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1. Introduction

Protein lipidation is the covalent attachment of a lipid group to protein. Lipids modify large
numbers of eukaryotic proteins and regulate protein function and localization. The
hydrophobic character of lipid modifications makes the study of protein lipidation
challenging. Chemical biology has played an increasingly important role in advancing the
field of protein lipidation through novel methods of detection and isolation, design and
synthesis of inhibitors, strategies to monitor the behavior of lipidated proteins in cells, and
methods to produce lipidated proteins for structural and biophysical analyses. In this review,
we discuss the chemical tools that have been developed to facilitate discovery in the field of
protein lipidation and provide examples of how this has created new understanding of the
scope of protein lipidation and its biological consequences.

The content of this review is limited to the major posttranslational modifications that occur
in the cytoplasm or on the cytoplasmic face of membranes: S-prenylation, N-myristoylation,
and S-palmitoylation (Fig. 1). Protein lipidation of molecules destined for secretion occurs
in the lumen of organelles within the secretory pathway. Glycosylphosphatidylinositol (GPI)
anchors attached to proteins in the endoplasmic reticulum tether proteins to the extracellular
face of the plasma membrane. Other secreted proteins that are lipidated include morphogens,
cytokines, and hormones. Examples include the octanoylated peptide hormone ghrelin and
the Hedgehog signaling protein, which is modified with both cholesterol and palmitate.
Lipid modifications that occur in the lumen of secretory organelles are reviewed

elsewhere. 1

2. Lipid Modifications on the Cytoplasmic Face of Membranes

Fatty acids and isoprenoids anchor proteins to the cytoplasmic leaflet of cell membranes
(Fig. 1). Protein S-prenylation and N-myristoylation are mediated by cytoplasmic enzymes,
whereas S-palmitoylation occurs at the membrane surface. Two other lipid modifications
that occur in the cytoplasm are more rare. Amide-linked palmitate (N-palmitoylation) is
found on the amino terminus of the signal transducing protein Gsa (Fig. 1E)2;
phosphatidylethanolamine is linked to the C-terminal glycine residue of LC3/Atg8, a protein
involved in autophagy (Fig. 1C) 3. In this section we briefly review the structure and
mechanism of the major lipid modifications.
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S-Prenylation refers to the irreversible addition of an isoprenoid, either C15 farnesyl (Fig.
1A) or C20 geranylgeranyl (Fig. 1B), to protein through a thioether linkage.* S-Prenylated
proteins are recognized by their characteristic C-terminal motifs. Farnesyl transferase
(FTase) and geranylgeranyltransferase type | (GGTase-1) modify proteins at a Cys residue
that is four amino acids from the C terminus (the -CaaX box, where ‘a’ is a small, typically
aliphatic amino acid and the identify of X contributes to the specificity of the prenyl group
added). S-prenylation is followed by the proteolytic removal of the three terminal amino
acids (—aaX) by Ras converting enzyme 1 and carboxylmethylation of the S-prenylated
cysteine by isoprenylcysteine methyltransferase.> Members of the Rab family of GTPases
are prenylated by a dedicated enzyme, Rab geranylgeranyltransferase (RGGT).6 Rab
proteins terminate in —CC, —CCXX, or —CXC motifs and are typically modified with two
geranylgeranyl groups. Proteins modified with prenyl groups require the modification for
membrane association and consequently to exert their functions.? The realization that S-
prenylation is essential for proper protein function has stimulated the development of small
molecule S-prenyltransferase inhibitors to block the activity of oncogenic Ras and other S-
prenylated proteins that malfunction in various disease states.’

Protein N-myristoylation refers to the irreversible addition of myristic acid to eukaryotic and
viral proteins through an amide linkage to an N-terminal glycine residue (Fig. 1D).8
Modification of the protein typically occurs cotranslationally as the nascent polypeptide
chain emerges from the ribosome and following removal of the initiator methionine by
methionylpeptidase. Alternatively, during apoptosis, N-myristoylation can occur
posttranslationally on proteins where caspase cleavage exposes a cryptic N-terminal glycine
residue.® The enzyme responsible for myristoylation is N-myristoyltransferase (NMT).8
Loss of NMT function in S. cereviseae is lethall® and Drosophila lacking NMT have
multiple developmental defects®. Thus, like S-prenylation, N-myristoylation is an essential
process. Humans and mice have two N-myristoyltransferase genes, NMT1 and NMT2, that
encode enzymes with overlapping functions. NMT1 is required for early embryonic
development in mice.1?

Proteins are fatty acylated at cysteine residues through reversible thioester linkages in a
process commonly referred to as S-palmitoylation (Fig. 1F).13 Thioacylation or S-acylation
is a more appropriate term for this modification given that other long chain fatty acids
besides palmitate are incorporated into proteins through this mechanism. Both integral and
peripheral membrane proteins can be modified with palmitate and this occurs both on
intracellular membranes and at the plasma membrane. Promoting membrane association of
soluble proteins is an obvious function for S-palmitoylation, but this modification also
regulates protein trafficking, stability, and activity.14

The reversibility of protein S-palmitoylation distinguishes it from other lipid modifications
and predicts the existence of enzymes that palmitoylate and depalmitoylate proteins. Protein
S-acyltransferases (PATS) that modify proteins on the cytoplasmic face of membranes were
first characterized molecularly in 2002.1° These are a family of integral membrane proteins
that share a protein domain referred to as the DHHC domain, a cysteine-rich domain with a
conserved Asp-His-His-Cys signature motif that is required for enzymatic activity. Yeast
have seven DHHC-PATS; genetic and biochemical analyses have revealed that these
enzymes can account for nearly all palmitoylation events in yeast.16 A larger family of 23
DHHC enzymes is found in mammals.1’

The process of depalmitoylation is less well characterized. The lysosomal enzyme
responsible for degradation of S-palmitoylated proteins may be protein palmitoylthioesterase
1 (PPT1).18 A cytoplasmic enzyme, acylprotein thioesterase 1 (APT1) removes palmitate
from G-protein alpha subunits and Ras proteins in vitro.1° In vivo, APT1 has been linked to
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G-protein depalmitoylation in yeast?? and to Ras depalmitoylation in mammalian cells.
The development of small molecule APT1 inhibitors has provided an important new tool to
investigate the functional consequences of reversible palmitoylation of Ras.2! These are
discussed in section 6.

S-palmitoylation is often found in combination with other lipid modifications.1* Proteins
with Cys residues adjacent to or near to an N-myristoylated Gly are often S-palmitoylated.
Signal-transducing proteins such as G-protein o subunits?2 and non-receptor tyrosine
kinases?3 are examples of proteins that are modified in this way. Similarly, S-prenylated
proteins with cysteine residues immediately upstream of the S-prenylated cysteine are also
substrates for S-palmitoylation. N-Ras and H-Ras are modified with palmitate at one or two
cysteines, respectively. Early studies revealed that N-myristoylation or S-farnesylation was a
requirement for subsequent S-palmitoylation and that both the myristoyl or farnesyl
modification and S-palmitoylation were necessary for stable membrane association and
plasma membrane localization. As discussed in the following sections, the development of
synthetic lipopepides and semisynthesis of lipidated proteins was key to understanding the
physical basis of the membrane interactions and the functional significance of reversible S-
palmitoylation.

3. Synthetic Lipopeptides

Short amino acid sequences that encode the recognition motifs for modification are
sufficient for lipidation to occur in cells. For example, the last ten amino acids of H-Ras are
sufficient for CaaX processing and S-palmitoylation in cells when transplanted onto a
soluble protein.24 Genetically encoded fusions of a lipidation sequence and a fluorescent
protein have been exploited to study the cell biology of lipidated proteins. Similarly,
synthetic lipidated peptides have also been widely used as surrogates to study the behavior
of their cognate lipid-modified proteins.2> A variety of synthetic methods have been
developed to overcome the challenges associated with the synthesis of cysteinyl-containing
peptides modified with lipids. The reader is referred to several excellent reviews on this
topic.26

Biophysical studies monitoring the association of fluorescent lipopeptides with model
membranes provided an important framework to understand how dual lipid modifications
mediate interactions with membranes. The kinetic membrane-trapping model emerged from
measurements of the rates of interbilayer transfer of singly and dually lipid-modified
peptides. Proteins modified with myristate or a farnesyl group undergo rapid association and
reassociation with membranes, whereas proteins with dual lipid modifications displayed
greatly diminished exchange between membranes.2” The model provided a rationale for how
lipid modifications might target proteins to a specific membrane through restricted
localization of a “membrane-targeting receptor” that facilitates addition of the second lipid
modification. It also had implications for modes of protein trafficking. S-Farnesylated or N-
myristoylated proteins could potentially move about the cell through the cytoplasm
independent of vesicular transport, sampling different membrane compartments. Proteins
modified with two or more lipids would transit on vesicles because of their stable membrane
assocation. As discussed in section 7, live cell imaging studies monitoring the trafficking of
lipidated proteins provide further support for the kinetic membrane-trapping model.

