mumby, S. M., Heuckeroth, R. O,
Gordon, J. 1., Gilman, A. G. 1990.
G-protein a-subunit expression,
myristoylation, and membrane associ-
ation in COS cells. Proc. Natl. Acad.
Sci. USA 87:728-32

Neubert, T. A., Johnson, R. S., Hurley,
J. B., Walsh, K. A. 1992. The rod
transducin o subunit amino terminus
is hetergeneously fatty acylated. J. Biol.
Chem. 267:18274-77

184.

185.

186.

187.

188.

188a.

188b.

188c.

189.

190.

191.

192.

Resh, M. D., Ling, H.-P. 1990. Iden-
tification of a 32K plasma membrane
protein that binds to the mynstylated
amino-terminal sequence of p60**
Nature 346:84-86

Linder, M. E., Pang, 1.-H., Duronio,
R. J., Gordon, J. 1., Sternweis, P.
C., Gilman, A. G. 1991. Lipid mod-
ification of G protein subunits.
Mpyristoylation of Goo increases its
affinity for Bvy. J. Biol. Chem. 266:
4654-59

Navon, S. E., Fung, B. K.-K. 1987.
Characterization of transducin from bo-
vine retinal rod outer segments. Par-
ticipation of the amino-terminal region
of Te in subunit interaction. J. Biol.
Chem. 262:15746-51

Neer, E. J., Pulsifer, L., Wolf, L. G.
1988. The amino terminus of G protein
o subunits is required for interaction
with By. J. Biol. Chem. 263:8996-9000
Sternweis, P. C. 1986. The purified
o subunits of Go and Gi from bovine
brain require By for association with
phospholipid vesicles. J. Biol. Chem.
260:631-37

Lyons, J., Landis, C. A., Harsh, G.,
Vallar, L., Griinewald, K., etal. 1992.
Two G protein oncogenes in human
endocrine tumors. Science 249:655-58
Pace, A. M., Wong, Y. H., Boume,
H. R 1991. A mutant o subunit of
Giz induces neoplastic transformation
of Rat-1 cells. Proc. Natl. Acad. Sci.
USA 88:7031-35

Gallego, C., Gupta, S. K., Winitz,
S., Eisfelder, B. J., Johnson, G. L.
1992. Myristoylation of the Gai2 poly-
peptide, a G protein « subunit, is
required for its signaling and transfor-
mation functions. Proc. Natl. Acad.
Sci. USA 89:9695-99

Magee, A. l., Gutierrez, L.. McKay,
I. A., Marshall, C. J., Hall, A. 1987.
Dynamic fatty acylation of p2IN-ras.
EMBO J. 6:3353-57

Katada, T., Gilman, A. G., Watanabe,
Y., Bauer, S., Jakobs, K. H. 1985.
Protein kinase C phosphorylates the
inhibitory guanine-nucleotide-binding
regulatory component and apparently
suppresses its function in hormonal
inhibition of adenylate cyclase. Eur.
J. Biochem. 151:431-37

Lounsbury, K. M., Casey, P. J., Brass,
L. F., Manning, D. R. 1991. Phos-
phorylation of G; in human platelets.
Selectivity and site of modification. J.
Biol. Chem. 266:22051-56
Krupinski, J., Rajaram, R.,
Lakonishok, M., Menovic, J. L.,
Cerione, R. A. 1988. Insulin-dependent



Annu. Rev. Pharmacol. Toxicol. 1993.33:201-241. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

240

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

YAMANE & FUNG

phosphorylation of GTP-binding pro-
teins in phospholipid vesicles. J. Biol.
Chem. 263:12333-41

Zick, Y., Sagi-Eisenberg, R., Pines,
M., Gierschik, P., Spiegel, A. M.
1986. Multisite phosphorylation of the
o subunit of transducin by the insulin
receptor kinase and protein kinase C.
Proc. Natl. Acad. Sci. USA 83:9294-97
Hausdorff, W. P., Pitcher, J. A,
Luttrell, D. K., Linder, M. E., Kurose,
H., et al. 1992. Tyrosine phosphory-
lation of G protein o« subunits by
pp60“ ™. Proc. Natl. Acad. Sci. USA
89:5720-24

Cole, G. M., Reed, S. 1. 1991. Pher-
omone-induced phosphorylation of a G
protein B subunit in S. cerevisiae is
associated with an adaptive response
to mating pheromone. Cell 64:703-16
Shih, T. Y., Papageorge, A. G,
Stokes, P. E., Weeks, M. O, Scolnick,
E. M. 1980. Guanine nucleotide-bind-
ing and autophosphorylating activities
associated with the p2lsrc protein of
Harvey murine sarcoma virus. Nature
287:686-91

