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Abstract

Protein lipid modification involves the attachment of hydrophobic groups to proteins via ester,
thioester, amide or thioether linkages. In this review, the specific click chemical reactions that
have been employed to study protein lipid modification and their use for specific labeling
applications are first described. That is followed by an introduction to the different types of
protein lipid modifications that occur in biology. Next, the roles of click chemistry in elucidating
specific biological features including the identification of lipid-modified proteins, studies of
their regulation, and their role in diseases are presented. A description of the use of protein-
lipid modifying enzymes for specific labeling applications including protein immobilization,
fluorescent labeling, nanostructure assembly and the construction of protein drug conjugates is
presented next. Concluding remarks and future directions are presented in the final section.
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1. Introduction

Protein lipid modification involves the attachment of hydrophobic groups to proteins

via ester, thioester, amide or thioether linkages; this process occurs in eukaryotes but

not prokaryotes.12 The most common purpose of such modifications is to cause the
association of the resulting proteins to various membranes where they can interact with other
proteins involved in signal transduction pathways. Proteins containing such modifications
are involved in a diverse range of cellular functions including cell division, subcellular
organization, secretion and differentiation.3~” Due to their critical role in such processes,
these lipid-modified proteins are often mutated in various diseases or targets for therapeutic
intervention.8-11 In addition, the consensus sequences that mark proteins for lipidation are
often simple and can be incorporated into other proteins to render them membrane-bound or
provide a new site for selective modification. That feature has been exploited for a myriad of
applications ranging from protein immobilization to the creation of protein-drug conjugates
for therapeutic applications.12:13 Click chemistry has played a key role in both illuminating
features of protein lipid modification as well as exploiting it for the aforementioned
alternative applications.14-18

In this review, the specific click chemical reactions that have been employed to study
protein lipid modification and their use for specific labeling applications are first described.
That is followed by an introduction to the different types of protein lipid modifications

that occur in biology. Next, the roles of click chemistry in elucidating specific biological
features including the identification of lipid-modified proteins, studies of their regulation,
and their role in diseases are presented. That is followed by a description of the use

of protein-lipid modifying enzymes for specific labeling applications including protein
immobilization, fluorescent labeling, assembly of nanostructures and the construction of
protein drug conjugates. Concluding remarks and future directions are presented in the final
section.

2. Click chemistry

A term coined by Sharpless and coworkers, click chemistry is defined as reactions that

are modular, wide in scope, give very high yields, generate only inoffensive byproducts,
require simple reaction conditions, and use benign solvents such as water.1° Click chemistry
closely overlaps with bio-orthogonal chemistry, which is defined as reactions that do not
interfere with biological processes that proceed rapidly and selectively under physiological
conditions.20 Tools developed for click chemistry enable bio-orthogonal reactions and
developments in chemical biology stimulate the conception of novel click chemistry. Before
the birth of these two concepts, chemistry and biology were somewhat disconnected as
many advances in chemistry were inapplicable to living systems. The development of

click chemistry revolutionized chemical biology, especially when performed in tandem with
enzymatic labeling due to the synergetic effects generated by the unique advantages that the
two components each provide. To be used in cellular environments, the participating click
chemistry functionalities require a few additional characteristics. The molecular reaction
components must possess cell penetrating capabilities and click-induced modifications must
introduce minimal perturbation, which often necessitates the reaction components to be
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hydrophobic, neutrally charged, and small in size. Fortunately, many types of click reactions
meet these criteria. Therefore, the bio-orthogonality of click chemistry has allowed selective
labeling and therefore real-time investigation of enzymatic processes of interest both /n vitro
and /n vivo, providing insights into many biological questions and biomedical challenges
including cancer, Alzheimer’s disease, and coronavirus, among others. The site-specificity
and rapid rates of both click chemistry and enzymatic labeling have also been purposed to
tackle those biomedical challenges by efficiently functionalizing therapeutic molecules of
interest. The combination of the two principles has created a powerful and multifunctional
“Swiss Army knife-like” tool. In this section, click reactions that are most commonly used
specifically in tandem with lipid modifying enzymes are described (Fig. 1). For a broader
scope of click chemistry or applications to other specific fields, readers are directed to other
reviews including those included in the current thematic issue.21-25

One type of click reactions involve azides which are a versatile functionality due to their
small size, stability and inertness. Azides are known to be truly bio-orthogonal as they are
essentially absent in biological systems.22 The first bio-orthogonal click reaction reported
was a Staudinger ligation between an azide and a functionalized triphenylphosphine (Fig.
1A). Bertozzi and coworkers exploited a modified version of the classic Staudinger reaction
where they appended an ester to the phosphine component to prevent the hydrolysis of

the aza-ylide intermediate, and instead via intramolecular trapping pushed the reaction
towards a stable amide-linked product.28 This classic reaction has been and is still widely
used for many applications both in cellular environments and in live animals due to its
selectivity and biocompatibility.2’ However, slow reaction kinetics (k ~ 1073 M~1s71)

and the oxidation-prone phosphine reagents have driven investigations into alternative

click chemistries,28 which has led to the emergence of the copper-catalyzed azide-alkyne
cycloaddition (CUAAC, Fig. 1B), the most widely used click chemistry to date. CUAAC
takes advantage of a Cu(l) catalyst which lowers the activation barrier for the formation

of the triazole ring, resulting in significantly enhanced kinetics (k ~ 10-100 M~1s71),29-32
Cu(l) is typically prepared /n situ from Cu(ll) salts by reducing agents, and is stabilized

by various ligands that allows the reaction to proceed in aqueous conditions.33-35 The

use of copper however is a double-edged sword, as its cytotoxicity is a significant

liability. Cu(l) is involved in protein oxidation via reactive oxygen species (ROS) that

also causes DNA strand breaks,32 which restricts the application of CUAAC with proteins
or living cells. Efforts have been made to overcome the toxicity issue by utilizing novel
ligands36:37 or improved azide structures38-40 which allow reduced copper concentrations
while maintaining reaction efficiency, or reducing the generation of reactive oxygen species
(ROS).3441 Strain-promoted azide-alkyne cycloaddition (SPAAC, Fig. 1C) is an alternative
to CUAAC which exploits activated alkynes incorporating ring strain to eliminate the
requirement for metal catalysts.#2 The non-toxic nature of copper-free click chemistry has
allowed SPAAC to be employed in various in vivo applications.2> The use of SPAAC has
significantly grown in the field of protein conjugation, often used in tandem with enzymatic
labeling to maximize its selectivity and site-specificity. The growth is expected to continue
as many pharmaceutical companies have established platforms for synthesizing site-specific
antibody drug conjugates (ADC) based on site-specific installation of an azide and use of
strained-alkyne payloads.*3 In terms of accelerating the rate of SPAAC, progress has been
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made through various strategies including adding electron-withdrawing fluorines adjacent to
the alkyne,** adding a ketone to distort the alkyne into a more reactive geometry,*° adding

a nitrogen in the ring for increased hydrophilicity,%6 or forming a fused ring system for
additional ring strain.*” However, the rate of SPAAC (k ~ 0.1-1 M~1s71) still falls far behind
CUAAC, and there are concerns that the large size and hydrophobicity of the ring-fused
strained alkynes are prone to modulate the properties of target molecules or introduce
off-target binding.48:49

Strained alkenes such as trans-cyclooctenes (TCO) or norbornenes undergo inverse electron
demand Diels-Alder (iIEDDA, Fig. 1D) reactions with tetrazines, which is the fastest click
reaction identified to date (k > 103 M~1s71). Although tetrazine ligation exploits ring strain
to achieve accelerated rates under copper free conditions, it has been shown to be orthogonal
to SPAAC which therefore allows the use of both reactions simultaneously for selective
labeling of multiple targets.>0:51 The fast rate even at low concentrations makes it especially
useful in radiolabeling studies where the short half-life of isotopes requires rapid labeling,52
or tracking and imaging of fast dynamic biological processes in living cells.23 In imaging
studies, tetrazine-conjugated fluorophores have been used as turn-on probes due to the dual
functionality of the tetrazine as both a bio-orthogonal moiety and a fluorescence quencher.2®
Similar to SPAAC, the biggest drawback in tetrazine ligation is the hydrophobicity and large
size of the ring-containing alkenes. However, smaller dienophiles such as cyclopropenes

or azetines have been shown to retain reactivity and aqueous stability which introduces
minimal perturbation at the target site comparable to products of the CUAAC reaction.33-5°

Aldehydes and ketones undergo transamination reactions with amine nucleophiles that
exhibit the a-effect, namely, increased nucleophilicity from the presence of lone pair
electrons on the atom adjacent to the amine.24 to form oximes or hydrazones. Although
endogenous intracellular aldehydes and ketones do exist, oxime and hydrazone ligation (Fig.
1E) are considered bio-orthogonal as the a-effect nucleophile counterpart is rare and the
reaction can be useful in other biological environments where aldehydes and ketones are
absent. Oxime and hydrazone ligation products are among the smallest possible products

in size among other click reaction products which therefore results in minimal structural
perturbation. Rapid rate (k ~ 1-103 M~1s71) at physiological conditions has been achieved
by careful structural design of the substrates®6 and use of various catalysts.5-60 While an
oxime linkage is more stable than a hydrazone,51 both ligation products are susceptible to
hydrolysis, and especially for hydrazones that have a low equilibrium constant (Keq) which
at low concentration reactions causes incomplete product conversion and dissociation of the
products.>® However, the instability of oximes and hydrazones has actually provided them
with a unique reversible capability which has been exploited for various applications.62-64
For studies that require stable products, modified ligation reactions have been developed that
utilize the reaction of aldehydes with alternative nucleophiles that yield stable C-C bonds
instead of the labile C=N bonds.®5-%7 Due to their unique advantages, the use of oxime and
hydrazone ligation has been well established for site-specific protein labeling and /n vitro
cell surface labelling especially in combination with enzymatic labelling methods which
allows controlled installment of an aldehyde.58:69 However, /in vivo applications employing
aldehyde and ketones are considerably more limited.
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Thiol-ene (and thiol-yne) reactions (Fig. 1F) are click reactions that occur between thiols
and alkenes or alkynes. Thiol-ene click chemistry has been heavily utilized for the
functionalization of polymeric materials or nanoparticles.’%71 While the use of thiol-ene
chemistry in biochemical applications has held challenges in retaining its bio-orthogonality
and site-specificity due to cellular thiols and other nucleophilic and electrophilic groups
prone to side reactions,’2~"4 it has been shown that exploiting photochemistry, in which the
reaction proceeds via a single electron radical chemistry, provides enhanced selectivity.”>
Additionally, using light as the external stimulus allows applications in studies that require
spatiotemporal control. These properties of thiol-ene click chemistry have prompted its

use for protein modification such as surface immobilization, extracellular matrix (ECM)
generation, and protein patterning in hydrogels.”6:77

3. Protein lipid modifications

A large number of proteins synthesized within cells undergo post-translational modifications
(PTMs) essential for their biological function, cellular localization and activity. More than
200 PTMs are currently known that diversify protein function and dynamically synchronize
complex signaling networks.”8 Among these PTMs, protein lipidation involves the covalent
attachment of small, hydrophobic molecules that promote stable membrane association of
proteins, regulate protein trafficking, and mediate protein-protein interactions.3 Lipid PTMs
can be categorized into two types—those that occur on the cytosolic side of membranes

and those that take place in the lumen of secretory organelles. There are three major

protein lipidation processes known to occur in the cytoplasm or cytoplasmic face of
membranes. The first two modify proteins with fatty acyl groups, palmitoyl and myristoyl,
generally on thiols present in cysteine (S-acylation) and N-terminal amines of glycine
(NV-myristoylation), respectively. The thioester bonds formed /n S-acylated proteins are labile
and are therefore reversible, as opposed to the amide bonds in A-myristoylated proteins

that are thought to be stable and irreversible. The third major type of protein lipidation

is S-prenylation where the thiols of cysteines present near the C-terminus of proteins

are linked to an isoprenoid through a thioether bond. In contrast, lipidation of secreted
proteins includes cholesterylation and the attachment of glycosylphosphatidylinositol (GPI)
anchors. Cholesterylation involves the esterification of the carboxyterminus of proteins

with a cholesteryl functional group, while modification with a GPI anchor appends a fatty
acylated phosphatidyl inositol containing a glycan core and linked to the carboxyterminus of
proteins through an amide bond with ethanolamine. An overview of the major cytoplasmic
protein lipid modifications is presented below.

3.1. S-acylation (S-palmitoylation)

Protein S-acylation is the addition of fatty acids of varying carbon chain lengths (C14-C20)
to a cysteine residue forming a thioester bond. In particular, protein is S-palmitoylation

is the most common type of this modification (Fig. 2A). This lipid PTM is essential

for stable anchoring, trafficking and localization of a plethora of membrane-associated
proteins.”® The discovery of a protein modified with a palmitoyl moiety was initially made
via radiolabeling in virus-infected cells with [2H] palmitate.8% Soon thereafter, a number
of other S-acylated proteins were reported including rhodopsin and p21 Ras protein.81.82
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The protein acyltransferase (PAT) enzymes that catalyze this thioester linkage formation
were initially discovered in yeast,83 and later found to bear a conserved aspartate-histidine-
histidine-cysteine (DHHC) motif in its cysteine-rich domain (CRD).8* The first mammalian
homolog identified contained a zinc finger domain,8 which is a salient feature of all
mammalian PATSs reported to date. Hence, they are typically referred to as z-DHHC-PATSs.
These enzymes are relatively ubiquitous as they localize in the golgi, endoplasmic reticulum
(ER), and plasma membrane,8® although recent findings indicate that they mainly reside in
golgi membranes.8” In both human and mouse genomes, bioinformatic analyses revealed
that there are 23 proteins known to possess the DHHC-CRD motifs, raising the possibility
of a large family of zDHHC-PATSs.88 Indeed, these 23 enzymes are recognized as fatty acyl
transferases particularly for protein S-palmitoylation. However, the catalytic motif is not
strictly constrained to the DHHC amino acid residues, as other motifs such as DHYC in
yeast Akrl and DQHC in mammalian zDHHC13 display efficient S-palmitoylation activity
with their substrates.8%-%0 Furthermore, zDHHC-PATS generally catalyze the transfer of fatty
acids with varying lengths or containing unsaturated bonds, although palmitate-CoA is their
preferred substrate.

The DHHC motif in PATSs is highly conserved and usually necessary for catalysis, while
the CRD is speculated to be important for zinc ion binding.%1:92 Although PATSs have been
studied for several years, until recently, no atomic structure was available and most studies
relied mainly on predictive models. The recent breakthrough of successfully solving the
crystal structures for human zDHHC20 and zebrafish z-DHHC15 illuminated and supported
the observed and predicted features of some zDHHCs crucial to understanding their
structure and mechanism.93:94 The crystal structures of these two zDHHCs revealed the
projection of transmembrane domains (TMDs) and other key intramolecular contacts that
rationalize the exposure of the DHHC-CRD to the cytoplasm, as well as the placement

of the active site at the cytoplasm-membrane interface (Fig. 2B). Their active sites also
resemble a catalytic triad wherein the first His in the DHHC motif is polarized by the Asp
to deprotonate the catalytic Cys, generating a thiolate for efficient nucleophilic attack on
palmitoyl-CoA, and resulting in an auto-palmitoylated z-DHHC enzyme with a concomitant
release of CoA. The covalently attached palmitoyl moiety is then transferred to a bound
protein substrate.%> The auto-acylation mechanism is common among zDHHCs, however,
not all seem to require such an intermediate. Depending on the mutations introduced into the
positions in the active site, some zDHHCs remain functional and can still S-palmitoylate
their protein substrates regardless of whether the machinery for auto-palmitoylation is
present or not.89:96.97 |t js important to note that these crystal structures are for only two
zDHHCs and may not necessarily be representative of other zZDHHC family members.
Factors such as structural and chemical requirements of individual zZDHHCSs, the mechanism
of fatty acyl transfer, or the reactivity of the protein substrate’s cysteine may play key roles
into determining the precise mechanistic details of each z-DHHC enzyme’s reaction with
their cognate substrates.?*

Deducing substrate specificities across zZDHHCs is non-trivial due to the lack of a consensus
sequence within the substrates that these enzymes recognize. The functional redundancy
observed among them coupled with the fact that they share the same substrates makes

the generality of their substrate recognition mechanism implausible. Multiple factors may
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dictate the specificity of particular z-DHHCs for their substrates such as the presence of
specific binding domains and substrate proximity. For example, z-DHHC13 and zDHHC17
contain ankyrin-repeat domains that interact with a consensus sequence present in SNAP23,
SNAP25, and huntingtin.?® On the other hand, zDHHC5 engages with its substrate GRIP1b
through its PDZ motif, yet interacts with another substrate PLM through the enzyme’s
C-terminal 120-amino acid domain.%8:9 Clearly, these varying modes of interaction between
zDHHCs and their substrates requires further investigations to elucidate the distinctive
substrate recognition features of individual enzyme-substrate pairs. Despite this lack

of consensus, a powerful predictive tool, based on a clustering and scoring algorithm
(CSS-Palm), was developed for global /in silico screening of S-palmitoylation sites in
proteomes.100

One characteristic feature of protein S-palmitoylation is its dynamic nature (Fig. 2A).

Acyl protein thioesterases (APTs) and lysosomal protein palmitoylthioesterase-1 (PPT1)
serve as deacylases/depalmitoylases that catalyze the cleavage of palmitate groups for
protein cycling and degradation, respectively.101 Members of the a./B-Hydrolase domain-
containing (ABHDs) family of thioesterases were also found to catalyze depalmitoylation of
mammalian proteins.192 These depalmitoylases themselves require palmitoyl modification
for proper localization and function. The plasma membrane localization of small

GTPases and G proteins, for example, is controlled by a continuous S-palmitoylation-
depalmitoylation cycle, manifesting the requirement of both zDHHCs and depalmitoylases
for regulating localization, and in effect, the function of palmitoylated proteins.103 However,
the stability of the palmitate modification varies over a range of substrates, with most
proteins remaining stably S-palmitoylated with others undergoing rapid dynamic cycling.104

The broad substrate scope of protein S-acylation/deacylation highlights its major role

in mediating numerous and diverse biological processes. This includes regulation of
intracellular signaling and trafficking, shaping of neuronal synaptic plasticity, and immunity
against bacterial and viral infections, among others.105-107 Dysregulation and perturbations
in this lipidation pathway have been linked to a myriad of diseases including neurological
disorders and cancer.108:109 |n Jater sections, this review describes the impact of click
chemistry as a valuable tool to characterize the role of S-acylation particularly of S-
palmitoylation in regulating the biological functions of known and novel S-palmitoylated
proteins, as well as the development of technological innovations based on the clickable
analogues of palmitic acid.

N-Myristoylation

A second major type of fatty acylation is the covalent attachment of a myristoyl group,
a saturated 14-carbon chain, onto the amine of an N-terminal glycine residue (Fig.

2C). Similar to S-acylation, the activated myristoyl-CoA form is used as a substrate

to acylate proteins and form an amide bond catalyzed by A-myristoyltransferases
(NMTs).110 This lipidation is often critical for proper localization of modified proteins.
However, N-myristoylation alone is generally insufficient to confer stable anchoring and
is therefore usually present in tandem with a second membrane-targeting signal such as
a polybasic region (PBR) or other lipid modifications including S-palmitoylation. 111112
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N-myristoylation can proceed either through co- or post-translational mechanisms. The co-
translational mechanism occurs on nascent proteins with initial cleavage of Met catalyzed by
MetAPs and subsequent glycine A~myristoylation on substrates with consensus N-terminal
sequence of MG["DEFRWY]X[*"DEKR][*ACGST][*KR]X, where ~ denotes exclusion of
the amino acids listed in that specific position, * indicates preferred residues, and X is any
amino acid.113 The transfer of the myristoyl moiety then takes place during translation. In
contrast, post-translational modification has been observed in pro-apoptotic proteins that

are cleaved by caspases during apoptosis, revealing a new N-terminal glycine fated for
myristoyl modification.112 The NMTs themselves are truncated during apoptosis, which
alters their cellular localization and influences their rates of activity and to some extent, their
specificities towards their fragment substrates.114

NMT-mediated NV-myristoylation follows a sequential ordered bi-bi mechanism where the
initial binding of myristoyl-CoA elicits a conformational change that enables subsequent
protein substrate binding.11%116 Unlike S-palmitoylation where the palmitoyl group is
transiently attached to zZDHHCs prior to transfer, NMTs directly append the myristoyl

group onto their substrates without participation of a covalent intermediate. A recent
analysis of high-resolution structures of human NMT1 co-crystalized with myristoyl-CoA
and substrate peptides allowed for atomic-level dissection of the molecular mechanism of
NMT catalysis.}16 In these structures, an oxy-anion hole is present that activates the acyl
group for efficient attack of the N-terminal amine from Gly1 of the substrate. The Ab-loop
of NMT represents a fluid structure that promotes pre-organization of the substrates, which
then triggers water-mediated deprotonation of the amino group by a carboxy catalytic base
from GIn496, followed by nucleophilic attack of myristoyl-CoA. This concerted reaction is
promoted by Thr282 that serves as a key residue in this mechanism. Importantly, the absence
of a side chain on Gly permits free rotation of the N-terminal amine that is necessary for this
mechanism, making it preferentially modified by NMTs over other amino acids. In addition,
a hydrophilic pocket near the enzyme’s active site interacts with the fifth amino acid of

the substrate, favoring the polar residues Ser, Thr, or Cys that occupy this position. These
features serve as the basis for the specificity of NMTs toward N-terminal glycine-containing
substrates.117.118

There is no evidence of innate expression of NMTs in prokaryotes and hence, they usually
exploit host machinery to perform myristoyl modification required during infection.119 In
some cases, pathogenic eukaryotes require intracellular A~myristoylation for their survival
and virulence, prompting efforts to design pathogen-specific NMT inhibitors as therapeutic
agents.111 Lower eukaryotes typically encode a single NMT gene while higher organisms
express two characterized enzymes NMT1 and NMT2, which share approximately 77%
sequence identity in the human homologs.129 Although both NMTs generally have
overlapping substrates, biochemical and kinetic assays suggest that their substrate affinities
differ and are not functionally redundant.12! Separate knockdowns of each enzyme resulted
in differential effects in cell proliferation, embryonic development, and T-cell receptor
signaling.® Furthermore, they behave differently during apoptosis—NMT1 translocates from
the plasma membrane to the cytosol while NMT2 does the contrary.114 These changes

in their localization cause subtle differences in their substrate scope reflected by the
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downstream effects that ensue from the aberrations on the biological functions of their
substrates.

While A-myristoylation is frequently ascribed to covalent attachment on an N-terminal
glycine, A&-side chain fatty acylation on Lys residues was recognized as early as 1992.122
The growing number of side-chain fatty acylated proteins identified has gained more
attention over recent years and highlights their more frequent occurrence than was
previously thought. Members of the Ras family of small GTPases such as KRAS, RRAS2,
and RalB are A\f-fatty acylated on a Lys in their PBR, in addition to S-palmitoylation

or S-prenylation on Cys residues.123-125 NMTs were recently discovered as the first
enzymes to catalyze such Lys modification, at least for ARF6 GTPase.126 After the initial
N-terminal A-myristoylation on Gly1 of ARF®, the lipid moiety shifts to a conformation
that positions the side-chain amine of the adjacent Lys2 for efficient A-myristoylation
(Fig. 2D). High-resolution structures of Glyl-Lys2-containing peptides in NMTs reveal that
the Lys2 amino side-chain directly interacts with the carboxy catalytic base for efficient
deprotonation, as opposed to the observed water-mediated deprotonation of Gly1.116 This
possible dimyristoylation of ARF6 adds another layer to the intricacies of lipid modification
and provides a rationale for its potentially unique regulation compared to other glycine-
myristoylated members of the ARF family.126 While this demonstrates the capability of
NMTs to modify side-chain amines, the mechanism for the fatty acylation on Lys residues
positioned within the protein sequence or in the C-terminal PBRs remains unknown.

For many years, dynamic lipid modification has been focused on S-palmitoylation until
recently, when the unexpected hydrolytic removal of fatty acyl groups from N®-modified
Lys residues was reported. The landmark discovery of sirtuins and histone deacetylases
(HDACS) as lysine defatty-acylases broadened the paradigm to include the idea that Lys
fatty acylation may also be dynamic.127 This family of proteins were initially described

as “erasers” of short acyl modifications (e.g. acetyl) that is essential mainly in regulating
epigenetic processes.128129 However, recent studies provide evidence of their ability to
remove long-chain fatty acids from modified substrates associated with other biological
processes. For example, SIRT6 and HDAC11 can efficiently cleave long-chain lipids from
RRAS2 and serine methylhydroxytransferase (SHMT), respectively.124.130 ARF6 itself is
regulated by both NMTs and SIRT2, where NMT may myristoylate Lys2 in its GTP-bound
active form while SIRT2 demyristoylates ARF6 while in its GDP-bound inactive state,
thereby regulating another aspect of the GTPase cycle.126 Other members of these family of
hydrolyzing enzymes exhibit defatty-acylase activity but no current bonafide substrates have
been identified to date.12”

Being an important lipid modification, A-myristoylation is a key regulator of protein
stability, activity, localization, and protein-protein interactions that are linked to multiple
aspects of immunity, autophagy, infection, and cancer.3111.131-133 The yse of click
chemistry has enabled significant progress towards addressing numerous biological
questions with substantial efforts focused on parasitic infections. A comprehensive
description of those studies are discussed in Section 6. Furthermore, the convenient
placement of A-myristoylation on the N-terminus of proteins has enabled site-specific N-
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terminal modification of proteins, offering strategies to decorate proteins of interest. These
accounts are detailed in Section 9.2.

3.3.  S-Prenylation

While the previous two major types of lipidation are based on acylation, S-prenylation is

the attachment of isoprenoids onto cysteine residues forming a thioether bond. It was first
observed in fungi and much later found to be present in mammals.134:135 There are now
three recognized classes of protein S-prenylation. The first two involve a single addition

of an isoprenoid either as a shorter-chain farnesyl or a longer-chain geranylgeranyl group
from the native substrates farnesyldiphosphate (FPP) or geranylgeranyldiphosphate (GGPP),
respectively, catalyzed by farnesyltransferase (FTase) or geranylgeranyltransferase type |
(GGTase-1) as shown in Fig. 3A.136 The protein substrates for these enzymes are recognized
through a C-terminal motif with a canonical sequence generalized as the CajapsX box. C

is the cysteine that is modified with the prenyl group, a; and a, are generally hydrophobic
amino acids, and X determines the fate of the protein substrate, either farnesylation or
geranylgeranylation. Farnesylation is usually observed in proteins with alanine, methionine,
serine, or glutamate at the X position, whereas hydrophobic residues leucine, isoleucine,
and phenylalanine promote geranylgeranylation.13¢ Although these general rules are widely
acknowledged, some proteins are capable of bearing either type of S-prenylation. For
example, the Rho GTPase RhoB terminating in CKVL exhibits a prenylation-dependent
function, wherein it promotes cell growth when farnesylated but its geranylgeranylated

form induces apoptosis.137 Furthermore, the a; and a; positions are not strictly limited

to hydrophobic amino acids as other polar or charged residues occupying these positions
display efficient farnesylation activities.138:139 Another feature of these protein substrates

is a linker region containing small or flexible hydrophilic residues that often precedes

the CajapX box. This facilitates the accessibility of the C-terminus for prenyltransferases
and may impact substrate reactivity.140:141 Recent efforts to expand the existing accepted
paradigm of protein S-prenylation have shown that proteins terminating in longer (CXXXX)
or shorter (CXX) C-terminal motifs can be efficiently modified by the prenyltransferase
enzymes.142.143 Although these sequences have been shown to be substrates in vitro and
within cells, there is no reported evidence of these types of modifications on endogenous
proteins to date.

Singly prenylated proteins often undergo additional processing steps to increase

their hydrophobicity. The -a;a,X tripeptide is cleaved off by the endoproteases Ras
converting enzyme (RCEL1) or Ste24 (Fig. 3A), followed by methylation with S-adenosyl
methionine (SAM) on the exposed carboxyterminus catalyzed by isoprenylcysteine carboxyl
methyltransferase (ICMT).144.145 These mature forms of S-prenylated proteins are then
usually directed to the plasma membrane tethered through the prenyl anchor. However,
in several instances, the prenyl group is not sufficient for stable anchoring, similar

to A-myristoylation. Thus, prenylated proteins may also possess a PBR or undergo S-
palmitoylation.146 In fewer cases, CajayX-containing proteins circumvent the maturation
process and are rather directed to a shunt pathway, thereby retaining their C-terminal
CajapX intact that is essential to their subsequent function.147
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The third class of Sprenylation usually confers dual geranylgeranylation on two cysteine
residues positioned near the C-terminus catalyzed by geranylgeranyltransferase type Il
(GGTase-Il), also conveniently referred to as RabGGTase, since its currently known
substrates are members of the Rab family of proteins (Fig. 3B). The Rab protein substrates
are initially recruited by the Rab escort protein 1 or 2 (REP1 or REP2) recognized through
their C-terminal interacting motif (CIM).148 This pre-formed complex then associates with
RabGGTase to install the prenyl modification. While most of these proteins terminate in
-CC, -CXC, or CCXX matifs poised for dual cysteine S-prenylation, some of these Rabs
terminate with CajapX box motifs that are singly geranylgeranylated and are also subjected
to the maturation process described above.149 The dual geranylgeranylation on many of
these Rabs might be required for proper localization function as monoprenylated variants of
yeast Rab homologs failed to function both in vitroand in vivo.150

All three prenyltransferase enzymes are heterodimers consisting of a and B subunits, with
the active site situated at the interface but mainly comprised of residues from the latter

(Fig. 3C).151 The B subunits also influence the preference of each enzyme for FPP versus
GGPP. Both FTase and GGTase-1 share a common a- subunit, FNTA (or prenyltransferase
alpha subunit repeat containing 2, PTAR2), but differ in their p-subunits—FNTB and
PGGTB, respectively—that manifest 25% sequence identity in mammalian homologs.152
Both farnesylation and geranylgeranylation type | prefer an ordered sequential Kinetic
mechanism.153-155 The isoprenoid substrate initially binds to the enzyme, followed by

the Caja,X-containg protein substrate binding and thioether bond formation.153 A second
isoprenoid binds to the ternary complex that triggers product release either prior to or
simultaneously with the binding of a second CajayX protein substrate (rate determining
step). In the case of geranylgeranylation, the GGPP in the GGTase-I active site adopts a
bent conformation and the terminal isoprene unit is accommodated in a deeper pocket,
which is not present in the corresponding region in the FTase active site.1%6 This serves as
the critical determinant for the isoprenoid specificity of each enzyme. On the other hand,
RabGGTase is comprised of RabGGTA (or PTAR3 in some organisms) and RabGGTB as its
a and B subunits, respectively. It sequentially adds geranylgeranyl groups to the Rab protein
substrate in the Rab:REP complex with the second isoprenoid addition and product release
being slow steps.148.157 Although the substrate specificity features of REPs and RabGGTase
towards the Rab substrates are not clear, variations in the extent of S-prenylation across
these proteins are apparent.158 These observed differences in the extent of S-prenylation
should be interpreted with caution as these were conducted under physiologically perturbed
conditions, 7.é. in the presence of statins. Regardless, further studies are needed to define the
substrate specificity of Rab prenylation under native conditions and across cellular systems.
These differences are of particular interest as altered levels of S-prenylation of a few key
Rab proteins may contribute to diseases such as choroideremia as discussed in later sections.

Being a ubiquitous post-translation modification, protein Sprenylation modulates protein
localization and a plethora of protein functions, which can be targeted for therapeutic
interventions in diseases and infections where it is implicated.11:159 In particular, inhibition
of the farnesylation of oncogenic Ras proteins was initially the main motivation for the
development of prenyltransferase inhibitors (PTIs).160 However, candidate PTIs often failed
in clinical trials partially owing to the ability of these protein targets to be alternatively
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prenylated typically by geranylgeranylation in lieu of farnesylation, and none of these
potential drugs has been approved for clinical use to date in treating cancer. Despite

these limitations, several lines of evidence show that targeting protein S-prenylation
remains a promising strategy in treating neurogenerative diseases and progeria, as well

as bacterial, protozoal, and viral infections.159.161-163 For example, the farnesyltransferase
inhibitor (FTI) lonafarnib has been recently approved by the FDA as the first drug to treat
Hutchinson-Gilford progeria syndrome (HGPS).164 Specifically, it inhibits the farnesylation
of a genetic variant of nuclear Lamin A that is incapable of the normal Lamin A
processing—a mechanism that involves cleavage of a portion of the protein containing

the farnesyl modification. Clinical studies showed that patients with HGPS treated with
lonafarnib, manifested improved vascular function and bone structure.185 In addition, oral
administration of lonafarnib demonstrated success in a Phase Il clinical trial of chronic
hepatitis D infected patients by suppressing the prenylation of large hepatitis delta antigen
(LHDAGQ) in human delta virus (HDV).166 These results clearly emphasize that targeting
specific prenylated proteins offers an avenue for the development of therapeutic agents but
requires a clearer understanding of both the specificity and dynamics between PTls and
protein S-prenylation in an actual biological milieu.

Clickable analogues of isoprenoids paved the way for profiling the S-prenylated proteomes
in different species and delineating the effects of potential therapeutic agents that target
protein S-prenylation. Click chemistry also aided the discovery of a fourth class of
prenyltransferase enzyme GGTase-111, which consists of an orphaned protein PTARL (a-
subunit) and RabGGTB (B-subunit).167 Additionally, the short Caja,X sequence has found
significant applications in /n vitro C-terminal modification of proteins of interest that can be
further functionalized with fluorescent reporters or drug cargos. Details on the utility of click
chemistry in uncovering the biological significance of Sprenylated proteins, as well as its
application in enzymatic protein C-terminal modification are described in this review.

4. Click chemistry in studying the biological significance of protein

lipidation

Studies of protein lipid modifications have faced significant challenges. Classical methods to
detect and identify lipidated proteins involve radioactive techniques using isotopic analogues
including [3H]palmitic acid, [3H]myristate and [1125]myristate.122.168.169 However, these
techniques are expensive, labor-intensive, generate radioactive waste and require special
permitting, and suffer from low sensitivity that often entails lengthy film exposures

to acquire sufficient and quantifiable signals. Proteins bearing canonical sequences

for lipidation motifs determined by available prediction tools such as MyrBasel70 or
PrenBasel40 may be validated using this approach. For those with new or undefined motifs
or those for proteins with inherently low expression levels, such methods may not be
suitable. Mass spectrometry-based approaches for intact and fragmented lipidated proteins
may also be exploited to confirm and map the modification sites in individual proteins.
Although useful, the hydrophobic character of these lipid PTMs hampers the separation and
isolation of proteins and peptides, which often results in lower signal-to-noise intensities and
false identification of PTM sites.171
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In the past decade, the development of a repertoire of bio-orthogonal, clickable analogues
of these hydrophobic molecules has made a major impact in the arena of lipidation
science. This chemical toolbox consists primarily of alkyne- and azide-modified lipids that
allow conjugation of fluorescent reporters, affinity handles, and drug cargos.313.14.18,172,173
For most biological investigations, these chemical probes are typically metabolically
incorporated into proteins using cells of interest—from here on referred to as click
chemistry-based metabolic labeling (CCML) in this review (Fig. 4A). Within cells, the
host machinery converts these probes into bonafide substrates that can be incorporated

by host enzymes into the lipid-modified proteins, in lieu of the native lipid substrates.

The convenient introduction of the small alkyne or azide tags causes minimal interference
on protein processing, subcellular localization, and crucial protein-protein interactions.
After a certain period of probe incubation, the labeled cells are fixed and reacted with
fluorophores for cellular imaging and flow cytometric analysis, or harvested and lysed,
followed by ligation in lysates with the corresponding click reagent partner of the probes
used. Conjugation via click reaction with fluorescent dyes allows visualization of tagged
proteins typically separated via gel electrophoresis. Immunoprecipitation and antibody-
based detection such as western and streptavidin blots can be combined with CCML to
verify the PTMs on proteins of interest.

More importantly, the use of affinity reagents for click reaction with the labeled lysates
enables enrichment of the probe-modified proteins. The ability to enrich these labeled
proteins is a pivotal step in chemical proteomics, a powerful tool that affords a catalogue

of multiple PTM-proteins in a single experiment (Fig. 4A).1418 |n this scheme, the
probe-labeled lysates are often ligated with biotin and subjected to protein enrichment
using avidin-functionalized resins, which serve to isolate the labeled proteins. The lipid-
modified proteins immobilized on the solid support are digested either on-bead or

eluted for subsequent enzymatic digestion in solution. The resulting peptides are then
chromatographically separated and introduced into a mass spectrometer (MS) for qualitative
or label-free quantitative (LFQ) analysis. Alternatively, improved quantitation can be
achieved using more sophisticated approaches including Stable Isotope Labeling with
Amino acids in Cell culture (SILAC) or Tandem Mass Tag (TMT) labeling.174175 |n
SILAC, isotopically labeled amino acids (typically Lys and Arg) are incorporated into all
proteins via prolonged cell culture prior to metabolic labeling. These isotopic tags provide
distinct mass signatures that permit calculation of fold-changes by computing the ratios of
modified peptides from enriched proteins across samples. This approach ensures consistent
downstream processing of proteins but is typically performed with two or three samples at
atime. In contrast, TMT introduces isotopic tags on the digested peptides after enrichment
which offers a rapid labeling strategy, as well as an improved multiplexing scheme (up to 16
samples per experiment). However, inconsistencies in the upstream processes can introduce
additional variability among samples and may diminish the accuracy of the results.

Early efforts to identify the site of lipid modifications were impeded by the low ionization
of these hydrophobic peptides during MS analysis. For this reason, cleavable multifunctional
reagents were designed to contain a fluorescent reporter, a biotin handle, and a cleavable
linker (typically basic residues Arg or Lys for trypsin digestion).176:177 This allows
fluorescent detection, enrichment, and site identification using a single reagent (Fig. 4B
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and 4C). The cleavage of the linker releases the modified peptides for inclusion in the
LC-MS/MS analysis, with an additional positive charge from Arg or Lys that enhances
peptide ionization.

Indeed, the development of an array of chemical probes with small clickable tags has
permitted the detection, validation, and large-scale chemical proteomic analysis of lipidated
proteins. Accounts in the literature where click chemistry has aided in the discovery of novel
regulation of protein function and localization through protein lipidation are reviewed in this
section. The technologies based on these clickable lipid probes that provided platforms for
rapid evaluation of enzymatic lipidation activities are also included.

5. Biological applications in S-acylation (S-palmitoylation)

Nonradioactive click chemistry-based labeling of fatty acylated proteins generally employs
alkyne- or azide-modified analogues of the fatty acid. Although the azido analogues were
first developed, 178 the alkyne-modified versions are typically preferred owing to enhanced
sensitivity and lower background signal compared to azide-modified fatty acids.179180
Several analogues with various chain lengths have been synthesized for metabolic or /n
vitro labeling of fatty acylation substrates (Fig. 5).1° These fatty acid probes are converted
into their acyl-CoA forms for in vitro experiments. For metabolic labeling studies, the free
or saponified forms of the fatty acid analogues are metabolically converted inside cells

by acyl-CoA synthetases into the bonafide fatty acyl-CoA substrates.181 Among the fatty
acid analogues developed, Alk-C16 (15-HDYA) and Alk-C18 (17-ODYA) are preferentially
incorporated by palmitoyl acyl transferases (PATSs) onto the S-palmitoylation sites within
protein substrates.172:180.182 Similar to their native counterparts, these probes can also
undergo p-oxidation at the C2 and C3 positions to yield a,p-unsaturated esters that may
result in aberrant palmitoyl-protein adducts via Michael addition. To address this issue, a
different version of the probe modified at C3 (15-HDYOA, Fig. 5) was explored and found
to largely label the same proteins (70%) identified with Alk-C18.183 The disparity in the
sets of proteins identified between treatments suggests that a fraction of the Alk-C18-labeled
proteins may be a result of adduct formation with the oxidized probe. Regardless, Alk-C16
and Alk-C18 have been widely used in click chemistry-based S-acylation studies reported
up to the present. While Alk-C16 better mimics a palmitoyl moiety and AIk-C18 more
likely resembles a stearoyl group in terms of chain length, both of these probes have been
interchangeably used in investigations of protein S-palmitoylation. The preference for the
incorporation of each analogue is dictated by the specific protein substrates and/or fatty
acyltransferase.184185 Furthermore, these probes are not only metabolized to label fatty
acylated proteins, but they can also be incorporated into biosynthetically more complex
phospholipids and neutral lipids.186:187

The use of bio-orthogonal analogues of fatty acids for click chemistry tremendously
impacted and revolutionized the field of protein S-palmitoylation.15:17.173.188 These tools
permitted rapid and robust fluorescence-based detection and large-scale proteomic analysis
of fatty acylated proteins, thereby facilitating the discovery of novel S-acylated proteins
and contributing to the understanding of S-palmitoylation dynamics. The development of
a bifunctional fatty acid reporter with both clickable and photoaffinity tags (Alk-Dzn-C16)
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enabled the discovery of new membrane protein-protein interactions as well.189-191 |n this
section, several strategies using clickable fatty acid analogues for proteomic profiling of S-
palmitoylated proteins, as well as their utility in biochemical assays and enabling platforms
to validate such lipid modification and screen for potent PAT inhibitors are described. It is
important to note that in this review, the term S-palmitoylated proteins is used according to
the claims made by the following studies in the literature, although this type of modification
is more precisely described as protein S-acylation.

Proteomic studies for profiling S-palmitoylated proteins

Advances in proteomics strategies to identify S-acylated proteins have contributed to
unveiling regulatory mechanisms and critical functions of protein S-palmitoylation. Early
proteomic methods to detect and identify S-acylated proteins took advantage of the lability
of thioesters, via procedures described as acyl-biotin exchange (ABE) or acyl-resin-assisted
capture (acyl-RAC).192.193 |n these multistep procedures, free cysteines in protein lysates
are blocked with N-ethylmaleimide (NEM) and subsequently treated with hydroxylamine
to selectively cleave the thioesters (Fig. 6A). S-acylated proteins are enriched by either
biotinylation with a thiol-reactive biotin (biotin-HPDP) and streptavidin pulldown for ABE
or immobilization using a thiol-reactive resin for acyl-RAC. Although these typically
provide extensive lists of identified proteins, both methods are prone to false positives

since neither are exclusive to S-acylated proteins and are not suitable for dynamic profiling
studies. CCML with fatty acid analogues incorporating small azide or alkyne tags allows for
more specific labeling and enrichment of S-acylated proteins (Fig. 1A). Employing such a
strategy afforded several lists of S-acylated proteins from multiple research groups obtained
from different cellular systems and provided insights into the dynamic nature of protein
S-palmitoylation. These catalogues of S-acylated proteins have been consolidated into a
comprehensive database, SwissPalm®©, which is accessible online for free.194

5.1.1. S-acylated (S-palmitoylated) proteins in mammals—The tagging strategy
for S-palmitoylated proteins using biorthogonal analogues combined with mass
spectrometric analysis facilitated the identification of multiple S-palmitoylated proteins in a
single experiment. The first report using bio-orthogonal labeling for proteomic identification
of S-palmitoylated proteins /n vitro used Az-C16-CoA (Fig. 5), an azide analogue of
palmitate-CoA, ligated with a phosphine-biotin reagent via Staudinger ligation.1%5 A

total of 21 putative S-palmitoylation substrates were identified from lysates of rat liver
mitochondria matrix, which included 19 novel S-palmitoylated proteins. Following this
chemical proteomic approach, large-scale proteomic profiling of S-palmitoylated proteins
relied on metabolic labeling with palmitic acid analogues introduced into cultured cells of
interest. The commercially available Alk-C18 or 17-ODYA (Fig. 5) has been the probe of
choice owing to its better specificity and minimal background in tagging S-acylated proteins
amenable to labeling with shorter fatty acyl chains.1® This CCML strategy combined with
proteomic analysis affords identification of hundreds of S-palmitoylated proteins involved
in multiple cellular mechanisms and processes. Cravatt and coworkers first reported the
metabolic labeling of Alk-C18 in mammalian cells followed by click reaction with biotin-
azide for CUAAC and subsequent enrichment.196 A total of 125 candidate S-palmitoylated
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proteins were identified at high confidence including G proteins, receptors, and Fam108
serine hydrolases.

Similarly, Hang and coworkers identified 178 S-acylated proteins at high confidence from
Jurkat cells using alkyne-modified fatty acyl probes of various chain lengths (myristic,
palmitic and stearic acid analogues).2%7 This list of proteins contained less than 30%
overlap with a previous study performed by Cravatt and coworkers. The differences in

the identities of profiled S-acylated proteins may be attributed to variations in identity

of the probes and their incubation periods, proteomic strategies (gel-based vs MudPIT)

and subtle differences in MS analysis.1%” Moreover, other proteomic studies reported by

the Hang and coworkers in dendritic cell lines profiled more than 150 S-palmitoylated
proteins, which included those involved in innate immunity.182:198 Another group analyzed
the differential S-palmitoylation of proteins in macrophages upon treatment with bacterial
surface lipopolysaccharides (LPS), a recapitulation of the initial engagement of bacteria that
activates a cascade of cellular events inside the host.199 A total of 154 and 186 upregulated
and downregulated S-palmitoylated proteins, respectively, responded throughout the immune
stimulation. In particular, LPS activates S-palmitoylation on phosphatidylinositol kinase 11
(P14KI1) that results in increased levels of the phosphorylated forms of phosphatidylinositol,
leading to enhanced production of cytokines that support inflammatory responses.

S-palmitoylated proteome profiling has also provided a tool to hunt for biomarkers of
diseases. For example, androgen-dependent malignant tumors in prostate cancer were
investigated for potential S-palmitoylated protein biomarkers using CCML with AlIk-C18
in a human prostate adenocarcinoma cell line.200 By comparing the set of S-palmitoylated
proteins in the presence or absence of androgen, the elF3L subunit of the initiation factor
elF3 exhibited a remarkable extent of enrichment. Further assays confirmed the androgen-
induced S-palmitoylation of elF3L that may be implicated in cancer progression and may
also serve as a novel prostate cancer biomarker.

5.1.2. S-acylated proteins in lower class organisms and viruses—Protein S-
palmitoylation is a ubiquitous PTM across kingdoms and can be a key regulator for the
pathogenicity of lower organisms. Bacterial lipoproteins (LPPs) are tethered to membranes
often by diacylglyceryl moieties modified with fatty acids.2% This modification is essential
for proper LPP localization and function for the virulence of pathogenic bacteria, as well

as for the recognition of host cell receptors. Large-scale profiling in the Gram-negative
Escherichia coli using Alk-C16 identified more than 90 high- and medium-confidence LPPs
involved in diverse biological processes.292 However, half of these proteins are not annotated
and therefore these studies should stimulate further investigation into the role of lipidation in
the biological functions of these LPPs.

S-palmitoylation also plays key roles in the development and virulence of protozoans and
fungi. Using Alk-C18 for labeling S-palmitoylated proteins and identification in the asexual
stage of the causal agent of malaria, Plasmodium falciparum, resulted in 176 statistically
enriched S-palmitoylated proteins essential for cytoadherence, drug resistance, and host-cell
invasion mechanisms, among others.203 Analysis of the S-palmitoylated proteome in a
related parasite, Toxoplasma gondii, identified 501 proteins, revealing the essential role of
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S-palmitoylation in all stages of its life cycle.294 Furthermore, it was shown that blocking
the S-palmitoylation of apical membrane antigen 1 (TJAMAU1) can trigger its release along
with other proteins implicated in host-cell invasion. This also highlights the parasite-specific
nature of S-palmitoylation; TJAMAL is Spalmitoylated while the £ falcijparum homolog
PFAMAL is not.293 In Cryptococcus neoformans, an opportunistic fungus that causes lethal
meningitis, Alk-C18 labeling identified 72 S-palmitoylation substrates essential for fungal
integrity and virulence.20> S-palmitoylation in this pathogen is catalyzed by a single PAT,
Pfa4, and its deletion causes morphological defects and virulence attenuation. Developing
an inhibitor of S-palmitoylation in C. neoformans could be of great advantage since
specificity can be better achieved for a single PAT compared to mammalian zDHHCs, which
have functional redundancies and broader substrate scope to which the current inhibitors
developed lack specificity.

Viral proteins may also require palmitoylation for their function. In epithelial cells infected
with herpes simplex virus (HSV), click chemistry-based S-palmitoylated proteome analysis
using Alk-C17 afforded a novel set of virus-encoded proteins S-palmitoylated by the host
machinery.296 Selective repression of the global fatty acylation of host proteins was also
observed, suggesting that the virus hijacks the S-palmitoylation pathway to promote its
virulence. HIV-1 infection was also found to alter cellular acyltransferase activity.297 As

a consequence, differential modification of proteins such as phosphatases lead to altered
cellular phosphorylation levels, potentially favoring viral pathogenicity. Identifying the key
zDHHCs implicated in the virulence of these viruses is essential to delineating which of
these enzymes could serve as potential therapeutic targets to treat infections caused by these
viral pathogens.

5.2. Quantitative proteomics unravels S-palmitoylation dynamics

Combining CCML with palmitic acid analogues and quantitative proteomic approaches such
as SILAC and TMT not only provides robust and accurate quantitation of S-palmitoylated
protein levels but also enables S-palmitoylated proteome-wide analysis of dynamic S-
palmitoylation events.203:206 |n a study reported by Cravatt and coworkers, a pulse-chase
technique combined with SILAC in mouse hybridoma T-cells was employed to uncover the
role of dynamic cycling controlled by depalmitoylases.2%8 Alk-C18 was added to the cells
(pulse) and subsequently competed by the addition of natural palmitic acid at different time
points (chase), showing a decrease in total S-palmitoylation with time. Through the addition
of a serine lipase (depalmitoylase) inhibitor hexadecylfluorophosphonate (HDFP), stably
S-palmitoylated proteins were distinguished from those that undergo rapid cycling, allowing
the important regulatory mechanism of depalmitoylation in dynamic S-palmitoylation

to be examined. The phosphonofluoridate warhead is particularly reactive towards the
hydroxyl group of the catalytic serine in serine hydrolases as evidenced by other proteomic
studies.299:210 A recent study combining CCML with TMT in mouse endothelial cells with
an APT1 (depalmitoylase) deletion identified proteins involved in focal adhesion potentially
regulated by depalmitoylation.?!1 Pulse-chase analysis on the candidate RRas revealed the
importance of dynamic regulation by APT1 on its role in vascular function. Despite its
utility in profiling a number of dynamically modified proteins, the pulse-chase technique

is often compromised by low sensitivity since membrane-localized labeled proteins are
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often stable with slow turnover rates'® and the methods employed may require additional
optimization (e.g., appropriate detergents) for improved detection. Furthermore, fatty acyl
analogues are widely incorporated across various phospholipid species and may result in
reduced labeling of the actual fatty acylation substrates.186

As an alternative to the pulse-chase method, a temporal profiling strategy of CCML
combined with TMT-based multiplexing was used to streamline the evaluation of S-
palmitoylation kinetics.194 Cells were treated with Alk-C18 or natural palmitic acid at
various time points, multiplexed using TMT tags, and analyzed as a single experiment

in a highly accurate multinotch SPS-MS3 LC-MS approach. This revealed conserved
S-palmitoylation kinetic profiles in different cell lines and that the previously observed
effect of HDFP only represents a small fraction of the bulk S-palmitoylated form of
various proteins. An orthogonal proteomic analysis using acyl-RAC revealed that inhibition
of depalmitoylation with HDFP affects the rate of S-palmitoylation but steady-state S-
palmitoylation levels remain unchanged.

5.3. Combining CCML with hydrolysis-based methods for robust profiling

Results from CCML labeling for S-palmitoylated proteome analysis have similarities and
differences when compared with biotin-switch approaches (ABE and acyl-RAC). Initial
reports on the direct quantitative comparison between Alk-C18 labeling and ABE showed
large complementarity in the identities of the S-palmitoylated proteins profiled.2%3 In
Trypanosoma brucei, analysis of the S-palmitoylated proteins using CCML identified
more than 100 potentially S-palmitoylated proteins, 70 of which were not found in a
previous report that employed the ABE method.212:213 While both approaches may be
useful, the differences in the life stages of the parasite studied in each method may
contribute to the observed variations in the S-palmitoylated proteome. ABE was also used
to validate proteins with altered S-palmitoylation levels identified through Alk-C18 labeling
in breast cancer cells after Snail-induction, an event associated with chemoresistance and
metastasis.?24 While some proteins showed consistent enrichment levels with metabolic
labeling, other candidate proteins were not detected using ABE potentially due to their
lack of a hydroxylamine-dependent linkage (such as an amide or ester modifications)

or high background enrichment. While it was thought that these methods should give
similar results, a more recent study found that hydroxylamine-based switch methods are
significantly more sensitive than metabolic labeling, with only 10% overlap of profiled
S-palmitoylated proteomes.1%4 One of the disadvantages of using CCML is that stably
S-palmitoylated proteins containing endogenously produced palmitate are unresponsive,
and therefore clickable analogues only label those proteins that reveal free cysteines
available for labeling during the course of probe treatment. It was therefore suggested
that this disparity between methods warrants reevaluation of mass spectrometry-based S-
palmitoylated proteome analyses reported in the literature.

Selective release of labeled proteins is desirable for robust identification of S-palmitoylated
proteins. Improved detection of lipidated proteins labeled with alkyne-modified analogues
of fatty acids can be achieved using a biotin-azide reagent containing a linker such as
azobenzene cleavable by sodium dithionite.197:202 However, this may not discriminate
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S-palmitoylated proteins from those that are irreversibly A= or O-palmitoylated with the
bio-orthogonal probes.184:215 Combining the principles of CCML and acyl-switch methods
provides a robust method for the delineation of S- versus G- and A-palmitoylated proteins.
In this method, cells are metabolically labeled with Alk-C18 (or Alk-C16), clicked with
biotin-N3 and enriched on beads (Fig. 6B). Treatment with NH,OH cleaves thioester
linkages and selectively releases S-palmitoylated proteins from the resin. Employing such
method afforded a robust list of 282 NH,OH-sensitive S-palmitoylated proteins out of the
total 501 labeled with Alk-C18 in 7. gondii?%* Extending this approach to Raw264.7 murine
macrophages identified <150 NH,OH-sensitive proteins out of > 400 total Alk-C18-labeled
proteins.216 Furthermore, this provides a more accurate determination of S-palmitoylated
sites. Comparison with the acyl-RAC approach revealed overlapping but distinct sets of
protein substrates.216 Since acyl-RAC captures other thioester-linked proteins including
ubiquitin processing enzymes, the Alk-C18 labeling combined with NH,OH treatment is
more specific for S-palmitoylated proteins.

Indeed, chemical proteomics presents a powerful tool not only to rapidly identify multiple
fatty acylated proteins in a single experiment but also to delineate dynamics of protein
S-palmitoylation. It is noteworthy that optimization of click chemistry conditions is critical
to maximize the labeling and number of identified S-palmitoylated proteins in these types
of proteomic approaches.?16-218 The choice of buffer and the amount of detergent for
solubilization may significantly impact the extent of labeling particularly for proteome-
wide analyses. Details on the click chemistry conditions and the buffer systems used

in several studies are summarized in Table 1. In gel-based analyses, sample preparation
must be carefully designed since these reporter tags are labile to hydrolysis. Inhibitors of
depalmitoylases may be included in the lysis buffer to block depalmitoylation activities
and retain the incorporated probes onto proteins.208:214 The use of dithiothreitol (DTT)
and sample heating may hydrolyze thioester linkages, leading to decreased detection of
labeled proteins.21® Furthermore, MS-compatible detergents are recommended to avoid S
to A-palmitoyl transfer, which may complicate the MS data analysis in discriminating S- vs
N-palmitoylated proteins or peptides.220

5.4. Discovery of S-palmitoylation-regulated proteins

Proteomic studies using palmitic acid analogues containing bio-orthogonal functionality has
indeed led to the discovery of several novel S-palmitoylation substrates. Click-chemistry
based analysis can also be exploited to explore and validate the S-palmitoylation status of
individual proteins of interest. This subsection describes the use of several strategies to
detect and validate the S-acylation or S-palmitoylation of a given protein of interest

5.4.1. Direct fluorescence-based detection—Assessment of successful labeling of
proteins treated with clickable probes can be conveniently performed through click reaction
with a fluorophore and visualization through in-gel fluorescence analysis. Using this
method, Hang and coworkers first discovered the S-palmitoylation of interferon-induced
transmembrane protein 3 (IFITM3) in murine models using a chemical proteomic approach,
which was later confirmed to have three S-palmitoylation sites on membrane-proximal
cysteines (Cys 71, 72, and 105) essential for its antiviral activity.182.221 The palmitate
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modification was validated by immunoprecipitating the metabolically labeled IFITM3 and
subjecting it to click reaction with rhodamine-azide.222 More than half of the known
zDHHC-PATs can S-palmitoylate IFITM3, with a preference for z-DHHC20 that uniquely
increases its antiviral activity upon co-expression.223 Later studies employing transfection
of wild-type and mutant forms of human and bat IFITM3 followed by CCML revealed
discrepancies and contradictions in the S-palmitoylation of the three conserved cysteine
residues.224:225 Thus, the regulatory mechanism of S-palmitoylation might differ among
these homologs. Furthermore, IFITM3 also requires an amphipathic helix that impacts its
antiviral activity upon mutation that does not influence S-palmitoylation as shown through
a CCML assay.226 After the discovery of IFITM3 S-palmitoylation, other members of the
IFITM family were also examined for potential S-palmitoylation. This includes IFITM5
whose S-palmitoylation was validated using Alk-C18 and found to mediate its interaction
with FKBP11 that is essential for bone formation.22” In the same vein, S-palmitoylation was
also confirmed at a non-conserved position as well as on three conserved cysteine residues
in IFITM1, which are crucial for its protection from proteasomal degradation and antiviral
activity against influenza A.228

Non-mammalian S-palmitoylated proteins were also validated through CCML and
fluorescence labeling. In bacteria, S-palmitoylation on the two bacterial effector proteins
SspH2 and Ssel is indispensable for their localization in the host-cell plasma membrane,
highlighting a mechanism for how pathogens exploit the host-cell PTM machinery.22
Interestingly, mycobacterial IFITM is Spalmitoylated when expressed in human cells and
confers antiviral activity against influenza.23% This demonstrates that a plausible IFITM gene
transfer between bacteria and eukaryotes may be beneficial to eukaryotic cells to combat
viral infections. In yeast cells undergoing cell division, differential S-palmitoylation on
Rho3 GTPase was visualized, implicating its role during meiosis under the control of Erf2
palmitoylase.23! Beyond validation, CCML is also useful for mapping essential residues
that influence S-palmitoylation such as in yeast protein Yck2.232 Through site-directed
mutagenesis, a dipeptide Phe-Phe near the C-terminus of Yck2 was found to be essential for
its Spalmitoylation and surmised to be involved in enzyme recognition.

Labeling with the shorter fatty acid analogues Alk-C16 and Alk-C17 combined with
fluorescent detection further illuminated the role of S-palmitoylation on novel and known
S-palmitoylated proteins. Dual S-palmitoylation drives the amyloid precursor protein (APP)
to concentrate in lipid rafts where it undergoes amyloidogenic processing, thereby enhancing
the production of A peptides, a hallmark of Alzheimer’s disease pathology.233 Along

the same lines, zDHHC7-catalyzed dual S-palmitoylation on junction adhesion molecule

C (JAM-C) mediates its localization in the tight junction regions in cells, which may

serve as a target to attenuate cancer metastasis.23* Alk-C17 was used to confirm that
knockout of hedgehog acyltransferase (Hhat) results in diminished sonic hedgehog (Shh)
S-palmitoylation, leading to attenuation of the proliferation and invasiveness of human
carcinoma cells.235

In vitro fluorescence labeling may also provide a platform for quantitative assessment of
the levels of S-palmitoylation of specific proteins within cells. For example, GFP-fused
STX-19 was co-transfected with the 23 mammalian zDHHCs and labeled with Alk-C18,
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followed by click reaction with an azide-dye, IR-800.23¢ Ratiometric quantitation of the
IR-800/GFP fluorescence after electrophoretic separation in gels provided information on
the extent of labeling promoted by each zZDHHC of STX-19, revealing zDHHCs 2,3,7, 11,
and 12 as efficient enzymes that modify STX-19. S-palmitoylation of this Q-SNARE protein
by these zDHHCs is essential for its targeting to tubular recycling and may also mediate
Rab8 trafficking to the plasma membrane.

5.4.2 Antibody-based methods and streptavidin blotting—Detection methods
based on CCML and fluorescent-azide or -alkyne conjugation combined with antibody-
based recognition or immunoprecipitation approaches were carried out to validate the
S-palmitoylation of proteins. The click reaction can be carried out in solution after elution
of immunoprecipitated proteins or directly on proteins immobilized on beads. Pulse-chase
labeling with Alk-C18 on the tyrosine kinase Lck demonstrated its highly dynamic S-
palmitoylation Kinetics that plays key roles in transduction downstream of Fas receptor
activation, a process that mediates T-cell responses during inflammation.237-239 Novel S-
palmitoylation on another kinase, dual leucine-zipper kinase (DLK), was found to control
its localization and activity that is critical in axonal injury signaling.240 Another example
is the zDHHCG6-catalyzed S-palmitoylation on MY D88 that was found to influence toll-like
receptor inflammatory signaling via regulation by fatty acid synthase (FASN).241

Alk-C18 labeling also demonstrated that S-palmitoylation reduces the depalmitoylase
activity of PPT1, an enzyme linked to the neurodegenerative disease neuronal ceroid
lipofuscinosis (NCL).242 PPT1-deficient mouse models displayed higher levels of S-
palmitoylated proteins as well as mislocalization of S-palmitoylated proteins that regulate
neuronal ciliogenesis including Rab3IP.243 Results of these studies implicated PPT1 S-
palmitoylation as a key player in the progression of NCL and that this disease is a form of
ciliopathy. Similarly, Alk-C18 labeling in cardiac myocytes showed that S-palmitoylation of
the voltage-gated sodium channel Nav1.5 can markedly modulate cardiac sodium currents,
leading to alterations in cardiac excitability.244

Although in-gel fluorescence scans can be used to directly visualize labeled proteins,
indirect approaches by means of click reaction with biotin have been widely applied. The
labeled proteins in these lysates can be probed for biotin-modification via streptavidin
blotting. Through this strategy, the novel S-palmitoylation of peripheral myelin protein 22
(PMP22) was discovered and shown to be critical for its role in cell shape and motility.24
Likewise, the S-palmitoylation site near the N-terminus of the transframe (TF) protein of
Sindbis virus was mapped and its role in trafficking TF to the host plasma membrane to
promote virus budding was established.246

S-palmitoylation on proteins of interest from biotinylated samples can be more specifically
probed or validated by isolating the protein viaimmunoprecipitation prior to streptavidin
blot detection. For example, probing the S-palmitoylation state of calnexin showed that ER
stress promotes its depalmitoylation.24” This approach validated the autopalmitoylation on
a conserved residue in TEA domain (TEAD) transcription factors that is required for their
proper folding, stability, and interaction with coactivators.248:249 Novel S-palmitoylation on
plakophilin was discovered and found to be indispensable for the assembly of desmosomes
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that are specialized structures that serve a key role in cell-cell adhesion of epithelial and
cardiac tissues.2%0 Similarly, SOD1 was confirmed to be S-palmitoylated and the enhanced
S-palmitoylation of its disease-relevant mutants may contribute to the pathogenesis of
familial amyotrophic lateral sclerosis (FALS).25! S-palmitoylation was also discovered

for junctophilin-2 (JPH-2), a modification essential for its function in tethering the
sarcoplasmic reticulum to the plasma membrane.252 Moreover, S-palmitoylation of the
tumor suppressor Scribble (SCRIB) by zDHHC7 was evaluated to be essential for its plasma
membrane targeting, and impairment of this modification activates pathways that promote
tumorigenesis.2>3 A follow up study combining CCML and fluorescent labeling revealed
that Snail overexpression, implicated in cancer, stimulates depalmitoylation of SCRIB,
resulting in enhanced growth signaling and malignancy.25

5.4.3. Enrichment approaches—Alternatively, metabolically labeled samples can be
reacted with biotin-azide or -alkyne, enriched using avidin beads, eluted and detected

via western blot using an antibody against the protein of interest or fused tags such as
FLAG or GFP. Using this method, the S-palmitoylation by the host-cell machinery on

the effector protein LpdA in the pneumonia-causing bacteria Legionella pneumophilia was
validated, a mechanism that allows spatial control of LpdA’s activity inside the host.2%°
The novel S-palmitoylation on Glut4 and IRAP was confirmed and altered levels of their
S-palmitoylation may play a role in obesity.256 Similarly, S-palmitoylation was validated
and found to modulate the function of the apical sodium-dependent bile acid transporter
(ASBT) crucial for the circulation of bile acids in human cells.25” Moreover, the S-
palmitoylation on the C-terminal region of mucolipin 3 whose activation induces autophagy
in a S-palmitoylation-dependent manner was verified.2%8 This approach also aided in the
discovery of the regulatory function of dickkopfl (DKKZ1) in the dynamic S-palmitoylation
of its receptors CKAP4 and LRP6, which may play pivotal roles in cancer proliferation.259
Recently, both the programmed cell death ligand 1 (PD-L1) and its cognate receptor
PD-1—two interacting proteins that are key therapeutic targets in cancer treatment—were
discovered to be S-palmitoylated.260:261 |nhibition of S-palmitoylation in PD-L1 enhances
the immune response against tumors while blocking PD-1 S-palmitoylation manifested
anti-tumor effects. Therefore, designing selective inhibitors capable of suppressing the S-
palmitoylation of both cancer targets should yield new weapons in the battle against cancer.

5.4.4. Validating S-palmitoylated receptors—The methods described above were
useful to validate or identify sites of modification on protein receptors and provided insights
into the regulatory role of S-palmitoylation for proteins including the D2 dopamine receptor
(D2R), c-Met receptor tyrosine kinase (RTK) epidermal growth factor receptor (EGFR),
bone morphogenic protein receptor 1a (BMPR1a), and tumor necrosis factor alpha receptor
1 (TNF-R1).262-266 Muyltiple PATSs were found to mediate S-palmitoylation of the p-opioid
receptor D2R on Cys433 that is essential for its stability and membrane trafficking.262 The
localization of the frequently overexpressed or mutated protein c-Met RTK in cancer was
found to be controlled by S-palmitoylation by modulating transport from the Golgi to the
plasma membrane.263 zZDHHC20 was discovered to S-palmitoylate EGFR and disruption

of its S-palmitoylation combined with inhibition of EGFR phosphorylation may serve

as an effective therapeutic strategy to treat EGFR-driven cancers.284 S-palmitoylation on
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Cys173/175/180 of BMPR1a may affect BMP signal transduction and proper embryonic
development in neural stem cells (NSC), therefore regulating the fate of NSC.265An
earlier study using azido palmitate to investigate S-palmitoylation on the ligand TNF-a
provided the first evidence for the role of S-palmitoylation in TNF-R1 signaling.26” This
most recent study of the S-palmitoylation of the TNF-R1 receptor itself exemplifies how
S-palmitoylation may regulate multiple aspects of a single signaling pathway.

5.4.5. Validating depalmitoylation substrates—Validation and mapping of S-
palmitoylation sites in proteins using CCML has also served to unveil information

regarding their regulation through depalmitoylation as well as well as contributed to the
discovery of novel depalmitoylases. For example, Wnt5a signaling was shown to drive

the APT1-mediated depalmitoylation of melanoma cell adhesion molecule (MCAM), a
protein upregulated in melanoma, that influences it localization and ability to promote cell
invasion—a mechanism often linked to metastasis.288 CCML with Az-C16 in melanoma
cells treated with Wnt5a displayed reduced MCAM S-palmitoylation. Wnt5a was speculated
to control depalmitoylation through the Wnt adaptor protein DvI2, which interacts with
APT1. Moreover, oncogenic mutants of zZDHHC20 in melanoma were also assessed for
their inability to S-palmitoylate MCAM through CCML, which delineates the importance
of these mutations to support the dominance of unpalmitoylated MCAM for melanoma cell
invasion. In another study, APT1 was found to regulate the differential localization of Numb
and B-catenin—two proteins that determine cell fate.25% The S-palmitoylation status of these
proteins, probed through CCML with Az-C16, including the three conserved residues in
Numb predicted to be S-palmitoylation sites was verified through site-directed mutagenesis.
The tight control of protein localization conferred by APT1 on Numb and B-catenin affects
the downstream transcriptional activity of Notch and Wnt signaling during cell division.

Both palmitoylation and depalmitoylation can proceed simultaneously to promote protein
function.270 For example, Alk-C16 labeling showed that the T helper 17 (Ty17)

cell differentiation stimulator, STAT3, undergoes a cooperative palmitoylation and
depalmitoylation by zDHHC7 and APT2, respectively. z-DHHC7 palmitoylates STAT3 at
Cys108 for membrane recruitment and subsequent phosphorylation. APT2 then selectively
depalmitoylates phosphorylated STAT3 (p-STAT3) over unphosphorylated species, which
is a critical step for the translocation of p-STAT3 in nuclear membranes and its delivery
to the nucleus to promote cell differentiation. However, overactivation of p-STAT3 leads
to accelerated differentiation that is often associated with inflammatory diseases such as
inflammatory bowel disease (IBD). Impairing the function of zZDHHC7 or APT2 through
knockout or chemical inhibition relieved symptoms in mouse models of colitis—a form
of IBD characterized by colon inflammation. Moreover, zDHHC7 and APT2 were also
found to be upregulated in IBD patients. Therefore, designing strategies to specifically
inhibit z-DHHC7- or APT2-catalyzed palmitoylation/depalmitoylation of STAT3 offers a
novel mechanism for therapeutic intervention to treat 1BD.270

CCML also facilitated the discovery of a/B-hydrolase domain-containing thioesterases
(ABHDs) as novel classes of depalmitoylases. These enzymes are directed to the plasma
membrane through S-palmitoylation on their N-termini.192:196 py|se-chase labeling using
Alk-C18 revealed the role of ABHD17 proteins in controlling palmitate turnover on PSD95
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and NRAS. All three ABHD17 isoforms (ABHD17A, ABHD17B, and ABHD17C) are
required for dynamic cycling of NRAS Jn vivo.192 Similarly, ABHD10 governs the anti-
oxidant activity of PRDX5 (an S-palmitoylated protein validated via Alk-C18 labeling) in
mitochondria through the depalmitoylation of a nucleophilic cysteine in its active site.2’1

In summary, these various approaches for validating the lipid modification on proteins

offer a range of options for researchers to achieve their goals. Although fluorescence-based
methods offer direct confirmation of the PTM on the protein, several other labeled proteins
in the lysate that co-migrate with the protein may overwhelm the signal and therefore
complementary validation through western blotting may be required. The use of streptavidin
enrichment of biotinylated samples may enhance the confidence on the labeling of proteins,
although it generally suffers with issues of high background. Efforts to improve this
background problem through optimizing the blocking step have been reported.272

Imaging methods to visualize dynamic PAT activity and localization

Earlier methods to tag S-acylated proteins using isotopically labeled fatty acyl analogues
were limited to detection in gels. The advent of chemical probes to tag S-palmitoylated
proteins enabled the visualization and monitoring of changes in S-palmitoylation events in
fixed cells.2’3 Cellular imaging of S-acylated proteins using clickable fatty analogues allows
for global visualization of the modified proteins, as well as the detection of a specific protein
of interest using antibodies.

5.5.1. Global S-acylated proteins—The first data that provided a cellular view of
global fatty acylation was conducted on PC3 cells, which were metabolically labeled

with various alkyne-modified fatty acyl analogues and clicked with rhodamine-azide after
cell fixation.180 Fatty-acylated proteins were distributed as punctate patterns across the
cytoplasm and plasma membrane, with subtle variations observed among varying fatty acyl
analogues employed. Changes in Spalmitoylation events were also monitored at different
stages of cell division, revealing that S-palmitoylation is spatiotemporally regulated during
the cell cycle.

Imaging of protein S-acylation in protozoans illuminated its multiple roles in the

invasion mechanism of these parasites. Flow cytometric analysis and cellular imaging

on Lefishmania donovani cells labeled with Alk-C16 and treated with 2-BP showed a

drastic decrease in global S-palmitoylation with concomitant morphological defects.274
Inhibition of S-palmitoylation further led to a severe loss of cell movement and disconcerted
invasion pattern. Cellular imaging using Alk-C18 allowed for quantification of the total
S-palmitoylated proteome in multiple life stages of £ falciparum.?™ The PAT activity

in free merozoites were imaged for the first time, with the schizont stage showing the
highest number of S-palmitoylation events compared to the ring and trophozoite stages.
S-palmitoylation in merozoites was found to be dynamic and regulated in response to natural
signals that trigger microneme secretion, an important mechanism for red blood cell (RBC)
invasion. Similarly, visualization of the S-palmitoylated proteome shed some light on the
relationship between S-palmitoylation and other regulatory mechanisms involving cysteine
residues. A recent study employing Alk-C18 observed similar results, showing that the
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schizont stage harbors the most S-acylated proteins followed by trophozoite and ring stages,
respectively.276 Higher resolution images were acquired by using single-molecule switching
super-resolution microscopy (SMS) on samples directly labeled with a fluorophore-azide,
or through electron microscopy on biotinylated samples tagged with streptavidin-gold
nanoparticles. These methods provide rapid and high-throughput strategies for microscopic
examination of protein S-acylation without the need for transfection, which is a difficult
endeavor to achieve in many cellular systems such as £, falciparum.

CCML and fluorescent labeling with primary mouse cortical neurons revealed that
alterations in S-nitrosylation result in decreased global S-palmitoylation.2”7 Perturbations of
S-nitrosylation/ S-palmitoylation crosstalk of proteins associated with synaptic transmission
and plasticity might lead to the destabilization of synaptic systems implicated in chronic
stress-related diseases. In dorsal root ganglion (DRG) neurons, cellular labeling and imaging
revealed that cGKI, a kinase involved in axon branching, co-localizes in the DRG growth
cone along with the bulk S-palmitoylated proteome.278 This evidence, together with other
biochemical data, suggests a potential role for cGKI-mediated transduction in modulating
S-palmitoylation, which contributes to cone enlargement and neurite extension of DRG
neurons.

The dynamic feature of S-palmitoylation is central to its regulatory role in protein function,
stability, and localization. Pulse labeling techniques in imaging PAT activity may provide
insights into the rate of turnover in cells similar to chemical proteomics. CCML using
palmitate analogues as a pulse can be a valuable tool to determine protein turnover. Pulse-
washout experiments using Alk-C16 revealed rapid turnover of global S-palmitoylation in
PC3 cells.180 pulsing with Alk-C16 and subsequent chasing with palmitic acid enabled
tracking of dynamic S-palmitoylation of specific proteins.184 The O-palmitoylated Wnt3a
appeared to have the slowest turnover rate compared to the S-palmitoylated proteins
investigated. Pulse-chase experiments in cellular imaging also allowed for monitoring of
protein transport. Anterograde transport proteins were found to be S-palmitoylated by
zDHHC3 and zDHHCY in the c¢/s-golgi and this modification accelerates their intragolgi (cis
to trans) transport.2’® The intrinsic physical properties of the fatty acyl side chain promotes
localization in the highly curved regions of the c/s-golgi, resulting in the observed enhanced
rate of transport.

5.5.2. Specific S-acylated protein—Another strategy to assess the localization

of specific S-acylated/ S-palmitoylated proteins is through subcellular fractionation of
labeled protein lysates, followed by immunoprecipitation, click reaction and western blot
detection.280 However, imperfections in the cell lysis may affect the integrity of the
generated fractions and could complicate subsequent interpretation concerning the true
localization of S-acylated/S-palmitoylated proteins of interest.1® To this end, Hannoush
and coworkers developed a robust fluorescence imaging platform by combining CCML
using Alk-C16 with proximity-ligation assay (Palm-PLA\) to track specific S-acylated/S-
palmitoylated proteins in intact cells (Fig. 7A).281.282 |n this method, cells expressing
the protein of interest are metabolically labeled with Alk-C16 (or Alk-C18), fixed and
permeabilized, then clicked with an azide-modified tag. Two primary antibodies that
recognize the protein and the tag are introduced, followed by treatment with two secondary
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antibodies specifically binding to each primary antibody. These secondary antibodies are
conjugated to complementary oligonucleotides, which hybridize to form a closed circle
when both are in close proximity. A rolling-circle amplification is then carried out with
a fluorophore-labeled oligonucleotide complementary to the closed circle, generating a
fluorescence signal to visualize localization of the tagged protein. This approach enabled
the visualization of various proteins in multiple intact cell lines,281 as well as successful
tracking of Wnt3a through the secretion pathway.84

Palm-PLA was also used with Alk-C18 to examine the distribution pattern of S-
palmitoylated JPH2 (palm-JPH2) in rat ventricular myocytes, while the total JPH2 was
concurrently visualized by immunofluorescence (IF-JPH2).252 In order to authenticate the
observed palm-PLA signals, unpalmitoylated forms were also imaged by reaction with a
maleimide derivative of biotin in lieu of the palmitate-alkyne/biotin-azide tag (Unpalm-PLA,
Fig. 7B). Through the complementary methods Palm-PLA, Unpalm-PLA and IF, palm-JPH2
was found to exhibit slow turnover rates of S-palmitoylation along the z-axis of the cell
periphery. Using structured illumination microscopy on the myocyte surface, palm-JPH2
and IF-JPH2 were observed to localize at distinctly different plasma membrane subdomains
with little overlap. These results indicated that JPH2 S-palmitoylation is stable in the cell
periphery while dynamic along the lateral cell surface.

Indeed, imaging S-acylated/ S-palmitoylated proteins in intact cells has been made possible
through the use of CCML. In labeling with azide-modified probes, significant background
arises from non-specific reaction of the alkyne reagent with free thiols. Activation of
terminal alkynes by copper (1) can result in reactions with other nucleophiles (beyond
azides), leading to strong background labeling when the alkyne reagent is present in
excess. In fact, this copper (I)-catalyzed reaction between terminal alkynes and thiols

has been repurposed for the construction of alkylsulfides in the presence of molecular
oxygen.283 Blocking these functional groups via alkylation with iodoacetamide may
improve visualization?84 and excluding the complexing ligands (e.g. TBTA and THPTA)
may also provide enhanced quality of cellular imaging of cells treated with clickable
analogues.184.275.277 Eyrthermore, these methods have generally been limited to fixed cells
since the requirement for toxic Cu(l) in CUAAC restricts its application to live-cells.
Imaging of S-palmitoylation activity in living cells and /7 vivo may provide real-time
monitoring of S-palmitoylation dynamics and should be of great interest in future studies.

5.6. Evaluation of fatty acyltransferase activity and inhibition

Inhibitors of PATSs are essential to study protein Spalmitoylation and have potential to serve
as therapeutic agents for relevant diseases. Inhibition of PATs can be evaluated through
examining the S-palmitoylation states of proteins of interest metabolically labeled with
Alk-C16, Alk-C17, or Alk-C18 and detected via western blotting. Inhibition of zZDHHC3-
mediated S-palmitoylation of integrin B4 (ITG p4) by curcumin occluded autoacylation

of zDHHC3 and effectively reduced levels of S-palmitoylated ITG B4 in invasive breast
cancer cells.285 Inhibition of Atpalmitoylation of Shh by Ruski-201 was visualized via

a gel mobility shift assay by using Alk-C17 labeling followed by click reaction with

a multifunctional reagent.286 Likewise, several small molecules including IWPs, C59,
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and ETC-159 were shown to effectively inhibit the O-palmitoylation of Wnt proteins

by blocking the acyltransferase activity of porcupine (PORCN) using Alk-C16 labeling
experiments.280.287-289 Aterations in Wnt signaling including overexpression of Wnts and
their receptors are implicated in various human cancers.2% Using these inhibitors may offer
an effective strategy to prevent such Wnt-driven diseases.

Cell-based /n vitro assays were developed to evaluate PAT inhibition on S-palmitoylation of
specific proteins through qualitative or quantitative analysis using fluorescence microscopy
as previously described.184.236.281.282 These techniques can be extended to high-throughput
analysis in a 96-well format that may facilitate rapid screening of PAT inhibitors.184282
Recently, a cell-based approach was reported utilizing bacterial expression systems to
visualize PAT inhibition by 2-BP.291 A falciparum PATSs ectopically expressed in an
engineered PTM-null £. coli expression system can incorporate Alk-C18 into bacterial
proteins. Effects on the global S-palmitoylation enforced by PFDHHCs can be evaluated

to screen for effective inhibitors of specific ZDHHCs. This technique provides potential

for chemotherapeutic targeting of pathogenic zDHHCs via a high-throughput screening
platform.

The identification of PAT inhibitor targets using CCML can also be accomplished via

mass spectrometry activity-based protein profiling (ABPP) and fluorescence-based assays.
For example, the palmitic acid analogue 2-bromopalmitatic acid (2-BP, Fig. 8) has

been commonly used as an irreversible inhibitor and thought to be selective for the
S-palmitoylation activities of PATs.292 However, profiling for its protein targets using

its corresponding azide (Az-2-BP) and alkyne (Alk-2-BP) analogues (Fig. 8) revealed

its poor selectivity, reacting with many targets beyond PATSs such as transporters and
chaperones.293:294 Therefore, studies employing 2-BP to validate S-acylated proteins should
be interpreted carefully and take into account any phenotypic changes or off-target effects
this reagent induces.203:274 The natural product cerulenin (Fig. 8), a known PAT inhibitor,
was derivatized into an alkyne-containing clickable form (Alk-cer, Fig. 8) to evaluate its
protein targets.2% Metabolic labeling of zDHHC4-expressing HEK293 cells with Alk-C16
or Alk-cer followed by biotinylation and western blot detection showed that Alk-C16
adducts are sensitive to hydroxylamine while Alk-cer derived modifications are resistant.
This confirms that cerulenin directly and irreversibly alkylates zDHHCs similar to 2-BP.
While Alk-cer displayed improved potency and could label all zZDHHCs tested in this study,
it also reacts with some zDHHCs bearing mutant active sites, suggesting it is not truly
on-target and “activity-based”. This may be attributed to the design of the probe which
contains a linear 12-carbon chain and differs from the native cerulenin structure. The loss of
the double bonds may affect the conformation of this probe and may explain its difference in
target specificity with the native cerulenin.

As mentioned earlier, fatty acyl modification of proteins can be reversed by acylthioesterases
such as APT1/2, which are known to be targets of the serine lipase inhibitor HDFP (Fig.

8). Activity-based protein profiling of depalmitoylases/deacylases using Alk-HDFP showed
reactivity with a specific subset of serine hydrolases with a strong preference for lipid
substrates, particularly lipases.2%8 HDFP-inhibition of depalmitoylases increases Alk-C18
probe incorporation but only represents a small fraction of the bulk S-palmitoylated form of
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the proteins.104 The targets of selective inhibitors for specific fatty acyl transferases can be
also identified through the use of Alk-C18 labeling. A SILAC-based quantitative proteomic
approach was employed to demonstrate that the inhibitor RUSKI-201 can selectively
reduce the palmitoylation levels of Hhat palmitoylation substrates at submicromolar
concentrations. 286

The development of cell-based /n vitro assays and the use of clickable analogues of PAT
inhibitors can indeed allow for evaluation of their inhibition capacity. More importantly,
employing chemical proteomics with inhibitor analogues can help delineate side reactions
with proteins and may offer information on how to improve their design to avoid reactivity
with these off-target proteins. These current inhibitors for zZDHHCs are largely based on
fatty acid structures and other scaffolds may be required to achieve greater target specificity.
With the recent success in obtaining crystal structures for zZDHHC20, the development of
inhibitors tailored to be specific to this enzyme should be possible. It is likely that additional
crystal structures for other zZDHHCs will be acquired in the future, which should aid in the
rational design of inhibitors specific to a particular z-DHHC of interest.

Enabling technologies based on clickable palmitic acid

Although cell-based and chemical proteomic approaches presented above may be useful

in evaluating inhibition of fatty acyltransferase activity, more rapid and higher throughput
methods are desirable. In an effort to innovate non-radioactive detection methods for
acyltransferase activity suitable for high-throughput screening of inhibitors, click chemistry-
based screening platforms were developed. A high-throughput method designed for
screening inhibitors of zZDHHC9-catalyzed N-Ras S-palmitoylation employed immobilized
N-Ras peptide and Alk-C18-CoA adaptable with a 384-well format (Fig. 9A).2% Through
a turn-on fluorescence assay conferred by successful N-Ras modification, the inhibition
efficiency of inhibitors were quantified and 1Cgq values were calculated from dose-response
curves. Counter-screening with an unrelated S-palmitoylated protein such as Fyn aided in
the validation of the specificity of candidate antagonists. Such a method is suitable for
pursuing potent inhibitors with high specificity for the protein substrates of interest.

Tate and coworkers established ELISA-inspired methods for high-throughput analysis of
fatty acylation. They initially introduced click chemistry ELISA (click-ELISA) to detect and
measure PAT activity of Hhat on Shh (Fig. 9B).297:2% |n this approach, an immobilized

Shh peptide is acylated by Hhat with Alk-C17-CoA and functionalized with azido-FLAG
peptide, followed by probing with anti-FLAG fused to horseradish peroxidase (anti-FLAG-
HRP) to evaluate levels of Hhat labeling. Such a method was able to quantify the potencies
of inhibitors and calculate kinetic parameters for the Hhat-catalyzed Shh A-palmitoylation.
The same group developed a fluorescence-based microfluidic mobility shift and acylation-
coupled lipophilic induction of polarization (acyl-cLIP) assays that obviate the need for

the multiple handling steps involved in click-ELISA.299:300 |n acyl-cLIP, a fluorescently
labeled Shh peptide is Apalmitoylated and the resulting hydrophobicity increase drives
binding to BSA, providing fluorescence polarization readouts. Alk-C18-CoA was used to
counter-screen candidate inhibitors for Hhat. On the basis of lipid binding to BSA, this assay
is broadly applicable to other protein lipid transferases and hydrolase enzymes.
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Albeit high-throughput, the aforementioned assays are limited to truncated peptides of
S-palmitoylation substrates. A rapid click chemistry-based On-Plate Palmitoylation Assay
(OPPA) was demonstrated to be efficient for quantifying time-dependent S-palmitoylation
on intact proteins (Fig. 9C).301 His- and FLAG-tagged protein substrates were bound

to Ni-NTA plates, S-palmitoylated with Alk-C16-CoA and clicked with azido-biotin.
Products were then eluted and captured onto anti-FLAG coated plates and detected using
fluorescently labeled streptavidin. S-palmitoylation on VAMP7 and LAT by full-length and
truncated zDHHC18 was confirmed using this method. Transforming this method into a
high-throughput scheme has yet to be accomplished.

While well-suited for determining the S-palmitoylation state of proteins of interest or
evaluating PAT inhibition, none of the methods described above directly provide details
regarding the number of fatty acylated sites nor the differential S-palmitoylation on multiple
sites in a given protein. PEG-switch or acyl-PEG exchange (APE) assays based on thioester
hydrolysis strategy were initially developed (Fig. 10A).99:221 These methods use maleimide-
functionalized heavy PEG groups reactive with putative S-palmitoylation sites on free
cysteines that can be used to delineate several S-palmitoylated species of a protein based

on mass shifts in electrophoretic gels. An orthogonal approach based on click chemistry was
recently innovated by the Chamberlain group referred to as mPEG-click (Fig. 10B).302 In
this strategy, cells expressing the proteins of interest were treated with a clickable probe,
e.g. Az-C16, followed by click reaction with a heavy PEG linker and detected via western
blot. Similar to PEG-switch assays, the number of S-acylated sites can be visualized as the
number of differentially migrated bands, as well as used to distinguish between mutations
that abrogate either site-specific or global protein S-acylation. It also facilitates the study

of dynamic acylation cycling within a single protein when combined with pulse-chase

and time-course labeling techniques. Using this strategy, the extents of modification of
multiple S-palmitoylated cysteine residues in SNAP25 were determined, as influenced by
mutations in its linker region that alters its interaction with zDHHCs. Indeed, mPEG-click
complements PEG-switch assays in that it provides a broader scope for investigating S
acylation dynamics in active living cells, while the latter is suitable for analyzing the extent
of S-acylation in samples not amenable to metabolic labeling such as tissues.302

In summary, these enabling methods developed for detecting fatty acyltransferase activity
have indeed expanded the utility of the clickable analogues of palmitic acid. However,
technologies based on /in vitro enzymatic activities of zZDHHCs have been limited to

the screening platforms noted above and not generally for selective modification and
bioconjugation of proteins. Unlike A-myristoylation and S-prenylation where the site
modification and substrate recognition is well-defined, S-acylation lacks these features and
hence may not be useful for site-specific protein labeling applications discussed in Section 9.

6. Biological applications in N-Myristoylation

The recent efforts in defining the N-terminal canonical sequence, as well as the development
of bioinformatic tools has aided our ability to predict A-myristoylated proteins.113:303
Although these tools are useful, their less than perfect predictive power necessitates
experimental validation of putative A/-myristoylated proteins of interest. Click chemistry-
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based analogues of myristic acid including Az-12 and Alk-C14 (Fig. 11) have been

used to simplify the validation of A-myristoylated proteins, assessment of NMT inhibitor
efficacy, and proteome-wide profiling of N-myristoylated proteins.18:179.304-306 AJthough
selective, these probes can also be recognized as substrates that modify S-palmitoylated
and GPI-anchored proteins.177:180 Owing to the stability of the amide bond in Atacylation
versus S-acylation (S-palmitoylation) and ester (GPI anchor) bonds, selective monitoring of
N-myristoylated proteins can be achieved through releasing S-palmitoylated and GPI-APs
aided by basic hydrolysis prior to detection (Fig. 6A).192

The use of clickable myristic acid analogues has also facilitated cellular imaging,284

when used in concert with additional technologies involving transfection vectors,307.308
cell-free expression systems,3%9 and ELISA-based techniques.310 These methods have
allowed the characterization of A~myristoylation substrates and probing for NMT

activity. Furthermore, methods complementary to bio-orthogonal labeling such as photo-
crosslinking, and Sort-A and Phospho tagging strategies have expanded the available tools
to study A-myristoylation.311-313 Although A-myristoylation plays major roles in cancer
and immunity,314 significant efforts have been invested into understanding and targeting this
lipidation process in pathogens via CCML-based methods. This section focuses on those
studies enabled by CCML with clickable myristic acid probes that highlight the importance
of A-myristoylation in regulating protein functions.

Proteome-wide analysis on N-myristoylation and defatty-acylation

Although the probes developed for fatty acylation of proteins are often amenable for
incorporation into both NV-myristoylated and S-acylated proteins, the analogues Az-C12 or
Alk-C14 more efficiently label AV-myristoylated proteins.3%> The preference for these probes
corroborates observations made regarding the substrate specificity of NMTs which include
the importance of chain length over hydrophobicity and the polarity of functional groups
present in the fatty acyl-CoA analogue.11! Their active site architecture also allows for
bending of the fatty acyl substrate with exquisite control of acceptable chain length and
steric bulk in the chain end. Moreover, comparison of the extent of labeling of biorthogonal
fatty acid probes with varying chain lengths revealed that metabolic labeling with Az-C12
or Alk-C14 provides robust and irreversible labeling compared to analogues 2—4 carbons
longer.178.179 Their observed resistance to base hydrolysis in streptavidin blots and in-gel
fluorescence analysis is a strong indication of amide bond formation, a characteristic feature
of A-myristoylated proteins. Their labeling profiles also exhibit distinct labeled proteins
compared to the longer probes across varying cell lines, suggesting that the substrate scope
of Az-C12 or Alk-C14 differs from the longer probes that are potentially S-palmitoylation
substrates. More importantly, Alk-C14 is preferentially and effectively blocked by inclusion
of the native myristic acid or the weak NMT inhibitor 2-hydromyristic acid, further
validating this probe as a suitable surrogate for labeling A-myristoylated proteins.

6.1.1. Profiling N-terminal myristoylation—Tate and coworkers first described the
use of Alk-C14 combined with CCML and quantitative proteomics in 2. falciparum.17’

In this protozoan, both A-myristoylated proteins and GPI anchors were identified. To
distinguish NMT substrates from GPI-anchored proteins, basic hydrolysis before enrichment
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enabled identification of more than 30 A-myristoylated proteins, with some showing
evidence of intact modification on their N-terminal peptide determined through the use of a
trypsin-cleavable reagent, AzZKTB. These proteins participate in a diverse range of functions
including motility, transport, development and phosphorylation pathways.

When quantitative mass spectrometric methods described above were applied to mammalian
cells, more than 100 co- and post-translationally A~glycine myristoylated proteins were
detected in HeLa cells.315 To validate those candidates, both NMT knockdown and
inhibition experiments using a small molecule were conducted, revealing 70 proteins
responsive to inhibition at high confidence. This NMT inhibition perturbs the function

of myristoylated proteins, leading to ER stress, cell cycle arrest, and induced apoptotic
cancer cell death.316 Furthermore, 87 candidate A“myristoylated proteins were identified
across HeLa, MCF7, and HEK?293 cells, with 36 found in common among these cancer

cell lines.317 This suggests that the levels of NMTs and expression of their substrates

are cell-type specific. The same group also presented the first quantitative analysis of the
dynamic changes in A-myristoylation in a developing organism through pulse-chase labeling
with Alk-C14.176 A-myristoylation events were found to be more prominent during the early
development of zebrafish, particularly with those involved in maturation, melanogenesis,
meiosis, and hedgehog and Wnt pathways.

6.1.2. Lysine fatty and defatty-acylation—As discussed previously, fatty acylation
on the A£-side chain of lysine was previously thought to occur on a limited number

of proteins with TNFa described as the first A£-lysine myristoylated protein.122 There

is burgeoning evidence that this modification is regulated by members of the histone
deacetylase (HDAC) and sirtuin families of hydrolases.130:318 Although early studies
suggested that this lysine modification occurs through A-myristoylation, metabolic labeling
with the palmitate analogue Alk-C16 results in better incorporation compared with Alk-
C14.179.319 | contrast, recent findings suggest that Ae-lysine fatty acylation is catalyzed
by NMTs in mammalian cells, at least for the potentially Af-lysine myristoylation of
ARF6 GTPase.126 Due to this ambiguity, this modification is more rigorously referred

to as Ae-ysine fatty/defatty-acylation. Proteome-wide analysis of probe-labeled A©-ysine
fatty acylated proteins can be accomplished through combining CCML and quantitative
proteomics with genetic manipulation, chemical inhibition of the hydrolases, or selective
hydrolysis of A-glycine myristoylated proteins. Lin and coworkers utilized both Alk-C14
and Alk-C16 in a SILAC-based quantitative proteomic analysis to profile the targets of the
defatty-acylase SIRT6 in mouse embryonic fibroblasts (MEFs) with wild-type and SIRT-6
knockout phenotypes.124 Out of 865 and 1285 proteins enriched from Alk-C14 and Alk-C16
labeling, respectively, the list was narrowed down to 5 proteins as targets of SIRT6 after
strict data filtering. One of those proteins was RRas2, where Af-lysine fatty acylation is
essential for the activation of P13K/Akt pathway and promotion of cell proliferation. Owing
to the stringent criteria used in this study, the data should be interpreted with caution

as many actual protein targets may have not qualified to be included in this extremely
reduced list of SIRT6 substrates. Following the same approach using Alk-C16, a proteome-
wide analysis of MCF-7 cells identified SHMT2 as an HDAC11-mediated defatty-acylated
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protein.130 The Ae-lysine fatty/defatty-acylation of SHMT2 was shown to play a key role in
regulating the type I interferon (IFN) signaling during immune response.

Several other hydrolases including SIRT1, SIRT2, and SIRT3 and HDACS display
appreciable lysine defatty-acylation activity in vitro.127:320 SIRT2 efficiently hydrolyzes
Alk-C16 in metabolically labeled KRas-4a, RalB, and ARF6, but no validated fatty acyl-
modified substrates were identified for the other hydrolases.123.125.126.321 proteins with
fatty acylation regulated by these hydrolases are anticipated and their discovery should be
facilitated by the established CCML and chemical proteomic approaches described here.
Importantly, while these relatively recent studies presented strongly suggest that lysine fatty/
defatty-acylation is plausible based on clickable probe labeling, they have been conducted
through exogenous treatment with fatty acid analogues. It is possible that this approach

may result in induced hypermaodification of proteins that may not necessarily reflect
physiological conditions. In order to further hone in on the role this type of modification and
its potential biological implications, direct evidence of A*-lysine modification under more
native (unperturbed) conditions may be required. Future investigations should strive towards
providing concrete evidence for the existence of this type of modification and deconstruct
the precise molecular mechanisms that rationalize its occurrence. It is noteworthy that while
NMTs can facilitate Af-fatty acylation in GlylLys2-containing substrates, the enzymes
responsible and mechanisms involved in this type of modification on Lys residues near the
C-terminus of a protein such as in KRas-4a and RalB remain unknown. It is possible that an
S-to-Ntype of lipid transfer may occur from initially formed S-acylated proteins but further
studies are needed to investigate this possibility.

6.2. Mammalian N-myristoylated proteins

The use of Az-C12 was pioneered by Hang and co-workers for detecting the V-
myristoylation of the kinase Lck at endogenous levels via Staudinger ligation.178 This
marked the birth of using clickable myristic acid probes to validate A-myristoylation
substrates. While intact proteins are viable for post-translational labeling /7 vitro,322 the
co-translational nature of A-myristoylation on nascent proteins can be examined by tagging
proteins in one pot using cell-free transcription/translation systems (Fig. 12A).309 In this
strategy, genes for proteins of interest are inserted in plasmids and transcribed and translated
in lysates obtained from rabbit reticulocytes or insects. These lysates contain the essential
elements to express proteins and in the presence of a clickable myristic acid analogue,
co-translational labeling takes place. Importantly, the free acid form of the lipid analogues
can be used since they are converted to their -CoA forms /n situ.

Prior to the development of Alk-C14, the complementarity between azides and phosphines
for Staudinger ligation enabled the use of Az-C12 to rapidly detect and identify post-
translationally A-myristoylated proteins during apoptosis.3%4 The Staudinger reaction

was also useful in confirming the A-myristoylation and S-palmitoylation of DCNL3 in
cells treated with Az-C12 and Az-C14, respectively.323 While related proteins DCNL1
and DCNL2 share the same function by mediating Cul neddylation, only DCNL3 is
directed to the plasma membrane through a myristoyl anchor, facilitating neddylation of
the membrane-localized Cul protein. This exemplifies the role of lipid modification in
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modulating localization and subsequent substrate specificity of related proteins sharing the
same function. Likewise, this method aids in understanding how species-specific function
is regulated by A-myristoylation. Human LMCD1 activates transcription factors that
stimulate cell proliferation and migration while the mouse homolog conversely represses this
pathway. The NMT2-mediated AV-myristoylation of mouse LMCD1, as evidenced by Az-
C12 labeling, reversed its repressor activity, underscoring the differential roles of LMCD1
transactivation activity in humans versus mice.324 Furthermore, A-myristoylation regulates
the cell type-specific sorting of proteins such as the spermatozoan variant Hexokinase 1
(HK1S).325 Cell-free translation combined with co-translational labeling with Az-C12 and
subsequent Staudinger detection confirmed HK1S A-myristoylation; and the presence of
myristate directs it to the plasma membrane, which is not the case in other cell-types.

Labeling with Az-C12 was also the basis for the development of an ELISA-based

method called NMT-azido-ELISA (Fig. 9D).310 This approach differs from those designed
for palmitoylation in that it does not involve immobilization in the first step. Instead,
peptide substrates bearing a FLAG tag are enzymatically labeled with Az-C12-CoA in
solution followed by Staudinger coupling with a biotin-phosphine reagent. The biotinylated
substrates are then captured with immobilized anti-FLAG antibodies and detected through
peroxidation-driven chemiluminescence. This versatile technology offers the ability to
measure enzymatic activities of wild-type and mutant NMTs, as well as measure the efficacy
of candidate NMT inhibitors. Using this method, the loss of NMT activity in NMT-deficient
knockouts was confirmed, serving as a framework for the succeeding biochemical assays
that pinpointed that NMT deficiency results in aberrant T cell development; this was

later ascribed to changes in calcineurin activity during IFN signaling.326:327 Although this
method uses Staudinger reaction in its current form, it could be adapted to function with
other bio-orthogonal reactions that manifest faster kinetics and use more stable reagents.

The Alk-C14 probe has found wider applications in discovering and characterizing A-
myristoylated proteins owing to its lower background, similar to the clickable palmitic

acid probes.179180 CCML with Alk-C14 aided the discovery of regulatory mechanisms

of proteins or their binding partners through their subcellular localization dictated by A~
myristoylation. The A-myristoylation on Fragile X-related protein 2 (FXR2P) was shown

to control its distribution in neuronal axons and its interaction with Fragile X mental
retardation protein (FMRP).328 Since FMRP plays important roles in axonal and presynaptic
functions and relies on FXR2P for proper localization, A-myristoylation on FXR2P

may be implicated in Fragile X syndrome linked to intellectual disability and autism.
N-myristoylation also influences the subcellular localization of proteins associated with
mitochondrial morphology and degradation (mitophagy). Myristate modification directs the
autophagy receptor mouse Stbd1 to ER-mitochondria junctions, and impairment of this
process induced significant mitochondrial fragmentation and clustering, possibly associated
with autophagy.32° Similarly, the A-myristoylation-dependent localization of AMP-activated
proteins kinase (AMPK) to damaged mitochondria was also found to mediate mitophagy.33°
Treatment with a 2-hydroxymyristic acid, a weak inhibitor of NMTs,331 validated its
N-myristoylation through mislocalization upon treatment with effective concentrations of
this inhibitor. Furthermore, A-myristoylation can be controlled by proteins that modulate
the interaction between NMTs and their substrates. The CSIG protein facilitates A~
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myristoylation of PPM1A by mediating the NMT-PPM1A interaction.332 Evidence for a
CSIG-PPM1A-NMT complex was obtained by co-immunoprecipitation and reduced Alk-
C14 labeling of PPM1A was observed upon CSIG knockdown. Indeed, the use of clickable
analogues of myristic acid not only directly validates the myristoyl modification on proteins
but also can indirectly confirm the role of this lipid modification in the assembly of protein
complexes.

Although most A-myristoylated proteins are co-translationally modified, a number

of substrates are post-translationally modified during apoptosis.31> Apoptotic caspase
activation leads to A-myristoylation of a newly exposed N-terminal glycine (Fig. 12B).333
Thus, CCML with Az-C12 or Alk-C14 was used to show the upregulation and post-
translational A-myristoylation of protein kinases A and C during chemically induced
apoptosis.238:307 Alk-C14 labeling readily detected drastic changes in the A-myristoylated
proteome during apoptosis, with concomitant caspase-mediated cleavage of NMTSs resulting
in impaired NMT activity.114 The interplay between NMTs and caspases may explain the
high expression levels of NMTs in cancer cells subverting apoptosis. Moreover, the caspase-
cleaved huntingtin protein (HTT) liberates a myristoylated C-terminal product detected
using Alk-C14.334 The lipidated product localizes to the ER and promotes accumulation

of autophagosomes, suggesting a connection between HTT and autophagy with possible
implications in Huntingtin’s disease (HD). A later study showed that an HTT variant with
G533E mutation blocked caspase cleavage and subsequent A-myristoylation, leading to
cytotoxicity.335 It was noted that this HTT variant was an important disease marker that may
lead to earlier onset of HD.

Several proteins associated with oncogenesis such as Src and various kinases are dependent
on A-myristoylation for their proper cellular function.336 Alk-C14 labeling revealed

that excessive exogenous levels of myristic acid elevates levels of A-myristoylated Src,
implicating high-fat diets as drivers of prostate cancer tumorigenesis.33” In a separate
study, Az-C12 labeling illustrated that NMT1 regulates cancer cell proliferation through
Src N-myristoylation and blocking the lipid-modification suppresses Src kinase activity.338
A recent study has shown that treatment with the NMT pan-inhibitor PCLX-001 along
with Alk-C14 labeling in B-cell lymphoma induced global impacts on the A-myristoylated
proteome and particularly abrogated Src A-myristoylation.33° This protein along with non-
myristoylated proteins involved in B-cell receptor signaling were degraded upon NMT
inhibition, leading to cancer cell death both /n vitro and in vivo. In addition to Src,

the N-myristoylated protein fibroblast growth factor receptor substrate 2 (FRS2) also
contributes to carcinogenesis through FGF/FGFR-mediated oncogenic signaling and FGF10-
induced tumorigenesis.340 Pharmacologically targeting its AV-myristoylation, as verified
through diminished Az-C12 incorporation, inhibits cancer cell proliferation and migration
as well. These studies provide evidence that designing effective NMT inhibitors can lead to
promising drug candidates for cancer treatment. Clinical applications for such compounds
including PCLX-001 are anticipated. However, exploring their on-target selectivity through
enzymology and crystallographic studies will be required to validate these inhibitors,
especially in the case with PCLX-001 treatment where many non-myristoylated proteins
were also degraded.
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6.3. Parasitic protozoans and fungi

Targeting NMTs is a viable strategy for the development of therapeutic agents owing to the
requirement of A-myristoylation for the survival of human pathogens.111:341-343 |ntegrated
chemical biology methods combining CCML and quantitative proteomics with selective
NMT inhibition allowed for the robust identification of the parasite A-myristoylated
proteome in A, falciparum.17” From that proteome-wide analysis, the proteins ISP1 and I1SP3
required for RBC invasion emerged as attractive targets; additionally, their A-myristoylation
status was previously validated using Alk-C14 in a related malaria parasite, 2 berghei.3**
Increasing resistance of these parasites to current antimalarial drugs underscores the need

to generate new classes of parasite-specific chemotherapeutics. In an effort to preempt
potential resistance to lead candidate inhibitors of 2 falciparum NMTSs, a mutant PFNMT
with a single amino acid substitution (G386E) was generated that exhibited resistance to
current known parasitic NMT inhibitors.34> Such an approach enabled the generation of a
new class of NMT inhibitors capable of inhibiting the growth of predicted resistant strains.
IMP-1002 emerged as a lead candidate with on-target inhibition of NMT as shown by
decreased labeling by Alk-C14 of myristoylated proteins. Future studies can be directed
towards designing pharmacological inhibitors against G386E-mediated resistance without
compromising target selectivity.

Trypanosomes are the causative agents for fatal diseases including African sleeping
sickness and Chagas disease caused by 7rypanosoma bruceiand Trypanosoma cruzi,
respectively. A-myristoylation is essential for the cell viability and development of these
parasites and therefore offers an attractive target for treating those diseases. For example, N-
myristoylation of ARL6 was demonstrated using CCML with Alk-C14 and is important for
its membrane localization to promote flagellum extension in 7. brucei3*6 Global profiling
robustly identified 101 enriched proteins with 46 possessing the N-terminal glycine motif
and 53 responded to TONMT inhibition.212 On the other hand, the azide analogue Az-C12
was employed to validate NMT inhibition as a potential therapeutic strategy to target 7.
cruzi3#7:348 Subsequent CCML with Az-C12 and quantitative proteomic analysis profiled
more than 50 A-myristoylated proteins sensitive to NMT inhibition.349 Only half of that list
of proteins overlaps with those identified from 7. brucei?1? This observed disparity in the
sets of myristoylated proteins between two species could be attributed to the type of myristic
acid analogues used or differences in metabolism such as the rate of plasma turnover, as
evidenced by their differential responses to NMT inhibition.212

Other neglected tropical diseases such as leishmaniasis and toxoplasmosis are caused by
protozoans that also require A-myristoylation for proper protein functions.343 Label-free
quantitative analysis with Alk-C14 labeling in L. donovani revealed 67% overlap between
the parasite and host A-myristoylated proteomes, of which 30 parasitic A-myristoylated
proteins displayed sensitivity to LANMT inhibition.3%0 Although this indicates that LANMT
is a druggable target, some bonafide A~myristoylated proteins including CAP5.5 and
phosphatase PPEF did not respond to chemical inhibition. This prompted the development
of more potent pharmacological inhibitors based on benzothiophene and pyrazolyl scaffolds
that exhibit high selectivity for LANMT.351.352 However, these effective inhibitors suffer
from problems of chemical stability and display poor cellular uptake. A recent study
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reported a comprehensive development of a series of thienopyrimidine-based small
molecules that showed high selectivity towards LANMT versus human NMT.3%3 Through
the use of Alk-C14 labeling, a dose-dependent decrease in signals from A-myristoylated
proteins was observed, signifying the on-target intracellular activity of this novel set of
LANMT inhibitors. Furthermore, these promising therapeutic agents are effective against the
amastigote form of L. donovani, which is an excellent model to study owing to its clinical
relevance.

Global profiling of A-myristoylation in 7. gondiiidentified 76 myristoylated proteins
including 31 A~myristoylated peptides using azide-modified, trypsin- and TEV-cleavable
multifunctional reagents.3>4 Validation of A=myristoylation through Alk-C14 labeling on
two proteins, CDPK1 and MIC7, was accomplished, followed by biochemical assays
resulting in defining their key roles in egress and host-cell invasion, respectively.
Interestingly, a recent study validated the A-myristoylation of the previously uncharacterized
active serine hydrolase 4 (ASH4) in 7. gondiithrough Alk-C14 labeling.3%% /-
myristoylation on ASH4 does not influence membrane localization but is involved in a
mechanism important for parasite organization in the parasitorous vacuole. Prior evidence
suggested that this enzyme is a protein depalmitoylase.3%6 However, biochemical and cell-
based assays in this more recent work demonstrated its esterase activity on small molecules
with short chain acyl esters.

N-myristoylation is also of functional importance in opportunistic fungal pathogenic genera
including Candiaa, Cryptococcus, and Aspergillus, indicating that NMTs could serve as
attractive targets for antifungal agents.357-360 Despite the fact that this lipid modification
has been established in these pathogens for decades, information on their NMT substrates is
limited. Advances in chemical proteomic strategies should pave the way for defining their
sets of A-myristoylated proteins. Recently, Tate and coworkers profiled the A-myristoylated
proteome using Alk-C14 in the fungal pathogen of wheat, Zymoseptoria tritici 361 Out

of the 25 predicted A-myristoylated proteins from the fungal proteome, 20 were detected
through LC-MS analysis, providing a robust list of A-myristoylated proteins in Z. tritici.
Furthermore, a ZtNMT-selective inhibitor IMP-1088 showed an NMT-dependent mode-of-
action, in contrast to a previously reported NMT inhibitor IMP-162 that displayed off-target
effects.

It is noteworthy that there are no N®-lysine fatty/defatty-acylation substrates amongst these
protozoan and fungal pathogens reported to date. However, the previously characterized

P, falciparum SIRT2 can catalyze hydrolysis of medium and long chain fatty acyl groups
on model peptides /n vitro.362 Hence, lipid modifications on the Ne-side-chain may yet

be discovered in protozoans and chemical biology tools such as CCML should aid in the
characterization of its potential functional importance in these parasites. Similar to those
experiments conducted in mammalian cells, detection of this type of modification under
native conditions is necessary to demonstrate its true existence in lower eukaryotes.

6.4. Bacteria and viruses

As mentioned above, bacterial LPPs can be modified with diacylglyceryl bearing fatty
acids on an exposed N-terminal cysteine (Fig. 13A). Compared with S-palmitoylation, only
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a modest number of myristoyl-containing LPPs are present in Gram-negative £. coli.2%?
However, clickable fatty acid labeling in the Gram-positive Clostridium difficile, a bacteria
associated with severe gastrointestinal diseases, revealed that Alk-C14 can efficiently

label its LPPs.363 Inactivation of lipoprotein diacylglyceryltransferase (Lgt) led to almost
complete loss of probe labeling, validating the observed A-myristoyl modification that
occurs on LPPs. Quantitative proteomic analysis then yielded 65 candidate LPPs with 56
responsive to competition with the native myristate, comprising 74% of the predicted LPP
proteome in C. difficile. The transcription factor SpoOA which regulates sporulation, a self-
preservation mechanism of bacteria, was further shown to be modulated by LPP expression.
These results highlight the involvement of LPPs in C. diifficile sporulation and lays the
groundwork for future studies on LPP lipidation in other Gram-positive bacteria.363

Bacteria also leverage protein A-myristoylation to direct their secreted effector proteins to
appropriate subcellular locations critical for their virulence.119:364.365 Concurrently, these
pathogens may also alter PTMs on host proteins to redirect host pathways that promote their
replication and escape from the host immune system.366 A bacterial T3SS effector protein
IpaJ peptidase, a cysteine protease from Shigella flexneri, was discovered to efficiently
cleave the Atmyristoylated glycine of host proteins (Fig. 13B).387 Lysates from mammalian
cells metabolically labeled with Alk-C14 showed diminished global AV-myristoylation after
infection with S. flexneri 358 Global N-myristoylated proteome profiling revealed a number
of substrates cleaved by IpaJ with high specificity to MV-myristoylated ARF/ARL GTPases.
The myristoyl group on these proteins serve as the binding site of IpaJ, leading to hydrolysis
of the substrate glycine peptide bond catalyzed by its active site cysteine. Interestingly,
ARF6 was the only protein in ARF family found to be an unsuitable substrate for IpaJ. It is
possible that the observed regulation on ARF6 dimyristoylation by NMTs for its localization
in the plasma membrane is implicated in the poor cleavage by 1paJ.126 In a subsequent study,
BT3 from Vibrio vulnificus, which belongs to a family of multifunctional auto-processing
repeats-in-toxin (MARTX) effector proteins, was observed to bind myristoylated ARF1.369
Its domain X (DmX) is structurally homologous to a cysteine protease AvrPphB and it

was therefore speculated to hydrolyze A-myristoylated glycine. However, Alk-C14 labeling
experiments did not reveal diminished A-myristoylation of ARF1 upon incubation with
DmX unlike IpaJ.

N-myristoylation of viral proteins is critical for their host cell entry, replication, assembly,
and infectivity.379-372 Duye to the small proteomes of viruses, A-myristoylated proteins
can be conveniently assigned based on predicted N-terminal glycine motifs unlike S-
palmitoylation. However, viruses not only require lipid-modification of their proteins but
also modulate host-cell PTM machinery.366 Therefore, CCML allows the detection and
identification of not only AV-myristoylated viral proteins, but also host proteins impacted
due to infection. Az-C12 labeling in infected cells validated the A-myristoylation of Pr55929
HIV-1 protein, and that NMT1 promotes HIV-1 replication by modulating the expression
of viral proteins.373 In HSV, quantitative profiling of AV-myristoylated proteins using Alk-
C14 in HSV-infected cells afforded 5 putative myristoylated viral proteins and revealed

a dramatic reduction in host global A-myristoylation.2%6 Although novel myristoylated
viral proteins were identified, known A-myristoylated viral proteins were not enriched,
potentially owing to the small number of tryptic peptides from these short proteins.
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Among the diverse roles of A-myristoylation in promoting viral virulence, the co-
translational A-myristoylation of viral structural capsid proteins (\VPs) is critical for

viral capsid assembly.374 Therefore, inhibiting their N-myristoylation may attenuate viral
infectivity. Effective inhibition by a non-selective human NMT inhibitor DDD85646 on the
capsid protein VPO was verified using Alk-C14 and in-gel fluorescence assays.3"® Cells
infected with the picornavirus CVB3 and treated with DDD85646 diminished viral RNA
encapsidation and viral genome transfer, rendering the virus less infectious. At the same
time, Tate and coworkers screened a series of HSNMT inhibitors on cells infected with the
common cold virus, rhinovirus (RV).376 The most potent and HsSNMT-selective inhibitor
IMP-1088 reduced N-myristoylation of host proteins and capsid protein VPO in a chemical
proteomic profiling experiment. This picomolar inhibitor is a derivative of the 2 vivax
NMT-specific IMP-72,377 refined through a fragment reconstruction and linking approach.
Moreover, it displayed effective inhibition of replication of poliovirus and foot-and-mouth
disease virus with no observed toxicity to host cells.

Given the key role of A-myristoylation in oncogenesis and infections, designing human
and parasitic NMT-selective inhibitors as potential chemotherapeutic agents against cancer
and infectious diseases remains an active area of research.336:343 Several inhibitors have
emerged and been claimed to be selective for targeting HsSNMT. However, a recent study
investigated the potency of five commonly used inhibitors against HSNMT through a
series of biochemical assays including metabolic labeling with Az-C12.331 Three of those
compounds failed to arrest NMT activity while two high-affinity inhibitors displayed on-
target NMT inhibition with low cytotoxicity. Transforming these potent inhibitors into
formulations viable for clinical trials is therefore anticipated.

7. Biological applications in S-Prenylation

The existing paradigm for protein S-prenylation is that it occurs on proteins that terminate
with Caja,X box motifs for farnesylation and geranylgeranylation, and CCXX, XXCC,
XCXC motifs for dual geranylgeranylation of the Rab family of proteins.378-380 Basing
on those criteria, previously validated prenylated proteins have been used as models

to generate computational tools that allow /n sifico screening for protein S-prenylation
substrates.140-381 However, despite the existence of canonical S-prenylation motifs and
prediction tools, several approaches have been put forth to experimentally validate the
true S-prenylation status of proteins. These methods involve /n vitro reactions on CajapX
box-containing substrates in peptide libraries or genetic screening in yeast thermotolerance
assays.138.139.382.383 Although these methods are generally high throughput, they are
often limited to Ca;a,X box peptide substrates mimicking the C-termini of proteins.

The sequences upstream of the CajasX box on proteins contribute to substrate reactivity
and therefore these peptides may not completely reflect substrate recognition on intact
proteins.141

Bio-orthogonal labeling of prenylated proteins rapidly emerged and a number of isoprenoid
analogues were reported.1® The promiscuity of prenyltransferase enzymes offers the
advantage of introducing a variety of functional groups onto the isoprenoid probe.384:385
For example, light-activatable and antigenic groups enabled photoaffinity labeling and
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prenyl-targeted antibody-based detection of prenylated proteins.386-3%0 A biotin-conjugated
geranyldiphosphate analogue (BGPP, Fig. 14) was also utilized to directly detect and enrich
prenylated proteins in both metabolic labeling and /n vitro Sprenylation experiments,
obviating the need of secondary tagging unlike click reaction-based approaches.158:391-393
Although that probe is an efficient substrate for RabGGTase owing to this enzyme’s larger
binding site, it however requires an engineered FTase and GGTase-I to effectively label
singly prenylated proteins.391 Therefore, the scope of BGPP in probing prenylated proteins
is restricted.

Clickable analogues of isoprenoids containing azides and alkynes were developed in
different versions of alcohol and diphosphate forms (Fig. 14).3%94-397 Although isoprenoid
diphosphates are the bonafide substrates for prenyltransferases, the alcohol versions of the
probes have been extensively used in metabolic labeling experiments since they are readily
incorporated into proteins through intracellular conversion by host-cell kinases.398:399 This
additional pathway (distinct from the well characterized mevalonate pathway) for converting
the alcohol forms to their diphosphate counterparts is not well understood and warrants
further investigation concerning what enzymes are involved and how this process occurs.
However, it is important to note that the exogenous treatment of isoprenols (e.g. farnesol)
induces potential toxicity that may impact cell physiology. This may complicate the
biological interpretation of experiments using alcohol analogues of isoprenoid probes.400.401
The azide functionalized farnesol (C15-Az-OH) and the corresponding diphosphate form,
C15-Az-OPP, were first reported by two independent groups to detect prenylated proteins
via Staudinger ligation.394.395.402 | ater studies demonstrated that the longer C20-Az-

OH and C20-Az-OPP are more suitable for detecting geranylgeranylated proteins.403404
However, employing alkyne-modified isoprenoids results in lower noise signal compared to
the azide versions, consistent with the observations in using fatty acylation probes, 179180405
Therefore, alkyne-modified isoprenoids were exploited to identify and characterize
prenylated proteins. The position of the alkyne was also varied along the isoprenoid chain
such as in the second isoprene unit of FPP (7-Alk-FPP and 7-HomoAlk-FPP).406 Kinetic
analysis comparing C15-Alk-OPP and 7-substituted FPP indicates that alkyne-modification
at the terminus of FPP presents the best mimic for the native FPP.407 In this section, studies
that utilized these isoprenoid analogues to profile and validate known and novel prenylated
proteins are reviewed.

7.1. S-prenylated proteome profiling

Proteomic profiling of prenylated proteins has been reported using various isoprenoid
analogues via metabolic labeling in a number of studies. These methods often involve

the use of statins that impede isoprenoid biosynthesis by inhibiting HMG-CoA reductase

in the mevalonate pathway.“98 This reduction of the pool of endogenously occurring
isoprenoids generally improves labeling efficiency by forcing the prenyltransferase enzymes
to incorporate the analogues in lieu of the native isoprenoids. Methods to profile a set of
S-prenylated proteins from cells of interest can be performed through metabolic labeling or
in vitro Sprenylation approaches as described below.
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7.1.1 Metabolic labeling with isoprenoid analogues—Early pioneering work
utilized the alcohol probe C15-az-OH to metabolically label farnesylated proteins in
statin-treated cells.3%4 Tagging via Staudinger ligation with biotin-phosphine for affinity
enrichment, followed by proteomic analysis resulted in the identification of 17 enriched
proteins containing CajapX motifs. A longer analogue C20-az-OH was used in a
subsequent study to tag geranylgeranylated proteins, which were detected using an alkyne-
containing fluorophore.#93 Separation of the labeled proteins via two-dimensional SDS-
PAGE and excision of the labeled spots subjected to LC-MS/MS afforded a list of 10
geranylgeranylated proteins dominated by Rabs.

The alkyne containing analogues C10-Alk-OH and C15-Alk-OH along with their
diphosphate counterparts C10-Alk-OPP and C15-Alk-OPP, respectively, were evaluated

for their labeling efficiencies in HeLa cells.4%° Replacing the alcohol probes with the
diphosphate analogues enabled effective labeling although no direct comparison was
performed. However, other cell lines may have behave differently such as COS-7, which
displayed intense labeling of prenylated proteins using the diphosphate analogue versus the
alcohol form. Treatment with lovastatin displayed modest enhancement of labeling in HeLa,
indicating that this cell line maybe less responsive to statin treatment, or isoprenoid labeling
in this cell line is less efficient such that small differences cannot be observed. Following

a two-dimensional SDS-PAGE approach for proteomic analysis, only 6 Caja,X -containing
proteins were identified, reflecting a low efficiency of labeling in HeLa cells treated with
C10-Alk-OH. Optimal concentrations of lovastatin may have not been attained to furnish
enhanced probe labeling.#%? Furthermore, HeLa cells may not respond to isoprenoid labeling
as efficiently as other cell lines do such as COS-7, which displayed excellent labeling

with C15-Alk-OPP but not with C15-Alk-OH.410 This disparity in labeling between cell
lines using different forms of the isoprenoid probe can be rationalized with the observation
that different cell-types respond with varying degrees of probe labeling with C15-Alk-
OH.%1 Profiling of S-prenylated proteome in the macrophage cell line RAW264.7 yielded
23 CajapX-containing and 12 Rab proteins using C15-Alk-OH.412 Furthermore, a novel
prenylated zinc antiviral protein (ZAP) was discovered and further characterized to show
that its farnesylation enhances its membrane-targeting and inhibitory activity against Sindbis
virus.412

Like other protein lipid-modifications, Sprenylation mediates diverse pathways across
organisms and is therefore implicated in numerous human diseases, as well as viral,
bacterial, and protozoal infections.11:413 For example, prenyltransferase inhibitors (PTIs)
directed towards the development of antimalarial drugs indicate that protein S-prenylation
is indispensable for parasite development.14 Two independent studies sought to define

the S-prenylated proteome in that organism. First, Distefano and co-workers employed
bioinformatic analysis and proteomic profiling using C15-Alk-OPP in blood-stage 2
falciparum.**® A total of 15 putative S-prenylated proteins were identified comprising 78%
of the bioinformatically predicted protein S-prenylation substrates in the parasite. One of the
proteins identified, heat shock protein 40 (Hsp40), was later shown to require farnesylation
to promote parasite thermotolerance and facilitate vesicular trafficking.416 A subsequent
study provided a similar list of S-prenylated proteins in the parasite using C15-Alk-OH.417
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It was shown that farnesylation of the protein FCP directs it to the parasitorous vacuole and
treatment with an antimalarial farnesyltransferase inhibitor (FTI) disrupts its localization.
Furthermore, an unusual S-prenylation on PfFRab5b was observed, which does not contain
the canonical S-prenylation motifs. These studies demonstrated that the malaria parasite
possesses a restricted set of S-prenylated proteins, making prenyltransferases attractive
targets to develop antimalarial drugs.

More than 200 proteins bearing S-prenylation motifs in mammalian cells are predicted

to be S-prenylation substrates based on genomic, structural, biochemical, and functional
analyses.2 Although the C15-Alk-OH and C15-Alk-OPP can be incorporated into the

three classes of S-prenylation substrates, early reports on profiling of S-prenylated

proteins in diverse mammalian cell lines provided less than a quarter of the predicted
number.397:405412 Recently, Tate and coworkers applied a dual chemical probe labeling
strategy for CCML, where both alkyne-modified farnesyl (YnF) and geranylgeranyl (YnGG)
isoprenoid analogues were used in tandem to identify protein substrates of the three classes
of S-prenylation in a human endothelial cell line.418 These probes are shorter by one atom
compared to the previously reported S-prenylation probes C10-Alk-OH and C15-Alk-OH.
A total of 80 known and novel S-prenylated proteins were identified with 64 detected at
endogenous levels in the absence of statins. The assignment of the S-prenylation status

of proteins (farnesylated or geranylgeranylated) were deduced through their ability to be
prenylated by YnF or YnGG and their corresponding response to FT1 or GGTI treatment,
as well as to competition with FPP or GGPP. In addition, a cleavable multifunctional
reagent, originally developed for the detection of A-myristoylated proteins, was used in

the enrichment step,178 which allowed for the detection of prenylated peptides in the
LC-MS/MS analysis. A total of 26 intact S-prenylated peptides from 18 distinct proteins
were successfully detected. Furthermore, a choroideremia disease model with knocked

out Rep-1, the escort protein that recruits Rabs for S-prenylation, showed 10 out of 29
quantified Rab proteins as having a significant reduction in S-prenylation. In particular,
Rab12 and Rab27b displayed the most significant reduction in prenylation in this model.
Previous /n vitro S-prenylation studies indicated that Rab27b along with Rab27a, Rab38,
and Rab42 are the least efficient substrates of RabGGTase, suggesting that these proteins
are the key contributors to the disease.1®® The latter three Rab proteins were not quantified
nor identified in the MEFs with Rep-1 knockouts, perhaps owing to the limitations in the
detectability of these proteins in the chemical proteomics workflow. It is also worth noting
that these results in Rep-1 knockout models indicate that under conditions where Rep-1 is
dysfunctional, rescue by the other escort protein Rep-2 is not efficient. This further supports
the previous findings that suppression of Rab S-prenylation occurs in retinal degeneration in
the choroideremia disease.*19

While the study above demonstrates that the use of more than one isoprenoid probe widened
the scope of Sprenylated proteins profiled through quantitative chemical proteomics, a
recent report revealed that C15AIKOPP acts as a surrogate for both FPP and GGPP, leading
to the identification of a comparable number of prenylated proteins in COS-7.420 Using

this single isoprenoid analogue also led to the identification of novel prenylated proteins
that were not reported in the dual isoprenoid probe labeling strategy (although the converse
of this was also true). In an effort to rationalize what factors affect the detectability of
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S-prenylated proteins in this chemical proteomics scheme, predicted scores and reported
in vitro activity assays for S-prenylation substrates were investigated but none appeared to
correlate with the degree of enrichment of each substrate. Rather, the best correlation was
observed when the fold-enhancement from the proteomic analysis was compared with the
native abundances of the S-prenylation substrates. Furthermore, COS-7 displayed superior
labeling compared with HelLa and the brain-derived cell lines for neurons, microglia, and
astrocytes, with variations in the extent of labeling across cell lines. This indicates that the
cell line of choice also greatly affects the number of detectable prenylated proteins that
can be identified. These differences may be attributed to the innate expression levels of
the prenylation substrates in each cell line, their levels of the prenyltransferases, and their
respective efficiencies for probe uptake.#20 It is noteworthy that these experiments were
performed using both stable cell lines and primary cells suggesting that these isoprenoid
analogues should be useful for a broad range of experiments with other primary cells and
perhaps even tissue samples or whole animals, thereby greatly increasing their utility.

7.1.2. In vitro labeling—The chemical proteomic approaches discussed so far for
profiling of S-prenylated proteins involve metabolic labeling with isoprenoid probes.

In some instances, samples of interest may not be metabolically active and hence not
suitable for metabolic labeling. These experiments may require labeling of prenylated
proteins outside of the biological matrix. /n7 vitro Sprenylation on protein substrates was
pioneered by Alexandrov and co-workers using the biotinylated isoprenoid analogue BGPP
(Fig. 14).391 Lysates from cultured COS-7 cells treated with statin were prenylated with
BGPP in the presence of the prenyltransferases /n vitro and subjected to streptavidin

blot detection and enrichment for proteomic analysis. Chemical proteomic analysis was

only performed for Rab S-prenylation substrates, leading to a total of 42 Rab proteins
identified. Although this method is excellent for detecting Rab proteins—perhaps owing to
the flexibility of RabGGTase active site to accommodate the bulky analogue—engineered
mutants of FTase and GGTase-1 are required to label Cajay,X box-containing protein models.
These mutants were only shown to modify lysates in conjunction with Rab S-prenylation
through streptavidin blotting and no proteomic analysis were performed. Following the same
approach, lysates from a macrophage cell line identified 18 Rabs and 3 GGTase-I substrates,
supporting the previous observation of the sensitivity of this method to Rab proteins.393
Treatment with zoledronic acid (ZOL), an N-bisphosphonate inhibitor of RabGGTase,
allowed for the identification of a few Rab proteins responsive to inhibition by this inhibitor.

While previous attempts for /n vitro labeling of FTase and GGTase-I substrates showed
limited detectability, a recent study combined /n vitro Sprenylation and click chemistry

to identify compromised prenylated proteins in mouse brain tissues.#2! Previous studies
have shown that genetic deletion of FTase and GGTase-I mitigates neuropathology in
mouse models, suggesting a possible role of Sprenylation in Alzheimer’s disease.163
Neuron-specific deletion of FTase in mouse forebrain can result in diminished synaptic
plasticity and memory retention while haplodeficient GGTase-I knockout is sufficient for
synaptic and cognitive impairment.#2! In order to identify these compromised proteins upon
prenyltransferase deletion, lysates from mouse brain with wild-type and FTase or GGTase-I
knockout phenotypes were subjected to /n vitro labeling with C15AIKOPP followed by
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biotinylation, enrichment and proteomic analysis. Putative Sprenylated proteins remain
unprenylated in knockout models and therefore achieve higher levels of C15AIkOPP
incorporation upon /n vitro labeling compared to the wild-type controls. A total of 11 FTase
and 5 GGTase-I substrates were enriched compared to their wild-type controls. Among these
farnesylated proteins, Rheb was identified which is known to regulate synaptic plasticity,
neuronal morphology, and memory functions. FTase deletion may have impaired Rheb
function and contributed to the observed reduction of synaptic and cognitive functions in
FTase knockout mice. A geranylgeranylated protein RhoA was also identified which is
involved in regulating the structure and function of dendritic spine in the brain. This novel /in
vitro labeling strategy offers significant improvements from the previous approaches using
BGPP since it allows the detection of FTase and GGTase-| substrates. This method should
also be suitable in future studies that involve samples less amenable to metabolic labeling
techniques such as tissues.

Collectively, the above metabolic and /in vitro labeling techniques using isoprenoid
analogues that aimed to define the set of S-prenylated proteins indeed provided the

scope of prenylated proteomes detectable in various systems. However, it should be noted
that while isoprenoids modified at the terminal isoprene unit are the best substrates for
farnesylation, no single analogue recapitulates the reactivity and specificity of FPP in
vitro and in vivo.*7 Different alkyne-containing isoprenoid analogues manifest intrinsic
bias concerning which substrates are efficiently modified. Therefore, in order to broaden
the list of farnesylated proteins identified from proteomic profiling strategies, a variety of
these isoprenoid analogues may be used to overcome analogue bias.#%” Additionally, the
development of new biorthogonal approaches may be necessary to improve the detection and
to validate the substrate scopes of the prenylated proteomes in various systems.

Profiling proteins responsive to perturbations

Proteomic strategies enable quantitation of the differential responses of modified proteins
upon small molecule-induced disruption of the normal lipidation process.1%4 Since a large
number of PTIs have been developed, efforts to understand their selectivity and impact

on individual proteins have been undertaken using clickable isoprenoid probes. The effects
of the FT1 L-744,832 on S-prenylated proteins labeled with C15-Alk-OH were visualized
using a dual color approach in a two-dimensional gel electrophoresis analysis.#22 Proteomic
analysis of these labeled proteins not only revealed that known farnesylated proteins
displayed reduction in labeling but also that GGTase-I and RabGGTase substrates showed
increased S-prenylation levels. Furthermore, FTI treatment facilitated the discovery of
potentially novel farnesylated proteins GNAI-1 and GNAI-2. Enzymatic farnesylation on
their C-terminal Caja,X box confirmed that these proteins are farnesylated in vitro.4%2
CCML and quantitative proteomics employing YnF and YnGG also enabled proteome-wide
quantification of individual S-prenylated proteins in response to PTIs, revealing a wide range
of estimated individual 1C50.418 The identified novel S-prenylated proteins also displayed
significant sensitivity to PTI treatment, further validating their true S-prenylation status
inside the cell.
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Inhibition of protein S-prenylation using PTIs offers pharmacological benefits, especially
as anticancer agents targeting oncogenic isoforms of proteins involved in signal
transduction.160 However, the potency of FTIs are sometimes offset by the ability of

some targets to switch to geranylgeranylation catalyzed by GGTase-l. To identify these
proteins capable of this “rescue prenylation”, the proteome-wide YnF/YnGG incorporation
was compared to inhibition of YnF labeling in response to FTI treatment.#18 The small
GTPase proteins KRAS, NRAS, and RRAS2 exhibited robust dose-dependent increases

in labeling, confirming switch-like behavior for these proteins; this effect is partially
responsible for the failure of FTIs in clinical trials. FTI treatment in primary astrocytes
labeled with C15AIlkOPP also revealed that RRAS2 can switch from farnesylation to
geranylgeranylation.#20 Being a surrogate for both FPP and GGPP, C15AIKOPP is able to
label RRAS2 even in the presence of an FTI. This further supports the switch-like behavior
of RRAS2, potentially making it an interesting target for developing inhibitors that block
both farnesylation and geranylgeranylation.

While extensive efforts were focused on targeting the S-prenylation of oncogenic small
GTPases through inhibition of FTase using FTIs, a more specific strategy directed towards
this subset of S-prenylation substrates could be conceived. Some small GTPases are
regulated and trafficked through GGTase-I-catalyzed S-prenylation by the splice variants
SmgGDS607 and SmgGDS558 chaperone proteins, with SmgGDS607 bearing an extra
exon (Ex5).423424 SmgGDS607 delivers the protein substrate to the prenyltransferase while
SmgGDS shuttles the prenylated protein to the ER for maturation (Fig. 15A). Since

a high SmgGDS607:SmgGDS558 ratio is implicated in some cancers, a splice-switch
oligonucleotide (SSO) therapeutic strategy was developed to reprogram the ratio of the
SmgGDS isoforms.#25 A small oligonucleotide SSOEXS5 site-specifically targets Ex5, which
reduces and increases the levels of SmgGDS607 and SmgGDS558, respectively, resulting
in a reduced SmgGDS607:SmgGDS558 ratio. Through the use of C15-Alk-OPP labeling,
the SSO was found to suppress global protein S-prenylation, inducing apoptotic cell death
in cancer cell lines and diminishing tumorigenesis /in vivo. Since all three classes of S-
prenylation substrates respond to alterations in SmgGDS607:SmgGDS558, there may be
unexplored interactions between SmgGDS proteins and the other prenyltransferases FTase
and RabGGTase.

7.3. S-Prenylation of Rho GTPases

S-prenylation of small GTPases is essential for their membrane localization and interaction
with effector proteins that regulate their activity.#28 The Rho family of small GTPases

are implicated in tumor growth and metastasis, as well as in regulating phagocytosis and
signaling in inflammatory cells. Protein S-prenylation was found to control innate immunity
by restricting the interaction between the Rho protein Racl with its effector proteins.427
Through C20-Az-OH labeling, Racl was shown to be unprenylated in GGTase-I-deficient
mouse macrophages, stimulating proinflammatory signaling and severe rheumatoid arthritis.
The inflammation in the GGTase-I-deficient model was reversed upon Racl deletion,

but not when other geranylgeranylated Rho proteins RhoA and Cdc42 were knocked

down. The reduction in S-prenylation of Racl enhanced its affinity with its interacting
partner proteins Tiam1 and Iggapl, resulting in enhanced GTP-loading and its ubiquitin-
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mediated degradation, respectively. Inhibition of these interactions is a key component for
understanding the molecular basis of how protein S-prenylation normally restrains innate
immunity.427

The brain specific splice variant of the Cdc42 (bCdc42) which contains a C-terminal
CajapX box188CCIF191 was initially shown to be S-palmitoylated rather than exclusively S-
prenylated, in contrast to its canonical splice variant with a C-terminal CVLL sequence.428
However, a subsequent study showed that bCdc42 is sequentially geranylgeranylated and
S-palmitoylated using C20-Az-OH and Alk-C18 labeling at C188 and C189, respectively.429
Thus, bCdc42 may not undergo the typical CajayX processing (Fig. 3A) and instead become
S-palmitoylated, which stabilizes the association of this protein bearing two different lipid
modifications with membranes. CCML with isoprenoid and palmitoyl probes on a few other
proteins terminating in CCayX demonstrated that some may mature through the normal
CajapX processing pathway while others can be dually lipidated with prenyl and palmitoyl
modifications.#2% The dual lipidation in bCdc42 prevents its binding with RhoGDI which
usually facilitates the trafficking of Rho proteins including the canonical archetype Cdc42.
Approximately 80-95% of the total bCdc42 population is left singly prenylated which is
subsequently processed in CajapX maturation steps. A recent study conducted on mouse
brain tissues identified the post-prenylation processed C-terminal geranylgeranylated peptide
of the canonical splice variant of Cdc42 but not the brain specific isoform.430 Therefore,
modifications on their analysis should have been applied to discern the concurrent
geranylgeranylation and S-palmitoylation on the brain-specific variant bCdc42 since their
targeted database only contained only singly lipidated peptides. Moreover, the archetype
Cdc4z2 is responsive to both competition by farnesol or geranylgeraniol, suggesting that

it may be both farnesylated and geranylgeranylated.#18 The bCdc42 protein may also be

a substrate of farnesylation and therefore warrants further investigation. Regardless, this
aberrant CCayX S-palmitoylation exemplifies the complexity of lipidation and may not be
limited only to bCdc42.

7.4. Imaging S-prenylated proteins

The versatility engendered by clickable isoprenoid probes allows conjugation with
fluorophores and subsequent quantitative flow cytometric analysis and cellular imaging

on fixed cells.#31 C15-Alk-OH labeling on various cell types analyzed via flow cytometry
revealed variations in the levels of expressed S-prenylated proteins, consistent with in-

gel fluorescence analysis from other studies.#11:418 |n cellular models of autophagy and
aging, significantly higher levels of labeled proteins were observed compared to normal
cells, highlighting the potential involvement of protein S-prenylation in compromised
autophagy.*3! In addition, CCML enabled cellular imaging of fixed cells to visualize the
S-prenylated proteins localizing in the ER. Despite their established localization in plasma
membrane, S-prenylated proteins were not detected on cell surfaces. It should be noted
that a limited number of proteins modified with alkyne-functionalized isoprenoids were
shown to proceed through Caja,X processing and should therefore be directed to the plasma
membrane.*18:432 |t js possible that the alkyne moiety on plasma membrane-localized S-
prenylated proteins may be buried in the lipid bilayer, making it inaccessible by the bulky
azide-fluorophores for effective visualization.433
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Confocal imaging of labeled S-prenylated proteins also provides insights into changes in
protein S-prenylation in response to stimuli. Nerve growth factor (NGF) was discovered

to trigger S-prenylation of proteins in neuronal axons with a dependence on axonal

protein synthesis.#3* C15-Alk-OH labeling revealed that S-prenylation does not take place
throughout the cytoplasm but rather appeared as puncta in subcellular sites after NGF
stimulation. Among several S-prenylated proteins, Racl was shown to be geranylgeranylated
in axons and serve as a key effector of NGF signaling. The overall results of this study imply
that aberrant localization, activity, or stability of S-prenylated proteins may contribute to the
pathology of neurodegenerative diseases.*34

7.5. Discovery of both a novel prenyltransferase and new S-prenylation substrates

Since its discovery over the past decades, the mechanism of protein S-prenylation by the
three types of prenyltransferases have been extensively studied in efforts to develop selective
and specific PTIs.11 Recently, a novel prenyltransferase has emerged whose discovery

was facilitated through the use of bio-orthogonal isoprenoid analogues. A previously
unknown human prenyltransferase consisting of PTAR1 and the p-subunit of RabGGTase
was recently reported as GGTase-111 (Fig. 3C).167 CCML with C20-Az-OH and streptavidin
blotting showed that FBXL2 is specifically geranylgeranylated by GGTase-I1l. The leucine-
rich repeat domain of FBXL2 interacts with PTAR1, serving as the structural basis for
GGTase-ll1 specificity.167 Shortly after, another group discovered the same enzyme but
presented contradicting results, indicating that GGTase-111 could not prenylate FBXL2
under conditions where GGTase- robustly prenylated the substrate.43 Instead, they showed
through BGPP-labeling that the SNARE protein Ykt6 is dually S-prenylated; it is first
farnesylated by FTase and subsequently geranylgeranylated by GGTase-111 on the upstream
cysteine adjacent to the farnesylated residue (Fig. 15B). The use of BGPP in this study

was suitable as previous reports showed excellent incorporation of this probe into Rab
proteins by RabGGTase,3%1 which shares the same catalytic B-subunit with GGTase-lII. It
was suggested that since FBXL2 also bears an adjacent cysteine upstream of its Cajay X box,
it is possible that GGTase-I11 appends a second geranylgeranyl moiety to this substrate after
initial geranylgeranylation by GGTase-I.

The current paradigm for protein S-prenylation has been restricted to the Cajap X box
motif on singly modified proteins. Recent efforts to probe for a broader substrate scope

for S-prenylation demonstrated that extended CXXXX sequences including CVAGP and
CMIIM can be farnesylated.142 CCML with C15-Alk-OPP on model proteins terminating
in such motifs were found to be prenylated /7 vitro and within cells, as detected

through fluorescence labeling and chemical proteomic approaches. In addition, the

same group reported that peptide models with shortened CXX sequences can also be
recognized as S-prenylation substrates /7 vitro.143 These studies highlight the promiscuity
of prenyltransferase enzymes, and may expand our current understanding of their substrate
recognition and potentially enlarge the scope of S-prenylation substrates. However, it has
been noted that no endogenous proteins terminating in such unconventional prenylation
motifs have been identified. If some of these sequences are indeed recognized as substrates
under native conditions, several factors may hamper their detectability in click-chemistry
based approaches including low expression levels.420
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Beyond identification, clickable isoprenoid probes can be utilized to validate the S-
prenylation status of novel S-prenylated proteins. For example, farnesylation of the

human mitotic check point protein Spindly was found to be essential for its targeting

to kinetochores.#36 Disruption of its farnesylation abrogates its localization, resulting in
prolonged prometaphase and delayed anaphase with concurrent defects in chromosome
alignment. FTI treatment, however, does not affect other farnesylated proteins including
CENP-E and CENP-F that are also involved in mitosis. These results indicate that HsSpindly
is a novel mitotic FTI target in specific cancers that manifest high levels of its expression
such as in oral cancer.43’

Bacterial effector proteins not only rely on fatty acylation, as previously described, but

also on S-prenylation. Several Legionella pneumophila effector proteins that modulate host
functions in host cell membrane compartments depend on prenylation.#38 By individually
validating the S-prenylation of proteins using C15-Alk-OH labeling with subsequent
immunoprecipitation and fluorescence detection, at least eight L. pneumophila effector
proteins were shown to require S-prenylation for proper localization. Farnesylation does not
seem to direct localization of two S-prenylated bacterial proteins but may play key roles in
regulating their function. Similarly, the Sa/monella T3SS effector protein SifA was shown to
be prenylated with C15-Alk-OH.#11 It was previously reported that GG Tase-I modifies its C-
terminal sequence,331CLCCFL336, possibly at C333.439 However, mutational studies on the
C-terminal cysteines and C15-Alk-OH labeling suggest that SifA may be heterogeneously
prenylated.11 With the recent discovery of GGTase-111 adding a second prenyl moiety on
proteins, it is tempting to speculate that SifA maybe a substrate of GGTase-Il1.

As a final comment, it is important to note that in the studies described above, the use of
isoprenoids bearing small clickable handles in metabolic labeling studies does not appear

to compromise the function of prenylated proteins or cause toxicity. Studies with a-factor, a
farnesylated pheromone involved in yeast mating indicate that azide and alkyne substitutions
have minimal effects on the activity of the mature pheromone; additionally, no significant
effects on the subsequent proteolysis or methylation steps were observed either.432 While
high concentrations of the alcohol forms of the analogues may exhibit some level of toxicity
as was observed in the malaria parasite,*17 the use of the diphosphate analogues may
circumvent this issue, particularly when working with sensitive cell lines.410

8. Biological applications in other lipids

The applications of click chemistry in the major classes of protein lipid modifications

have been discussed above. Other types of lipidation do exist albeit in a smaller set

of proteins. Although protein fatty acylation occurs mainly through S-palmitoylation and
N-myristoylation, shorter, longer, and unsaturated fatty acylation adducts have also been
observed. Shorter saturated fatty acids such as octanoic (C8) or butyric (C4) acids, as well as
longer saturated fatty acids such as stearic (C18) acid can be covalently attached to proteins
via enzymatic or non-enzymatic mechanisms. Unsaturated fatty acids (UFA), on the other
hand, can compete for palmitoylation sites, as well as generate oxidation products capable
of forming adducts with proteins. Moreover, cholesterylation and GPI modification take
place in the lumen of secretory organelles as mentioned previously. While cholesterylation
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proceeds through esterification of the C-terminus of a few known substrates, its precursors
in the biosynthetic pathway generate intermediates that form protein adducts similar to UFA.
The click chemistry toolbox has also been used to investigate the occurrence and biology of
these relatively rarer lipid modifications.

Longer chain fatty acylation

The widespread S-acylation by fatty acids on proteins is often attributed to S-palmitoylation.
However, other lipid-modified cysteines with longer fatty acyl chains such as stearate were
observed in bovine heart and liver tissues.*4? The ability to incorporate different lengths

of fatty acyl chains into protein substrates varies across the known zDHHCs.185.292 |
particular, zZDHHCY efficiently catalyzes stearoylation of SNAP25, indicating that zDHHCs
facilitate lipid modifications beyond S-palmitoylation.18> Only a handful of human and
viral S-stearoylated proteins are known.#41-444 The S-stearoylation on viral spike proteins
is essential for host-membrane fusion but is not mechanistically well-understood.#4> The
functional role of protein stearoylation in humans is not clearly defined as well. Here

we discuss potentially stearoylated mammalian substrates and the discovery of a bacterial
enzyme capable of removing this longer fatty acid modification. Modifications with very
long-chain fatty acids (VLCFA) is described as well.

8.1.1 Stearoylation in mammals—Previously thought to be an Spalmitoylation
substrate, stearoylation of the human transferrin receptor 1 (TFR1) was the first reported
evidence for a regulatory function of stearoylation in humans.#46:447 Treatment with

an azide analogue of stearic acid (az-C17, Fig. 16) in HeLa cells for enrichment and
proteomic analysis revealed TFR1 as the most abundant protein identified. In cultured cells,
TFR1 stearoylation promotes mitochondrial fusion and function, while the loss of TFR1
stearoylation leads to mitochondrial fragmentation. CCML with az-C17 and streptavidin
blotting identified zDHHCS as a candidate enzyme that catalyzes TFR1 stearoylation.
Furthermore, mitochondrial dysfunction in Drosophila lacking Parkinson disease genes Pink
or Parkin can be rescued upon exogenous supplementation of stearic acid.44” In a follow

up study, stearic acid was shown to regulate mitochondrial function /n vivo, resulting in
mitigation of fat accumulation and therefore reduces the risk for cancer and cardiovascular
diseases.*48

Another protein found to potentially incorporate stearic acid is the regulatory factor X

3 (RFX3), a transcription factor associated with ciliopathy.44® Fatty acylation on this
protein appears to be a zDHHC-independent process since CCML with RFX3 co-expressed
with each of the 23 known zDHHCs does not result in enhanced labeling. Furthermore,
incubation of recombinant RFX3 with clickable fatty acyl-CoA analogues in an APE assay
resulted in fatty acyl modification, with Alk-C18 and Alk-C18:1 exhibited a slightly more
intense signal compared with Alk-C16. Therefore, RFX3 prefers the 18-carbon stearoyl and
oleyl (C18:1) modifications that potentially proceeds through an autoacylation mechanism.
Loss of this modification abolishes RFX3 transcriptional activity and suppresses ciliogenesis
and Hh signaling, emphasizing that stearoylation is essential for RFX3 function. The dearth
of studies investigating protein stearoylation in humans has hampered understanding of its
functional and regulatory role, which stems from the ambiguous and interchangeable use of
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Alk-C16 and Alk-C18 in S-palmitoylation-centric studies. Regardless, the studies described
above provide insights into the biological role and clinical relevance of protein stearoylation
and suggest that this will be a fruitful area for future study.

8.1.2. Bacteria-mediated destearoylation—As previously discussed, bacterial
effector proteins can alter lipid modifications on host proteins exemplified by the
demyristoylation activity of S. flexneri IpaJ.368 In addition to this mechanism, S. flexneri
was also discovered to release a T3SS effector protein IcsB that A-stearoylates lysine
residues on host proteins (Fig. 13C).4%0 Stearoylated proteome profiling using Alk-C18 in
infected cells identified 60 host proteins modified by SflcsB which includes families of
S-prenylated proteins such as Ras, Rho, Rab, and Rap proteins. Rho GTPases are inactivated
by stearoylation at their C-termini, resulting in the disruption of the actin cytoskeleton in
mammalian cells by increasing their hydrophobicity or interfering with their protein-protein
interactions. S-prenylation of these Rho proteins appears to be required for recognition

by SflcsB, at least in the case of RhoA. Moreover, A/-stearoylation of the host autophagy
protein CHMP5 inactivates its function and hampers autophagy of the infected host. This
mechanism is apparently unique to S. flexneri since CHMP5-deficient host cells infected
with other bacteria such as S. typhimurium and Y. pseudotuberculosis were capable of
inducing cell death. Therefore, CHMP5 in this context specifically functions in directing

S. flexnerito antibacterial autophagy and this pathogen circumvents this mechanism by
disarming CHMPS5 function through fatty acylation by SflcsB and escape autophagy.
Concurrently, a MART X effector protein Rho GTPase inactivation domain (RID) in Vibrio
cholerae was shown to possess A-stearoylation activity.#>1 RID shares the same mechanism
with IcsB in that it also modifies the polybasic C-terminal region of Rho GTPases but

has a strong substrate preference for Racl. Immunoprecipitation and streptavidin blot
detection of Racl from RID-expressing mammalian cells treated with Alk-C18 validated
its stearoylation. Both the core domain and the prenylated C-terminal end of Racl are
recognized by RID. This aberrant modification of Racl disrupts its cytosol-membrane
cycling and inhibits its function. These studies highlight a novel mechanism for how
bacterial pathogens alter host cellular processes and may not only be limited to S. flexneri
and V/ cholerae. More efforts should be conducted in exploring other pathogens that may
share similar molecular mechanisms for impairing cellular functions inside their infected
hosts.

8.1.3 Very long-chain fatty acids (VLCFA)—In lipid biosynthesis, palmitic acid is
the major de novo product over myristic and stearic acids, which can be further extended
by elongases to generate VLCFA. Accumulation of saturated VLCFAs such as lignoceric
(C24:0) and cerotic (C26:0) acids (Fig. 16) was observed during necroptosis in cells, a
form of programmed cell death associated with various human diseases.#>2 Knockdown

of the elongase ELOVL7 reduces VLCFA accumulation and necroptosis, while exogenous
addition of VLCFA promotes cell death.#>3 Metabolic labeling with Alk-C20 and Alk-C22
with subsequent in-gel fluorescence scanning revealed a wide range of VLCFA-modified
proteins. Pre-treatment with a pan inhibitor of zZDHHCs resulted in only a modest increase
in the cell viability of necroptotic cells. This suggests that the metabolism of VLCFA may
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involve other mechanisms or fatty acylation routes other than zDHHC-catalyzed processes
during necroptosis.#>3

8.2. Shorter chain fatty acylation

Fatty acyl modification with chains longer than acetyl and propionyl but shorter than
myristoyl and palmitoyl functional groups have been reported in the literature, although they
occur at rarer occasions with smaller substrate scope. Octanoylation has only been described
for one substrate and butyrylation may potentially occur in many bacterial and mammalian
substrates through enzymatic and non-enzymatic mechanisms.

8.2.1 Butyrylation—Short-chain fatty acids (SCFASs) such as butyric acid (Fig. 17) can
modulate signaling pathways and have been found to mitigate infections caused by enteric
pathogens.#>* Although its beneficial effect on suppressing the transcription of bacterial
virulence factors is known, the molecular mechanisms by which this occurs are unclear.

In order to explore the potential of butyrylation of proteins, the alkyne analogue Alk-C5
(Fig. 17) was recently synthesized and used to profile SCFA-acylated proteins in Sa/monella
enterica serovar Typhimurium.#5® Alk-C5 labeling indicated that many proteins are acylated
by this probe. Proteomic analysis identified an array of SPI-1 virulence proteins are
potentially butyrylated with the transcription regulator HilA displaying the most significant
enrichment. Unnatural amino acid substitution of several lysine residues indicates that site-
specific acylation of HilA affects bacterial transcriptional activity and invasion /n vitro, and
acylation on the particular site Lys90 disarms virulence /n vivo. However, gene deletion of
known bacterial acyltransferase reveal that none of these enzymes catalyze butyrylation of
HilA and this modification may proceed non-enzymatically. Further investigations should
be carried out to either support the chemical acylation of these butyrylated proteins or
characterize the acyltransferases that may catalyze this process. Regardless, this novel
discovery of protein butyrylation on specific sites of a bacterial protein should prompt
optimization of existing covalent inhibitors that are effective in treating infections caused by
SCFA-sensitive pathogens.4>°

In mammals, lysine acetyltransferases (KATSs) such as p300 and GCN5 were found to
catalyze not only acetylation but also propionylation and butyrylation of histone proteins as
part of epigenetic regulation of transcription.#>8 Dysregulation in the activity and expression
of these enzymes has been implicated in diseases in which potentially compromised
pathways is not well-understood. In order to identify these protein substrates potentially
acylated on lysine by these enzymes, alkyne and azide analogues of short fatty acyl-CoAs
were synthesized.*®7 In particular, Alk-C5-CoA and Az-C3-CoA (Fig. 17) were used to
profile these protein substrates in vitro.A%8459 Incubation of Hela nuclear extracts with
Alk-C5-CoA in the presence of p300 identified 23 known and novel substrates of this
enzyme.*°8 In HEK293 whole lysates, treatment with Az-C3-CoA resulted in protein
labeling in the presence of p300 or the mutant GCN5-T612G as shown through in-gel
fluorescence imaging. Chemical proteomic analysis of lysates in the presence of the probe
and either p300 or the GCN5 mutant identified 379 substrates common to both enzymes
with approximately 90 protein substrates unique to each. As expected, histone proteins were
highly enriched and many known acetylated proteins were identified in the analysis, The
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previous study performed in the nuclear extracts of HeLa identified significantly less protein
substrates for p300 compared to the HEK293 whole lysate, indicating that this enzyme may
function in modifying proteins outside of the nucleus. Functional annotation and pathway
analysis of the p300 and GCNS5 substrates reveal that these proteins are associated with
diverse biological processes including gene expression, cell cycle, and cellular metabolism.
While these studies have identified hundreds of potentially lysine acylated substrates with
short fatty acids, they have been conducted /n7 vitro and may not quite recapitulate the

actual acylation substrates in a cellular context or /n vivo. Furthermore, the probes used may
ambiguously modify substrates of propionylation and butyrylation. Therefore, these data
should be interpreted with caution and future studies should validate the type of modification
(e. g. propionylation vs butyrylation) catalyzed by these KATs on specific proteins of
interest.

8.2.2 Octanoylation—Another fatty acyl modification shorter than myristoyl and
palmitoyl moieties is the octanoylation of ghrelin, an appetite-stimulating stomach hormone
involved in glucose metabolism.#60 Its precursor form undergoes processing steps allowing
it to mature into a 28-residue peptide that is esterified with an octanoyl group on Ser3

by ghrelin C-acyltransferase (GOAT).461 To date, ghrelin is the only known and predicted
octanoylated peptide substrate of GOAT. Owing to its regulatory role in metabolic processes
and implications in diseases such as diabetes and obesity, effective GOAT inhibitors are
constantly being sought after.#62 A catalytic enzyme-linked click chemistry assay (cat-
ELCCA) was developed to probe the fatty acyltransferase activity of GOAT and is amenable
to inhibitor screening (Fig. 9E).463.464 |n this strategy, biotinylated ghrelin substrates are
immobilized on streptavidin-coated plates and incubated with GOAT and Alk-C8-CoA.
Subsequent click reaction with azide-modified HRP confers signal amplification through

an HRP-sensitive fluorogenic substrate. Using this method, non-peptidic small molecule
antagonists of GOAT were discovered that could serve as promising drugs to treat obesity
and diabetes.464

While the octanoylation of ghrelin is essential for its binding to its cognate receptor
GHSR1a, the deacylated form of ghrelin also participates in metabolic processes, thereby
rendering both fatty and defatty-acylation as regulators of ghrelin function.*6® Several
hydrolases in serum were found to display deacylase activity on octanoylated ghrelin.462

In order to identify enzymes with esterolytic activity against octanoylated ghrelin in rat
serum, an activity-based ghrelin probe octanoyl containing a phosphonofluoridate warhead
and alkyne handle was designed (Alk-PF-C7-Gh, Fig. 17) similar to Alk-HDFP.46 |n this
study, two prominent bands were observed in an in-gel fluorescence scan and identified
through gel-based proteomics. One of the proteins was a, macroglobulin (a;,M), a large
heterotetrameric protein with no previously known esterase activity. An HPLC-based assay
validated its ability to deacylate lipidated ghrelin and inhibitor titration experiments revealed
four active sites in the heterotetrameric protein. Further analysis of a,;M levels in the serum
suggests that it is present in sufficient amounts to be an important deacylase for ghrelin.466

In summary, ghrelin octanoylation plays an essential role in metabolic diseases and obesity.
Being the only known substrate of GOAT, inhibiting GOAT activity is an attractive strategy
to target diseases associated with ghrelin signaling and methods have been developed to
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streamline that process as discussed above. While this is true, there have been no reports
on using clickable analogues of octanoic acid or those with comparable chain lengths in
profiling their potential targets using any CCML strategy. Employing such methods may
allow for the discovery of potential new substrates of GOAT or other proteins modified by
mid-sized fatty acids through enzymatic or non-enzymatic mechanisms.

8.3. Unsaturated fatty acylation

Covalent modification of proteins with mono- (MUFAS) or polyunsaturated fatty acids
(PUFASs) has also been reported for a few mammalian proteins including Src kinases, G-
proteins, and Whnts.#67:468 While saturated fatty acids (SFA) promote insertion of lipidated
proteins into lipid rafts, MUFAs and PUFAs diminish their localization in those sites, which
can partially be attributed to the distortions conferred by c/s double bonds.# This difference
in saturated versus unsaturated modification of proteins represents one of the modulatory
mechanisms for protein localization through fatty acylation. Furthermore, excess dietary
SFAs often present risks for certain diseases while replacing with UFAs provide beneficial
effects.69 Therefore, understanding the role of protein modification with SFAs vs UFAs is
essential and may provide insights into these observed phenomena.

8.3.1. Monounsaturated fatty acids (MUFASs)—Wnts are a family of secreted
signaling proteins that mediate communication between cells, thereby controlling cell fate
and influencing developmental processes and the maintenance of adult homeostasis.*”0
These proteins are O-palmitoyleated (C16:1) on a serine residue by Porcupine (PORCN),

a member of the membrane-bound OC-acyltransferases (MBOAT) family of enzymes.#/1
Metabolic labeling using various alkyne-modified SFAs in PORCN- and Wnt3a-expressing
cells revealed that PORCN efficiently transfers a range of fatty acid chain lengths onto
Wnt3a, particularly Alk-C16.184:472 However, the potent ability of palmitoleic acid to
compete with the Alk-C16 (palmitoyl probe) labeling indicates that PORCN prefers this
MUFA. A recent study reported that the PORCN active site topology enforces ¢is-C16:1
fatty acylation on Wnts.4”3 Pulse labeling with either cis-Alk-C16:1 or trans-Alk-C16:1
(Fig. 18) showed that the #ransisomer resulted in detrimental effects to Wnt cellular release,
possibly indicating that the frans-fatty acylated Wnt is trapped in a complex with PORCN.
The kink in ¢/is-C16:1 may facilitate the release of Wnts from PORCN by lowering the
energy required for sequestration by the Wnt-carrier protein. This may also explain the
protracted turnover of Wnt3a in metabolic labeling studies using the saturated analogue
Alk-C16.184 Therefore, in a biological milieu, Wnts are lipidated with cis-palmitoleic acid,
and excess sources of SFAs and frans fats from diet may dysregulate Wnt signaling by
impeding their release to the secretory pathway.*”3

Some proteins were found to be modified by MUFAs longer than palmitoleic acid such

as oleic acid (Fig. 18).474475 The alkyne-modified analogue of oleic acid (Alk-C18:1)

was employed to trace fatty acid metabolism, as well as to develop click chemistry-based
platforms for /n vitro enzymatic assays.186:187.476 \jith the interest of identifying proteins
that can be covalently modified with oleic acid, Hang and coworkers synthesized Alk-C18:1
along with the longer MUFA probes Alk-C19:1 and Alk-C20:1 (Fig. 18).#’7 Metabolic
labeling and fluorescence detection using these probes indicated that many protein targets
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are modified by these MUFAs with varying chain lengths. HRAS and IFITM3 were
validated to be substrates for C18:1 modification. Furthermore, comparative proteomic
analysis revealed that Alk-C18:1 and Alk-C18 labeling share a large number of modified
proteins, with only 13 proteins preferentially labeled by Alk-C18. These results point to the
possibility of a prevalent protein modification with MUFAs. Since the levels of palmitic and
oleic acids are comparable in mammalian cells, 185 this suggests that the investigation of
palmitic vs oleic acid modification in a physiological context is important.

8.3.2. Polyunsaturated fatty acids (PUFAs)—Fatty acylation on proteins with
PUFAs such as arachidonate (C20:4) and eicosopentaenoate (C20:5) has been described
earlier with human platelets.478479 |t is not currently established whether zDHHCs catalyze
these PUFA modifications but arachidonic acid was shown to effectively block zDHHC17-
catalyzed Az-C16 labeling.185 While MUFAs are generally resistant to peroxidation,*80
PUFAs can generate electrophiles and yield protein adducts.#81 Alkyne-modified versions
of linoleic acid (Alk-C18:2, Fig. 18) and arachidonic acid (Alk-C20:4, Fig. 18) were

shown to undergo autooxidation processes in vitro analogous to their native counterparts.82
Quantitative proteomic analysis using these probes in a macrophage cell line identified
membrane and mitochondrial proteins, which included those associated with inflammatory
signaling oxidant defense.#83 Interestingly, the extent of adduction correlated with

the expression levels of proteins. Since 12/15-lipoxygenase (12/15-LOX) catalyzes the
peroxidation of these PUFAS, the extent of protein adduction by Alk-C20:4 was investigated
in peritoneal macrophages known to express high levels of 12/15-LOX.484 It is important

to note that the use of Alk-C20:4 as a surrogate for C20:4 is not suitable for investigating

all metabolic processes that involves this lipid.48% For example, elongation of Alk-C20:4 to
Alk-C22:4 by elongases is less efficient in Jurkat cells and platelets are less able to generate
LOX-dependent products of Alk-C20:4 metabolism than C20:4. Fatty acid tracing of Alk-
C20:4 in mouse peritoneal macrophages in this study showed it is metabolized by LOX
enzymes similarly to the native C20:4, making it a suitable C20:4 analogue for investigating
the 12/15-L.OX-dependent metabolism in this cell type. Proteomic analysis revealed over
200 proteins labeled by Alk-C20:4. ACADL and GAPDH were validated, which are
involved in mitochondrial fatty acid p-oxidation and glycolysis, respectively. Indeed, 12/15-
LOX-deficient mouse peritoneal macrophages displayed diminished glycolytic rate and
mitochondrial respiration. These results aided by Alk-C20:4 labeling highlight the role of
PUFAs in energy metabolism mediated by 12/15-LOX.

Under oxidative stress, PUFAs are also prone to generating shorter lipid-derived
electrophiles (LDES) such as 4-hydroxy-2-nonenal (4-HNE) and 4-oxo-2-nonenal (4-ONE)
that may directly modify DNA and proteins through non-enzymatic mechanisms.#86 These
lipids contain an a.,B-unsaturated aldehyde functionality that acts as a Michael acceptor and
reacts with nucleophiles particularly thiols. Several studies have used clickable analogues
of 4-HNE and 4-ONE in order to profile their cellular targets,*87-489 as well as to validate
and monitor their biological consequences in protein function.#90:491 Moreover, these types
of modification may be reversed by the lysine fatty deacylase SIRT2,492 although evidence
of this phenomenon under unperturbed and physiologically relevant conditions will be
necessary to ascertain its biological significance. This growing topic, however, is outside
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the scope of this review and will not be discussed in detail. The reader is therefore directed
to other excellent reviews that cover the use of click chemistry in studying this type of
non-enzymatic protein modification.493:494

8.4 Cholesterylation

The lipidation processes discussed thus far are catalyzed by transferases that are localized

in the cytoplasm or cytoplasmic face of the plasma membrane. In contrast, protein
cholesterylation occurs in the lumen of secretory vessels on members of the Hedgehog (Hh)
family of proteins in a self-processing manner.49% These secreted morphogens play major
physiological roles in embryonic development, tissue repair, and regeneration; dysregulation
in the Hh pathway leads to severe abnormalities in embryonic and tissue development.496.497
Hyperactivation of Hh signaling has also been linked to certain types of cancer.4%8 Hh
proteins are synthesized as precursors that are truncated, and subsequently A-palmitoylated
on their N-terminus and auto- O-cholesterylated on their C-terminus forming an ester
bond.#%9 The cholesterol modification on Hh is crucial for membrane tethering, receptor
binding, secretion, and transport.>

8.4.1. Hh proteins and Smoothened—Given its essential role in pathways with
disease relevance, clickable analogues of cholesterol were synthesized in order to
characterize cholesterylated proteins. An azide-modified cholesterol (Az-Chol, Fig. 19A)
was first reported by Tate and coworkers to successfully label Shh overexpressed in cultured
cells.5%0 However, this analogue presented several drawbacks including low incorporation
efficiency, non-specific labeling, and cytotoxicity. A series of alkyne-modified cholesterol
analogues were designed in an effort to address the issues encountered with Az-Chol

(Fig. 19A).501 The optimized form of the alkyne probes, Alk-Chol-2, successfully labeled
Shh with intense signals and low cellular toxicity. The localization of cholesterylated Hh
proteins were visualized in cultured cells and in developing zebrafish, the first successful
imaging of lipidated proteins /n vivo. Quantitative proteomic analysis on Alk-Chol-2-treated
cellular models revealed subtle variations in the levels of cholesterylated Shh across multiple
pancreatic cancer cell lines. Since Hh signaling is an important factor in clinical pancreatic
ductal adenocarcinoma, these observed differences warrant further investigations into the
potential role of cholesterylation in pancreatic cancer.201

For a long time, covalent cholesteryl modification was found only in Hh proteins,

although its occurrence on proteins beyond this family was proposed.>%2 Recent studies
have shown that the Hh signal transducer and oncoprotein Smoothened (SMQO) binds
cholesterol within its cysteine-rich domain (CRD).%3 Cholesterol immobilized on agarose
resin through click chemistry efficiently isolated SMO in binding assays. Shortly thereafter,
compelling evidence for the covalent cholesterol esterification of SMO emerged through
metabolic labeling with Az-Chol-2.5%4 Proteomic analysis on Az-Chol-treated cells yielded
20 protein candidates, which were then each validated through Az-Chol labeling and
immunoprecipitation. Among these proteins, SMO retained Az-Chol modification under
denaturing conditions indicating covalent modification. A robust mass spectrometric
analysis showed Asp95 as the site of cholesterylation, a residue situated in the vicinity of the
CRD. Since protein cholesterylation is not known to be catalyzed by any cognate enzymes,
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it was hypothesized that cholesterol binds first to the CRD followed by auto-esterification

at Asp95. Furthermore, this novel SMO cholesterylation was found to be regulated by SMO-
interacting proteins Patched-1 (suppressor) and Shh (enhancer). Such lipidation is required
for SMO-driven gene transcription and modulation, and loss of this modification resulted in
severe developmental defects /7 vivo. These results open new doors for possible therapeutic
interventions on treating Hh-pathway-related cancers by targeting SMO cholesterylation.504

8.4.2. Non-covalent interactors—Beyond covalent modification by cholesterol, a
wide range of membrane proteins are also regulated through non-covalent interactions

with this lipid. Probing these cholesterol-interacting proteins can be accomplished using
cholesterol probes with photoaffinity crosslinking capabilities.>% In order to globally profile
these proteins, the Cravatt group employed a diazirine- and alkyne-containing cholesterol
analogue (Alk-Dzn-Chol, Fig. 19A), which confer both photoaffinity and clickable handles,
respectively.06 Probe-treated cells were UV-irradiated and cell lysates were biotinylated
with biotin-azide, enriched, and subjected to a SILAC-based quantitative proteomic analysis.
Out of >800 proteins enriched, more than 250 cholesterol-interacting proteins displayed high
selectivity and sensitivity to cholesterol—the majority of which were integral membrane
proteins as expected. These results highlight the key cellular pathways that may depend on
cholesterol concentration to modulate protein localization and modification. Interestingly,
known sterol-interacting proteins and covalently cholesterylated Hh were not enriched in
this approach; the authors noted that the introduction of these unnatural modifications may
impair sterol-protein interactions and the inevitable hydrolysis of esters may impede the
enrichment of covalently modified proteins.5%¢ Indeed, this study exemplifies the use of

a combination of both affinity and photocrosslinking tags in a single probe can identify
interacting proteins mediated by lipid PTMs in a single experiment. Such a strategy could be
useful for studying many other types of protein-lipid modifications as well.

8.4.3. Adducts of oxidized cholesterol intermediates—The biosynthesis of
cholesterol also yields intermediates that can be oxidized and generate reactive electrophiles
that react with amines forming protein adducts (Fig. 19B).57 High levels of 7-
dehydrocholesterol (7-DHC), the immediate precursor of cholesterol, is a hallmark of

the genetic neurodegenerative and developmental disease Smith-Lemli-Opitz Syndrome
(SLOS).%07 This is attributed to the impairment of 7-DHC reductase (DHCR?), the enzyme
responsible for converting 7-DHC to cholesterol. Metabolic labeling experiments using an
alkyne-modified 7-DHC (AIk-7-DHC, Fig. 19C) exhibited high levels of protein adduction
in an SLOS cellular model deficient in DHCR7.598 In a follow-up study, the protein
adducts of lanosterol, the precursor of sterols from squalene, were also profiled using its
alkyne-modified analogue (Alk-Lan, Fig. 19C).509 Alk-Lan efficiently undergoes multistep
conversion to Alk-7-DHC and Alk-Chol within neuronal cells, indicating that the alkyne
moiety remains intact during Alk-Lan metabolism and that the biosynthetic enzymes can
tolerate such modification of the sterol precursor. The identified Alk-Lan-modified proteins
were a subset of those labeled with Alk-7-DHC in a neuronal cell line. This provides
evidence that both Lan and 7-DHC form protein adducts through the same mechanism

and that 7-DHC is the major source of reactive sterol electrophiles. Further efforts into
characterizing the members of the sterol adductome should shed more light into the
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implications of this protein modification during oxidative stress and in diseases such as
SLOS.

8.5. Glycosylphosphatidylinositol anchor

Glycosylphosphatidylinositol-anchored proteins (GPI-APSs) are involved in secretory and
endocytic pathways and are tethered to lipid membranes through a GPI glycolipid.>10
The GPIs are assembled in the ER and transferred by GPI transamidases to the exposed
C-termini of cleaved proprotein substrates. The structure of GPI anchors consists of a
core phosphatidylinositol modified with fatty acyl groups and a conserved glycan linked
to the protein through phosphoethanolamine (Fig. 20A).511 An estimate of more than 250
GPI-APs being present in eukaryotes is derived from annotations and prediction tools,
making up less than 2% of the eukaryotic proteome.512:513 GP|-APs display a myriad of
biological functions such as signal transduction, cell recognition and adhesion, and cell
surface enzymatic reactions.>1 They are also implicated in parasitic and bacterial infections,
as well as in genetic blood diseases and prion pathogenesis.>14

CCML-based methods to study the biology of GPI-APs have been limited owing to the
complicated structure of GPIs. There are three strategies that have been reported to generate
clickable GPI probes: i.) the use of clickable fatty acid probes to tag the fatty acyl portion
of GPI anchors; ii.) azide-functionalized sugar analogues to label the glycan core which

is suitable live-cell copper-free click reaction; and iii.) clickable versions of the complete
GPI assembly. In the first approach, the fatty acyl portion of GPIs can incorporate medium-
chain saturated fatty acids in bacteria and protozoans.>1®> Chemical proteomic analysis

of A falciparum using Alk-C14 identified both A-myristoylated NMT substrates and GPI-
anchored proteins.1’” Since the myristoyl groups in GPIs are linked through an ester bond,
GPI-APs can be distinguished from the A-myristoylated proteins through hydroxylamine
cleavage prior to protein pulldown. This strategy yielded a list of potentially novel and
previously known GPI-APs in the malaria parasite. Employing a similar strategy in 7. gondii
identified 52 known and predicted GPI-APs.354 Alk-C18 for S-palmitoylated proteome
labeling in a macrophage cell line also enriched both S-palmitoylated proteins and GPI-
APs.199 Seven predicted and annotated GPI-APs were identified in this profiling experiment
and one of these proteins, CD14, was validated through CCML with Alk-C18 combined
with immunoblotting. Removal of the C-terminal site of GPI attachment results in loss of
Alk-C18 labeling, indicating that the lipid modification is located in the GPl-anchor. This
membrane-anchored protein is critical in initiating signaling cascades that trigger immune
response. Interfering with its GPI modification may therefore offer therapeutic benefits in
the onset of infection.

The conserved glycan scaffold in GPIs in mammalian GPI-APs is often modified with
N-acetylgalactosamine (GalNAc) as a side chain of the first mannose proximal to the
phosphatidylinositol core (Man1).516 Thus, the second strategy for probe construction
involves incorporation of sugar analogues into this site such as an azide analogue of GalNAc
(GalNAz, Fig. 20B). Metabolic incorporation of GaINAz in GPI-APs in mammalian cells
and subsequent Staudinger ligation with phosphine-biotin enabled the detection of both
endogenous and recombinantly expressed GPI-APs.%17 Another strategy of labeling the
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sugar moieties in GPI-APs is through the introduction of bio-orthogonal functional groups
into the inositol portion of the glycan scaffold. An array of azide-modified inositols were
also synthesized where the azide moiety was placed in various positions in the sugar
molecule (e.g. InoAz, Fig. 20B), along with their peracylated analogues, /.e. all the hydroxyl
groups are acylated (per-InoAz, Fig. 20B).518 Through conjugation with alkyne-biotin and
subsequent streptavidin-fluorophore tagging, cell surface-localized GP1-APs on fixed cells
were successfully visualized and quantified using confocal microscopy and flow cytometry,
respectively. It is noteworthy that the peracylated forms of the probes (Fig. 20B) are more
efficiently metabolized to label GP1-APs and exhibit lower cytotoxicity. Moreover, GPI-APs
are often exposed to the exterior surface of the plasma membrane and are amenable to click
reactions outside the cell. This enables the use of SPAAC chemistry with bulky reagents and
overcomes the need for Cu(l) known to be toxic to cells. Indeed, super-resolution imaging
was made possible on live cells that were treated with peracylated GaINAz and tagged with a
DBCO-modified fluorophore in a copper-free approach.51°

While a high number of GPI-APs have been identified through predictions, a more limited
set of these proteins has been experimentally validated. The lower abundance of GPI-APs
relative to other membrane proteins and contamination with non-GPI-APs suppress their
detectability in LC-MS/MS proteomic analysis, even after membrane fractionation and
selective release into the solution using phospholipases.>20 In an attempt to provide an
improved strategy, GalNAz was used to enrich and identify GPI-APs in mammalian cell
lines.52! The intact, GaNAz-labeled cells were treated with phosphatidylinositol-specific
phospholipase C (PI-PLC) to release GPI-APs and enriched using alkyne-functionalized
agarose beads. A complementary method to pulldown GPI-APs using immobilized lectins
was also conducted in cells that were not treated with GalINAz. Out of more than 250
predicted GPI-APs, only 33 were identified and almost 50% were shared by both methods.
Polarized epithelial cells also displayed differential populations of GPI-APs in the apical and
basolateral regions of the cell, with more proteins localized at the apical surface. Although
fewer proteins were profiled than expected, this method employed on intact cells preserves
the cell integrity and hence opens up opportunities for spatiotemporal analysis of GPI-AP
expression and dynamics in cells.521

Clickable probes that are considerably more specific for GPI-APs are those that encompass
the complete GPI structure similar to that synthesized /n vivo. However, the reductive

nature of standard hydroxyl protection strategies for the sugar molecules are not compatible
with azides and alkynes during the course of their synthesis. Through the use of para
methoxybenzyl (PMB) protection, complete GPl-anchor probes functionalized with azide
(Az-GPlI) or alkyne (Alk-GPI) on Manl in the glycan core were successfully generated (Fig.
20A).522 The same strategy was used to append an alkyne to the phosphate moiety in a GP
anchor specific to L. donovani®?3 Although efficient conjugation could be achieved with
their partner click reagents, there have been no studies in the literature that used these probes
in labeling GPI-APs in cells. Perhaps the arduous nature of glycan chemical synthesis and
challenges in the scale up of these probes limit their accessibility. Moreover, their relatively
large structures may result in poor cellular uptake. Hence, employing these clickable GPlIs in
biological studies of GPI-APs has yet to be reported.
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9. Proteins of interest site-specifically functionalized via lipid modifying

enzymes and click chemistry for biotechnological applications

Previous sections described the use of click chemistry for biological studies of proteins
modified via lipidating enzymes. In the following sections, we focus on prior art that has
exploited those enzymes for the modification of proteins of interests (POI) with various
functionalities together with click chemistry. Protein modification via enzymatic methods
provide unique advantages. The site-specificity allows homogenous product formation with
controlled stoichiometry, as opposed to conventional chemical methods such as cysteine-
maleimide or lysine-A-hydroxylsuccinimide ester chemistry in which conjugation of a
specific site or number of amino acid residues is difficult to achieve. Precise control over
the site of modification tends to cause minimal perturbation of native protein activity. For
instance, modification via S-prenylation occurs at the C-terminus and A/-myristoylation at
the N-terminus, which are often distanced from the active sites of target proteins. Enzymatic
labeling is bio-orthogonal as it occurs only on proteins that contain the specific consensus
sequence, CajayX for Sprenylation and MGXXXS/T/C for N-myristoylation. This allows
selective labeling of the POI in mixtures such as crude lysates, which eliminates purification
steps which is important in biotechnology where downstream processing of protein products
is responsible for over half of the total production cost.524 Finally, enzymatic reactions
enable fast modifications with high yields under mild conditions, in contrast to other site-
specific methods such as unnatural amino acid incorporation which is often limited by low
protein yields and technical difficulties.52°

While a number of different lipid modifying enzymes exist, as noted above, the products
of palmitoylation yield a hydrolysis-prone thioester linkage that is potentially susceptible
to loss of the conjugated payload in various biological environments. Similarly, the ester
linkages from cholesterylation and GPI-modification have related instability features, that
has prompted the development of biotechnological applications that utilize lipid modifying
enzymes to be focused on S-prenylation and A-myristoylation. In future research, it will
be interesting to see advances that allow the expansion of the range of exploitable lipid
modifying enzymes. For instance, it may be become possible to utilize palmitoylation in
situations that require reversible attachment and detachment of a payload, or by enhancing
the linker stability through formation of an amide bond instead of the thioester through an
intramolecular S-to-Vshift.49°

9.1. C-terminal protein functionalization through S-prenylation

Protein S-prenylation allows site-specific protein modification of almost any protein by
simple appending of a short Caja,X recognition motif onto the C-terminus of the POI. The
use of S-prenylation for biotechnological applications has mostly evolved around FTase for
a number of reasons. The synthesis of analogues of farnesyl diphosphate is much easier
than that of geranylgeranyl diphosphate due to their simpler structure. FTase is known

for its promiscuity that enables it to accept a wide variety of substrates including ones

that incorporate a bulky aryl group or even a biotin functionality.391:526 The plasticity of
FTase can be even further improved by engineering the active site via mutagenesis.391.527
While GGTase-1 accepts various analogues as well, it still exhibits more limited lipid
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substrate specificity compared to FTase.>28 In the case of RabGGTase, an additional REP
component is required for the reaction to proceed which adds additional complexity to

the overall process. In this section, the development and assessment of various isoprenoid
analogues (Fig. 21) and their combination with click chemistry for a variety of applications
are described (Fig. 22).

A large number of FPP analogues which contain biorthogonal moieties for click chemistry
that can be recognized as substrates by FTase have been developed by Distefano and
coworkers. In their initial report, a geranylazide diphosphate (C10-Az-OPP, Fig. 21) was
synthesized from geraniol.3%° The product was a mixture of isomers in an approximately

1:1 ratio which was inseparable due to the facile sigmatropic interconversion of the

allylic azide substrates and/or products. Nonetheless, C10-Az-OPP was confirmed as a
substrate for FTase when evaluated with a peptide substrate A-dansyl-GCVIA (Dn-GCVIA).
Although the incorporation of the analogue was slower than with FPP, the reaction was
complete within a practical time frame (2 h at 30 °C). The azide-functionalized peptide

was then reacted with a triphenylphosphine-based reagent that contains an electrophilic ester
moiety. Interestingly, while the Staudinger reaction showed high product conversion, mass
spectrometry analysis of the product indicated the presence of an O-alkyl imidate-linkage
instead of the conventional amide-linkage (Fig. 1). Based on reports suggesting that alkyl
azides yield the former while aryl azides yield the latter,>2? it was assumed that the
B-branched allyl azide substructure of GPP exhibits a reactivity more similar to that of

aryl azides.

In a subsequent report, Rose et al. reported on C15-Az-OPP (Fig. 21).492 The new analogue
showed similar properties to C10-Az-OPP, in that it was obtained as an isomeric mixture,
showed similar reaction rates against Dn-GCVIA, and the product of Staudinger ligation
again yielded an O-alkyl imidate-linked product instead of the amide-product as confirmed
via mass spectrometry analysis.

In a more intensive study on the product formed from Staudinger ligation, Xu et al. prepared
a new azide analogue 6,7-dihydrogeranylazide, which lacks the alkene present at C-6
(C10-Dh-Az-OPP, Fig. 21).530 Sprenylation of Dn-GCVIA with that analogue indicated
that the absence of the third isoprene unit brings about structural perturbation when bound
to the FTase active site leading to a rate of reaction that was much slower than FPP.
Nonetheless, C10-Dh-Az-OPP showed similar rates to the previous C10-Az-OPP analogue
which was sufficient to be completely converted to product with longer reaction times.
Interestingly, mass spectrometric analysis of the reaction product between the prenylated
peptide and a phosphine-based reagent indicated the formation of only alkoxyimidate
products instead of the predicted amide despite the non-allylic nature of the azide. To

gain a better understanding, model reactions with simpler compounds were run between

the dihydroprenylazide substrate precursor (the unphosphorylated alcohol) and three model
phosphine reagents. While ESI-MS analysis indicated the formation of both imidate and
amide products, LCMS and NMR analysis both revealed that in fact the amide is the
dominant product where in some cases the imidate form was completely undetectable. The
results suggested that product analysis using mass spectrometry could give contradicting
results due to potential variations in ionization efficiencies of the products. Nonetheless, the
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report showed evidence of alkoxyimidate products from Staudinger ligation that can form
when particular reagent types were used. These observations were significant since they
highlighted the potential problem of product mixtures that can sometimes occur with the
Staudinger ligation.

Duckworth et al. constructed a model protein by fusing a CVIA sequence to the

C-terminus of GFP, which was then selectively immobilized onto agarose beads by
installation of an azide moiety via enzymatic S-prenylation followed by capture via CUAAC
(Fig. 22A).531 Based on the study above, the new azide analogue (C15-Dh-Az-OPP)

was composed of three isoprenoid units but lacked the alkene present in the terminal
isoprene unit. Investigation of the rate of S-prenylation with Dn-GCVIA showed that 10,11-
dihydrofarnesylazide diphosphate (C15-Dh-Az-OPP, Fig. 21) at saturating concentrations
(10 uM) was only 2.7-fold slower than with FPP, while the previously reported C10-Dh-Az-
OPP showed a significantly reduced catalytic efficiency, which indicated that the presence
of a third isoprene unit and the absence of an alkene in that unit makes the azide-containing
analogue a much better substrate for FTase. After enzymatic labeling with C15-Dh-Az-OPP
of GFP-CVIA, CuAAC with alkyne-functionalized agarose beads was carried out for 15 h at
25 °C. Analysis of the fluorescence intensity of the beads indicated a 96% immobilization
efficiency. Interestingly, 8% of GFP-CVIA was shown to be immaobilized under the same
click conditions even in the absence of the clickable azide, which was presumably due

to nonspecific interactions caused by Cu(l)-induced activation of the alkyne-agarose.>32
Selective capture could be obtained from protein mixtures containing as little as 1% GFP-N3
on account of the highly efficient click reaction.

Poulter and coworkers prepared GFP- and GST-(glutathione S-transferase) immobilized
glass surfaces exploiting Staudinger ligation or CUAAC (Fig. 22B) using similar
chemistry.533 Target proteins were enzymatically labeled with an azide- or alkyne-
containing farnesyl diphosphate analogue (C10-Et-Az-OPP or C10-Et-Alk-OPP, Fig. 21)
followed by click reaction with phosphine- or azide-derivatized glass slides that resulted in
regio- and chemoselective protein immobilization. Although nonspecific binding of proteins
lacking the clickable moiety was also observed, proteins covalently immobilized via click
chemistry were found to be more robust; click-immobilized proteins were found remaining
attached to the slides after treatment with an acidic saline solution for 2 h at 80 °C, which
was sufficiently harsh to strip antibodies bound to their respective antigenic proteins, and
remained bound to slides after 4 days in buffer while nonspecifically bound proteins had
fully dissociated.

In a follow-up report, Poulter and coworkers described eleven additional farnesyl
diphosphate analogues each bearing azide or alkyne functionality, where five were shown
to be substrates for yFTase (the yeast enzyme).396 Comparison of the steady-state kinetic
parameters of the analogues with Dn-GCVIA indicated that the presence of a bulky

or branched w~isoprenoid unit, charged amino groups, or rigid chains may hinder their
compatibility with the active site of yFTase. Azide-farnesylated Dn-GCVIA products
showed two closely eluting species with identical mass determined via LC-MS, which
indicated isomeric products resulting from either incorporation of both regio-isomers of
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the azide analogue or incorporation of a single isomer which subsequently undergoes
rearrangement.

By exploiting CUAAC with a model protein GFP-CVIA site-specifically labeled with an
alkyne-functionality, Duckworth et al. performed surface-immobilization and fluorophore
labeling of proteins (Fig. 22A and 22C).534 A continuous fluorescence-based enzyme

assay was employed to evaluate the C10-Alk-OPP as a substrate for yeast FTase (yFTase).
Although farnesylation of Dn-GCVIA with the isoprenoid analogue was approximately
12-fold slower than the natural substrate FPP, GFP-CVIA was fully converted to the
alkyne-product within a timeframe (3 h at 30 °C) suitable for downstream applications. The
alkyne-labeled GFP was then immobilized onto azide-functionalized agarose beads under
CuAAC conditions. Interestingly, while immobilization of GFP-alkyne on azide-agarose
and GFP-azide on alkyne-agarose both showed highly efficient immobilizationin 1 h

(93% for both), conjugation to the alkyne-resin was shown to result in a higher degree

of nonspecific binding. These results indicated that even for the same CuAAC reaction,
immobilization characteristics could vary upon the choice of functionality carried by each
clickable reagent. For instance, in proteomic studies, using an azide-resin to prevent false-
capturing of undesired proteins would be especially important.>32 Fluorophore labeling

of GFP-alkyne was achieved with Texas Red bearing an azide, demonstrating the wide
applicability of the reported site-specific labeling method. Férster resonance energy transfer
(FRET) calculations gave a Forster distance of 40 A, which was consistent with the R-
distance of 37 A predicted by a model of the GFP-Texas Red conjugate.

Distefano and coworkers synthesized protein-DNA conjugates which self-assembled into
tetrahedral nanostructures (Fig. 22D).%3° The model protein GFP-CVIA was farnesylated
with azide functionality, which was exploited to conjugate with an alkyne-containing
oligonucleotide 33 bases in length. The GFP-DNA was initially shown to form a complex
with a Texas Red carrying a complementary 33-mer DNA strand evidenced by FRET.

The hybridization of complementary DNA strands was further utilized in constructing

a tetrahedral structured GFP-DNA nanoassembly by mixing four types of GFP-DNA
conjugates and briefly annealing the mixture at 54 °C. The number of GFP molecules per
tetrahedron, observed by single molecule spectroscopy, could be controlled by changing the
composition of the oligonucleopeptide building blocks. Overall, the advantage of having a
compact recognition tag for site-specific protein conjugation was demonstrated through its
application towards GFP-DNA nanostructure assembly that requires precisely spaced and
oriented proteins.

Waldmann and coworkers studied the effects of the isoprenoid analogue structure on
S-prenylation and click chemistry.536 Four isoprenoid analogues were synthesized, each
containing a diene (HOM-GPP, Fig. 21), either an amide-linked (AAA-GPP, Fig. 21) or
aliphatic azide (APO-GPP, Fig. 21), or biotin (BGPP, Fig. 14). Affinity assays indicated all
four analogues bind to the active site of FTase despite differences in length compared to
the native FPP. However, while the azide and diene analogues showed product formation
with Dn-GCVLS and the TKCVIM-tagged model proteins cyan fluorescent protein (CFP),
RFP and small GTPase Ypt7, the biotin analogue did not show conversion. Reaction with
GGTase-I failed to process the biotin analogue as well, which indicated that the complexity
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of analogue design involves factors beyond simply length. The azide-functionalized proteins
obtained via FTase were shown to maintain solubility and functionality post-labeling and
underwent Staudinger ligation with a model phosphine. The azide analogue containing the
amide-linkage was shown to react much faster than the aliphatic analogue due to its stronger
electrophilicity. