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ABSTRACT: Many signaling proteins such as the members of the Ras superfamily of
GTPases are posttranslationally modified by covalent attachment of lipid groups,
which is crucial for the correct localization and function of these proteins. Numerous
lipidated proteins are oncogens often found mutated in several human cancers.
Therefore, several therapeutic strategies have been developed based on the inhibition
of the enzymes involved in these lipidation steps. Here, we will summarize the results
on protein lipidation inhibition, mainly focusing on the small molecules targeting the

isoprenylation and acylation of proteins.

Numerous peripheral membrane proteins require a
temporary membrane association to fulfill their biological
functions. This can be achieved via interaction with membrane
lipids such as phospholipids or sphingolipids," using different
conserved lipid binding domains present in proteins” or by
covalent attachment of lipid groups, which mediate the specific
localization of these proteins in membrane domains. The best-
characterized lipidation processes are the isoprenylation of
cysteines and acylation (N-terminal myristoylation of glycines
or S-palmitoylation of cysteines) (Figure 1).

Myristoylation is the attachment of a 14-carbon myristic acid
to a N-terminal glycine and is catalyzed by a N-Myristoyl
Transferase (NMT).?

Isoprenylation is the posttranslational attachment of an
isoprenoid group (either the 1S-carbon farnesyl or the 20-
carbon geranylgeranyl) to one or two cysteines located at the
C-terminus of proteins and it is catalyzed by protein prenyl
transferases (PPTases). Around 2% of all cellular proteins are
isoprenylated.*

The posttranslational attachment of a 16-carbon saturated
palmitic acid to cysteines forming a labile thioester is another
significant lipid modification. The lability of this thioester bond
confers this modification a crucial role in the regulation of
protein localization and function due to the reversibility of S-
acylation, in contrast to the farnesyl and myristoyl modifica-
tions, permanently installed into the proteins. The reversibility
has also as a result two potential regulation points, i.e., acylation
and deacylation.

As a result of the different lipid modifications and the
dynamic nature of palmitoylation, protein lipidation not only
plays a key role in controlling membrane association and
localization by increasing the protein affinity to membranes but
is also essential for correct function of the protein. Hence, there
is compelling evidence that lipidation has a crucial role in
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regulation of signaling and trafficking processes, and may be
involved in mediating protein—protein and protein—lipid
interactions. The detailed study of the role of lipidation in
localization and function has been hampered by the lack of
appropriate tools. However, the field of protein lipidation has
experienced great advances in recent years with the application
of chemical biology approaches. Chemical biology may be
defined as the employment of chemical approaches to study
biological phenomena. Thus, the design and synthesis of both
appropriate small molecules and macromolecules was instru-
mental to gain new insights into unsolved biological questions
in protein lipidation. In this context, chemical biology strategies
have given access to fully posttranslationally modified semi-
synthetic proteins bearing both natural and non-natural lipid
modifications or additional tags and fluorophores. These
macromolecules, mainly not accessible by other techniques,
have been used in biochemical, biophysical, and cell-biological
studies and have been crucial in the elucidation of the roles of
lipid modifications in protein localization and function.’®
Additionally, small molecules such as lipid analogues or
inhibitors of the lipidating enzymes have been designed and
successfully applied as invaluable tools for detailed studies of
lipidated proteins. Recently, reviews have covered the advances
in the synthesis and applications of lipidated proteins” as well as
the use of lipid analogues,'"® mostly in combination with
bioorthogonal reactions, to characterize these posttranslational
modifications. In this review, we will summarize the chemical
biology of lipidated proteins primarily focusing on the small
molecules developed as inhibitors of the lipidation processes.

Received: November 8, 2011
Accepted: December 12, 2011
Published: December 12, 2011

dx.doi.org/10.1021/cb200460u | ACS Chem. Biol. 2012, 7, 87—99


pubs.acs.org/acschemicalbiology

ACS Chemical Biology

Reviews

Prenyl Transferase

n=1 FTase
n=2 GGTasel
a0 4 & «14?
‘;% ec STl

A A,

r
—> ~§F

Myristoyl Transferase e

Ay
00y

St @ & coon

i
9\/\?"\/‘fo\/\\?‘

‘;ﬂﬁb‘ s
> ““:'&G AbGGTase Y:‘J> R@.\:‘ ""‘ R AAA

o
AN AN A g

Palmitoyl Acyl Transferase
(PAT)

Figure 1. CAAX-box-containing proteins are C-terminally isoprenylated by Farnesyl Transferase (FTase) or Geranylgeranyl Transferase I (GGTase
I). Conversely, Rab proteins are prenylated by RabGGTase, which requires previous association of Rab proteins with a Rab escorting protein (REP).
Myristoylation is the attachment of a 14-carbon myristic acid to a N-terminal glycine and is catalyzed by a N-Myristoyl Transferase (NMT). Protein
Acyl Transferase (PAT) catalyzes the transfer of a palmitic acid to cysteine residues.

