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Therapeutic intervention based on protein
prenylation and associated modifications
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Wesley C Van Voorhis® & Herbert Waldmann?

In eukaryotic cells, a specific set of proteins are modified by C-terminal attachment of 15-carbon farnesyl groups or 20-carbon
geranylgeranyl groups that function both as anchors for fixing proteins to membranes and as molecular handles for facilitating
binding of these lipidated proteins to other proteins. Additional modification of these prenylated proteins includes C-terminal
proteolysis and methylation, and attachment of a 16-carbon palmitoyl group; these modifications augment membrane anchoring
and alter the dynamics of movement of proteins between different cellular membrane compartments. The enzymes in the
protein prenylation pathway have been isolated and characterized. Blocking protein prenylation is proving to be therapeutically
useful for the treatment of certain cancers, infection by protozoan parasites and the rare genetic disease Hutchinson-Gilford

progeria syndrome.

Isoprenoids are lipids made of five-carbon blocks, and they constitute
one of the main classes of natural products. A subset of isoprenoids
called prenyl groups are found on a variety of biological substances,
including proteins. Prenylated proteins and peptides are found in most
(if not all) eukaryotes. They arise from the post-translational attach-
ment of 15-carbon farnesyl or 20-carbon geranylgeranyl groups to the
C-terminal segment of proteins. Protein prenyl groups not only are
hydrophobic elements that bind proteins to membranes, but, at least
in some cases, they also function as molecular handles that bind to
hydrophobic grooves on the surface of soluble protein factors; these
factors then remove the prenylated protein from the membrane in a
regulated manner.

Protein prenylation has been vigorously studied over the past ~15
years because it is found on several signaling proteins (including het-
erotrimeric G proteins) that connect cell surface receptors to intra-
cellular effectors, and also on Ras proteins, one of the most common
oncoproteins found in human tumors. Ras proteins serve as molecular
switches at cellular membranes to control propagation of growth sig-
nals from cell surface receptors to nuclear transcription factors. Because
Ras mutations are important in many human cancers, there has been
extensive focus on Ras prenylation.
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Discovery of protein prenyl groups and structural varieties

The first reports of prenylated proteins and peptides described the
secreted pheromone peptides from jelly fungil>?, whose structure resem-
bles that of the well-known a-factor mating pheromone from baker’s
yeast (Saccharomyces cerevisiae), which contains a cysteine methylester
farnesylated at the C terminus?. In the 1980s, studies on the timing of
cholesterol biosynthesis with respect to the cell cycle in human cells led
to the discovery that a compound derived from mevalonic acid other
than cholesterol is incorporated into a specific set of proteins*. Rigorous
structure-elucidation work showed that these proteins contain cysteine-
linked farnesyl and geranylgeranyl groups>®.

Figure 1 shows the structures of the C termini of prenylated proteins
that have been reported so far. In the case of farnesylated proteins, the
lipid is thioether linked to the cysteine sulfur, and the o-carboxyl group
of the C-terminal farnesylated cysteine is methylated. Proteins contain-
ing a single geranylgeranyl group are similarly modified on cysteine. The
third structural class of prenylated proteins contain two geranylgeranyl
groups, with each lipid chain attached to separate cysteines that some-
times flank a single nonlipidated amino acid (Fig. 1)”. In some doubly
geranylgeranylated proteins, the two lipidated cysteines are next to each
other in the protein sequence and are followed by either zero or two
additional amino acids, and in these cases there is no C-terminal car-
boxyl methylation (that is, C(geranylgeranyl) C(geranylgeranyl)-COOH
or C(geranylgeranyl)C(geranylgeranyl)-XY-COOH)?.

Known farnesylated proteins include nuclear lamins A and B, which
form a filamentous structural layer on the inner side of the nuclear
membrane; the y subunit of the heterotrimeric G protein transducin,
which functions in visual signal transduction in the retina; all three iso-
forms of Ras GTP-binding proteins, which function in cellular growth
regulation; the large-antigen component of the hepatitis & virus; and
yeast a-factor. All farnesylated proteins contain a C-terminal sequence
CaaX, where C is cysteine, a is usually but not necessarily an aliphatic
amino acid and X is one of a variety of amino acids. After attachment of
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the farnesyl group via a thioether linkage to the cysteine residue, the last
three amino acids, aaX, are removed by a prenyl protein—specific endo-
protease, and the o-carboxyl group of the newly exposed farnesylated
cysteine is methylated by a prenyl protein—specific methyltransferase
(Fig. 2). Some prenylated proteins such as H-Ras and N-Ras contain a
second lipid chain, a 16-carbon palmitoyl group, that is thioester linked
to the SH group of a cysteine that is close in protein sequence to the
farnesylated-cysteine C terminus (Fig. 2). Known geranylgeranylated
proteins include the y subunit of heterotrimeric G proteins that function
at the plasma membrane, and many small GTP-binding proteins such as
the Rho proteins. The Rab subfamily of GTP-binding proteins contain
a pair of geranylgeranyl groups on adjacent or nearly adjacent cysteines
at the C terminus of the protein (Fig. 1). Approximately 50 different
prenylated proteins have been identified so far. Two-dimensional gel
analysis of radiolabeled prenylated proteins suggests that there may be
~100-200 such proteins in mammalian cells.

Enzymatic processing of prenylated proteins

So far, three distinct protein prenyltransferases that attach prenyl groups to
proteins have been identified. Protein farnesyltransferase (PFT) transfers
the farnesyl group from farnesyl diphosphate to the cysteine SH of the
CaaX motif at the C terminus of proteins (Fig. 2). Protein geranylgeranyl-
transferase type I (PGGT-I) catalyzes a similar reaction using geranylgera-
nyl diphosphate as the prenyl donor. Protein geranylgeranyltransferase
type II (also known as Rab geranylgeranyltransferase) catalyzes the trans-
fer of both geranylgeranyl groups from geranylgeranyl diphosphate to two
cysteine SH groups at the C terminus of Rab proteins. Much is known
about the structure and catalytic properties of these enzymes®~14, All three
are heterodimeric proteins that use active site—bound Zn?* as a catalytic
cofactor. Rab geranylgeranyltransferase recognizes Rab proteins bound to
a carrier protein called Rab escort protein (REP).

The specificity rules that dictate which CaaX motifs are acted on by
PFT, which are acted on by PGGT-I and which are not prenylated at
all are not completely understood. The X residue of CaaX is probably
the most important element for differential recognition by PFT versus
PGGT-I (ref. 15), but the aa portion of CaaX is also important!®. A poly-
basic stretch of amino acids upstream of the CaaX motif can facilitate
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binding of proteins such as K-Ras to PFT (ref. 17). Several elements of
Rab proteins are recognized by Rep, and only the Rab—Rep complex is
acted on by PGGT-II (ref. 18).

The postprenylation CaaX processing machinery includes the endo-
protease Rcelp (and in some cases Ste24p, see below), which releases
an intact aaX tripeptide from the newly prenylated CaaX protein, and
isoprenylcysteine carboxylmethyltransferase (Icmt), which transfers
a methyl group from S-adenosylmethionine to the o-carboxyl group
of the prenyl cysteine (Fig. 2). Two important breakthroughs based on
the discovery of the genes encoding these enzymes in S. cerevisiae were
the identification of the genes’ mammalian homologs and their recent
targeted disruption in mice. Ras localization and transforming capacity
was found to be markedly altered in mouse embryonic fibroblasts having
null and conditional alleles of Reel and Icmt, which provided compel-
ling evidence for the physiological importance of postprenylation CaaX
processing steps in Ras oncogenesis'®?. These genetic studies, together
with the recent appreciation that cross-prenylation by prenyltransferases
can diminish the therapeutic value of PFT inhibitors (FTIs; discussed
below), have spurred renewed interest in the postprenylation enzymes
as attractive anticancer targets.

There are two gene products capable of mediating CaaX endoproteo-
lysis in yeast: the Ras-converting enzyme Rcelp, and Ste24p (designated
Zmpste24 in mammalian cells)?1?2, Although functionally redundant
for the endoproteolysis of the yeast a-factor CaaX motif, Rcelp and
Ste24p have distinct, albeit overlapping, substrate specificities when
tested in vivo against a panel of CaaX motifs?®. Notably, the processing of
Ras and most other CaaX proteins is solely dependent on Reelp; a-factor
is the only known physiological exception, though more may exist.

Rcelp and Ste24p are multispanning endoplasmic reticulum mem-
brane proteins?. Because membrane spans are not commonly a feature
of proteases, purification was important in providing proof that Ste24p
is a bona fide CaaX protease®. Ste24p contains a canonical zinc metal-
loprotease motif, and the purified enzyme is zinc dependent. It should
be noted that yeast Ste24p, and its mammalian counterpart Zmpste24,
have additional roles in an N-terminal proteolytic processing step for
a-factor and prelamin A, respectively (see below); the unusual ability of
Zmpste24 to cleave at two distinct sites remains puzzling.
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Figure 1 Structures of the C termini of prenylated proteins. Farnesylated protein (left); geranylgeranylated protein (middle); doubly geranylgeranylated

protein (right).
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Rcelp has been a focus of biochemical studies because of its key role in
the CaaX processing of Ras proteins. Using defined synthetic substrates
and membrane-associated or partially purified Rcelp, investigators have
shown that Reelp activity depends on the prenylation status of its sub-
strate, and that Rcelp has a preference for particular CaaX motifs?®-31,
Unfortunately, Rcelp has eluded purification, and neither its amino acid
sequence nor its biochemical properties reveal straightforward clues
about its mechanism of action. Inhibitor and bioinformatic analyses
suggest that Rcelp may be a serine protease or a metalloprotease, respec-
tively?>32. However, mutagenesis of critical residues implicated by those
studies does not affect enzyme activity®?; further mutational analysis of
residues conserved among Rcelp orthologs may reveal new clues about
the reaction mechanism of Reelp.

The embryonic lethality of the Rcel™~ mouse and the dilated car-
diomyopathy resulting from specifically ablating Rcel expression in the
mouse heart indicate significant physiological roles for postprenylation
processing>»>, Studies of mouse fibroblasts with either null or condi-
tional Rcel mutant alleles have provided compelling evidence that the
membrane association, plasma membrane targeting and transforma-
tion capacity of Ras are all substantially lower when Rcelp function is
lacking; in fact cells lacking Rcel function are sensitized to FTT treat-
ment**-3%, These findings have spurred renewed interest in develop-
ing Reel inhibitors. So far, inhibitor studies have focused on substrate
analogs, including prenylpeptide mimetics and related compounds that
may act as competitive inhibitors?”>3’. Clearly, the identification of new
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Figure 2 Enzymatic pathway for the modification
of prenylated proteins. PFT attaches a farnesyl
group to the C-terminal CaaX motif of specific
cytosolic proteins. The farnesylated protein
undergoes C-terminal aaX removal by the
endoprotease Rcelp, and this is followed
by S-adenosylmethionine (SAM)-dependent
methylation of the COOH terminus by Imct;
both modifications occur in the endoplasmic
reticulum. Some proteins, such as N-Ras and
H-Ras, are further modified after transfer to
Golgi membranes by palmitoylation on one or
two cysteines near the prenylated cysteine in
N\ a reaction catalyzed by DHHC9 and GCP16 in
mammals (Erf2 and Erf4 in yeast endoplasmic
reticulum membranes) and using palmitoy!
coenzyme A (CoA) as the fatty-acid donor. After
palmitoylation, fully lipidated N-Ras and H-Ras
N\ are transferred to the plasma membrane probably
by vesicle transport. Other proteins, such as K-
Ras, contain a polybasic region (KKKKKKSKTK)
next to the prenylated C terminus that is thought
to bind the protein to the cytosolic face of
the plasma membrane through electrostatic
interactions with acidic phospholipids. PPO,
pyrophosphate. Farnesyl groups are shown in blue
and palmitoyl groups are red.
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Rcelp inhibitors presents a promising avenue
for further research.

Like the endoproteases, the methyltransferase
Icmt is a multispanning endoplasmic reticulum
membrane protein, with its active site presum-
ably facing the cytosol®3. Topology studies have
shown that the yeast Icmt (Ste14p) has six trans-
membrane spans, and two additional spans have
been predicted for the mammalian enzyme®.
Because of its membrane spans and because it
lacks a classical methyltransferase consensus
motif, Icmt is an atypical member of the methyltransferase family of
enzymes‘m. However, the recent purification of Stel4p from yeast, and
its reconstitution in liposomes in an enzymatically active form, have pro-
vided conclusive evidence that it is the sole component comprising Icmt
activity?®*!, Using the purified enzyme, researchers showed that yeast
Stel4p recognizes the farnesylated and geranylgeranyl substrates N-acetyl-
S-farnesylcysteine and N-acetyl-S-geranylgeranylcysteine equivalently.

The Icmt™~ knockout mouse has an embryonic lethal phenotype,
although it dies at an earlier stage than the Rcel™~ mouse, an observa-
tion underscoring the physiological importance of Icmt (ref. 42). As is
the case for Rcel-deficient fibroblasts, null and conditional Icmt mutant
fibroblasts have defects in the membrane association and plasma mem-
brane targeting of Ras, and also in Ras-induced transformation effi-
ciency*>#*, Notably, the analysis of Ras-transformed Icmt—deficient
fibroblasts highlights an additional and important twist: the unmeth-
ylated geranylgeranylated RhoA produced in the absence of Icmt is
metabolically unstable, and the resulting low steady-state concentration
of RhoA may provide an important contribution to inhibiting Ras-
induced oncogenic transformation under these circumstances*4. As this
example with RhoA illustrates, carboxyl methylation has diverse and
sometimes unanticipated roles, affecting different prenylated proteins
in different ways. Proposed roles for the carboxyl methylation of prenyl-
ated proteins, for which there is evidence in particular cases, include
influencing intracellular protein localization, membrane attachment,
metabolic stability and interactions with other proteins!®20:4546,
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Although carboxyl methylation of prenylated proteins has been sug-
gested to be reversible, and therefore could represent a regulatory event,
evidence for this reversibility in cells has not been forthcoming.

Given the importance of carboxyl methylation for Ras-induced onco-
genesis shown by the Icrmt mouse studies mentioned above, the develop-
ment of Iemt inhibitors as anticancer drugs is of obvious interest!41:47,
The well-known chemotherapeutic compound methotrexate (an
antifolate that blocks thymidine synthesis, which is necessary for tumor
growth) causes accumulation of S-adenosylhomocysteine, a potent
inhibitor of nearly all cellular methyltransferases; it has been suggested
that at least some of methotrexate’s antitumor activity may stem from its
ability to inhibit Icmt, though specificity for Icmt is lacking*®. It is worth
noting that there were initial reservations that specific Icmt inhibitors
might be toxic to cells because they would affect all prenylated proteins;
these concerns have been significantly mitigated by recent work showing
that although the localization of farnesylated proteins is strongly affected
when methylation is blocked, the localization of geranylgeranylated pro-
teins (the main class of prenylated proteins) is relatively unaffected’.
Efforts to identify specific Icmt inhibitors are currently underway. Both
the screening of compound libraries®® and the search for mechanism-
based and substrate-analog inhibitors>! are beginning to yield candidate
compounds.

Palmitoylation of prenylated proteins
S-Palmitoylation of proteins entails connection of a (C,¢) fatty-acid chain
to the thiol functionality of a cysteine via a thioester bond. Palmitoylation
of proteins has several possible functions, depending on the protein
under scrutiny. Much like protein prenylation in general, protein pal-
mitoylation enables or contributes to membrane binding and possibly
localization®>%. Additionally, palmitoylation
may modulate protein-protein or protein-
lipid interactions and enzyme activity. In con-
trast to protein prenylation, palmitoylation is
a reversible post-translational modification®*.
In the Ras superfamily, H-Ras and N-Ras are
examples of proteins that are both prenylated
and palmitoylated®. Palmitoylation of the C
terminus of these Ras proteins occurs after the
farnesylation of the C-terminal cysteine and
at cysteine residues slightly upstream of the
farnesylated cysteine (Fig. 2). Although inhibi-
tors of Ras palmitoylation are known (2-bro-
mopalmitate>® and cerulenin analogs®”-*3, for
example), the mechanisms and selectivity steer-
ing this palmitoylation process are still unclear.
Several palmitoylation motifs have been found
in different classes of proteins and have been
reviewed>2. We focus on the recent progress in
the elucidation of the enzymology and function
of palmitoylation in Ras proteins.

Plasma membrane

Figure 3 Model for the trafficking of H-Ras and
N-Ras from the Golgi complex to the plasma
membrane and back®7:68, S-Palmitoylation of the
two Ras isoforms occurs at the Golgi (1), followed
by directed vesicular transport to the plasma
membrane (2), where the protein can be released
after enzymatic hydrolysis of the thioester (3) and
transported back via a nonvesicular pathway to
the Golgi (4). APT1, DHHC9 and GCP16 may be
involved in palmitoylation on the Golgi.

Golgi
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In yeast, the Erf2—Erf4 protein complex palmitoylates the yeast Ras
homolog Ras2 (refs. 59,60). Until recently no Erf2 orthologs or other
proteins featuring Ras S-palmitoylation activity had been found in
the genomes of eukaryotes, including the human genome. However,
two proteins or protein complexes (DHHC9 and GCP16) that may be
involved in Ras palmitoylation have recently been discovered®:2,

The eukaryotic acyl protein thioesterase 1 (APT1) protein has been
identified as participating in the removal of palmitate from proteins on
the cytosolic face of membranes®®. The relationship between Ras proteins
and APT1 has therefore been further studied using a chemical biologi-
cal approach®. In this investigation several semisynthetic Ras proteins,
together with lipopeptides and newly developed APT1 inhibitors, were
synthesized via combined chemical and biological methods and used as
tools, without which the study would have been difficult®2. These APT1
inhibitors prevented differentiation of PC12 cells by oncogenic N-Ras
when N-Ras had to be finally processed within the cell (that is, when
N-Ras lacked a palmitoyl anchor). The biological activity of an N-Ras
lipoprotein having a complete but nonhydrolyzable membrane anchor
was not reduced by the same inhibitors. Additional in vitro experiments
with these inhibitors and semisynthetic N-Ras lipopeptides and proteins
has shown that the inhibitors may inhibit Ras palmitoylation and depal-
mitoylation. This observation led to the suggestion that APT1 functions
in vitro as a bidirectional enzyme, promoting either Ras palmitoylation
or Ras depalmitoylation, depending on the local environment and on
substrate availability. However, the possible involvement of APT1 in Ras
palmitoylation in vivo still needs to be proven.

Yeast Erf2 is a protein that contains a DHHC cysteine-rich domain
and functions in complex with Erf4 (ref. 60). An analogous human
protein palmitoyltransferase complex has been discovered that consists
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Figure 4 Model for extraction of prenylated Rab proteins from membranes via GDI, as previously formulated®”. (1) The initial recognition occurs via the
low-affinity interaction of the Rab protein with the C-terminal-binding region (CBR) of GDI. Then, the lipid-binding site of GDI is positioned over the prenyl
functionalities of the Rab protein (2), the first geranylgeranyl moiety is transferred (3) and the second geranylgeranyl moiety is transferred (4). (5) This finally

results in the dissociation of the complex from the membrane.

of DHHC9, which contains a DHHC cysteine-rich domain, and GCP16,
a palmitoylated membrane protein localized on the Golgi®!. These two
proteins colocalize in the Golgi apparatus and form a protein com-
plex, and DHHC9 requires GCP16 for palmitoyltransferase activity.
The complex also shows substrate selectivity for the C terminus of
Ras proteins, which suggests that it is a human ortholog of the yeast
palmitoyltransferase. The localization of the protein complex in the
Golgi suggests that it is an important contributor to the control of Ras
palmitoylation in vivo.

The importance of Ras palmitoylation has also been recently high-
lighted in studies on the regulation of its localization and activity®>3,
Some of these studies used semisynthetic proteins, whereas others used
fluorescently labeled proteins®’. The specific subcellular distribution
of palmitoylatable H-Ras and N-Ras isoforms is generated through a
constitutive deacylation-reacylation cycle (Fig. 3). Palmitoylation status
drives rapid exchange of Ras between the plasma membrane and the
Golgi apparatus; depalmitoylated Ras protein exchanges rapidly between
cytoplasm and membranes, and repalmitoylation occurs at the Golgi,
where Ras signals or is redirected to the plasma membrane. In addition,
the two individual palmitoyl residues of H-Ras have a distinct role in
protein trafficking, localization and signaling®®.

These results in regard to Ras palmitoylating enzymes and Ras process-
ing in the cell are new starting points for the complete characterization
of the Ras palmitoylation machinery and its functioning. Additional
enzymes that are involved in protein palmitoylation are expected to be
found, and the targeting mechanism of Ras via reversible post-transla-
tional modifications might be a paradigm for other types of proteins, pal-
mitoylated or not. On top of that, use of the palmitoylation process may
open up a new opportunity to target oncogenic H-Ras and N-Ras”’.

Anchoring proteins to membranes: static and dynamic picture

The structure and lateral organization of lipids and proteins in biological
membranes are under heavy scrutiny in the fields of membrane bio-
chemistry and biophysics’172. The existence of membrane subdomains
with different lipid compositions and the relationship between lipid
domain formation and the conformation and functional properties of
membrane-anchored proteins are central topics in these fields. As is
true for other lipidated proteins, the microlocalization and signaling of
Ras depends on its lipidation pattern, although other factors, such as
the amino acid sequence of the backbone and conformation of specific
domains, also have prominent roles’>. In addition, the position of the
lipid functionalities seems to determine the membrane specificity”*.

The different C-terminal amino acids and the concomitant lipida-
tion motifs of Ras proteins are thought to target the different Ras iso-
forms to different membrane microenvironments and thereby regulate
their biological profiles. Experiments using green fluorescent proteins
tagged with different types of lipid anchors and expressed in live cells
have shown that myristoyl and palmitoyl groups promote clustering
in cholesterol-rich liquid-ordered domains (‘rafts’), whereas isoprenyl
groups do not and prefer the liquid-disordered phase””. Studies on fluo-
rescently labeled N-Ras proteins and model membranes have shown that
the complete protein has a preference for the liquid-disordered phase
over the liquid-ordered and solid-ordered phases’®, and NMR studies
of this protein have shown a specific conformation of the lipidated C
terminus when bound to the membrane”’. Together with several studies
on peptides, this indicates that the membrane localization of N-Ras is
mainly governed by its lipidated C terminus, in contrast to H-Ras, for
example, in which the GDP and GTP loading status also strongly regu-
lates its localization®®78. Localization studies with atomic force micros-
copy (AFM) have shown that to a large extent the lipidated protein is
actually located in the boundary region of the domains in mixed-phase
liquid-ordered/liquid-disordered phases’®. The specific localization and
accumulation of N-Ras proteins in interfaces of lipid bilayer domains
may have a special biological relevance, as it might serve, for example, as
a vehicle for protein association. Recent computational modeling stud-
ies of immunogold spatial point patterns on intact plasma membrane
sheets indicate that lipidated proteins on the inner plasma membrane
are able to drive the formation of nanoclusters’”. These findings are
supported by independent studies on semisynthetic Ras proteins’®. This
indicates that Ras proteins are not passively targeted to microenviron-
ments but may be actively involved in their generation®’.

The K-Ras protein contains eight lysine residues just upstream of the
farnesylated C terminus (Fig. 2). It is has been suggested that these cat-
ionic lysines form favorable electrostatic interactions with the cytosolic
face of the plasma membrane; anionic phospholipids including phospha-
tidylserine and phosphatidylinositol are present at relatively high abun-
dances on this membrane leaflet. An electrostatic basis for targeting of
K-Ras to the plasma membrane (rather than a mechanism involving the
binding of the C terminus to a putative receptor protein located in the
plasma membrane) is consistent with the fact that mutation of all eight
lysines to arginines®! or to D-lysines®? does not effect K-Ras targeting.

So far we have focused on the membrane anchoring ability of pro-
tein prenyl groups. Methylation of the prenylated cysteine is expected
to increase the hydrophobicity of the protein’s C terminus, thereby
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facilitating membrane anchoring. Studies also show that in some cases
the prenyl group serves as a molecular handle to allow extraction of
prenylated proteins from membranes by other proteins. For example, the
Rab3a GTP-binding protein cycles between the membrane of synaptic
vesicles and the cytosol during regulated release of neurotransmitters®>.
The physiological significance of this cycling is not yet understood.
Membrane extraction and delivery of prenylated proteins of the Rab and
Rho families is mediated by their respective GDP dissociation inhibitors
(GDIs). Although Rab GDIs and Rho GDIs differ in structure, they have
similar biological regulatory activities®*. X-ray crystallography and NMR
studies have provided insight into the binding of Rho GTPases to Rho
GDI®. Together with kinetic studies, this has resulted in a proposed two-
step mechanism for the release of, for example, the Rho GTPase Cdc42
or of Rab proteins from membranes®°. In the first fast step, Rho GDI
binds to the switch regions of Cdc42, enabling the hydrophobic pocket
to bind the hypervariable region of the GTPase. In the second step, the
geranylgeranyl moiety is isomerized and inserted into the hydrophobic
pocket, resulting in release from the membrane. Back delivery of the
GTPase into the membrane is thought to involve several factors such
as phosphorylation status, phospholipid composition and protein dis-
placement factors.

Data obtained on the structural and kinetic properties of the GDI-
Rab interaction have allowed investigators to formulate a comparable
GDI-Rab membrane extraction model (Fig. 4)%7. In short, GDI recog-
nizes the GDP-bound form of Rab through an initial interaction that
involves only the globular part of the GTPase. Subsequent docking of
the Rab C terminus onto GDI leads to stepwise extraction of the prenyl
moieties from the membrane, a process that is driven by binding of
the lipid groups in the highly hydrophobic GDI binding site. Logically,
the mechanism for delivering Rab back into the membrane is a rever-
sal of the extraction process, but it probably involves an additional
membrane-bound factor (termed GDI displacement factor) having
specificity for specific Rab molecules. An important number of these
displacement factors belong to the group of Yip/PRL proteins (one
of the proteins in this group, Yip1, is an essential protein in yeast that
interacts with Rab proteins)3®. Rab escort proteins (REPs) that shuttle
the Rab protein to and from the Rab geranylgeranyltransferase share
structural features with GDIs, including a hydrophobic groove for bind-
ing geranylgeranyl groups.

These models for extraction and delivery of prenylated proteins pro-
vide guidance for additional studies that will hopefully lead to an under-
standing of specific membrane targeting of these proteins.

Semisynthetic tools for studying lipidated proteins

Progress in the area of protein ligation methods has given researchers
access to a broad spectrum of methods for the semisynthetic production
of post-translationally modified proteins, including lipidated proteins.
These methods yield either native bonds (for example, prior thiol cap-
ture, native chemical ligation and expressed protein ligation) or non-
native bonds (for example, imine capture ligation, oxime ligation and
maleimidocaproic acid ligation). This combination of organic chemis-
try and molecular biology gives scientists access to modified proteins
(with both natural and non-natural modifications) that are generally not
accessible through other (for example, enzymatic) processes®’.

Two chemical ligation approaches have been used to obtain fully func-
tional Ras GTPases (Fig. 5). The first approach, expressed protein liga-
tion (EPL), connects a lipidated peptide having an N-terminal cysteine
to the C terminus of a thioester-tagged Ras GTPase via a native peptide
bond. The second approach incorporates synthetic lipidated peptides
into the GTPases using maleimidocaproyl (MIC)-controlled ligation.
This ligation requires an accessible (that is, C-terminal-free) thiol group
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on the protein, usually on a cysteine, to connect the N-terminally MIC-
modified peptide.

Development of FTlIs as cancer therapeutics

Over the past ~15 years, a variety of small-molecule inhibitors of protein
farnesyltransferase have been developed®*-°2, These include compounds
that compete with CaaX peptide substrates or with farnesyl diphosphate,
as well as compounds that coordinate to zinc, an essential metal involved
in catalysis. Computer modeling has also aided in the improvement
and design of FTIs. Three compounds, R115777 (tipifarnib), SCH66336
(lonafarnib) and BMS214662 (Fig. 6), are currently being evaluated in
anticancer clinical trials. These compounds show high potency and
selectivity against PFT (>1,000-fold preference over PGGT-I). This high
specificity seems to be a result of selective stacking interactions between
the FTI compound and aromatic residues in the binding site®2. In addi-
tion to these highly specific compounds, there are FTT compounds that
have dual specificity. One example is L-778,123, which inhibits both
PFT and PGGT-I (ref. 93). Notably, this compound assumes two dif-
ferent modes of interaction with the two enzymes®*. Other examples
of dual-specificity inhibitors include the Bristol-Myers Squibb com-
pounds BMS1, BMS2, BMS3 and BMS4, which inhibit both PFT and
PGGTH-II (ref. 95). These compounds are strongly proapoptotic, which
distinguishes them from other FTI compounds. It is speculated that
the apoptotic activity of these BMS compounds is a result of PGGT-II
inhibition affecting Rab protein function.

FTIs have Ras-independent clinical activities

FTTs have been extensively examined as potential anticancer agents, and
surprisingly they are well tolerated in clinical settings®®°!. Clinical activ-
ity has been detected with hematologic malignancies including acute
myeloid leukemia (AML), chronic myeloid leukemia (CML), multiple
myeloma and myelodysplastic syndrome. In a phase 1 study of AML,
about 30% of subjects responded to tipifarnib®, and this led to the
current, multicentered, large-scale trial of tipifarnib for treating AML.
In a trial involving individuals with multiple myeloma, disease stabi-
lization was observed in about 60% of individuals taking tipifarnib®’.
Some clinical activity toward advanced breast cancer has been detected.
However, effects of FTTs on solid tumors have been limited. Combining
FTTs with other chemotherapeutic agents has produced some promis-
ing results. In combination with paclitaxel, lonafarnib showed clini-
cal activity in people with non—small cell lung cancer®®. Although FTIs
have clinical activities, the effects seem to be largely independent of the
inhibition of Ras protein; no correlations with Ras mutation status or
with Ras inhibition have been observed. This is likely because FTTs are
incapable of inhibiting the function of K-Ras4B, a predominant iso-
form of K-Ras; K-Ras4B can be geranylgeranylated when farnesylation
is inhibited®>1%0, Because there are many farnesylated proteins in the cell,
FTTs have the potential to inhibit many proteins. Thus, the anticancer
action of FTTs may reflect combinatorial effects on several farnesylated
target proteins.

Toward rational uses of FTIs

Recently, human disorders in which a particular farnesylated protein is
overactivated or overexpressed have been reported. In these situations,
the effects of FTIs may be a result of their inhibiting the function of
these particular proteins. H-Ras activation is observed in a small but
substantial percentage of human cancer. Approximately 20% of samples
from salivary gland tumors and bladder cancer contain H-Ras muta-
tions'%192, Germline mutations of H-Ras have been identified in
approximately 90% of people with Costello syndrome, a genetic disor-
der associated with characteristic craniofacial features, developmental
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delay and cardiac and skeletal anomalies'®*~1%5, Importantly, people
with Costello syndrome have a predisposition to neoplasia, including
transitional cell carcinoma and neuroblastoma. In these cases, FTIs
may inhibit the function of H-Ras. Tuberous sclerosis syndrome (TSC)
is a genetic disorder that is associated with the appearance of benign
tumors called hamartomas in a variety of organs, such as kidney, skin
and brain!%. TSCI gene products Tscl and Tsc2 form a complex that
acts as a negative regulator of the farnesylated GTPase Rheb. Thus,
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overactivation of Rheb underlies the molecular basis of this disease.
FTTs inhibit Rheb (refs. 107,108) and reverse transformed phenotypes
of cells lacking Tsc. The effects of FTTs, in this case, parallel the effects of
rapamycin, as Rheb is an activator of mammalian target of rapamycin
(mTOR)10%110 TSCI mutations also lead to lymphangioleiomyoma-
tosis (LAM) disease, which is characterized by diffuse infiltration of
the pulmonary parenchyma with benign smooth muscle-like cells!!!.
A different farnesylated protein, PRL-3, is implicated in cancer metastasis.
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Figure 5 Schematic representation of methods used to introduce natural and modified lipidated C termini on Ras GTPases, and a collection of semisynthetic
neo-Ras proteins synthesized via these methods®8:62:64.67.76 (3) EPL. H-Ras (1-180) denotes the first 180 amino acids of this protein. (b) MIC ligation. Far,
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be effective in inhibiting cancer and metastasis arising from the overexpression or overactivation of H-Ras, Rheb and PRL-3 proteins. Two GGTI compounds
are shown. They may be effective in inhibiting the function of RhoC, RalA/B and K-Ras4B.

This protein is overexpressed in metastatic colon cancer as a result of
chromosomal amplification!!?. Expression of PRL-3 in colon cancer
cell lines results in greater invasive property than in healthy colon cells,
and this is associated with the decrease of Rac and increase of RhoC and
RhoA proteins!!3. Thus, it is worth exploring the possibility that FTIs
may influence the metastatic potential of human cancer cells.

GGTls: the next frontier in prenyltransferase inhibition

PGGT-I has recently emerged as an important target for cancer therapy
development (Fig. 6). This is mainly a result of three lines of investi-
gation. First, the geranylgeranylated protein RalA acts downstream of
Ras to transform cells in several cancers!!*. In the case of pancreatic
cancer, K-Ras activation leads to activation of RalGDS and then RalA.
Inhibition of RalA by small interfering RNA (siRNA) inhibits trans-
formed phenotypes of pancreatic cancer cells. Second, GGTIs can inhibit
the geranylgeranylation of K-Ras4B that occurs when PFT is inhibited
(as noted above). Thus, GGTIs may be used in combination with an
FTT to block K-Ras function. Third, another geranylgeranylated protein,
RhoC, has emerged as a critical protein in cancer metastasis. Studies of
RhoC knockout mice show that loss of RhoC results in inhibition of
metastasis!1>. Overexpression of RhoC in metastatic cancer!'® suggests
that GGTI may be explored as an antimetastasis agent.

Small-molecule inhibitors of PGGT-I have been developed based on
the C-terminal CaaL motif found in many geranylgeranylated proteins!!”.
Replacing the central dipeptide portion with different scaffolds led to the
development of a series of inhibitors. Examples are GGTI-2154, which
contains a 2-aryl-4-aminobenzoic acid scaffold, and GGTI-2418, which
contains a piperazine scaffold. Recently, further improvement has been
made by using a benzoyleneurea scaffold!'”. GGTIs have shown cellular
effects including inhibition of Rho signaling, cell cycle arrest at GO and

G1, and apoptosis induction. The first nonpeptidomimetic GGTI, called
GGTI-DU40, has recently been identified from a high-throughput screen
of a chemical compound library!'8. This compound is highly potent, with
a half-maximal inhibitory concentration (IC5;) of 8 nM, and requires
more than 250-fold higher concentration to inhibit PFT. Additional GGTIs
are expected to be identified, and these will provide valuable reagents for
studying and therapeutically inhibiting geranylgeranylation.

Progeria therapeutics based on protein prenylation

A new and unanticipated potential use for FTTs has emerged from recent
studies of the rare premature-aging disease Hutchinson-Gilford progeria
syndrome (HGPS). Children with HGPS have many characteristics of
accelerated aging, including growth retardation, bone problems, hair
loss and a receding mandible, and they die of heart disease, generally
by about age 13. HGPS maps to LMNA, the gene encoding lamin A,
which is a key component of the scaffold that underlies the nuclear
membrane!!.

The biogenesis pathway leading to mature lamin A involves sev-
eral steps and provides a framework for understanding HGPS'??, The
prelamin A precursor undergoes CaaX prenylation, proteolysis and
methylation. Then, an endoproteolytic cleavage step (unusual among
mammalian CaaX proteins) removes the C-terminal 15 amino acids,
including the newly generated carboxylmethylated farnesylcysteine.
The reason that cells go to the trouble of C-terminally modifying prela-
min A and then removing these modifications is not understood. The
endoproteolytic cleavage of prelamin A is mediated by the zinc metal-
loprotease Zmpste24 (refs. 121,122).In S. cerevisiae, the Ste24p protease
mediates N-terminal endoproteolytic cleavage (and also CaaX process-
ing, functioning redundantly with Recelp at this step, as discussed above)
of the yeast a-factor precursor!23124,
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HGPS is commonly caused by a dominant de novo point mutation
in LMNA that activates a cryptic splice site and results in the produc-
tion of a mutant form of lamin A (called progerin) having a 50-amino-
acid deletion that includes the Zmpste24 site!1°. Thus, progerin is not
a substrate for further endoproteolytic cleavage and instead remains
persistently farnesylated and carboxylmethylated!?>126, Several lines
of evidence indicate that accumulation of aberrantly CaaX-modified
prelamin A accounts for the progeroid phenotypes characteristic of
the HGPS mutation!2%, At the cellular level, the hallmark of fibroblasts
from people with HGPS is their highly misshapen (folded, lobed and
severely blebbed) nuclei'!®1?7. Mouse and human fibroblasts expressing
wild-type lamin A but lacking Zmpste24 activity owing to mutational
inactivation have a similar aberrant nuclear phenotype. Persistently
farnesylated and carboxymethylated prelamin A is thought to stick
‘too tightly’ to the nuclear envelope, thereby limiting remodeling of the
nuclear scaffold and weakening support of the nuclear envelope, which
in turn results in blebbed nuclei.

Evidence has recently been presented by several investigators showing
that FTIs can block, and possibly even reverse, the aberrant nuclear mor-
phology resulting from the expression of progerin in fibroblasts from
people with HGPS, in mouse fibroblasts and in HeLa cells!2>126:128-130,
These findings have generated considerable excitement because they
provide proof of principle, at the cellular level, that FTTs may be a useful
therapy for HGPS.

But what about at the organismal level? New results from Yang et al.!3!
and Fong et al.'3? suggest that FTIs may indeed reverse disease pheno-
types resulting from the accumulation of persistently CaaX-modified
prelamin A in the whole animal as well. The investigators found that
FTI treatment of Zmpste24~'~ and HGPS mice substantially improved
progeroid phenotypes with respect to longevity, body weight and bone
integrity. These studies have laid the groundwork for serious consider-
ation of clinical trials of FTTs for children with HGPS!?%13L132 Though
caution is warranted, the minimal toxicity associated with FTIs, together
with the encouraging results from the cellular and mouse studies dis-
cussed above, suggest the compelling possibility that FTIs may be ben-
eficial for children with HGPS.

FTIs as tropical parasitic disease therapeutics

A new use of FTTs is in the treatment of malaria and African sleeping sick-
ness caused by the parasites Plasmodium falciparum and Trypanosoma
brucei, respectively. FTTs are cytotoxic to these protozoa, perhaps because
they contain PFT but seem to lack PGGT-I (refs. 133-136). In the case
of malaria, the target of FTI toxicity is almost certainly PFT, given that
parasites that have become resistant to FTIs contain mutant PFTs that
bind FTIs less tightly'3’. The tetrahydroquinoline series of FT1s, originally
developed by Bristol-Myers Squibb as anticancer agents, are the most
promising antimalarial FTTs reported so far. They kill parasites in culture
in the low nanomolar range and can cure rodents infected with malaria
when dosed orally!?8. This illustrates the ‘piggyback medicinal chemis-
try’ approach of taking advantage of work done by large pharmaceutical
companies and extending it for use in treating neglected diseases.

Concluding remarks

The attachment of prenyl groups to proteins in eukaryotic cells was
discovered about two decades ago either through traditional natural-
product isolation and structure elucidation (of fungal pheromones)
or through careful observations centered on the timing of cholesterol
biosynthesis during the mammalian cell cycle. Interest in understand-
ing protein farnesylation for the purpose of cancer therapy grew out of
the finding that one of the most common cancer-promoting elements
in cells, the Ras proteins, require farnesylation to transform cells into

tumor progenitors. Early studies showing that PFT inhibitors are very
effective at shrinking human tumor masses implanted into experimental
animals have led to preclinical drug development of such inhibitors at
many pharmaceutical companies. After the first round of clinical trials,
it is likely that one or two of these inhibitors will emerge as a well-toler-
ated agent for treating a subset of leukemias.

Further anticancer clinical trials of PFT inhibitors, especially in com-
bination with existing anticancer drugs, are expected in the near future.
The possibility that PGGT-I inhibitors may have beneficial anticancer
properties is currently under investigation. Also, future studies may reveal
the true anticancer basis of these compounds, as the original view that
they act against cancer simply by blocking Ras farnesylation cannot be
the whole story. The anticancer potential of inhibitors of other enzymes
that are often required for processing prenylated proteins (such as endo-
proteases, methyltransferases and palmitoyltransferases) is a ripe area for
new efforts in medicinal chemistry. Protein prenylation has revealed new
features about the ways in which small GTP-binding proteins control
many vital intracellular processes, including trafficking of membrane
compartments within eukaryotic cells and cytoskeleton function. The
analysis of these prenyl groups has set the stage for the discovery of sol-
uble protein factors that move GTP-binding proteins from membranes
into the soluble cellular compartment. There is much to be learned about
the ways in which this translocation is coupled to processes such as cell
morphology changes and cell movement and to transport processes such
as protein secretion and neurotransmitter release.

Finally, it is estimated that a mere ~30% of prenylated proteins in
eukaryotic cells have been identified. Thus, there may be other unex-
plored roles of protein prenyl groups beyond the well-established mem-
brane-anchoring and molecular-handle functions.
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