Jeng, A. Y., Srivastava, S. K., Lacal,
J. C., Blumberg, P. M. 1987. Phos-
phorylation of ras oncogene product
by protein kinase C. Biochem. Biophys.
Res. Commun. 145:782-88
Saikumar, P., Ulsh, L. S., Clanton,
D. J., Huang, K.-P., Shih, T. Y.
1988. Novel phosphorylation of c-ras
p21 by protein kinases. Oncog. Res.
3:213-22

Ballester, R., Furth, M. E., Rosen,
O. M. 1987. Phorbol ester and protein
kinase C-mediated phosphorylation of
the cellular Kirsten ras gene product.
J. Biol. Chem. 262:2688-95

Hata, Y., Kaibuchi, K., Kawamura,
S., Hiroyoshi, M., Shirataki, H., Takai,
Y. 1991. Enhancement of the actions
of smg p21 GDP/GTP exchange protein
by the protein kinase A-catalyzed phos-
phorylation of smg p21. J. Biol. Chem.
266:6571-77

Ellis, C., Moran, M., McCormick, F.,
Pawson, T. 1990. Phosphorylation of
GAP and GAP-associated proteins by
transforming and mitogenic tyrosine
kinases. Nature 343:377-81

Molloy, C. J., Bottaro, D. P., Fleming,
T. P., Marshall, M. S., Gibbs, J. B.,
Aaronson, S. A. 1989. PDGF induction
of tyrosine phosphorylation of GTPase
activating protein. Nature 342:711-14
Kazlauskas, A., Ellis, C., Pawson, T.,
Cooper, J. A. 1990. Binding of GAP
to activated PDGF receptors. Science
247:1578-81

204.

20s.

206.

207.

208.

209.

210.

211.

212.

213.

214.

Kaplan, D. R., Morrison, D. K.,
Wong, G. McCormlck F., Wllllams,
L.T. 1990, PDGF - receptor stimulates
tyrosine phosphorylation of GAP and
association of GAP with a signaling
complex. Cell 61:125-33

Resnick, R. J., Racker, E. 1988. Phos-
phorylation of the RAS2 gene product
by protein kinase A inhibits the acti-
vation of yeast adenylyl cyclase. Proc.
Natl. Acad. Sci. USA 85:2474-78
Hoshijima, M., Kikuchi, A., Kawata,
M., Ohmori, T., Hashimoto, E., et
al. 1988. Phosphorylation by cyclic
AMP-dependent protein kinase of a
human platelet Mr 22,000 GTP-binding
protein (smg p2l1) having the same
putative effector domain as the ras
gene products. Biochem. Biophys. Res.
Commun. 157:851-60

Kawata, M., Kikuchi, A., Hoshijima,
M., Yamamoto, K., Hashimoto, E.,
et al. 1989. Phosphorylation of smg
p2l, a ras p2l-like GTP-binding pro-
tein, by cyclic AMP-dependent protein
kinase in a cell-free system and in
response to prostaglandin E1l in intact
human platelets. J. Biol. Chem. 264:
15688-95

Siess, W., Winegar, D. A., Lapetina,
E. G. 1990, Rapl-b is phosphorylated
by protein kinase A in intact human
platelets. Biochem. Biophys. Res. Com-
mun. 170:944--50

Nagata, K., Itoh, H., Katada, T.,
Takenaka, K., Ui, M., et al. 1989.
Purification, identification, and charac-
terization of two GTP-binding proteins
with molecular weights of 25,000 and
21,000 in human platelet cytosol. J.
Biol. Chem. 264:17008--5

Hart, M. J., Polakis, P. G., Evans,
T., Cerione, R. A. 1990. The identi-
fication and characterization of an epi-
dermal  growth  factor-stimulated
phosphorylation of a specific low mo-
lecular weight GTP-binding protein in
areconstituted phospholipid vesicle sys-
tem. J. Biol. Chem. 265:5990-6001
Diekmann, D., Brill, S., Garrett, M.
D., Totty, N., Hsuan, J., et al. 1991.
Ber encodes 2 GTPase- acnvatmg pro-
tein for p21™¢. Nature 351:400-2
Hart, M. J., Eva, A., Evans, T.,
Aaronson, S. A., Cerione, R. A. 1991.
Catalysis of guanine nucleotide ex-
change on the CDC42Hs protein by

the dbl oncogene product. Nature
354:311-14
Hall, A. 1992. Signal transduction

through small GTPases—A tale of two
GAPs. Cell 69:389-91
Van Dop, C. 1989. Pseudohypopara-



Annu. Rev. Pharmacol. Toxicol. 1993.33:201-241. Downloaded from www.annualreviews.org
by Central College on 12/09/11. For personal use only.

215.

216.

217.

218.

218a.

219.

219a.

COVALENT MODIFICATIONS OF G-PROTEINS 241

thyroidism: Clinical and molecular as-
pects. Sem. Nephrol. 9:168-78
Gawler, D., Milligan, G., Spiegel, A.
M., Unson, C. G., Houslay, M. D.
1987. Abolition of the expression of
inhibitory guanine nucleotide regulatory
protein G; in diabetes. Nature 327:229—
32

Levine, M. A, Ahn, T. G., Klupt,
S. F., Kaufman, K. D., Smallwood,
P. M., et al. 1988. Genetic deficiency
of the a subunit of the guanine nu-
cleotide-binding protein Gs as the mo-
lecular basis for Albright hereditary
osteodystrophy. Proc. Natl. Acad. Sci.
USA 85:617-21

Bégin-Heick, N. 1985. Absence of the
inhibitory effect of guanine nucleotides
on adenylate cyclase activity in white
adipocyte membranes of the ob/ob
mouse. Effect of the ob gene. J. Biol.
Chem. 260:6187-93

Ashley, P. L., Ellison, J., Sullivan,
K. A., Boume, H. R., Cox, D. R.
1987. Chromosomal assignment of the
murine Gia and Gsa genes. Implications
for the obese mouse. J. Biol. Chem.
262:15299-301

Weinstein, L. S., Shenker, A., Gejman,
P. V., Merino, M. J., Friedman, E.,
Spiegel, A. M. 1991. Activating mu-
tations of the stimulatory G protein in
the McCune-Albright syndrome. N.
Engl. J. Med. 325:1688-95

Vallar, L., Spada, A., Giannattasio,
G. 1987. Altercd Gs and adcnylate
cyclase activity in human GH-secreting
pituitary adenomas. Nature 330:566-68
Landis, C. A., Masters, S. B., Pace,
A. M., Boumme, H. R., Vallar, L.
1989. GTPase inhibiting mutations ac-
tivate the a chain of Gs and stimulate

220.

221.

222

223.

224.

225.

226.

adenylyl cyclase in human pituitary
tumours. Nature 340:692-96

Schafer, W. R., Kim, R., Sterne, R.,
Thorner, J. Kim, S.-H., Rine, J. 1989.
Genetic and pharmacological suppres-
sion of oncogenic mutations in RAS
genes of yeast and humans. Science
245:379-85

Endo, A., Kuroda, M., Tanzawa, K.
1976. Competitive inhibition of 3-
hydroxy-3-methylglutaryl coenzyme A
reductase by ML-236A and ML-236B
fungal metabolites, having hypocho-
lesterolemic activity. FEBS Lett. 72:
323-26

Endo, A., Kuroda, M., Tsujita, Y.
1976. ML-236A, ML-236B, and ML-
236C, new inhibitors of cholesterogene-
sis produced by Penicillium citrinum.
J. Antibiot. 29:1346-48

Alberts, A. W., Chen, J., Juron, G.,
Hunt, V., Huff, J., et al. 1980.
Mevinolin: A highly potent competitive
inhibitor of hydroxymethylglutaryl-co-
enzyme A reductase and a cholesterol-
lowering agent. Proc. Natl. Acad. Sci.
USA 77:3957-61

Crowell, P. L., Chang, R. R., Ren,
Z., Elson, C. E., Gould, M. N. 1991.
Selective inhibition of isoprenylation
of 21-26-kDa proteins by the anti-
carcinogen d-limonene and its metab-
olites. J. Biol. Chem. 266:17679-85
Rabbani, G. H., Butler, T., Bardhan,
P. K., Islam, A. 1983. Reduction of
fluid loss in cholera by nicotinic acid:
A randomised controlled trial. Lancet
2:1439-42

Pastan, I., Chaudhary, V., FitzGerald,
D. J. 1992. Recombinant toxins as
novel therapeutic agents. Annu. Rev.
Biochem. 61:331-54



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee


	ar: 
	logo: 