B PRENYLATION

The majority of the prenylated proteins are solely monopreny-
lated, and the recognition motif for this modification is a C-
terminal sequence known as CAAX-box, where C is a cysteine,
A are aliphatic amino acids, and X can be any amino acid and
usually determines the nature of the anchored isoprenoid. This
step is catalyzed by Farnesyl Transferase (FTase) or by
Geranygeranyl Transferase I (GGTase I), which use
farnesylpyrophosphate (FPP) and geranylgeranylpyrophos-
phate (GGPP) as lipid donors, respectively. If X is Leu or Ile
the protein gets geranylgeranylated, if X is Phe proteins can be
both farnesylated or geranylgeranylated, and in almost all other
cases proteins are farnesylated.'' In these CAAX-box
containing proteins, two additional posttranslational modifica-
tions occur after isoprenylation. First, the Ras converting
enzyme 1 (RCE1) cleaves the 3 terminal amino acids, and then
the exposed cysteine gets methylated by Iemt (isoprenyl
cysteine carboxymethyltransferase) by transfer of a methyl
group from S-adenosyl methionine. Other proteins can be
mono- or doubly isoprenylated, as is the case for the Rab
proteins, members of the Ras superfamily of GTPases that
possess a crucial role in membrane trafficking.'” Important
differences are encountered in this case. These proteins do not
contain the mentioned CAAX-box but a CC or a CXC C-
terminal motif. In this latter case, the C-terminal cysteine gets
also methylated, which does not occur for a CC-terminus.
Another striking difference is the enzyme involved in the
lipidation process, Geranylgeranyl Transferase II (GGTase 1I),
also known as Rab Geranylgeranyl Transferase (RabGGTase),
which requires association of the Rab proteins to a Rab
escorting protein (REP) to exert its function (Figure 1).

B FARNESYL TRANSFERASE INHIBITION

Posttranslational isoprenylation is essential for correct local-
ization and function of several proteins. One of the most
relevant examples of prenylated proteins are the members of
the Ras family, important protooncogens found mutated in ca.
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30% of all cancers, especially in pancreatic, colorectal, lung, and
bladder cancers." Interference with Ras signaling by inhibition
of this isoprenylation step has been widely investigated for the
treatment of cancer.

Acting on different points of regulation may block
prenylation. Accordingly, several strategies have been consid-
ered to achieve this inhibition (for recent reviews extensively
covering the different classes of Farnesyl Transferase Inhibitors
(FTI), see refs 14 and 15). One option is the depletion of
substrates for the prenylating enzymes (either FPP or GPP),
generated via the mevalonate pathway. Statins, which target the
HMGCOoA reductase and bisphosphonates, blocking the FPP
synthase, are the most relevant examples of these inhibitor
classes. Although relative success has been obtained with these
strategies, the blockage of the mevalonate pathways may affect
many other important cellular processes, such as cholesterol
synthesis or hormone production, and therefore more specific
strategies are desirable.

Alternatively, inhibition has been achieved by direct targeting
of the prenylating enzymes (FTase, GGTase I, and
RabGGTase), either by substrate competition (isoprenoid-PP
or the CAAX peptide) or by coordination to the zinc ion
essential for the catalysis. Relevant examples are, among others,
some farnesyl-PP analogues'® or CAAX mimics (peptidic
inhibitors based on the CAAX sequence,'” peptidomimetics,'®
and nonpetidic CAAX-competitive inhibitors), as well as some
bisubstrate inhibitors that target both binding sites."

Much expectation was raised in the development of FTIs for
cancer treatment. As such, several pharmaceutical companies
developed FTIs with variable selectivity, and some of them
reached clinical trials (Table 1). The achievement of selectivity
for one PPTase versus the others is strongly hampered due to
the close similarity between their binding sites. Consequently
most of the inhibitors target more than one PPTase. This is the
case for the Merck inhibitor L778,123 (Table 1, entry 3), which
blocks both FTase and GGTase I, albeit with two different
binding modes,®® or BMS-214662, one of the tetrahydroben-
zodiazepine (THB) class inhibitors developed by Bristol-Myers
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Table 1. Prenyl Transferase Inhibitors; ICs, Values for the Different Prenyltransferase Inhibitors and Their Selectivity Profile
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Table 1. continued
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Squibb, with inhibitory activity for both FTase and RabGGtase.
Alternatively, SCH66336 (Lonafarnib Table 1, entry 2) and
R115777 (Tipifarnib, Table 1, entry 1) developed by Schering-
Plough and Janssen-Cilag, respectively, selectively inhibit
FTase. The basis of their selectivity versus other PPTases was
revealed by crystallographic studies, showing a selective
aromatic stacking interaction of the inhibitors with the CAAX
binding site that was not possible in the other enzymes.”'
However, despite the promising results obtained in vitro with
these inhibitors, this data could not be completely correlated
with clinical results in Ras mutated cancers. One of the
explanations of this fact may be the alternative prenylation of
Ras by GGTase ;> ** however, the reasons underlying the
poor activity of FTIs are not completely clear. However, FTIs
have shown encouraging activity in Ras-independent cancers,
thus suggesting that other unknown isoprenylated proteins
could be the real target. In agreement with this finding, relevant
clinical activity has been detected with Tipifarnib in acute
myeloid leukemia and myelodysplatic syndrome,*® and FTIs in
combination with Akt inhibitors have shown a synergic effect
on breast cancer.”® Enhanced activity of FTIs has also been
observed in combination with other cancer chemotherapeutics
such as taxane.”” The Ras homologue enriched in brain (Rheb)
has been suggested as one of the potential alternative targets.
This is supported by the abnormal levels of Rheb found in
different cancers®® and by the fact that Rheb prenylation and
thereby Rheb downstream signaling is completely abolished
after treatment with an FTL***° However, some other reports
suggest that unprenylated Rheb is still capable of activating
S6K, although less efectively.*' Other possible targets for the
action of FTI could be the centromere associated proteins
CENP-E and CENP-E.>*** The inhibition of farnesylation of
CENP-E and CENP-F results in alteration of the microtubule—
centromere interaction during mitosis, which correlates with
the fact that FTase inhibitors cause accumulation of cells in
G2/M phase.34 However, more detailed studies to detect the
prenylated proteins responsible for the antitumorogenic activity
in cells sensitive to inhibitors are required to establish their real
target.

As an alternative strategy, the selectivity issues that have
resulted in dual inhibitors for FTase and GGTase I have also
been exploited to minimize the cross-prenylation of Ras protein
with GGTase I when FTase is inhibited by simultaneously
blocking both PPTases.>>*® This approach has recently been
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studied in K-Ras induced lung cancer, resulting in a significant
increased reduction of tumor growth and survival.>” Apart from
cancer, FTTs have also been considered for the treatment of
parasitic diseases because of the high susceptibility to FTIs
shown by parasites such as Plasmodium falciparum or
Trypanosoma brucei, probably due to the fact that they lack
GGTase 1°® More recently, FTase has also emerged as an
important target for the treatment of the Hutchinson—Gilford
progeria syndrome (HPGS), a premature-aging disease
commonly caused by a mutant version of lamin A that results
in the accumulation of a farnesylated and carboxymethylated
fragment of the protein that can not be removed.*” As a
consequence of the promising results obtained in cells and in
mouse models,***" clinical trials are currently underway to
study the use of FTTs in children affected by progeria.*”

B GGTASE | AND RABGGTASE INHIBITION

The fact that the administration of GGTase I inhibitors alone
results in cell cycle arrest and apoptosis has also promoted the
investigation of GGTase I as a target for anticancer drugs.*>**
In this regard, different inhibitor classes have been reported
ranging from peptide-based structures to small molecules to
lipid analogues. For instance, a mimic of the prenylation
substrate GGPP (GGTI-2Z) has recently been reported by
Mattingly and co-workers.”® As a result of this substrate
similarity, this compound targets both GGTase I and
RabGGTase. Promising antiproliferative effects have been
seen with this inhibitor when used in combination with
lovastatin. The synergistic effect of this combination is based on
a decrease of substrate availability by treatment with statins and
an increased effectiveness of prenylation inhibition at lower
concentrations of substrate.

GGTase I acts preferently on proteins containing a leucine
residue in the CAAX-box. Sebti and co-workers made use of
this particular feature to develop peptide inhibitors based on
the CAAL sequence, which showed remarkable selectivity for
GGTase I versus FTase (Table 1, entries 4 and 5).*® Despite
these advances, it was not until 2006 that Casey and co-workers
reported the first non-peptide-based selective inhibitor of
GGTase I, named GGTi-DU40 (Table 1, entry 7).*” This
pyrazole-based compound inhibits GGTase I with a K; of <1
nM by competing with the CAAX binding site. Cellular activity
could also be confirmed by inhibition of Rho-dependent
rounding of MBA-231 cells.** Additional selective inhibitors for
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Figure 2. Co-crystal structures of BMS3. (A) BMS3:RabGGTase:GGPP. The imidazole coordinates to the zinc ion, whereas the sulfonamide forms
hydrogen bonds with Tyr44. The 3-benzyl moiety interacts with Trp52 and Phe289 by T-stacking, and the tetrahydrobenzodiazepine (THB) moiety
m-stacks with Phe289. The conformation is further stabilized by internal z-stacking of the THB with the anisylsulfonyl group. The nitrile points
toward the TAG tunnel. (B) BMS3:FTase:FPP. The imidazole coordinates to the zinc ion. The 3-benzyl moiety interacts with Trp102 and Trp106
by T-stacking. The THB interacts with Tyr361 and is further involved in internal z-stacking with the anisylsulfonyl group. (C) Schematic
representation of the common binding modes of BMS3 in panels A and B. Table: In vitro inhibition, cellular prenylation inhibition, and cellular
viability data of selected members of the THB library (ICs, [nM]). *lowest detection limit, *inhibition of cellular prenylation in HeLa cell lines

compared to saturated prenylation, measured by reprenylation signal using biotin-GPP. nd = no data. Adapted from Bon et al.%’
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GGTase I were later developed by Tamanoi and co-workers. A
library of approximately 4000 dihydropyrroles and tetrahy-
dropyridines was generated from resin-bound allenoates by
means of phosphine catalysis and a split-and-pool combinatorial
synthesis strategy. Several members of this library showed
selective submicromolar inhibition of GGTase I by competing
with the protein substrate (Table 1, entry 6).*”°° These
compounds showed also cellular activity by inhibiting
proliferation of different cell lines such as the breast cell line
MCEF-7 and the leukemic Jurkat cell line, causing cell cycle
arrest at G1 phase.

A major advance in this field was reached when it was
observed that dual FTI and RabGGTase inhibitors were
effective in tumor cell lines with no mutations in Ras proteins
and that the apoptotic activity of these compounds was mainly
related to their inhibition of RabGGTase and not to the
inhibition of FTase, thus promoting RabGGTase as an
emerging target for anticancer therapy.”' After this finding,
interest in the development of specific inhibitors of Rab
GGTases has strongly increased.

One of the first selective inhibitor classes described for
RabGGTase was the phosphonocarboxylates. Most representa-
tive examples are 3-PEHPC and 3-IPEHPC (Table 1, entry 8)
derived from the bisphosphonates risedronate and minodronic
acid, respectively. While risedronate inhibits osteoclast-
mediated bone resorption by blocking FPP synthase, these
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phosphonocarboxylate analogues act differently and inhibit
RabGGTase by blocking selectively the second prenylation
reaction.”> Hence, Rab proteins containing doubly geranylger-
anylated cysteines are affected by these compounds, while the
synthesis of monoprenylated Rabs such as Rab13, Rabl8, or
Rab 23 are not inhibited. Despite the presence of the carboxylic
acid, phosphonocarboxylates display a certain affinity for
mineral ions. They inhibit the prenylation of Rab GTPases
required for osteoclast function and have therefore been
considered for the treatment of diseases characterized by an
excess of osteoclast-mediated bone resorption.”*** The main
drawback of this compound class is their weak potency. This
may be increased by the change of the pyridine ring in 3-
PEHPC by a imidazo[1,2-a]pyridine core, resulting in a 25-fold
more potent compound (3-IPEHPC) both in vitro and in cells
with an ICg, of 1.3 uM (Table 1).>> However, selectivity of
phosphonocarboxylates also needs to be considered in the light
of the recent finding that these compounds cause substrate
depletion by blocking the GGPP synthase responsible for
substrate production.>>>®

Members of the of dihydropyrrole and tetrahydropyridine
libraries generated by Tamanoi and co-workers showed also
dual inhibition of both GGTase I and RabGGTase. Moreover,
selective inhibition of RabGGTase in the micromolar range was
also detected for compounds bearing an additional hydro-
phobic tail attached to the pyrrolidine core, thus resulting in
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one of the first potent and selective inhibitors of RabGGTase.
Cellular activity could be confirmed by proving a decrease in
the levels of prenylated Rab$ after treatment with inhibitor.>’

The structure of FTase inhibitor Pepticinnamin E was used
by Waldmann and co-workers for the desi%n of a library
containing 468 peptides (Table 1, entry 9).>**” From this
library, 33 RabGGTase inhibitors could be identified by means
of an in vitro fluorometric Rab prenylation assay with a NBD
labeled FPP analogue.®® Cellular activity of these peptide-based
inhibitors was investigated by means of a reprenylation assay.
Briefly, cells were incubated with the peptides, and then a
recombinant RabGGTase and a Biotin-GPP analogue were
added in order to prenylate an overexpressed EYFP-Rab7 with
the biotinylated lipid PP. Reprenylation could then be
quantified by detection with a streptavidin-coupled horseradish
peroxidase. An inhibition of RabGGTase in cells resulted in
increased levels of reprenylation of EYFP-Rab?7 after addition of
the recombinant RabGGTase, thus confirming cellular activity
of the inhibitors. Some of the peptides showed similar activity
for all PPTases, but also selective RabGGTase inhibitors could
be identified. Important information was collected from co-
crystal structures of some of these peptide-based inhibitors with
RabGGTase in order to gain a better insight into their binding
mode. Although a clear trend could not be established due to
the high flexibility of the peptide backbone, relevant
information could be extracted from these X-ray structures
for the future synthesis of specific inhibitors of Rab GGTases.

One of the most potent RabGGTase inhibitors described,
with an ICg, value in the nanomolar range, belongs to the
tetrahydrobenzodiazepines (THB) developed by Bristol-Myers
Squibb (Table 1, entry 10). These highly apoptotic compounds
inhibit both FTase and RabGGTase. However, the apoptotic
activity correlates better with inhibition of RabGGtase than
with FTase.” This was confirmed by the induction of apoptosis
observed using RNAi directed against the RabGGTase a- and
f-subunits, while this effect could not be seen in the case of
RNAi directed against FTase-f or GGTase-f.>' This
compound class was used as starting point by Waldmann,
Goody, and co-workers for the design of potent and selective
RabGGTase inhibitors.* After co-crystallization of BMS3 with
both FTase and RabGGTase, striking structural differences
were observed in both enzymes that could be exploited for
achieving selectivity. The main differences are a bigger lipid
binding site (LBS) for RabGGTase and a tunnel adjacent to the
GGPP binding site (TAG tunnel), not present in FTase (Figure
2). Thus, it was envisaged that inhibitors designed to target
both pockets would display important selectivity for
RabGGTase versus FTase. With this aim, a library of THB
derivatives was synthesized bearing additional substitutions to
target the LBS and the TAG tunnel. Extension to one site or
the other led to more potent albeit nonselective inhibitors.
However, as expected, simultaneous extension to both sites
with a combination of 2-cyanofuran or furanaldehyde directed
toward the TAG tunnel and a benzylcarbamate to target the
LBS led to the first nanomolar and selective inhibitors of
RabGGTase (Table 1, entry 11). The binding mode was
confirmed by co-crystallization confirming the binding to both
the TAG tunnel and the LBS. Importantly, cellular activity was
proven by using the above-mentioned reprenylation assay
reporting ICs, values similar to those from the in vitro assays.
Furthermore, the most potent compound inhibited prolifer-
ation of three different cancer cell lines (both Ras-transformed
and non-Ras transformed), while no general toxicity could be
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seen in blood cells, thus confirming that RabGGTase is an
interesting target for anticancer treatment.

In conclusion, much work has been carried out in the
development of PPTase inhibitors in recent years. After the
discouraging results obtained with FTase inhibitors in cancer
treatment, GGTase I and mainly RabGGTase have evolved into
promising targets for cancer therapy, and selective and potent
inhibitors for each PPTase are now available. Future studies
with these inhibitors may provide significant information
regarding the suitability of PPTases as therapeutical targets.

B MYRISTOYLATION

Myristoylation is found exclusively in eukaryotes and viral
proteins and involves the covalent addition of myristoyl groups
(14-carbon saturated fatty acids) to the N-terminal glycine
residue of a protein. Rarely, the myristoyl group can be attached
to a different residue and the linkage can be made via a
thioesther bond, in analogy to S-palmitoylation. Myristoyl
groups are transferred from myristoyl-CoA by myristoyl-
CoA:protein N-myristoyltransferase (NMT). Although NMT
is considered to be a cytosolic protein, some studies suggest
that up to 50% of the total protein amount may be associated
with a noncytosolic fraction.’" NMT is essential to most
eukaryotes, including mammals.®* Among the possible
lipidations, N-terminal myristoylation is one of the most
investigated experimentally, and progress in its understanding
has been assisted by the availability of reliable bioinformatics
prediction methods and databases such as MYRbase (http://
mendel.imp.ac.at/myristate/myrbase/). However, it remains
difficult to reliably in silico predict the N-myristoylation patterns
of full genomes as the myristoylation motif (MGxxSxxx)
carries a large inherent sequence variation.”’ Inhibitors of
protein N-terminal myristoylation has recently been review
elsewhere.®*%

B PALMITOYLATION

Palmitoylation may occur at the N- or C-terminal region of
proteins or at the membrane-interface domains of trans-
membrane proteins. Modification of a N-terminal cysteine
residue via an amide linkage is named N-palmitoylation; O-
palmitoylation corresponds to modification of serine or
threonine residues by an ester attachment; and S-palmitoylation
denominates the attachment of a palmitate group to the
cysteine residue of a protein through a thioester linkage. O-
Palmitoylation is catalyzed by members of the MBOAT
(membrane-bound O-acyl transferase) protein family. Sub-
strates for O-palmitoylation and to some extent amide linkage
formation do not seem to contain specific enzyme recognition
sequences and are even considered subject to nonenzymatic
spontaneous events.5%’

The two-signal hypothesis of palmitoylation states that a
protein requires two modifications in order to get stably
membrane anchored. Most palmitoylated proteins are,
consequently, first lipid modified by N-myristoylation or S-
farnesylation, which increases weakly their affinity to
membranes, and only subsequently palmitoylated after specific
recognition.®® The kinetic membrane trapping model, which is
a revised version of the two-signal hypothesis, suggests that the
first lipid modification, or another mechanism that provides a
weak affinity to membranes (polycationic stretches, trans-
membrane region, etc.), functions more as membrane targeting
rather than as a specific recognition motif for the palmitoylating
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enzyme.”” According to the kinetic trapping model, a protein
carrying a single lipid modification (or other affinity element)
cycles on and off membranes until it encounters a membrane
with an appropriate palmitoylating catalytic enzyme that, once
it recognizes the protein substrate, acylates it and thereby
associates it permanently to the membrane. Proteins that do
not follow this model and are exclusively palmitoylated have
been reported.®® In these cases, there is no apparent motif for
S-palmitoylation and the modified cysteine residues can be
found within the 25 most N-terminal amino acids of the
protein.

No consensus amino acid sequence for palmitoylation has
been reported, but specific cysteines are modified, indicating
that a specificity of sequence recognition may exist. This is
further accentuated by the fact that the palmitoylation
machinery recognizes artificial constructs expressing known
palmitoylation motifs.”>”" N-Myristoylated proteins are usually
palmitoylated at cysteine residues adjacent to the N-
myristoylated glycine, but palmitoylation occurs at cysteine
residues up to 20 amino acids away. Palmitoyl groups, donated
by acyl-CoA, are catalytically added to proteins by enzymes
named protein S-acyl transferases (PATs). These enzymes are
present in all eukaryotic genomes examined so far and are
classified into class 1 or 2 depending on whether they modify
previously S-farnesylated or N-myristoylated proteins.”> PATs
can be divided into three categories depending on their
structure: ankyrin-repeat containing, heterodimeric, or mono-
meric.”>”* All known PATs are integral membrane proteins and
thus substrate recognition and catalysis can only occur if the
protein substrates have previously been associated to the
membrane via another affinity tag (lipidation, transmembrane
domain, etc.).”* The DHHC motif (Asp-His-His-Cys) belongs
to the catalytic PAT domain, and mutation of the cysteine
residue abolishes palmitoylation.”>”® DHHC motifs are usually
located within a cysteine-rich domain (CRD), between two
transmembrane regions. This motif is pointing toward the
cytosol, which may aid in bringing closer the weakly membrane
adherent substrates to the catalytic site.”>”””®

Most genomes encode for more than one PAT, and these
enzymes are differently localized. The mechanisms that dictate
their specific subcellular distribution, substrate specificit, and
mode of regulation are until today unknown. Extracellular
factors, as well as different posttranslational modifications have
been suggested to influence PAT activity.”* Recently, a large-
scale study proposed that DHHC proteins are themselves
palmitoylated, and this may contribute to their substrate
specificity, trafficking to specific membrane microdomains,
protection from ubiquitination, and/or recruitment of different
regulators.”” Deletion studies with the yeast DHHC protein
family showed that although deletion of all of the DHHC-
containing proteins is lethal, there is redundancy in PAT
function since for some of the proteins assayed, substantial
palmitoylation persists in cells multiply deficient for DHHCs.*"
S-Palmitoylation has two unique aspects when compared to
other lipidations. It affects strongly the membrane affinity of a
protein—a palmitoyl moiety alone provides a 100 times
stronger membrane association than a single N-myristoyl
moiety—and it is reversible. Reversibility offers a flexible, rapid,
and precise mode of regulation of protein activity at a relative
time scale comparable to O-phosphorylation. Depalmitoylation
returns the protein to a state where it is rapidly cycling on and
off membranes and trafficking through a vesicle-independent
mechanism. The S-acylation status of a protein is likely to
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change several times during its lifetime and can occur as result
of the activation or deactivation of signaling pathways.®**!

Four soluble human thioesterases have been characterized as
depalmitoylating enzymes to date. The palmitoyl protein
thioesterases PPT1 and PPT?2 function in the lysosomes during
protein degradation and do not contribute to signaling
dynamics. In contrast, the acyl protein thioesterases APT1
and APT2 are small proteins, largely cytosolic and widely
conserved from yeast to humans. **°*®*> The crystal structures
of PPT1 (bovine) alone or in complex with palmitate or an
inhibitor have been resolved.*® No dramatic structural changes
could be identified among the different situations, and
consequently the mechanisms of substrate recognition and
catalysis are still not clear. The APT1 apo-structure has also
been resolved,®> and the free status is characterized by
dimerization and blocking of the active site, suggesting that
substrate binding may lead to dimer dissociation and catalysis.
APT1 does not recognize a specific protein sequence, and it has
been suggested that a conformational change or dissociation of
a binding partner in the vicinity of the palmitoyl group has to
occur, in order for the substrate to become more accessible to
cleavage. APT1 does depalmitoylate not only the C-terminus of
small GTPases, in both p- and L-amino acid forms,** but also
other G-proteins,® ghrelin (deoctanoylation),*® viral glyco-
proteins,87 and lysophospholipids.88 In terms of substrate
recognition, APT2 is less well explored.

Many questions remain regarding PAT and APT/PPT
activity: The mechanism of palmitate transfer and the role of
the DHHC domain in the reaction are unclear. Does the
DHHC domain work as a zinc binding motif? What is the
mechanism of substrate and palmitoyl-CoA recognition? What
are the domains or factors that regulate PAT and APT
specificity? How do the APTs keep control over steady state
protein localization? Myristoylation and palmitoylation both
work in concert with other lipid modifications, as well as
additional posttranslational modifications, such as phosphor-
ylation, to facilitate targeting to membranes and appropriate
cellular destination. These mechanisms are just now beginning
to be defined.

The human palmitoylme includes Ras isoforms, many
members of the Src family of protein tyrosine kinases, subunits
of G proteins and G protein-coupled receptors, rhodopsin, and
several neuron-specific proteins.89 In neurons, protein
palmitoylation is assumed to play a key role in targeting
proteins for transport to nerve terminals and for regulating
trafficking at the synapse.®' As S-palmitoylation is reversible, it
induces cycles of modification on its substrates. The addition of
a palmitate by a specific PAT at the ER or Golgi results in
increased affinity of the protein to a specific membrane.
Modified proteins can then leave the organelles and be further
trafficked to other compartments, via vesicles, on the basis of
their sorting information. Depalmitoylation by the action of a
APT enzyme forces the return of a protein to a state where it
samples different membranes, finally ending up finding a PAT
(highly likely at the Golgi), which closes the cycle by
repalmitoylating the protein. The small GTPases N- and H-
Ras that are key regulators of the mitogen-activated protein
kinase (MAPK) cascade are examples of proteins that cycle
between different intracellular membranes due to dynamic S-
palmitoylation. Similar endomembrane cycling dynamics were
recently reported for Gia, a protein that couples to GPCRs, as
well as for GAP43.” Recently, Schratt and co-workers showed
with a functional screen that microRNA-138 regulates APT1 in
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dendritic spine morohogenesis, suggesting an additional layer of
regulation.”*

Bl PAT INHIBITION

Global inhibition of lipidation at the level of fatty acid
biosynthesis typically leads to lethal phenotypes in eukaryotic
cells. A good example is the use of 2-bromo palmitate (Figure
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Figure 3. Targeting Ras palmitoylation. Structures of reported PAT
inhibitors.
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3a), which is a highly efficient palmitoylation inhibitor at the
level of palmitic acid biosynthesis but displays high toxicity,
thus being of limited use in cell-based experimentation.”” Given
the importance of the palmitate lipid anchor for correct Ras
cellular localization and signaling, targeting Ras palmitoylation
may define a new class of anticancer agents. In this context, a
first approach has consisted in a global inhibition of protein
palmitoylation by inhibiting palmitic acid biosynthesis. This
strategy was shown to induce Ras mislocalization and loss of
activity with severe toxicity due to various off targets.”® In
comparison to 2-Br-palmitate, small molecule PAT-inhibitors
should be less toxic but cannot be expected to be very specific.
To date only two Ras protein acyltransferase inhibitors have
been reported. Cerulenin (Figure 3b) was the first established
palmitoylation inhibitor of Ras proteins and since recently of
several additional proteins. The cerulenin-induced antiprolifer-
ative effect was shown to be exclusively due to its ability to
inhibit Ras palmitoylation (ICy, = 4.5 uM) and not to its ability
to inhibit fatty acid synthase (fas) given that some cerulenin
analogues displaying an antiproliferative effect were inactive
against fas.”® The second PAT inhibitor (Figure 3c) inhibits the
MAKP signaling pathway, thereby inducing a significant
antiproliferative effect in various human cancer cell lines
(with ICg, values typically in the low micromolar range).” It is
likely that wide-spectra inhibition of mammalian PAT's will lead
to various side effects related to failure of the generic sorting
mechanism at the level of the Golgi, as well as diminished
metabolism.**

B INHIBITION OF DEPALMITOYLATING ENZYMES

In sharp contrast to inhibition of palmitoylation, interference
with the depalmitoylating enzymes should allow for viable
phenotypes by only down-regulating biological responses (for
example, signaling) by disturbing the intracellular localization of
the target protein. A good example is the human S-
depalmitoylating enzyme APT1, which upon inhibition leads
to attenuated MAPK-mediated signaling via Ras-delocaliza-
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tion.”*”* Inhibition of thioesterase activity responsible for Ras
depalmitoylation increases the pool of palmitoylated Ras
proteins, leading to the expectation that such inhibition will
not reduce oncogenic Ras signaling. However, since palmitoy-
lated H- and N-Ras remain membrane-bound, permanent
unspecific cellular membrane exchange leads to loss of normal
localization by entropy-driven redistribution to all endomem-
branes. Thus, inhibition of depalmitoylation counterintuitively
will lead to down-regulation rather than inhibition of signaling,
allowing cell viability. This observation verifies the strategy that
disturbing dynamic lipidation cycles at the stage of delipidation
leads to an entropy-driven loss of precise localization, thus
affecting the signaling network. This concept can be translated
and applied in a broader sense to a plethora of acylated
proteins, which are depending on precise localization for their
biological role, thus allowing for small-molecule regulation of
hard-to-affect targets relying on dynamic acylation. When
considering the relative number of turnovers during the lifetime
of a cell in a eukaryotic organism, S-acylation is most likely to
be effected at the deacylation stage by inhibition of the
corresponding hydrolases, whereas N- and O-lipidations are
best targeted at the transferase stage of the cycle because of the
persistence of the modification.

B DEVELOPMENT OF APT INHIBITORS

Recently, Waldmann et al. reported APT inhibitors designed on
the basis of the f-lactone core. The first inhibitor developed,
Palmostatin B (Figure 4a), was designed using a knowledge-
based strategy, denoted protein structure similarity clustering
(PSSC).*** In the PSSC strategy, proteins are assigned to
clusters on the basis of similarity in the three-dimensional
structure in their ligand sensing cores. Using this approach
structural similarity was observed between the enzymes APT1
and gastric lipase. The hydrolase inhibitor tetrahydrolipstatin
was employed to design a focused compound collection with a
f-lactone core structure (Figure 4b). This compound collection
was screened for inhibition of the enzyme APT1 and provided
the inhibitor palmostatin B as the most potent compound.
Palmostatin B inactivates APT1 by reversible covalent
modification of the enzyme active site, thus acting as a slow
substrate. Furthermore, a direct interaction between APT1 and
palmostatin B in cells was demonstrated. Palmostatin B inhibits
APT1 selectively compared to the intracellular phospholipases
Al, A2, Cf, and D. Palmostatin B caused H-Ras specific
delocalization from the plasma membrane to endomembranes
in MDCKEF3 cells, where K-Ras 4B (nonpalmitoylated) was not
affected.”® However, APT1 is an enzyme with very broad
substrate scope, and the very unusual and exceptionally wide
substrate tolerance provided inspiration to alternatively employ
the structural characteristics of the different substrates as
guiding arguments for the design of a more potent family of
inhibitors. The activity of palmostatin B is mainly determined
by the stereochemistry of its electrophilic S-lactone core and
the aliphatic substitution at its a-position. Ideation based on
substrate similarity indicates that selective recognition will be
enhanced by the introduction of functionalities that enable
hydrogen bonding and electrostatic interactions similar to those
of a selected number of substrates. The design principle
resulted in a low nanomolar inhibitor of APT1, denoted
Palmostatin M (Figure 4C), possessing superior characteristics
for cell-based experimentation.”” Palmostatin M perturbs the
acylation cycle, as well as the H- and N-Ras signaling activity, at
the level of depalmitoylation, thereby leading to decreased
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Figure 4. (A) Structure of the cell-permeable small molecule APT1-inhibitor denoted Palmostatin B. (B) Development of Palmostatin B through the
knowledge-driven PSSC approach over a f-lactone library. (C) Development of a second-generation APT1 inhibitor. Comparison of two known
native APT1 substrates, lysophospholipid and the N-Ras C-terminus resulted in the identification of a common recognition motif consisting of a
negatively charged group at a distance of five to six bonds (red) from the (thio)-ester functionality (green) and a positively charged tail group at 10
to 12 bonds distance (blue). To design a inhibitor, fragments were joined through a variable spacer to a trans-f-lactone core, which addresses the
stereochemical preference of APT1 and serves as covalent modifier of the nucleophilic residue in the active site of the enzyme. Variation in spacer
length enables the identification of the optimal distance between fragments. A lipophilic tail mimicking the palmitate moiety was introduced on the
opposite side of the S-lactone core to create affinity to the lipid-binding pocket of the enzyme. Based on these criteria, a small focused library of three
series of inhibitors was designed and synthesized, which resulted in the discovery of Palmostatin M.

MAP-kinase signaling and partial endothelial to mesenchymal esterases (such as phospholipases Al, A2, C, and D) relevant

phenotypic reversion of H-Ras-transformed MDCK-F3 cells. to Ras signaling were identified as targets for the palmostatins,
Further evaluation of Palmostatin B and substrate analogue which proves the selectivity of the probes. Taken together,
based inhibitor Palmostatin M by activity-based proteome these findings suggest that no further hydrolases employing a
profiling (ABPP) in Hela cells revealed that the isoenzyme similar mechanism of catalysis and possibly no further
APT? also is targeted by the Palmostatins, in addition to PPT1 hydrolases in general are involved in Ras depalmitoyation in

and APT1 (Figure 5).”® Notably, no other intracellular cells.
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Figure S. Cellular proteome labeling profile for Palmostatin M derived
probes A and B after 20 min incubation at various probe
concentrations (50/10/1 uM). Fluorescent gel highlighting three
major bands corresponding to PPT1 (MW = 34.193 kDa), APT1
(MW = 24.67 kDa), and APT1/2 (MW = 24.73 kDa) Conditions:
Biotin-Rhodamine-N3 = 20 yM, TCEP:HCI = 0.5 mM, ligand = S0
uM, CuSO, = 0.5 mM, HeLa cells = 2 X 10°,

B CONCLUDING REMARKS

Numerous signaling proteins are posttranslationally modified
by lipidation. Since this lipidation is essential for a correct
localization and function of these proteins, the enzymes
responsible for the covalent attachment of lipids (FTase,
GGTase, Rab GGTase, NMTs, PATs) or lipid removal (APTs)
have been considered interesting targets for blocking aberrant
signaling processes. Despite the initial promising results
obtained in vitro with FTIs, similar success could not be
translated to the clinic. Alternatively, dual inhibitors of FTase
and GGTase or the use of FTase in combination with cytotoxic
agents have overcome some of these limitations. Furthermore,
FTIs have also shown good results in cancer cells not
dependent on Ras. Alternatively, good correlation between
apoptotic activity and selective inhibition of RabGGTase versus
the other PPTases has been recently observed in different
studies. This, together with the lack of toxicity in noncancer cell
lines, suggests that RabGGTase may be indeed a promising
target for cancer therapy. A general consideration of PPTIs is
that they may target a broad range of lipidated proteins. In this
context, the identification of their target proteins is a major goal
to understand the mechanisms underlying their cytotoxic
activity. Recent advances in this field, such the methods
reported by Maurer-Stroh and co-workers” or Alexandrov and
co-workers, for the identification of the Rab proteins subset
affected by RabGGTase inhibitors,'” may contribute enor-
mously to this understanding .

The development of APT-inhibitors has gained little
attention in the pharmaceutical industry, as it has intuitively
been expected that inhibition of depalmitoylation would
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increase the portion of Ras in active palmitoylated form,
which would facilitate oncogenic signaling. However, the
discovery that dynamic palmitoylation/depalmitoylation events
are required to maintain proper Ras localization indicates that
inhibition of Ras depalmitoylation will attenuate Ras-mediated
signaling, thus making the depalmitoylation event more
attractive to target, compared to the palmitoylation step.
Since the palmitoylation reaction of proteins at the Golgi is a
rather unspecific generic sorting machinery for palmitoylated
proteins, PATs are unwanted targets for small-molecule
inhibitors. In contrast, targeting APTs opens a new and
unexpected entry toward development of conceptually new
therapeutic approaches in oncology that target depalmitoyla-
tion specifically. However, the selectivity of both Palmostatin B
and the APT-enzymes remains to be investigated further. It can
be expected that many biological functions are regulated by
reversible palmitoylation events controlling protein localization
and that additional thioesterases will be identified in the near
future. Such a development will further increase the importance
of thioesterase inhibitors such as palmostatin B, as well as of
semisynthetic lipidated proteins to probe biological function in
vivo.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: gemma.triola@mpi-dortmund.mpg.de; christian.
hedberg@mpi-dortmund.mpg.de.

B KEYWORDS

Farnesyl Transferase (FTase) and Geranylgeranyl Transferase
(GGTase): formed by an « subunit and a § subunit; the a
subunit is almost identical in both enzymes; the f subunit
contains a hydrophobic pocket whose substrate specificity for
FPP or GPP is determined by the residue present at the bottom
of this site; Rab geranylgeranyl transferase (GGTase): also
formed by an @ and a f subunit and (di)geranylgeranylates
members of the Rab family; this is done in a ternary complex of
Rab GTPase, RabGGTase and REP, in which REP recognizes
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present in all of the PPTases; N-myristyl transferase (NMT):
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of many important eukaryotic and viral proteins; Palmitoyl acyl
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residues in proteins; Palmitoyl protein thioesterase (PPT):
cleaves palmitoyl residues from defolded and proteolytically
digested proteins in lysosomes as a part of the protein
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removes palmitoyl groups from palmitoylated proteins at
membranes, thereby avoiding unspecific entropic redistribution
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