4. Semisynthetic Lipidated Proteins

In cells, lipopeptides appear to replicate the localization and dynamics of their full-length
counterparts in many respects. However, these studies are naturally limited by the absence
of other protein determinants that influence protein-protein and protein-membrane
interactions. Semisynthetic proteins in which synthetic peptides modified with lipids are
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conjugated to recombinant proteinsto afford native or near-native homogenous preparations
of lipidated proteins for structural, biophysical, and cell biological applications.

Two strategies have been used to produce semisynthetic lipid-modified proteins. In the first,
a lipopeptide activated at the amino-terminal end with a maleimido modification is linked to
the carboxyl-terminal cysteine residue of a recombinant protein (Fig. 2).28 Semisynthetic
proteins prepared using this method were used to study the trafficking of S-palmitoylated
isoforms of Ras proteins (Section 7).250:2% The maleimido caproic acid (MIC) coupling of
truncated Ras proteins to lipopetides was efficient at neutral pH in a buffered detergent
solution, conditions compatible with preservation of native protein structure. The
semisynthetic protein was active as assessed by its ability to bind guanine nucleotides and to
the Ras-binding domain (RBD) of its effector Raf. An oncogenic form induced neurite
extension when microinjected into PC12 cells, an indicator that semisynthetic lipidated Ras
could transform cells. These experiments suggest that the MIC linkage does not grossly
perturb the function of semisynthetic H- and N-Ras?8. MIC coupling has also been used
successfully to link GFP modified with a C- terminal cysteine with peptides derived from
proteins that are modified at the N-terminus by N-myristoylation and S-palmitoylation.2°
Key to the success with MIC coupling is the accessibility of the C-terminal cysteine residue
and inaccessibility of other cysteines in the protein. The MIC approach was not feasible for
K-Ras4B due to the presence of multiple C-terminal lysine residues, complications with
separation of products, and low yield of lipopeptide.3?

The second approach uses expressed protein ligation (EPL) in which a recombinant protein
thioester is reacted with a lipidated peptide containing an N-terminal cysteine residue to
yield a native amide bond (Fig. 3). The EPL method exploits intein-based autocleavage to
produce a protein thioester.3 The protein of interest is expressed in bacteria as a fusion
protein with an intein and chitin-binding domain, permitting affinity purification on a chitin
column. On-column cleavage initiated by the addition of mercaptoethanesulfonate
(MESNA) yields the protein thioester, which is then reacted with a lipidated peptide. In
contrast to MIC coupling, the linkage results in a native peptide bond. EPL has been used to
produce S-prenylated Rab proteins for structural and biophysical analysis32, and more
recently to generate S-farnesylated K-Ras and Rheb30. One disadvantage of EPL is that it
leaves a cysteine residue at the junction of the protein and peptide. If the semisynthetic
protein is introduced into cells, a non-native cysteine is well positioned for S-palmitoylation
when in proximity to the S-prenylated C-terminus, introducing an additional lipid
modification and its associated consequences on function and localization.

A significant advantage of semisynthetic proteins is the versatility of the synthetic peptides
that can be added. The lipid or combination of lipids modifying the protein can be varied,
for example, mono- versus digeranylgeranylation (Fig. 4A).28° The importance of the
reversibility of S-palmitoylation was demonstrated by comparing the behavior of proteins
modified with palmitate through a reversible thioester linkage versus stable thioether
attachment (Fig. 4B).25P The significance of reversible S-palmitoylation could not be
addressed using genetically encoded fluorescent proteins that rely on cellular enzymes to
incorporate the lipids into protein. Finally, fluorescent reporters or unnatural amino acids are
easily introduced into the protein through chemical modification of the synthetic peptide
(Fig. 40).26b,29

A clever application of the semisynthetic protein technology was the creation of
recombinant Rab7 linked to a peptide modified with NBD-farnesyl (Fig. 4C).33 The
advantages of this configuration are two fold. First, the farnesyl-NBD moiety mimics the
native geranylgeranyl (GG) group but has reduced hydrophobicity, rendering a soluble
protein that can be analyzed in the absence of detergent, which perturbs protein-protein and
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membrane interactions. Second, the introduction of the fluorescent moiety allowed time-
resolved measurement of prenylated Rab interactions with GDI or REP proteins.

To date, monomeric GTPases and lipidated Green Flurorescent Protein (GFP) are the only
lipidated proteins synthesized using MIC linkage or EPL.28-29.31b,34 gy ccessful application
of the method requires identifying conditions in which coupling of the peptide occurs only at
the desired residue and the semisynthetic protein can be recovered in an active form.
Semisynthetic Ras proteins were purified under native conditions, separated on the basis of
their newly acquired hydrophobicity using detergent partitioning?®, whereas the introduction
of the polybasic, S-farnesylated C-terminal peptide into truncated K-Ras resulted in an
increase in the isoelectric point of the protein, enabling separation by ion exchange
chromatography.30 Semisynthetic Rab and Rheb proteins were precipitated following
ligation and refolded.3%:34 Recovery of active mono- and di-geranylgeranylated proteins
required refolding in the presence of a chaperone to prevent aggregation.3433 Extension of
MIC coupling or EPL to other lipidated proteins, particularly larger proteins with multiple
domains will be technically challenging.

5. Structural and Biophysical Characterization of Rab GTPases Using
Semisynthetic Proteins

Semisynthetic Rab proteins have been key to illuminating how S-prenylation interfaces with
the protein-protein interactions that are necessary for reversible interactions with
membranes.33:3% Rab proteins constitute the largest family of monomeric GTPases and
regulate organelle biogenesis and vesicular transport.36 Like all GTPases, they undergo
cycles of nucleotide exchange and hydrolysis. Superimposed on the GTP-GDP molecular
switch is a cycle of membrane association and dissociation that is dependent upon S-
prenylation and regulatory proteins. In this section we discuss a current model of membrane
targeting based on recent structural and biophysical studies.33

Most Rab proteins are digeranylgeranylated (Rab-diGG) at the C-terminus, but a few are
monogeranylgeranylated (Rab-mG).8 Rab proteins are S-prenylated by RGGT, a S-
prenyltransferase that like FTase and GGTasel is an a/p heterodimer. However, RGGT also
requires an accessory protein, Rab Escort Protein (REP), for function. REP binds to
unprenylated Rab and positions it for modification by RGGT. REP also binds to mono- and
di-prenylated Rabs, shielding the hydrophobic prenyl groups from the cytoplasm and
facilitating initial membrane targeting. REP shares sequence homology with RabGDI, a
protein that binds to S-prenylated Rab proteins in the inactive GDP-bound form. The
function of RabGDI is to mediate the transfer of Rab proteins between membrane
compartments. The structures of Rab GDI and REP in complex with S-prenylated Rab
proteins reveal a shared two-domain architecture.32:37 Domain | provides most of the
binding surface for the core GTPase domain, whereas Domain Il contains a hydrophobic
pocket that harbors one or two geranylgeranyl groups.

Fluorescent semisynthetic proteins have permitted real-time quantitative assessment of the
interactions between S-prenylated Rab7 and its regulators, providing insight into how
RabGDI and REP carry out their distinct functions in the cell.33:35 REP has multiple roles,
first to “escort” unprenylated Rab to RGGT; second, to present monoprenylated Rab to
RGGT for the addition of the second isoprenoid; and third, to facilitate the initial membrane
targeting of the Rab protein.6 REP binds to unmodified and diGG Rab7 with low nM
affinity.3® Interestingly, REP displays pM affinity for monoprenylated Rab7. The tight
association of REP with monoGG Rab7 facilitates its retention in the complex for the
addition of the second geranylgeranyl moiety. The reduced affinity of REP for the di-GG
modified protein facilitates the release of Rab7 from REP and deposition on membranes.3°
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Although REP and RabGDI share a function of facilitating the insertion of Rab proteins into
membranes, only GDI is able to efficiently extract S-prenylated proteins from membranes.
Quantitative comparison of the impact of lipidation on Rab7 interactions with REP and GDI
provides insight into this distinction.3> In contrast to the nearly equivalent binding affinities
of unprenylated Rab7 and Rab7-diGG for REP, unprenylated Rab7 and Rab7-diGG
displayed a difference in affinities for GDI of at least 3 orders of magnitude. The large
change in affinity when Rab is docked to GDI through the C-terminus and tandem
isoprenoids provides the thermodynamic driving force required for membrane extraction. In
contrast, the binding energy in REP:Rab7 complexes is associated primarily with the core
GTPase domain and there is no additional “benefit” to binding the di-GG moiety to drive
extraction of the protein from membranes.3®

A recent study expanded this type of analysis to examine the impact of the nucleotide bound
to Rab7 on its interactions with GDI and proposed a model of how nucleotide exchange is
integrated with membrane extraction and insertion of Rab proteins (Fig. 5).33 Lipidated
semisynthetic proteins were refolded in the presence of GDP or GppNHp, a
nonhydrolyzable analog of GTP, to permit comparison of affinities of S-prenylated Rab
proteins in the GDP- and GTP-bound states. The large, three-order of magnitude difference
between GDI’s affinity for Rab in the GTP- versus the GDP-form is much larger than
previous estimates and provides a strong rationale for GDI’s ability to selectively extract
GDP-bound Rab from membranes.33

An outstanding problem in the biology of Rab proteins is how they are targeted to specific
membrane compartments from a common pool of cytoplasmic Rab:RabGDI complexes. A
current model proposes that interactions of the Rab:GDI complex with a GDI displacement
factors (GDF) dislodges S-prenylated Rab from GDI, facilitating insertion of Rab into
membranes.38 The first GDF characterized, Y1P3, is one of three polytopic proteins that
bind S-prenylated Rab proteins. However, only YIP3 has been demonstrated to catalyze GDI
displacement, leaving open the possibility that S-prenylated Rab interactions with YIP
proteins have functions beyond or in addition to membrane targeting.38-39

Evidence is accumulating that guanine nucleotide exchange factors (GEFs) for Rab proteins
play the key role in targeting Rab proteins to membranes. DrrA is a soluble bacterial effector
from Legionella pneumophila that was proposed to have separable GEF and GDF activities
for human Rab1.4? The structure of the Drr/Rab1 complex and biochemical characterization
revealed that displacement of RabGDI from S-prenylated Rab1 was a consequence of the
GEF activity of Drr, demonstrating that GDF and GEF activities of DrrA were one and the
same.*! These studies were extended using a fluorescent analogue of S-prenylated Rab
produced using the chemoenzymatic CaaX tag method (see section 8.1).33 GDI
displacement was assayed by the decrease in fluorescence when Rab1 dissociated from GDI.
In the presence of the GEF domain of DrrA, Rab1 was dissociated from GDI. Dissociation
was dependent on the addition of GTP and reversed when excess GDP was added to the
reaction, suggesting that the GTP/GDP switch controls GDI dissociation and insertion of
Rab into membranes.

The analysis of protein interactions between Rab and RabGDI provides a thermodynamic
basis for the mechanisms that regulate Rab membrane targeting and dissociation (Fig 5).33
Recently, the interaction of the Rho family GTPase, Cdc42 with RhoGDI was studied in the
presence of model membranes.#2 In contrast to the pronounced difference in affinities
observed with S-prenylated Rab proteins and RabGDI in the presence of GTP or GDP33,
Cdc42 displayed the same affinity for RhoGDI in solution whether it was GDP- or GTP-
bound. In the presence of a membrane surface, however, the affinity of RhoGDI for Cdc42-
GDP was much higher than for Cdc42-GTP. Cdc42 dissociation from membrane vesicles
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occurred at similar rates alone or when bound to RhoGDI, suggesting that the primary
function of RhoGDI in extracting Cdc42 from membranes is to prevent its rebinding to the
membrane surface.2 It will be of interest to measure the impact of model membranes on the
dynamics of Rab and RabGDI interactions. Rab proteins modified with two prenyl groups
will dissociate from membranes with much slower kinetics than monoprenylated Cdc4227,
suggesting differences in how RabGDI will interact with its cognate Rab to extract it from
membranes. Both studies support the importance of GEF-catalyzed nucleotide exchange to
free the GTPases from the action of their corresponding GDIs, and suggest that GEF
localization plays a prominent role in imparting specific membrane localization.33:42

6. Small Molecule Inhibitors of Reversible S-Palmitoylation

Identification of the enzymes that modify proteins with lipids enabled small molecule
discovery programs to find inhibitors of enzyme activity. These reagents are key to
elucidating the biology and enzymology of protein lipidation. NMT43 and S-
prenyltransferases’#4 have been the subjects of intensive programs to discover inhibitors
and determine their utility in treating disease. In contrast, small molecules that specifically
inhibit S-palmitoylation in vitro and in vivo are noticeably lacking. The discovery and
characterization of DHHC-PATSs makes molecular characterization of molecules that inhibit
S-palmitoylation feasible, as well as expanding strategies for high throughput screening.
Development of inhibitors of protein depalmitoylation has progressed with the advent of
small molecules that inhibit the thioesterase APT1.21 In this section, we review the status of
small molecules that affect reversible protein S-palmitoylation.

Pharmacological inhibitors of S-palmitoylation currently in use block modification of
proteins with palmitate, but their cellular effects are not limited to protein S-
palmitoylation.*® 2-bromopalmitate (2-BP) is most commonly used to block incorporation
of palmitate into proteins (Fig. 6A).4> A non-metabolizable fatty acid analogue, 2-BP also
inhibits enzymes involved in lipid synthesis, as well as NADPH cytochrome-c reductase and
glucose-6-phosphatase.*6 Accordingly, 2-BP has pleiotropic effects in cells and its inhibition
of S-palmitoylation may be due as much to an effect on lipid metabolism as it is on direct
inhibition of S-palmitoyltransferases. Other reagents used to inhibit cellular S-palmitoylation
are tunicamycin (Fig. 6B)*’ and cerulenin (Fig. 6C), which like 2-BP are likely to exert their
effects through inhibition of fatty acid or acyl-CoA synthesis.*®> Of these reagents, 2-BP is
the only inhibitor that has been demonstrated to inhibit DHHC-PATS in vitro. Four DHHC-
PATS, two from yeast and two from mammalian cells, were tested and displayed irreversible
inhibition with 2-BP.48

Screening of a compound library using several cell-based assays that report processes
associated with S-palmitoylation identified five classes of compounds as potential S-
palmitoylation inhibitors.4® Representative compounds from the five classes were shown to
inhibit endogenous PAT activity in membranes using S-farnesylated or N-myristoylated
peptides as substrates.#® Subsequent testing of four of the five compounds with four DHHC-
PATSs showed only Compound V (2-(2-Hydroxy-5-nitro-benzylidene)-benzo[b]thiophen-3-
one) inhibited the purified enzymes (Fig. 6D). Inhibition was reversible, time-dependent,
and was less potent than 2-BP (Fig. 6A).48

Inhibitor development to block protein depalmitoylation has been more successful. APT1 is
a soluble enzyme that acts as an acylprotein thioesterasel® and as a lysophospholipase in
vitro. Kinetic characterization of the enzyme suggested that S-palmitoylated proteins were
better substrates for the enzymel?, supported by studies in mammalian cells and yeast in
which gene silencing of APT1 expression resulted in a steady state increase of S-
palmitoylated Ras proteins2! and G-protein alpha subunits20. The structure of APT1 shows
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that the enzyme is an a/p hydrolase with a classic Ser-His-Asp catalytic triad.>> Two related
serine hydrolases, APT2 (LYPLA2) and APT3 (LYPLALL1) are predicted to have
acylprotein thioesterase activity.>2 Although APT2 has not been purified and tested in vitro,
exogenous expression of APT2 in cells accelerated deacylation of the neuronal S-
palmitoylation substrate GAP-43, suggesting that it is a bona fide acylprotein thioesterase.>3

Early efforts to design inhibitors of APT1 focused on synthesis of peptidomimetics. A
number of compounds that inhibited APT1 activity in vitro were identified but were not
active in cells.>* Recently, a B-lactone-containing compound named Palmostatin B was
shown to inhibit APT1 enzyme activity in vitro and appears to target APT1 in cells (Fig.
6E). Kinetic characterization revealed that Palmostatin B acts as a competitive inhibitor with
an ICs of 670 nM.21 Based on the mechanism of gastric lipase inhibition by p-lactones 5°,
Palmostatin B inhibits activity by covalently modifying the serine residue in the active site.
Pre-steady state kinetics indicated that the initial interaction with the enzyme is fast,
followed by a slow reactivation of the enzyme upon hydrolysis of the compound.?!

In cells treated with Palmostatin B, steady state S-palmitoylation of Ras was increased
modestly, similar to the increase that was observed when APT1 expression was reduced by
siRNA.21 These data are the first evidence that Ras is a substrate for APT1 in cells and are
consistent with APT1 as a target of Palmostatin B in cells. Various phospholipases were
ruled out as cellular targets for Palmostatin B. Phospholipases A1, A2, D, and Cp activities
were unaffected by Palmostatin B concentrations that inhibited Ras depalmitoylation in
cells, arguing for inhibitor specificity.2! However, the effects of Palmostatin B on other
members of the large family of serine hydrolases®?, including the related APT2 and APT3
enzymes and the lysosomal palmitoyl protein thioesterases, awaits further study. Palmostatin
B perturbed the steady state localization of Ras proteins and induced a partial phenotypic
reversion in oncogenic Ras-transformed fibroblasts. These results suggest that inhibition of
Ras depalmitoylation may represent a novel approach to therapeutically intervene with
oncogenic Ras signaling.

7. The S-Palmitoylation Cycle and Protein Trafficking of Lipidated
Peripheral Membrane Proteins

Lipidated signaling proteins are present both at the plasma membrane and on intracellular
organelles.56 Advances in live cell imaging enabled the discovery that signaling proteins are
actively cycling between endomembranes and the plasma membrane through a process
regulated by reversible S-palmitoylation.25257 Fluorescent lipopeptides and semisynthetic
proteins in combination with small molecule inhibitors were essential reagents for
developing a model for S-palmitoylation-dependent cycling of peripheral membrane proteins
that originated with studies of H- and N-Ras trafficking.

Early studies revealed that S-palmitoylation and an intact secretory pathway were required
for plasma membrane localization of H- and N-Ras.2458 In the absence of S-palmitoylation,
S-farnesylated GFP-H-Ras and GFP-N-Ras localized on endomembranes and underwent
rapid exchange between the cytoplasm and membranes,>’ analogous to the rapid interbilayer
transfer that occurred with S-farnesylated peptides and model membranes.?’ In the Golgi, a
stable pool of Ras could be observed in addition to the rapidly exchanging pool, suggesting
that S-palmitoylation was occurring at the Golgi.>” The dependence of plasma membrane
localization of H- and N-Ras on an intact secretory pathway indicated that anterograde
movement to the plasma membrane was mediated by vesicular transport.2458 Fluorescence
recovery after photobleaching (FRAP) provided evidence for retrograde transport of H- and
N-Ras from the plasma membrane to the Golgi that was observed only when Ras could be S-
palmitoylated. Experiments with semisynthetic fluorescent Ras proteins provided the key
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evidence that the steady state localization of H- and N-Ras proteins at the Golgi and plasma
membrane was dependent on constitutive trafficking regulated by a cycle of S-
palmitoylation and depalmitoylation.25? Semisynthetic N-Ras linked to a S-farnesylated and
S-palmitoylated peptide recapitulated the Golgi and plasma membrane localization seen for
GFP-N-Ras when microinjected into cells. However, when thioether-linked hexadecanoate
was substituted for palmitate on cysteine, the modified Ras protein distributed non-
specifically on membranes throughout the cell. This suggested that depalmitoylation was
also a requirement for localization at the Golgi and plasma membrane.25 Treatment of cells
with Palmostatin B or gene silencing of APT1 also resulted in non-specific association of
Ras with endomembranes.21 Hence, conditions that result in permanent S-palmitoylation or
the absence of S-palmitoylation yielded the same non-specific membrane localization of H-
and N-Ras, indicating that the cycle of S-palmitoylation and depalmitoylation was required
for the steady state Golgi and plasma membrane distribution.

To determine whether other peripheral membrane proteins modified with palmitate traffic
similarly to Ras, fluorescent lipopeptides microinjected directly or as semisynthetic C-
terminal fusion proteins were tested.25P:29 N-Myristoylated and S-palmitoylated peptides
with sequences derived from known myristoyl-palmitoyl proteins (Gail, endothelial nitric
oxide synthase, the nonreceptor tyrosine kinase Fyn) as well as a synthetic sequence,
displayed Golgi and plasma membrane distributions and rapid kinetics of retrograde
transport from the plasma membrane to the Golgi. A GAP-43 peptide dipalmitoylated near
the amino terminus displayed similar properties, suggesting that the S-palmitoylation cycle
is not confined to S-farnesylated or N-myristoylated substrates for S-palmitoylation. Steady
state enrichment of the proteins at the plasma membrane versus Golgi and slower kinetics of
retrograde transport to the Golgi correlated with the number of S-palmitoylation sites in the
protein, consistent with depalmitoylation controlling the residency time on membranes. The
similar kinetics and localization of lipidated peripheral membrane proteins with diverse
sequence contexts suggested that the core S-palmitoylation machinery lacks substrate
specificity. This was further supported by the finding that semisynthetic N-Ras with a
heptapeptide that is a sterecisomer or composed of § amino acids that contain an additional
carbon atom between the amino and carboxy groups accumulated at the Golgi with kinetics
similar to the native counterpart.

The model that emerged from these studies (Fig. 7) describes a constitutive cycle of protein
trafficking between endomembranes and the plasma membrane that is regulated by
reversible S-palmitoylation.25P:29 S-palmitoylation of proteins is concentrated at the Golgi
apparatus and the longer residence times of S-palmitoylated proteins on membranes allows
them to feed into the secretory pathway for transport to the plasma membrane. This
unidirectional transport opposes entropy-driven redistribution of S-palmitoylated proteins
throughout cellular membranes. The model proposes that thioesterase activity is distributed
throughout the cell and returns proteins to a state where they rapidly dissociate and
reassociate with all cellular membranes until trapped again at the Golgi by S-palmitoylation
and subsequent vesicular transport to the plasma membrane.

Independent studies have demonstrated constitutive trafficking of heterotrimeric G proteins
between endomembranes and the plasma membrane that is dependent upon S-
palmitoylation. Gqa is an exclusively S-palmitoylated G-protein alpha subunit that is
modified by the Golgi-localized DHHC3 and DHHC7 PATS. These enzymes were required
for continuous shuttling of Gqa between the plasma membrane and Golgi.>? Similarly, N-
myristoylated and S-palmitoylated Goa displayed similar trafficking that was inhibited by
treatment of cells with 2-BP.0 FRAP analysis of GAD65, an isoform of glutamic acid
decarboxylase, suggests that a S-palmitoylation/depalmitoylation cycle regulates transport
between ER-Golgi and post-Golgi membranes. 61
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Concentration of palmitoylating activity at the Golgi apparatus and widespread distribution
of acylprotein thioesterase activity are central tenets of the model depicted in Figure 7. In
mammalian cells, most DHHC proteins are localized at the endoplasmic reticulum and Golgi
apparatus when ectopically expressed.52 Golgi localization has been verified for endogenous
DHHC3%3, a PAT for both integral and peripheral membrane proteins, and GCP16%4, an
obligate binding partner of DHHC9 which has PAT activity for Ras proteins in vitro.55 A
variety of protein substrates with diverse sequence contexts have been assigned to Golgi-
localized PATSs %6, consistent with the Golgi as a central hub for S-palmitoylation. However,
S-palmitoylation of peripheral membrane proteins is not exclusive to the Golgi apparatus.
The synaptic scaffold, PSD-95 and R7BP, a S-palmitoylated membrane anchor for G-protein
regulators, are S-palmitoylated by DHHC267, an enzyme that is localized at the plasma
membrane and on endosomal vesicles.%8

The cytoplasmic distribution of the acylprotein thioesterase APT1 is consistent with its
ability to come in contact with S-palmitoylated proteins on membranes throughout the
cell.2® The localization of APT2 and APT3 is unknown. Evidence for the presence of Ras
depalmitoylating activity in crude membrane fractions from yeast?? and from mammalian
cells® suggests that additional protein thioesterases remain to be identified. APT1 was
recently detected in a S-palmitoylproteome screen, suggesting a possible mechanism for its
membrane association.”?

The kinetics of membrane association and spatial organization of fluorescent lipopetides and
semisynthetic lipidated proteins in cells supports a mechanism of S-palmitoylation that is
rapid, not stereoselective, and that does not require specific amino acid sequences.??
Whether the properties of DHHC-PATS can be reconciled with the proposed mechanism is
unresolved. DHHC autoacylation could facilitate rapid transfer of palmitate to substrates in
cells. Recent kinetic analysis of the yeast Ras PAT (Erf2/Erf4) strongly supports that
autoacylation represents an acyl-intermediate.”? Autoacylation of the enzyme occurs in
seconds and in the absence of Ras, the acyl group undergoes rapid turnover. The rapid
regeneration of acylated DHHC-PAT suggests that in cells in the presence of palmitoyl-
CoA, the enzyme is charged with palmitate and ready to deliver it to a protein substrate.”!
DHHC proteins are S-palmitoylated in vivo, but to date the only S-palmitoylation sites that
have been mapped are distinct from the cysteine in the DHHC motif, the presumed catalytic
cysteine of the enzyme.”? The susceptibility of the autoacylated enzyme to hydrolysis’! may
make trapping the acyl-enzyme intermediate difficult.

The question of whether there is any substrate specificity to S-palmitoylation at the Golgi is
provocative. With respect to the absence of stereoselectivity2?, this can be directly tested by
determining whether peptides with unnatural amino acid sequences are substrates for DHHC
PATSs. The presence of multiple DHHC proteins at the Golgi may contribute to the
recognition of a group of substrates with diverse sequence contexts. However, evidence in
yeast suggests substantial functional overlap of DHHC proteins for different substrates,
particularly for peripheral membrane proteins.18 Because it is not possible to achieve the
complete absence of DHHC proteins in yeast and maintain viability of the organism, the
possibility of non-enzymatic S-palmitoylation or other enzymes cannot be excluded.1® There
is evidence to suggest that determinants outside the sequence surrounding the S-
palmitoylation site are important for specific recognition of a substrate by the enzyme’2 and
that regions of the enzymes outside the catalytic DHHC domain contribute to substrate
recognition.’3 The issue of substrate specificity of DHHC enzymes is an area of active
investigation and is discussed in more detail in a recent review.%6

The process of sorting of S-palmitoylated proteins into vesicular carriers and their post-
Golgi trafficking is also an area of obvious interest. A recent study reports that S-
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palmitoylation directs H-Ras to recycling endosomes on its exocytic route to the plasma
membrane’4 and there is evidence to suggest that recycling endosomes may operate as a
sorting hub for other S-palmitoylated substrates and DHHC proteins.58

The model of constitutive palmitate turnover and cycling of peripheral membrane proteins
represents a core pathway that can accommaodate regulatory inputs. To date, there is little
evidence for regulation of the enzymes that S-palmitoylate and depalmitoylate proteins, but
the field is in its early days. Protein interactions that influence the accessibility of a substrate
have been documented as a mechanism to regulate the S-palmitoylation status of a protein.
A recent example is the promotion of Ras depalmitoylation by the prolyl isomerase
FKBP12.89 Discussion of how signaling pathways are integrated with the acylation cycle is
beyond the scope of this review, but has been discussed elsewhere.”

8. Chemical and Enzymatic Methods for Analyzing Protein Lipidation

Biochemical analysis of covalent lipid modifications is essential for determining the
function and regulatory mechanisms of many proteins. While bioinformatic programs based
on primary amino acid sequences for protein lipidation have provided convenient means of
predicting lipid-modified proteins from genomic data, direct biochemical detection is
required for demonstrating lipid modifications on proteins in specific cell types and cellular
states. Radiolabeled lipids have historically been used to monitor lipid modification of
proteins,® but the long exposure times for detection (weeks to months) and hazards
associated with radioactivity have inspired many researchers to develop more sensitive and
convenient methods for analyzing protein lipidation. In this section, we highlight chemical
and enzymatic methods as well as bioorthogonal lipid chemical reporters that have enabled
more rapid visualization of protein lipidation and also facilitated the discovery of new lipid-
modified proteins.”8

8.1 Chemoenzymatic Detection of S-Prenylated Proteins

Protein S-prenylation can be predicted based on C-terminal CaaX/CC-motifs using PrenBase
(http://mendel.imp.ac.at/PrePS/PRENbase/) and biochemically validated by radioactive
isoprenoid pyrophosphate labeling with S-prenyltransferases in vitro or by analysis of target
proteins following metabolic labeling of cells with 3H-melavonic acid. Alternatively, the
substrate promiscuity of S-prenyltransferases allows utilization of modified isoprenoid
substrates that circumvents the limitations of radioactivity and enables the non-radioactive
analysis of protein S-prenylation. Notably, the synthesis of 7-nitro-benzo[1,2,5]oxadiazol-4-
ylamino (NBD)-modified isoprenoid pyrophosphates have afforded fluorescent substrates
for monitoring the activity of all three classes of S-prenyltransferases (Fig. 8A).”” These
fluorescent S-prenyltransferase substrates have facilitated the analysis of specific protein
substrates in vitro as well as discovery and characterization of small molecular inhibitors.””
For affinity purification of S-prenylated proteins, biotinylated isoprenoid pyrophosphates
were synthesized and evaluated with S-prenyltransferases in vitro.”® These biotinylated
analogs are not utilized by wild-type enzymes, but biotinylgeranylpyrophosphate (BGPP) is
compatible with S-prenyltransferase mutants that accommodate a more sterically demanding
isoprenoid substrate and allow enzyme-specific profiling of S-geranylgeranylated proteins
(Fig. 8B).”8 The development of fluorescent and biotinylated isoprenoids that are utilized by
wild-type or mutant S-prenyltransferases have provided more efficient tools to monitor
protein S-prenylation and facilitated the characterization of protein substrates as well as
inhibitor discovery for therapeutic development. These chemical tools have provided
important advances for monitoring protein S-prenylation in vitro, but still have some
limitations for cellular studies. For example, BGPP and mutant RabGGTases can be used to
profile protein substrates in cell lysates, however, this approach requires inhibition or
defects in endogenous isoprenoid biosynthesis to yield nascent protein substrates for enzyme
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labeling in vitro and does not function in living cells 8 NBD-isoprenoids can be
incorporated into mammalian cells and installed onto overexpressed proteins such as EYFP
tagged K-Ras, but these fluorophore-modified isoprenoids do not appear to be efficiently
incorporated onto endogenous S-prenylated proteins.”” More sensitive tools are still needed
to monitor protein S-prenylation in vivo.

8.2 Acyl-Biotin Exchange Detection of S-Acylated Proteins

The dynamic nature of S-palmitoylation and limited primary sequence similarity for the site
of madification has made this form of protein fatty acylation particularly difficult to analyze
(Fig. 1F). Predictive algorithms such as CSS-Palm (http://csspalm.biocuckoo.org/) provide
confidence scores for potential S-palmitoylation sites of a given protein that can be validated
biochemically by radioactive palmitate labeling. The limited sensitivity of radioactive
labeling has demanded more efficient methods for analyzing S-palmitoylation
biochemically. One unique chemical feature of S-palmitoylation compared to amide-linked
fatty acids on N-myristoylated proteins is the differential sensitivity of thioesters to strong
nucleophiles such as hydroxylamine (NH,OH).”® Researchers have developed S-acyl-biotin
exchange (ABE) protocols to exploit the hydroxylamine-sensitivity of S-acylated proteins to
selectively label these proteins with biotin for non-radioactive detection and enrichment with
streptavidin reagents (Fig. 9A).8% An important feature of ABE proteomics is the reversible
elution of captured proteins using thiol-reactive and cleavable reagents such as N-[6-
(Biotinamido)hexyl]-3'-(2"-pyridyldithio)propionamide (Biotin-HPDP) (Fig. 9A).8% The
application of ABE to budding yeast enabled large-scale profiling of known and many new
S-palmitoylated proteins (~75 substrates) using multidimensional protein identification
technology (MudPIT)-based proteomics.1® The comparative proteomic analysis of wild-type
and mutant budding yeast strains with ABE revealed distinct and overlapping protein
substrates for DHHC-PATS that provides an important foundation understanding the
specificity of this enzyme family.16 Notably, the large-scale analysis of S-acylated proteins
by ABE identified ~200 hundred S-acylated proteins in primary neurons, including S-
palmitoylation of the brain isoform of the GTPase CDC42, as well as differential changes in
S-palmitoylation of proteins upon neuronal stimulation.8! Application of ABE proteomics at
the protein and peptide level in various mammalian cell lines has also revealed many new
candidate S-palmitoylated proteins as well as their sites of modification.”0:82 Initial ABE
enrichment of S-acylated peptides in HeLa cells recovered ~57 sites of modification.822 The
fractionation of lipid-raft associated proteins from a prostate cancer cell line (DU145),
enrichment of S-acylated proteins and peptides, as well as label-free MS quantitation
revealed ~398 S-acylated proteins and 168 S-acylation sites (Fig. 9).”9 ABE analysis of
RAW264.7 macrophages has also yielded many candidate S-acylated proteins and revealed
that S-palmitoylation facilitates mitochondrial targeting and pro-apoptotic activity of
phospholipid scramblase 3 (Plscr3).83 Alternatively, the analysis of HEK293 cells using S-
acyl resin-assisted capture (acyl-RAC) and stable-isotope proteomics methods identified ~93
S-acylation sites (Fig. 9B).82° It should also be noted that S-acylation proteomics are
complementary to other large-scale studies of cysteine modifications such as S-
nitrosylation® and sulfenic acid modification®. Interestingly, S-nitrosylation and S-
palmitoylation have been reported to reciprocally regulate the synaptic targeting of PSD-95
in neurons.8 These studies highlight the remarkable advances in protein S-palmitoylation
with improved methods for biochemical analysis.

9. Bioorthogonal Detection of Lipid-Modified Proteins

The development of bioorthogonal chemical ligation reactions has afforded new technology
to monitor the biosynthesis of nucleic acids, protein and posttranslational modifications,8’
including lipid-modified proteins’8(Fig. 10). The Staudinger ligation® and Cu'-catalyzed [3
+ 2] azide-alkyne cycloaddition (CUAAC) or “click chemistry”? have provided
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bioorthogonal ligation reactions that are specific for alkyl-azides and alkynes that exhibit
minimal reactivity with endogenous functionality on biomolecules. Since azides and alkynes
are relatively small, non-polar and stable functional groups, they can be readily installed
onto metabolites such as lipids with minimal structural perturbation for metabolic
incorporation and protein modification in cells. Bioorthogonal chemical ligation reactions
have therefore enabled two-step labeling approaches using small azide/alkyne-
functionalized lipid reporters and complementary detection tags to monitor protein lipidation
as well as lipid trafficking (Fig. 10).76

9.1 Bioorthogonal Reporters for Protein S-Prenylation

The promiscuity of protein S-prenyltransferases for NBD- and other functionalized-
substrates suggested that azide- or alkyne-functionalized isoprenoids could be used for
bioorthogonal detection of protein S-prenylation.”620.90 |ndeed, metabolic labeling of
mammalian cells with azido-farnesol (az-FOH) and its pyrophosphate derivative (az-FPP)
demonstrated that S-prenylated proteins could be visualized following Staudinger ligation
with biotinylated phosphine-reagents.9! Affinity enrichment and proteomic analysis of az-
FPP labeled proteins resulted in the identification of known and 18 putatively S-farnesylated
proteins from COS-1 cells.%1 Several other azide and alkyne-isoprenoids and their
pyrophosphate analogs have also been shown to function as S-prenylation reporters in vitro
and in cells.%2 Proteomic analysis of azido-geranylgeraniol (az-GGOH) labeled polypeptides
after CUAAC revealed 10 previously described S-geranylgeranylated proteins of the Rab and
Ras families from MCF-7 cells.%2¢ In contrast to NBD- or biotinylated isoprenoid analogs,
azide/alkyne-isoprenoid reporters are utilized more efficiently by wild-type S-
prenyltransferases and can label proteins at endogenous levels. However, proteomic studies
with BGPP and engineered RabGGTase has afforded more efficient recovery and profiling
of S-prenylated substrates’8 compared to bioorthogonal proteomics with isoprenoid
reporters so far.91:92¢, Prenylome profiling with both methods is currently limited by the
need to deplete endogenous isoprenoids with statins for efficient labeling of S-prenylated
proteins. Alkynyl-isoprenoids that afford more sensitive detection of S-prenylated proteins
compared to their azide counterparts (Fig. 11A)%3, other isoprenoid reporters % and
improved affinity enrichment methods 9> may enable large-scale analysis of prenylated
proteins without significant perturbation of endogenous isoprenoid levels in cells.

9.2 Bioorthogonal Reporters for Protein Fatty Acylation

Azide and alkyne-functionalized fatty acids can also function as lipid reporters for
visualizing and identifying diverse classes of fatty-acylated proteins.”® For example, azido-
fatty acid labeling of mammalian cells enables the bioorthogonal detection of N-
myristoylated or S-palmitoylated proteins depending on the fatty acid chain length.9
Alkynyl-fatty acids also proved to be efficient lipid reporters for monitoring fatty acylation
in mammalian cells (Fig. 11B).760.97 The direct comparison of lipid reporters, bioorthogonal
ligation methods and detection modes demonstrated that alkynyl-fatty acid reporters in
conjunction with CuUAAC and in-gel fluorescence detection afford the most sensitive
protocol for visualizing lipidated proteins.”®? In addition to cytosolic forms of fatty
acylation, these fatty acid reporters can be used to visualize lipidation of secreted
morphogens such as Wnt- and Hedgehog.%8

The improved sensitivity of bioorthogonal fatty acid reporters has provided unique
opportunities to evaluate alterations in protein fatty acylation in different cell types, cellular
states as well as their mechanisms of regulation. For example, in-gel fluorescence profiling
of mammalian cell lines with alkynyl-fatty acids revealed diverse N-myristoylated or S-
palmitoylated proteins between various cell types.”®® The cellular fractionation along with
fatty acid reporter labeling has also revealed discrete profiles of fatty-acylated proteins in the
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mitochondria®¢99 as well as posttranslationally N-myristoylated proteins during
apoptosis1®. Fluorescence microscopy analysis of PC3 tumor cells undergoing cytokinesis
revealed an enrichment of alkynyl-palmitate reporter labeling at the cleavage furrow,
suggesting that S-palmitoylated proteins may be recruited to specific membranes during cell
division.%”P To explore dynamic changes in protein S-palmitoylation in different cellular
states, a dual pulse-chase labeling protocol with alkynyl-fatty acids and azidohomoalanine
or azido-myristic acid followed by sequential CUAAC reaction with orthogonal fluorophores
was developed to simultaneously monitor depalmitoylation and protein turnover of specific
protein substrates.191 This tandem imaging protocol revealed accelerated depalmitoylation
of Lck upon T-cell activation, which suggests dynamic membrane targeting of this Src-
family kinase may be crucial for cell signaling.191 Interestingly, pulse-chase analysis of the
B1-adrenergic receptor with alkynyl-palmitate reporter revealed differential depalmitoylation
rates of two S-palmitoylation sites,102 suggesting unique factors may regulate dynamic S-
palmitoylation at specific Cys residues on the same protein.

Many new fatty-acylated proteins have also been identified with fatty acid reporters and
bioorthogonal proteomics. Bioorthogonal proteomic analysis of membrane fractions from
Jurkat T cells labeled with an alkynyl-palmitic acid reporter identified 125 high-confidence
candidate fatty-acylated proteins and revealed novel S-palmitoylation of serine
hydrolases.%¢ The large-scale proteomic analysis of total cell lysates from Jurkat T cells
revealed 178 high-confidence candidate fatty-acylated proteins as well as S-acylation of
histone H3 variants.103 Interestingly, O-palmitoylation of histone H4 at Ser47 by acyl-CoA:
lysophosphatidylcholine acyltransferase has also been reported.194 Palmitoylome profiling
of a dendritic cell line (DC2.4) identified 157 high-confidence candidate fatty-acylated
proteins and uncovered a family of S-palmitoylated interferon-induced transmembrane
proteins (IFITMs).195 Notably, S-palmitoylation of IFITM3 appears to be crucial for cellular
resistance to influenza virus infection.105 Metabolic labeling of bacteria with alkynyl-fatty
acids also allows profiling of canonical lipoproteins and identification of unpredicted fatty-
acylated substrates.198 It is important to note that in addition to fatty-acylated proteins, these
alkynyl-fatty acid proteomic studies also recovered many enzymes involved in fatty acid
metabolism,97¢:103,105106 g ggesting fatty acid reporters may be broken down and label non-
lipidated proteins at lower levels. Indeed, short chain alkynyl-fatty acids (o-butynyl and
pentynyl acids) and their corresponding acyl-CoA derivatives are efficient bioorthogonal
chemical reporters for monitoring lysine protein acetylation. % To circumvent the potential
degradation of alkynyl-fatty acids via p-oxidation pathway, 15-hexadecynyloxyacetic acid
(HDYOA) (Fig. 11C), a fatty acid chemical reporter with an oxy-ether linkage has also been
synthesized and demonstrated to label known S-palmitoylated proteins and fewer metabolic
enzymes.107 For proteomic analysis of alkyne-modified proteins,’0:103.105-107 the yse of
clickable and cleavable biotinylated tags such as azido-azo-biotin has been particularly
helpful for elution of captured polypeptides from streptavidin beads for proteomics and
western blot validation (Fig. 10).79-9 Bioorthogonal fatty acid reporter®7¢.103.105.107 gng
ABE proteomic studies!6:70.81-82 haye revealed many new candidate S-palmitoylated
proteins and suggest that ~1-2% of the protein encoding open-reading frames in eukaryotes
are covalently modified with fatty acids.

The comparative analyses of chemical/enzymatic methods and bioorthogonal lipid reporter
studies have revealed important advantages and limitations of these methods. For example,
less sterically demanding azide/alkyne-isoprenoid reporters were utilized by all three S-
prenyltransferases in cells. Alternatively, the unique reactivity of BGPP with mutant
RabGGTase may provide new opportunities for profiling specific S-prenyltransferase
protein substrates. For protein fatty acylation studies, ABE provides an excellent method for
analyzing S-acylated proteins in primary tissues that is challenging with lipid chemical
reporters, which are rapidly distributed to tissues such as the liver and metabolized in vivo
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(Hang lab unpublished results). ABE on peptides has also revealed many sites of S-acylation
in mammalian proteomes. 822820 ABE does have some limitations, as the multiple protein
labeling and precipitation steps take several days to execute that also complicate quantitative
analyses. It should be noted that the hydroxylamine-sensitivity exploited by ABE is not
specific for S-palmitoylation but selective for S-acylation, which also includes S-acylated
proteins such as E2 and E3 ligase proteins involved in the ubiquitin conjugation cascade.
Alternatively, bioorthogonal lipid reporters allow rapid fluorescence detection of lipidated
proteins and pulse-labeling to analyze dynamics of protein lipidation rates in cells. Large-
scale proteomic analysis can also be executed with bioorthogonal lipid reporters, but
researchers should be cautious of off target protein labeling due to lipid metabolism. Despite
the limitations of individual methods, these biochemical approaches have collectively
provided powerful and complementary methods for monitoring protein lipidation in vitro
and in vivo.

9.3 Other Bioorthogonal Lipid Reporters

Lipid chemical reporters can also be used to visualize other classes of protein lipidation and
lipid trafficking. The synthesis of an azide-modified cholesterol reporter has enabled
metabolic labeling and fluorescence detection of Shh cholesterylation after CUAAC (Fig.
11D).98P |n addition, several azide/alkyne lipid reporters have been developed for
biochemical analysis and imaging lipids in membranes.198 Azide-analogs of diacylglycerol
(DAG) have been synthesized and can be incorporated into vesicles for biochemical studies
with membrane-binding proteins.1%9 Alternatively, metabolic labeling with propargylcholine
allows bioorthogonal fluorescence imaging of phosphatidylcholine lipids in mammalian
cells and in mice (Fig. 11E).1082 Syrface exposed and internalized choline reporters in
membranes can be distinguished using imaging reagents with differential cell
permeability.1982 Three alkynyl-phosphatidic acid reporters modified with an S-
acetylthioethyl group (SATE) have also been synthesized for efficient cellular uptake and
visualization of membranes.198P Fluorescence imaging of the terminal alkynyl-bearing
phosphatidic acid reporters yielded general labeling of membranes in RAW264.7
macrophages by CUAAC after fixation.108 In addition, a cyclooctyne-functionalized
phosphatidic acid analog allowed live cell imaging of membranes using a fluorogenic azide-
functionalized coumarin dye via strain-promoted azide-alkyne cycloaddition (SPAAC).108b

9.4 Biotechnology Applications of Lipid Reporters

Bioorthogonal lipid chemical reporters have also been adapted for biotechnology
applications. For example, the addition of CaaX-motifs on the C-terminus of recombinant
proteins allows metabolic installation of azides or alkynes for specific conjugation of
fluorophores for imaging applications or affinity tags for immobilization of proteins on
defined surfaces for microarray applications.920-4.110 Alternatively, recombinant proteins
bearing an N-terminal NMT recognition sequence can be coexpressed with NMT in E. coli
and labeled with azido/alkynyl-fatty acids for site-specific protein labeling as well.111 Site-
specific attachment of lipid reporters can also be used for protein trafficking studies in cells,
as demonstrated with lipoic acid ligase labeling of tagged proteins with azido-caprylic acid
followed by SPAAC with fluorophores.112

10. Protein Lipidation of Bacterial Effectors

As improved methods for protein lipidation studies are now available, the roles of lipid-
modified proteins in biology are becoming more prevalent. One emerging area is the impact
of host lipidation on the function of bacterial protein effectors that are injected into host cells
during infection. A variety of genetic and biochemical studies have revealed that many
bacterial pathogens utilized specialized secretion systems to inject a few to over a hundred
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bacterial protein effectors into host cells during infection.113 These bacterial protein
effectors encode diverse biological activities that remodel host cytoskeleton, membrane
trafficking and signaling pathways to subvert host defenses.113 Once injected into host cells
these bacterial proteins can co-opt posttranslational mechanisms such as protein lipidation to
regulate their function.

Bacterial protein effectors can be regulated by host fatty acylation and S-prenylation. An
early example of host lipidation of bacterial effectors was revealed by biochemical analysis
of AvrRpm1 and AvrB, type Il secretion system (T3SS) effector from Pseudomonas
syringae.114 The examination of AvrRpm1 and AvrB amino acid sequences revealed N-
myristoylation sites that when mutated to Ala abrogated fatty acylation, plasma membrane
localization and attenuated the virulence properties of these bacterial effectors.1140 |n
addition to these bacterial effectors, other P. syringae effectors such as AvrPphB, ORF4,
NopT, and RipT can undergo proteolytic processing to reveal cryptic N-myristoylation sites
(Table 1).1142 Sjte-directed mutagenesis of adjacent Cys residues for some these effectors
suggest they may also be S-palmitoylated.1142 Notably, fatty acylation of AvrPphB, ORF4
and NopT is crucial for their membrane targeting and P. syringae avirulence in plants. In
Salmonella typhimurium, T3SS effector SifA that is involved in remodeling host membranes
and intracellular bacterial replication is S-palmitoylated and S-prenylated in host cells (Table
1).115 Although mutation of individual Cys residues associated with host lipid-modifications
does not significantly alter membrane partitioning of SifA or bacterial virulence, deletion of
all six amino acids at the C-terminus that encodes all the lipidation sites significantly
impairs SifA activity and Salmonella infection in vivo.11> Using more sensitive alkynyl-
isoprenoid reporters of protein S-prenylation, it appears that mutation of individual Cys
residues of SifA does not fully abrogate protein lipidation, which may explain why single
Cys mutants did not fully recapitulate the activity of the C-terminal deletion construct.932 S-
Palmitoylation has also been discovered on two other Salmonella bacterial effectors SspH2
and Ssel, which share a conserved N-terminal domain encoding the site of lipid modification
(Table 1).116 Mutation of the conserved Cys residues abrogated plasma membrane targeting
of these bacterial effectors and perturbed the inhibitory activity of Ssel on cell migration.
Co-overexpression of SspH2 with murine DHHC-PATS and alk-16 revealed a distinct subset
of acyltransferases (3, 5, 7, 10 and 14) capable of increasing S-palmitoylation of these
bacterial effectors. Interestingly, pulse-chase analysis with alk-16 suggests that S-
palmitoylation of these bacterial effectors is a relatively stable lipid modification.

The bioinformatic analysis of potential Legionella pneumophila effectors revealed that
several substrates of type 4 secretion system (T4SS) contain CaaX-motifs (Table 1).9¢
Biochemical fractionation, alkynyl-isoprenoid labeling and cellular localization studies
revealed that these L. pneumophila T4SS effectors could be S-farnesylated or S-
geranylgeranylated in host cells.%3¢ Furthermore, S-prenylation of these T4SS effectors was
crucial for their targeting to intracellular membranes and maintenance of Legionella-
containing vacuoles inside host cells.3¢.117 |nterestingly, farnesyltransferase and
geranylgeranyltransferase inhibitors perturbed the membrane targeting of these T4SS
effectors, which is likely to perturb their functions in mammalian cells. These observations
raise the possibility of repurposing previously developed S-prenyltransferase inhibitors to
target host enzymes for attenuating bacterial virulence.

Bacterial pathogens also encode protein effectors that can target lipid-modified proteins in
host cells. For example, the Yersinia T3SS effector YopT encodes a cysteine protease that
cleaves RhoA, Rac and Cdc42 directly N-terminal to their S-prenylation sites to inhibit the
functions of these small GTPases in phagocytosis.118 Likewise, the T3SS effector AvrPpt2
from P. syringae is cysteine protease that targets the lipid-modified domain of RIN4, an
Arabidopsis protein that may be involved in pathogen sensing.11? These studies highlight
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the crucial roles for host lipidation on bacterial effector function as well as lipid-modified
host proteins that are directly targeted by bacterial pathogens.

11. Concluding remarks

The impact of chemical biology on the field of protein lipidation in the last decade has been
substantial. In the era of “—omes”, the application of bioorthoganol chemistry, acylbiotin
exchange, and chemoenzymatic methods to protein lipidation has expanded the catalogue of
proteins modified with lipids. This has been particularly important for S-palmitoylation,
which lacks well-defined consensus sequences for bioinformatic predictions. The
identification of many new integral membrane proteins as substrates for S-palmitoylation8!
underscores the importance of expanding our understanding of the functional signficance of
lipidating a protein already embedded in the membrane.

The reversibility of protein S-palmitoylation is a feature that distinguishes it from other lipid
modifications. Progress in elucidating how basal and stimulated turnover of palmitate on
proteins is regulated and how it contributes to function has been accelerated due to advances
in live cell imaging of genetically encoded and semisynthetic fluorescent proteins,250.29.57
Bioorthogonal fatty acid reporters show promise for cell imaging applications and
assessment of the kinetics of palmitate turnover.101 An important goal for the future will be
development of site-specific incorporation of bioorthogonal lipid reporters into individual
proteins. The ability to monitor protein trafficking and lipidation in concert would facilitate
functional studies. Direct spectroscopic imaging of lipid chemical reporters in cells may be
feasible by adapting techniques in infrared and Raman spectroscopy that have enabled the
visualization of azide-labeled proteins in membranes.120 Imaging lipidated proteins in living
animals may be achieveable through bioorthogonal chemistry, as recently demonstrated with
glycan reporters.121

Protein engineering and synthetic isoprenoids made enzyme-specific profiling of S-
prenyltransferases possible, permitting detection of protein substrates and evaluation of
inhibitors.”” Development of enzyme-specific chemical reporters for DHHC-PATSs would be
an enormous asset in elucidating the substrate specificity of this family of enzymes, a
number of which have been linked to disease states.56

Over two decades of research have gone into development of small molecule inhibitors of S-
prenyltransferases for cancer therapy. The wealth of compounds, preclinical studies, and
clinical trials from pharmaceutical programs for farnesyl transferase inhibitors, along with
outstanding enzymology and structural biology, is being exploited in “piggy-back” efforts to
leverage these resources for treatments of infectious diseasel22 and the genetic disorder
progerial?3. NMT inhibitor programs also draw from a large body of functional and
structural information.#32 There is much less information available for the enzymes that
mediate S-palmitoylation. APT1 and PPTL1 structures are known, and in the case of APT1,
used for inhibitor design.2! Interference of Ras trafficking and function with the inhibitor
Palmostatin B is an encouraging sign that the enzymes that regulate S-palmitoylation may
have value as therapeutic targets.?! Structures of DHHC-PATSs will require overcoming the
challenges associated with crystallizing integral membrane proteins and high throughput
screening of the enzymes may be a more feasible approach in the short term. The abundance
of receptors and signaling proteins that are modified with palmitate encourages discovery
and design of molecules that can be used to interrogate pathways regulated by S-
palmitoylation to elucidate its biological consequences in health and disease.
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FIGURE 2.
Schematic of maleimidocaproyl (MIC)-controlled ligation of S-farnesylated peptide to Ras
GTPases or GFP.
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Schematic of expressed protein ligation of Rab7 ligation to a fluorescent
digeranylgeranylated hexapeptide. Chitin binding domain (CBD). * represents a dansyl
group. Geranylgeranyl group (GG).
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FIGURE 4.

Schematics of lipopeptides used in EPL to generate lipidated semisynthetic proteins. A)
Mono- and digeranylgeranylated peptides. B) S-farnesylated peptides modified with a
cleavable thioester-linked palmitate (left) or noncleavable thioether-linked hexadecanoate
(right) for maleimidocaproyl (MIC) ligation. C) Cys-Ser-Cys peptide modified with
farnesyl-NBD (nitrobenzoxadiazole).
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benzo[b]thiophen-3-one. E) Palmostatin B.

Chem Rev. Author manuscript; available in PMC 2012 October 12.



Hang and Linder Page 30

palmitate

APT1

APT1

palmCoA

. S

DHHC3
DHHC9/GCP16
DHHC?

FIGURE 7.
Model of Acylation-dependent Ras Trafficking. Endoplasmic reticulum (ER). Acylprotein
thioesterase 1(APT1).
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Reagents for chemical or enzymatic analysis of protein lipidation. A) NBD-
farnesylpyrophosphate. B) Biotin-geranylpyrophosphate. A) HPDP-Biotin for ABE analysis
of S-acylation.
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FIGURE 11.

Bioorthogonal chemical reporters for analysis of lipid-modified proteins. A) Alkynyl-
isoprenoid reporter. B). Alkynyl-fatty acid reporters. C) HDYOA reporter. D) Azido
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Table 1

Summary of lipidated bacterial protein effectors

Bacterial effector
P. syringae
AvrRpm1l

AvrB

AvrPphB

ORF4

NopT

RipT

S. typhimurium

SifA

SspH2
Ssel

L. pneumophila
Lpp1863
Lpp2144
Lpg2375
Lpg1976
Lpg0254
Lpg2541
Lpg2477
Lpg2806
Lpg2525
Lpg1312

Proposed function

RIN4 antagonist
RIN4 antagonist
Cysteine protease
Cysteine protease
Cysteine protease

Cysteine protease

G-protein antagonist

unknown
F-box ligase
unknown
unknown
unknown
unknown
Phosphatase
unknown
F-box ligase

unknown

Type of lipidation

Dual fatty-acylation
Dual fatty-acylation
Dual fatty-acylation
Dual fatty-acylation
Dual fatty-acylation
N-Myristoylation

S-Geranylgeranylation
S-Palmitoylation
S-Palmitoylation
S-Palmitoylation

S-Geranylgeranylation

Not applicable
S-Farnesylation
S-Prenylation
S-Geranylgeranylation
S-Prenylation
S-Farnesylation
S-Farnesylation
S-Farnesylation
S-Prenylation

Not completed

Site of modification

MGCVSSTSRS
MGCVSSKSTT
KGCASSSGVS
RGCSSSKALS
MGCCASKPQA
RGDRYSSEPG

QQSGCLCCFL

MPFHIGSGCL
MPFHIGSGCL
QQSGCLCCFL

IISSNNCSLL
KIAQSKCLVC
PKFTEQCSIL
ISKFSPCNLL
PEKESVCVLM
DTKKHRCTIM
SDPDPKCTIM
EHKNNACVIS
EKTNNFCSIL
EFEPPCCTII

Reference

114b
114b
114q
114a
114a
114a

115, 93a

116

116
115, 93a
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