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I. Abstract

Eukaryotic signaling proteins, such as the oncogenic Ras proteins, that
possess a C-terminal —CaaX sequence undergo a sequential three-step
modification pathway consisting of cysteine prenylation, —aaX proteolysis,
and prenylcysteine carboxyl methylation. Inhibition of any one of these
steps can result in improper protein localization and curtailed protein
function, thus it would be desirable to develop inhibitors of these steps as
potential therapeutic agents. Potent inhibitors of the prenylation step
proved to lack efficacy when evaluated against Ras-driven tumors; there-
fore, attention was then focused on the two downstream postprenylation
events as potential therapeutic targets. Ras-converting enzyme 1 (Rcel)
and isoprenylcysteine carboxyl methyltransferase (Icmt) are currently
being investigated as targets for such malignancies. In this review, inhibitors
of these postprenylation enzymes are described.
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II. Introduction

The Ras superfamily comprises a set of G-protein-coupled proteins
that undergo three necessary posttranslational modification steps. Onco-
genic Ras has been implicated in a number of human malignancies, includ-
ing many colon and pancreatic cancers that are refractory to chemotherapy
[1]. In order for Ras to undergo proper localization to the plasma membrane
(PM) for functional activity, it must be posttranslationally modified at its
C-terminus by three sequential enzymatic steps. These sequential modifica-
tions include protein prenylation, proteolysis, and methyl esterification and
are signaled by the presence of a —CaaX motif, where C is cysteine, “a” is
generally an aliphatic residue, and X is one of a number of amino acids.
Additionally, some Ras proteins are also palmitoylated [2]. The first step is
the attachment of an isoprenyl lipid at the cysteine of this —CaaX sequence.
Subsequently, the endoprotease Rcel cleaves the tripeptide —aaX residues,
exposing a free carboxylate on the prenylated cysteine residue. The final
common step is the methylation of the a-carboxyl of the cysteine residue,
catalyzed by Icmt. The summation of these steps results in a gain in hydro-
phobicity that aids in membrane association of the target protein [3]. There-
fore, pharmacologic modulation of these necessary steps may lead to protein
mislocalization and ultimately disruption of protein function.

The link between Ras and cancer prompted intensive efforts to block the
activity of Ras. Since the initial prenylation is critical to the biological
activity of Ras, the prenyltransferases became natural early targets as
potential therapeutics. Farnesyltransferase (FTase) quickly became the
target of choice, and many small molecule inhibitors of the enzyme were
reported in both the pharmaceutical industry and academia. However,
clinical trials with potent FTase inhibitors (FTIs) proved to be unsuccessful
for patients with pancreatic cancer [4], non-small cell lung cancer [5], small
cell lung cancer [6], and urothelial cell carcinoma [7]. Additionally, preclin-
ical trial data for FTIs in N- and K-Ras murine tumor models did not
display the desired tumor regression [8,9]. One prime reason for the failure
of the FTIs is an alternative prenylation event, where the cysteine that is
normally farnesylated is instead geranylgeranylated by geranylgeranyl-
transferase I. As both Rcel and Icmt recognize both geranylgeranylated
and farnesylated substrates, the downstream processing and subsequent
membrane localization of these proteins are not negatively affected, par-
tially accounting for the poor response of tumors to FTIs [10,11]. This lack
of efficacy decreased enthusiasm for the FTIs as cancer therapeutics and
shifted the focus to the downstream protease and methyltransferase
enzymes in the processing pathway.
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Ill. Inhibitors of Rcel

A. Discovery oF Rcel

The first enzymatic modification that occurs after prenylation is the
endoproteolysis of the last three amino acids in the —CaaX sequence.
Evidence for this proteolysis came from studying modifications to CaaX
proteins p21™° [12] and the yeast a-mating factor [13]. Nearly a decade
later, the genes for Rcel were identified in multiple organisms and Rcel
was described as a putative membrane-associated metalloproteinase local-
ized to the ER of eukaryotic cells [14,15]. However, conflicting reports
suggest that Rcel may act as a cysteine protease and thus complete eluci-
dation of the exact mechanism of action awaits further study. Rcel is also
thought to be critical for cell viability because Rcel ™~ animals display
embryonic lethality [16]. Rcel is capable of processing both farnesylated
and geranylgeranylated proteins [17] and as such would avoid the pitfalls
encountered with FTIs, as described above. Thus, these data led researchers
to investigate Rcel as a potential therapeutic target to block Ras activation.

B. SUBSTRATE SpPEcIFICITY OF RCE1

Rando and coworkers pioneered studies to characterize the substrate
specificity of the Rcel endoprotease. Prenylated tetrapeptides were found
to be substrates of the enzyme and presence of the lipid conjugation was
found to be a requisite functionality [18]. Additionally, a preference for the
natural amino acid isomers was also observed as reversal of the chiral center
proved detrimental to enzymatic turnover, pointing to a potential role for
substrate recognition in the region C-terminal to the scissile bond. These
findings were key to not only providing an initial model substrate but also
offering a potential starting point for inhibitor design.

Poulter and Rine carried out an extensive investigation into the substrate
specificity in the two yeast splice variants of the protease, Rcel and Afcl
[19]. The authors generated a —CaaX library originating from the a-factor
oligopeptide, with modifications at each of the aj, a;, and X positions. For
each of the splice variants, there was a distinct preference for specific
residues at each of the positions. Additionally, there were also library
members that were capable of only undergoing proteolysis by one of the
enzymes. Despite a sequence similarity between the two splice variants, it
appeared that they each possessed unique amino acid preferences; how-
ever, some overlap was observed. Poulter and coworkers also synthesized
CaaX peptides from both yeast and mammalian proteins to further charac-
terize the enzymatic activity of Rcel [20]. While both farnesylated and
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geranylgeranylated oligopeptides could bind to Rcel and prevent turnover
of aradiolabeled substrate, there was a clear preference in terms of catalytic
efficiency for farnesylated substrates.

C. Rcel INHIBITORS
1. Peptide-Based Compounds

Information regarding the substrate activity of Rcel was central to the
development of substrate-based inhibitors. Investigation with farnesylated
cysteine and farnesylated tetrapeptides did, however, result in enzymatic
inhibition. The carboxylate terminus of a prenylcysteine modified with an
aldehyde was found to be a low micromolar inhibitor [21]. Rando and
coworkers also investigated modified farnesylated tetrapeptides. By mod-
ifying the substrate to remove the scissile bond, the potent statine-
tetrapeptide (Figure 9.1) was discovered and has low nanomolar activity
against Rcel in crude membrane fractions.

2. Covalent Modifying Inhibitors

Another class of endoprotease inhibitors was developed that contained
a-chloro ketones as the chemical warhead [22]. BFCCMK (Figure 9.1), a
simple prenylcysteine analog, presumably operates by an active-site residue
displacing the reactive o-chloro ketone. The potency of BFCCMK over
nonlipidic small molecules further demonstrates that there are necessary
and specific lipophilic motifs for Rcel binding and inhibition. Pharmacologic
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Fic. 9.1. Small molecule inhibitors of Rcel: (A) N-Boc-farnesylated tetrapeptide,
(B) BFCCMK, (C) a bisubstrate inhibitor.
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inhibition with BFCCMK was associated with inhibition of anchorage-
independent cell growth in both K-RAS-transformed rodent cells and
human cancer cells by induction of apoptosis [23].

Recent work from the Schmidt laboratory utilized dipeptide-based acy-
loxy methyl ketones as the warhead [24,25]. Unlike the aforementioned
compounds, these dipeptides utilize a different leaving group; however,
presumably enzyme alkylation occurs in a similar fashion. The most potent
inhibitors resulted when an Arg residue was positioned proximal to the
warhead [25]. However, the authors suggest that inhibition is a result of
reversible, noncompetitive binding. This is supported by a “warhead-free”
analog maintaining inhibitory activity despite lacking the chemical ability
to irreversibly alkylate the active site.

3. Bisubstrate-Based Approach

Seeking to overcome the limitations of farnesyl-containing lipopeptides,
Casey et al. reported nonprenyl, nonpeptidyl-based analogs with low micro-
molar potency against Reel (C, Figure 9.1) [26]. These analogs were bisub-
strate in design as they contained a farnesyl mimetic connected to a
peptidomimetic motif, representing a significant advancement toward
more drug-like inhibitors of Rcel. It is of particular note that some of the
compounds evaluated as Rcel inhibitors also proved to be weak inhibitors of
FTase, most likely attributable to the bisubstrate design. However, they were
not capable of inhibiting the final methyl esterification event catalyzed by
Icmt. The most potent compounds in these efforts contain a substituted
cinnamyl prenyl mimetic affixed to an ablated peptidiomimetic of the ter-
minal Met residue of the substrate (farnesyl-CVIM) via a -Ala linker.

4. Genetic Models of Rcel

A murine model with a conditional Rcel knockout was found to induce
cardiomyopathy and the life span of mice infected with Cre adenovirus to
delete Rcel was significantly decreased to 10 months [27]. Moreover, it
has been shown that Rcel deficiency actually accelerates the development
of myeloproliferative diseases [28]. More recently, a study investigated the
postprenylation processing of phosphodiesterase 6 (PDE6) and the impact
of ablation of Rcel activity in neuronal cells [29]. The authors generated
mice lacking Rcel in retinal cells to further elucidate the postprenylation
activity for PDEG6 and found that Rcel is necessary for photoreceptor cell
viability, and that genetic knockdown reduced the ability for light-evoked
responses. Like other proteins requiring postprenylation processing, PDE6
was not properly transported to the correct compartment in Rcel
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retinas. However, deletion of Rcel did not detract from proper multimer
assembly or enzymatic activity.

D. ConcLusioN FOR RcE1 INHIBITION

The advancement of small molecule inhibitors of Rcel may be outpaced
by the developing story on its functional activity in a variety of cell types, as
highlighted briefly above. Inhibition of the postprenylational proteolysis
catalyzed by Rcel as a means to curtail disease states may prove unattain-
able in light of its unfolding vital functions and thus not efficacious as a
therapeutic route. However, the continued evolution of small molecule
inhibitors of Rcel may prove to be useful chemical tools as opposed to
therapeutic agents to further elucidate mechanistic and functional activi-
ties. A comprehensive review of Rcel is found in an accompanying chapter
in this volume (Chapter 10).

IV. Inhibitors of Icmt

A. DiscovERY AND CLONING OF YEAST STE14p

The first evidence for the existence of the methylation of a prenylated
peptidyl substrate was found in two jelly fungi, Tremella mesenterica and
Tremella brasiliensis [30,31]. These peptide sequences are similar to the
a-mating factor found in Saccharomyces cerevisiae, which is also prenylated
at the C-terminus and contains an o-carboxyl methyl ester [32]. The gene
product of the STEI4 in S. cerevisiae was found to be responsible for the
methylation event for the a-factor-mating pheromone and the enzymatic
activity of this methyltransferase was found only in the cellular membrane
fractions [33,34]. Further analyses of Stel4p via epitope tagging determined
that the enzyme is localized to the ER membrane and possesses six trans-
membrane segments, with majority of the enzyme exposed to the cytosol
[35,36].

Another milestone development in the story of Stel4p was the report of
the purification, liposomal reconstitution, and enzymatic characterization
of the methyltransferase from S. cerevisiae [37]. Through purification, the
authors offered definitive evidence toward Stel4p being the sole compo-
nent of the enzyme responsible for the methyl esterification of prenylated
protein substrates. This report also disclosed that Steld4p was capable
of methylating both farnesylated and geranylgeranylated proteins equiva-
lently, further providing evidence for an isoprenyl-recognition motif in the
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enzyme. Thus, Steldp is the founding member of homologous family of
methyltransferases known as the Icmts.

B. Discovery aND CLONING OF HuMaN IcMmT

The first evidence for this modification in mammalian cells was obtained
when human Ha-Ras was transfected into rat fibroblasts and was found to
be methylated at a C-terminal prenylated cysteine [38]. Based on the
previous studies in yeast and jelly fungi, it was suggested this occurred by
a third class of methyltransferase. Although Ras proteins have little struc-
tural and sequence similarity to the fungi and yeast peptide substrates, they
all have a unique characteristic: a prenylated cysteine residue at the car-
boxyl terminus. The authors thus proposed that this motif is responsible for
the recognition of this new class of methyltransferase.

Methyltransferase activity was later identified in both rat liver cells and
in bovine retinal rod outer segments [39,40]. Similar to the yeast Icmt, only
substrates bearing the prenylation signature were recognized by the
enzyme, including both farnesyl and geranylgeranyl moieties [39]. The
enzymatic activity was found only in cellular membrane fractions suggest-
ing a similar cellular localization of the Icmt in mammalian cells.

The biochemical reaction performed by the methyltransferase appears
to be metal dependent, as determined by chemical inhibition studies, but
the exact identity of this metal has yet to be defined [41]. EDTA treatment
had no inhibitory effect on Stel4p, but incubation of the protein with
10 — 50 mM of the metal chelating agent 1,10-phenanthroline eliminated
catalytic activity [37,41]. Additionally, even more hydrophobic metal
sequesterants such as zincon [37], lysine nitriloacetic acid (Lys-NTA) [42],
and cholesteryl-Lys-NTA [43] also inhibited the methyltransferase but at
much lower concentrations. Together, these data suggest that the metal ion
may be buried in a hydrophobic region of the enzyme.

C. PnHArRMAcoLoGIC AcTiviTY OF AFC anD IcmT

Icmt catalyzes the methyl esterification of the prenylated cysteine residue
after Rcel has proteolyzed the —-CaaX-containing proteins. The identifica-
tion of N-acetyl-S-farnesyl-L-cysteine (AFC; Figure 9.2) as a minimal sub-
strate for Icmt was a key event in the development of the Icmt story. The
Rando laboratory accomplished much of this pioneering work on Icmt using
crude membranes of bovine retinal rod outer segments. In this system, AFC
was found to have a Ky, of 23 uM [40]. This finding was instrumental for the
pharmacologic modulation of Iemt utilizing small molecules. Treatment with
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Fic. 9.2. Small molecule farnesylcysteine analogs are substrates of Icmt: Left, N-acetyl
farnesylcysteine analogs; right, farnesylthiopropionic acid (FTP).

AFC invitro has been shown to prevent the methylation of the prenylpeptide
substrate and results in pleiotropic biological consequences.

Several laboratories subsequently studied the effect of AFC treatment on
cells. AFC treatment resulted in a decrease of endogenously methylated Ras
proteins [44]. The authors also reported that when the isoprenyl-recognition
motif was shortened, the binding of the small molecules decreased. Subse-
quent studies have provided further support for the importance of the
isoprenoid motif and hydrophobic bulk. Additional investigation demon-
strated that preventing the methylation activity with AFC decreased murine
macrophage chemotaxis in a dose-dependent manner, signifying a disruption
in a signaling transduction pathway. Further support for disruption of
signaling transduction pathways came from Stock and coworkers who dem-
onstrated that AFC prevented aggregation of human platelets upon stimu-
lation with thrombin and collagen, as this process is mediated via G-protein
signaling [45]. Additionally, AFC treatment also affected the release of
insulin from pancreatic cells, implying that the methylation state of
G-proteins is important for their signaling outcomes [46]. AFC was also
found to disrupt the Ras/Raf/MEK/ERK pathway at the Ras level in the
signaling pathway [47,48]. In this study, the authors used GFP-Ras constructs
to determine if Icmt inhibition could prevent translocation to the PM. Again,
it was clear that the isoprenyl group in AFC was vital, as decreasing the lipid
length diminished the observed cellular activity. Last, AFC was also found to
block superoxide release in human neutrophils [49]. Interestingly, modifica-
tion to the acyl group in AFC could either inhibit or induce superoxide
release. This early finding provided an early clue to the structure—activity
relationships (SARs) for Icmt substrate binding.

Together, these data suggest that altering the methylation state of pro-
tein substrates (or alternatively disrupting methylated-prenylprotein inter-
actions [50]) by Icmt inhibitors may be the cause for these wide-ranging
effects. However, it should be noted that AFC is not specific for Icmt and
these observations await confirmation with bona fide inhibitors that are
specific for Icmt.
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D. INHIBITORS OF IcMT
1. Prenylcysteine Requirements for Inhibition

In order to develop small molecules capable of eliciting similar effects as
AFC in the pharmacologic inhibition of Icmt, it has thus become evident
that specific structural requirements must be observed. Specifically, the
isoprenyl motif was identified as a necessary recognition group and the
presence of a correct prenyl moiety is a key feature for biological activity.
Thus, pharmacophore development for Icmt inhibitors became the focus of
several research groups in the coming years.

Icmt catalyzes the methyl esterification of the prenylated cysteine resi-
due after Rcel has proteolyzed the —CaaX-containing proteins. The first
step in identification of the minimal substrate for Icmt was through identi-
fication of AFC (Figure 9.2) as described above. Interestingly, farnesylcys-
teine (FC), which is devoid of the acetyl substitution, was not a substrate
but did possess some activity as an inhibitor [51], suggesting that the free
amine of FC requires modification for catalytic turnover. Alterations in the
stereochemistry about the FC backbone also appeared to be detrimental to
substrate activity. The stereoisomer, D-AFC, was not a substrate for Icmt
but was a modest mixed-type inhibitor of the enzyme. AFC-methyl ester
(AFC-Me) was also reported to be a mixed-type inhibitor with respect to
both L-AFC and S-adenosylmethionine (SAM), the methyl donor, with K;
values of 41 and 73 uM, respectively [52,53] The farnesyl homocysteine
homolog of AFC is not a substrate for the enzyme; however, the racemic
pL-homocysteine farnesyl derivative is in fact a weak inhibitor [40]. Similar
to the results with racemic prenylcysteine, these data demonstrate that the
linker between the carboxylate and thioether moieties is critical for sub-
strate activity.

Although AFC is a minimal substrate containing some peptide-like
character, it is not the minimal substrate for the enzyme. Omission of the
acetimido motif results in S-farnesyl thiopropionic acid (FTP; Figure 9.2),
which is a substrate for Icmt with a Ky; of 14 uM, comparable to that of
AFC [40]. These data suggest the acetamido of AFC is not a requisite
molecular framework for substrate activity, as the free amino FC is an
inhibitor. The efficient turnover of FTP by Icmt has important conse-
quences for substrate-based inhibitor design, as it simplifies analog design
by eliminating the stereogenic center, lowers the molecular weight, and
increases ligand efficiency [54].

Apart from the cysteine backbone and carboxylate motifs, the prenyl
chain also has a major role in enzyme recognition. The C;, geranyl analog
of AFC (AGC) is a very poor substrate with approximately 40-fold lower
substrate activity [40]. In contrast, replacement with a C,, geranylgeranyl
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motif (AGGC) restores substrate activity. In fact, Icmt recognizes and turns
over molecules containing both farnesyl and geranylgeranyl moieties equiv-
alently [37]. These data indicate that an isoprene moiety of a certain
minimal length is requisite for recognition by the enzyme. Further evidence
for this comes from a saturated-isoprene AFC analog (ATC) that is sur-
prisingly devoid of enzymatic activity [40]. Not only are the isoprene units
necessary in these substrate-based analogs, but also simple saturated
mimetics are apparently not recognized by the enzyme. These results may
point to specific interactions within a prenyl-binding pocket between the
substrate and the enzyme active site. Taken together, the presence of
specific lipid structures is greatly favored for enzyme recognition, and
successful inhibitors need to be designed with sufficient isoprene character
incorporated.

2. Heteroatom Requirements of AFC-Based Analogs

Altering the sulfur heteroatom in AFC and FTP presented an opportu-
nity not only to gain potential mechanistic insights into the methyltransfer-
ase but also to develop SAR for inhibitor design. Much of this preliminary
work was pioneered in the Rando laboratory and focused on replacing the
thioether of AFC and FTP with other heteroatoms. Oxygen- and selenium-
substitution resulted in substrates, albeit with greatly reduced turnover [55].
It is interesting to note that the oxy-FTP analog maintained a comparable
Ky to FTP; however, the V.« was greatly diminished. Similarly, an amino-
FTP analog was found to be neither a substrate nor an inhibitor. This result
could be attributed to a protonated secondary amine at physiological con-
ditions thus affecting enzyme recognition.

Thioethers possess a high oxidation potential and the oxidized sulfoxide-
AFC variant is a modestly potent competitive inhibitor with a Ky of 13 uM
in crude membranes [40]. As a natural continuation of these studies, Gibbs
and Hrycyna designed a desthio-AFC analog, which was hypothesized to
possess increased stability and thereby represent an interesting direction in
inhibitor design [56]. Unfortunately, both carbon for sulfur analogs, syn-
thesized as a racemic mixture, were devoid of both enzymatic substrate and
inhibitory activity. Therefore, it is evident that the thioether is necessary for
optimal activity.

More recently, an approach to replace the thioether in FTP with a
triazole was attempted utilizing a dipolar cycloaddition to join the prenyl
and carboxylate groups [57]. These analogs are not substrates for Icmt, but
all possess some activity as inhibitors. Despite the dramatic shift from the
thioether to the triazole, the most potent compound retains significant
binding affinity and is able to reduce Icmt activity by approximately 50%
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at 10 uM. The SAR of these compounds demonstrates an optimal amount
of requisite flexibility for inhibition on both sides of this new thioether
replacement. Unfortunately, the most potent analogs required increased
isoprene lipid tails and represent less than ideal drug-like character for
further development. While most of the heteroatom replacements proved
to be unsuccessful inhibitors, these results further established the important
role of the thioether for the future design of inhibitors of Icmt. In the design
of substrate-based analogs, these data suggest a critical need to preserve
this structural motif. Despite potential drawbacks to inclusion of the
thioether, the gains from this recognition motif currently appear to out-
weigh the limitations.

3. Non-cysteine Backbone Modifications: FTP and FTS

A more successful modification to FTP that resulted in a low micromolar
inhibitor was accomplished by shortening the linker between the carboxyl-
ate and thioether motifs. Rando et al. reported the activity of S-farnesyl
thioacetic acid (FTA; Figure 9.3) [40]. This modification results in the loss
of substrate activity; however, the analog retains enzyme affinity and inhib-
itory potency. Kinetic analysis revealed that FTA is a competitive inhibitor
with respect to FTP and has a Kj of 4.6 uM. This same modification proved
compatible in the geranylgeranyl homolog (GGTA). Since Icmt turns over
both types of prenylated substrates, it comes as no surprise that the enzyme
recognizes this analog, and in fact, it is a relatively potent competitive
inhibitor with a Ky of 3.9 uM. The significance of these data foreshadowed
future work, as minor modifications to the substrate resulted in potent
inhibitors of the enzyme, suggesting that substrate-based efforts could
lead to the design of Iecmt inhibitors.
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FiG. 9.3. Remodeling of the FTP backbone results in Icmt inhibitors: Left, FTA; right, FTS.
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Substitutions extending along the backbone of FTP were also evalu-
ated [51]. Interestingly, substituting an o-methyl adjacent to the carb-
oxylate results in a substrate with a Ky; of 20 uM, on par with that of
AFC. Intriguingly, substrate activity is maintained when the hybridiza-
tion is changed from the sp’ to the sp? methylene derivative (FTMA).
Conversely, when B-alkyl substitutions to the carboxylate are made,
weak inhibitors result. Consequently, these data demonstrate that addi-
tions to this region result in modulation of activity depending upon the
substitution pattern.

A logical extension of this approach was continued in the Kloog labora-
tory with the discovery of the small molecule Icmt inhibitor, farnesyl
thiosalicylic acid (FTS; Figure 9.3) [58]. FTS maintains the same number
of linking atoms as FTP yet has a similar lack of rotational freedom as FTA.
This rotational restriction renders FTS a low micromolar inhibitor that has
an ICsq of 3 uM in a cell-free system.

The discovery of FTS led to an investigation into the SAR of the
aromatic backbone in this scaffold. A switch to an amino linkage and
altered benzene substitution resulted in a decrease in biochemical activ-
ity. Likewise, a 5-amino FTS analog also lost biochemical activity against
the methyltransferase [58]. Interestingly, a series of halo-FTS analogs
maintained inhibitory activity against Icmt [59]. 5-Chloro and fluoro
analogs of FTS have Kj values most closely resembling that of parent
FTS. However, moving the halogen to the 3- and 4-positions results in a
dramatic loss in biochemical potency. As expected, the prenyl chain
continues to play an important role in the activity of FTS and its
derivatives. Shortening to the C;, geranyl analog diminishes inhibition.
Increasing the length to the C,y geranylgeranyl analog also decreases
activity [59]. The latter finding is unexpected given the fact that GGTA
maintains inhibitory activity equivalent with FTA, albeit with increased
lipid character.

Although FTS was a potent inhibitor of Icmt in enzymatic assays
in vitro, it was a weak methyltransferase inhibitor in intact cells [60].
A variety of cells treated with high doses of FTS maintained high levels
of methylated proteins, thus indicating proper processing despite inhib-
itor treatment. Despite this fact, FTS was capable of inhibiting the
growth and changing the morphology of Ha-Ras transformed Ratl
cells. The authors concluded that this cellular activity is not likely due
to inhibition of postprenylation processing by Icmt, but rather by indi-
rectly affecting the localization of the prenylated Ras protein. These
experiments imply that FTS treatment is not specific for Icmt inhibition
and that its biological effects are more likely due to inhibition of other
protein—protein interactions.
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4. Cysmethynil: A Small Molecule from Screening Efforts

High-throughput screening has been a valuable route to the discovery of
inhibitors, including FTase (Bishop et al., see Chapter 15, Volume 29). Similar
tomany other therapeutic targets, small molecule inhibitors of Icmt have been
discovered by library screening efforts [61]. Cysmethynil was discovered
by the Casey group and was the first reported synthetic compound to
show inhibitory activity against Icmt from a high-throughput effort
(A; Figure 9.8). As such, cysmethynil is one of the Icmt inhibitors not derived
from a substrate-based framework. However, inspection of its structural fea-
tures reveals that the octyl tail and terminal amide could potentiate interac-
tions with the active site akin to substrate-based inhibitors. Kinetic analysis of
cysmethynil reveals that it is a time-dependent low micromolar inhibitor of
Icmt [62]. In addition, cysmethynil treatment in a MEF model system induces
mislocalization of GFP-KRas constructs and blocked anchorage-independent
growth triggered by activated Ras in DKOBS cells. Treatment in PC3 prostate
cancer cells with cysmethynil has also been shown to induce autophagic cell
death [63]. Recently, Wang et al. have aimed to improve the pharmacokinetic
parameters of cysmethynil [64]. SAR studies have developed primary and
secondary amino derivatives of the parent indole core that are inhibitors of
Icmt. Introduction of these groups into cysmethynil results in analogs that are
reported to retain antiproliferative properties. A comprehensive review of
cysmethynil and its biological activity is included in this volume (Chapter 11).

5. Prenyl-Substituted Inhibitors of Icmt

With little known about the active site of Icmt, a series of farnesyl-
modified AFC analogs were designed to investigate a prenyl-binding site
within the enzyme. These compounds were evaluated against both the yeast
and human variants of Iemt to aid in the characterization of both active sites
[65]. This work relied heavily on the synthetic methodology developed in the
Gibbs laboratory in their work designing farnesyl pyrophosphate analogs as
modulators of FTase activity (Chapter 5). Despite the similarity between the
yeast and human variants, substitutions at the 3-position in the farnesyl group
interacted with both enzymes differently, suggesting that these homologs
have overlapping but distinct substrate specificities. This 3-position is
believed to be important for enzyme recognition and may play a major role
in active-site binding. Interestingly, one analog with a 3-position modification
proved to be an inhibitor of Stel4p but a substrate for human Icmt [65]. In
further analog design, an aryl-containing analog replaced the terminal prenyl
domain with a biphenyl motif (Figure 9.4). This change resulted in a poor
human Icmt inhibitor with an ICs¢ of 259 uM in a mixed-competitive inhibi-
tion mode. This biphenyl analog was the only prenyl-modified AFC analog
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capable of inhibiting variants from both species. A conclusion of that work is
that the prenyl recognition motif of human Icmt appears to be more tolerant
to substitutions than that of Ste14p. This finding was the impetus for further
development of Icmt inhibitors. Since human Icmt is more tolerant to farne-
syl substitutions, the development of nonprenyl AFC analogs seemed a
possibility in designing more drug-like inhibitors.

As such, a series of compounds were synthesized to find prenyl mimetics
with a variety of alkyl and ether replacements for the second and third
isoprene groups while maintaining the peptidyl-AFC scaffold [57]. A series
of ethers proved to be poor Icmt inhibitors, but an increase in lipidic flexibility
led to modest gains in inhibition. More efficient inhibitors were found in a
series of alkyl compounds. In these compounds, a trend was observed where
increasing the length of the alkyl tail results in improved Icmt inhibition [57].
The most potent analog has a Cg alkyl tail and an ICs, of 35 uM (Figure 9.4).
Although modest inhibitors, these compounds represent an improvement on
two fronts over the previous isoprenoid-based AFC compounds. These com-
pounds reduced the nondrug-like prenyl character of the AFC scaffold and
significantly improved inhibitory potency, by nearly 10-fold.

By removing the prenyl character in order to improve drug-likeness, it
became evident that certain requirements are critical to maintain in order
to achieve Icmt inhibition. Overall length of the prenyl mimetic follows the
same requirements of the native lipid, as it appears an increased length is
preferred. However, these limited findings do reveal that nonprenyl groups,
bearing sufficient hydrophobic bulk, can suffice as farnesyl proxies and
occupy the prenylcysteine-binding site as AFC-based inhibitors of Icmt.

6. Amide-Modified FC Analogs

Early work in the Rando laboratory sought to better understand
the pleiotropic role of AFC on a variety of cell types by investigating
FC derivatives bearing acyl substitutions at the amino motif [66,67].
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Amide-modified farnesylcysteine (AMFC) analogs were synthesized and
evaluated as substrates or inhibitors of the methyltransferase. Acyl sub-
stitutions bearing small alkyl groups are substrates; however, a pivaloyl-FC
derivative has neither substrate nor inhibitor activity. A benzolyl-FC series
was also investigated and similarly lacked activity; however, introducing a
flexible linker between the benzolyl and FC groups restored substrate
activity. These data indicate that bulky substitutions at the amine group
of the FC are not well tolerated by the enzyme.

An effort was undertaken by the Gibbs and Hrycyna laboratories to use
this FC pharmacophore information and expand on it to develop SAR with
a wider variety of acyl substitutions. An initial library of 23 AMFCs was
synthesized and evaluated for Icmt activity [68]. Three analogs possessed
substrate activity and confirmed the previous SAR, as small alkyl moieties
and flexible linkers in the amide region led to Icmt substrates [66]. This
library resulted in several modestly potent inhibitors of Icmt that possessed
bulky substitutions adjacent to the FC backbone. Steric bulk alpha to the
amide junction results in more potent inhibitors, with an adamantyl-FC
(Figure 9.5) analog having an ICs of 12.4 uM.

The Gibbs and Hrycyna laboratories then focused on synthesizing analogs
of the lead AMFC compound and refining its activity by developing and
implementing a solid-phase approach to prenylcysteine analogs [69]. Through
this effort, a new o-phenoxyphenyl-modified lead was discovered, coined
POP-FC (Figure 9.5), that inhibited human Icmt with an ICs, of 4.3 pM.
This scaffold is not only more potent than the previous adamantyl-FC lead
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Fic. 9.5. AMFC-based Icmt inhibitors utilize the prenylcysteine recognition motif for
potency: Top left, adamantyl-FC; top right, POP-FC; bottom, POP-3MB-FC hybrid.
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but also demonstrates an improved starting point for further refinement from
a synthetic vantage. These data demonstrate that bulkiness, either in the
o-phenoxyphenyl or in a quaternary acyl substitution, is key to Icmt inhibition
and improves the inhibition profile of AMFC analogs.

Extending this AMFC work, molecules were synthesized that coupled
the amide-modified and prenyl-modified halves affording a prenylcysteine
hybrid with an ICs, of 2.5 uM, termed POP-3MB-FC (Figure 9.5) [69]. This
molecule afforded significant increase in potency over the parent AMFC by
incorporating the prenyl group of a known Icmt inhibitor [65]. Due to the
potency of POP-FC, the SAR of the phenoxyphenyl motif was further
refined. This study demonstrated that the o-phenoxyphenyl motif is ideal
for enzyme inhibition and any deviation results in a loss of potency.
This work also clearly demonstrated that the prenyl region of this AMFC
pharmacophore is critical for Icmt inhibition [76].

The correct acyl modification results in potent Icmt inhibition, but
maintaining the cysteine backbone is not desirable as it results in an unsta-
ble allylic thioether. However, simple omission would not suffice for enzy-
matic recognition. One approach explored was a triazole for sulfur
substitution [57]. This approach coupled amide substituents that led to
AMEFC substrates with a prenylcysteine core via copper-mediated dipolar
cycloaddition [70]. Interestingly, this switch resulted in the transformation
of Icmt substrates into weak inhibitors. This construction also resulted in
reducing the potency of a triazole analog of POP-FC by nearly five times
(ICsp of 19 uM) versus POP-FC itself. However, these results demonstrated
that drastic modifications in the amide linker moiety can be accommodated
within the Icmt active site and that this binding site might be more plastic
than previously believed [66].

7. Isosteric Replacements in FC Analogs

The pharmacophoric attributes of AMFCs principally contain four
molecular scaffolds: (i) prenyl chain, (ii) cysteine backbone, (iii) acetamido,
and (iv) carboxylate. Realizing the potential instability of the amide in vivo,
Gibbs and Hrycyna first attempted the isosteric replacement of the amide
by a sulfonamide. This approach was successful in terms of generating a
library of analogs that displayed low micromolar inhibition of human Icmt
without any examples of substrate behavior, unlike the amide libraries [71].
The most potent sulfonamide-modified farnesylcysteine (SMFC) bore a
2-thienyl modification and has an ICsy of 9 uM against human Icmt in
crude membrane preparations (Figure 9.6). The findings from this study
are notable because it demonstrated that the amide linkage could be altered
to a metabolically stable motif while maintaining inhibitory potency. Also
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FiG. 9.6. Amide isostere lead thienyl-SMFC is a low micromolar inhibitor of Icmt.

demonstrated was that the stereochemistry of C, is not important for
inhibition. Perhaps, the prenyl chain of the inhibitor is able to orient itself
favorably within the binding pocket, allowing the analog to bind, despite
the varied acyl modifications. This study also strongly suggested that the
prenyl motif is the ““business end” of the analog and that this motif is what
contributes most to enzymatic binding. This hypothesis seems plausible as
Icmt is responsible for the methylation of both farnesylated and geranyl-
geranylated proteins and proteins with varied sequences upstream of the
FC motif. Not surprisingly, the sulfonamide bond is a capable surrogate for
the amide linkage precisely because the binding pocket is more tolerable to
that substitution.

Other isosteric replacements have also been attempted and have
resulted in modest Iemt inhibitors, including secondary amines, phosphona-
mides, carbamates, and triazoles (Jaimeen D. Majmudar, unpublished data).
Secondary amines are the weakest inhibitors in this survey. The phosphona-
mides and triazoles are in fact modest inhibitors, although not as potent as
the SMFC:s. In this library, the farnesyl lipid chain was held constant further
fortifying the hypothesis that the enzyme-binding pocket is more tolerant to
substitution when the key lipid recognition motif is present.

It has become increasingly clear that the farnesyl chain and the carbox-
ylate portions of the AFC molecule are the most important for molecular
recognition by Iemt. Although much effort focused on identifying a suitable
amide isostere and also a possible prenyl mimetic, work at the carboxylate
end appears most challenging. Rando et al. synthesized several FTP-
modified analogs at the carboxylate terminus [51]. They replaced the car-
boxylate with a sulfonate and phosphonate as isosteres. Additionally, nitro,
amide, and hydroxy-ethanimidothioate were all used to replace the carbox-
ylate moiety. All these efforts resulted in very weak inhibitors suggesting
that the terminal carboxylate specifically is critical for analog binding.

Gibbs and Hrycyna have recently shown that replacing the carboxylate
of FTA with a primary alcohol results in a submicromolar Icmt inhibitor.
This compound has an ICsy of 600 nM (Majmudar unpublished data).
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However, a majority of other carboxylate replacements resulted in modest
inhibitors. These studies demonstrated that while the presence of the car-
boxylate is important, it may be dispensable and suggest that rational
molecular mutagenesis may help achieve an Icmt inhibitor that contains a
modified carboxylate end.

8. Prenyl Mimetics of FTP

Early efforts clearly demonstrated the lipid requirements for FC analogs
modified at both the amide and prenyl regions. However, there was much
room for improvement in the development of prenyl mimetics for more
drug-like inhibitors of Icmt. Gibbs et al. devised an approach to synthesize a
library utilizing a dipolar cycloaddition strategy to generate a triazole
within the prenyl chain [77]. As such, these compounds were based on the
FTP framework by omitting the amide motif and maintaining the identical
structure from the carboxylate through the first isoprene, a known key
recognition motif. The triazole was positioned in place of the second
isoprene, and a variety of terminal alkynes were used to incorporate prenyl
tail mimetics.

Rigid aryl groups directly conjugated to the triazole are not efficient
inhibitors; however, increasing the methylene linker to give flexibility
between the triazole and aromatic moiety resulted in an increase in Icmt
inhibition. A phenethyl analog has an ICs of 49 uM (Figure 9.7). While this
analog is significantly less potent than that of AFMC and SMFC analogs, it
has the superior advantage of possessing a higher degree of ligand effi-
ciency [54] and a greater range of medicinal chemistry efforts can be
initiated from this early lead.

Because Icmt recognizes both farnesylated and geranylgeranylated sub-
strates, it was hypothesized that increasing the overall length by larger aryl
groups would be well tolerated by Icmt and could lead to increased potency.
A biphenyl substitution for the phenyl moiety resulted in a dramatic
increase in potency. Moreover, it was found that the methyl ester analog
possessed further methyltransferase inhibition. This analog, termed TAB
(Figure 9.7), has an ICso of 800 nM and is approximately 30% more potent
than the carboxylate analog when evaluated at 10 pM. TAB was evaluated
in a MEF cell-culture model system and is cytotoxic only to Icmt™" cells
and an in-cell ICsg of 33 pM was determined. TAB was also able to induce
GFP-KRas mislocalization, further demonstrating Icmt inhibition results in
reduction of proper KRas functioning. Moreover, TAB was efficacious
when evaluated in PaTu cells, a K-Ras-driven pancreatic cancer cell line,
with an ICso of 8uM. This development represents a dramatic
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FiG. 9.7. Structures of triazole-based FTP compounds result in potent and selective inhib-
itors of Icmt: Left, early phenethyl TAB lead; right, biphenyl TAB and STAB.

improvement in substrate-based Icmt inhibitors with improved selectivity
to accompany increased potency (Bergman et al., submitted for
publication).

Initial medicinal chemistry efforts highlighted an importance of the
biphenyl orientation. Further SAR development demonstrated a dramatic
increase in potency when the linker between the thioether and carboxylate
was shortened by one methylene unit, akin to the FTP-FT A modification.
This modification proved more effective in producing potent Icmt inhibi-
tion than other modifications occurring within the prenyl motif (Bergman
et al., unpublished data). This shortened analog, STAB, is a mixed-compet-
itive Icmt inhibitor with an ICsy of 200 nM (Figure 9.7). The free carboxyl-
ate analog of STAB again is nearly four times less potent for Icmt
inhibition. It is clear in these compounds that the methyl ester is playing a
significant role in enzyme inhibition and efforts are currently ongoing to
replace the labile methyl ester with a more biocompatible moiety. Further,
preliminary in vitro evaluation of STAB with the MEFs derived from both
wild-type and Icmt ™'~ knockout mice showed an increase in potency as well
as selectivity for wild-type cells.

9. Inhibitors of Icmt from Natural Products

Compounds obtained from natural sources have always contributed to
the development of small molecules for various targets in the history of
medicinal chemistry. Recently, several small molecules derived from natu-
ral products have been shown to possess Iecmt inhibitory activity [72,73].
This effort to discover other natural product inhibitors of Iemt utilized a
HTS approach. Of the approximately 6 x 10° extracts screened, the extract
from the order Verongida displayed Icmt inhibition. A bromotyrosine-
derived chemotaxonomic marker characterizes marine sponges in this
order. The extract from Pseudoceratina sp. contained a compound with a
bromotyrosyl-spermine-bromotyrosyl sequence, named spermatinamine
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(B, Figure 9.8), which displayed Icmt inhibition [72]. It is interesting to note
that this chemical sequence is rare in nature and the closest related com-
pounds are philanthotoxin and its analogs. These compounds are nonselec-
tive antagonists at the ionotropic glutamate receptor and the acetylcholine
receptors. Spermatinamine, a symmetrical compound, has an ICsy of
1.9 uM, although the authors did not determine its inhibition kinetics as it
is unknown if it is competitive with respect to AFC or SAM or an allosteric
modulator. To aid medicinal chemists, a total synthesis of spermatinamine
has been reported, thus making the development of analogs to determine its
inhibition mechanism easier [74].

Buchanan et al. have also identified another bromotyrosine scaffold
containing natural product that possesses Icmt inhibition, named aplysa-
mine 6 (C, Figure 9.8) [73]. Aplysamine 6 is also an alkaloid derived from
Pseudoceratina sp.; however, it does not have an oxime and is not symmet-
rical as opposed to spermatinamine. An ICsy of 14 uM is reported for
aplysamine 6, significantly higher than the other extract.

Another set of weak Icmt inhibitors from natural sources were also
discovered by Buchanan and coworkers [75]. Prenylated B-hydroxy chal-
cone derivatives along with the known flavone, (§)-glabrol, were discovered
from the extract Hovea parvicalyx and found to possess Icmt inhibitory
activity with an ICsy of 17 uM. Interesting to note that the B-hydroxychal-
cones have a structural resemblance to some metal chelators. Continued
studies on these natural products will further give the medicinal chemist
insight into the continued refinement of Icmt inhibitors.

Fi. 9.8. Structures of nonsubstrate-based Icmt inhibitors: (A) cysmethynil, (B) spermati-
namine, (C) aplysamine 6.
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V. Conclusion

Focusing on the postprenylation enzymes Rcel and Icmt is an attractive
approach for the development of potential therapeutic agents, especially in
refractory solid tumors because their enzymatic functions are unique.
Inhibitors for the endoprotease have arisen mainly from the design of
substrate-based compounds; however, their therapeutic use may be in
question because of the recent data indicating the importance of Rcel
function. On the other hand, inhibitors of Icmt demonstrate promise as
therapeutic agents.

Progress in the development and evaluation of Icmt inhibitors was
painfully slow, particularly in comparison to the rapid development of
potent FTTs of diverse classes. There were numerous roadblocks to the
development of Icmt inhibitors, including a complete lack of structural
knowledge regarding the enzyme, difficulty in purifying and characterizing
Icmt, the inherent challenges in working with a membrane-bound enzyme,
and the pleiotropic biological effects exhibited by one of the early lead
compounds, AFC. However, many of these barriers have been overcome
during the past decade. This chapter describes how these advances enabled
the development of potent substrate-based Icmt inhibitors with cellular
efficacy. We are now at an exciting time in the Icmt field; the availability
of nanomolar inhibitors of diverse structurally classes (Chapter 11) should
allow for several key biological questions to be answered, including those
pertaining to the anticancer therapeutic potential of Icmt inhibition.
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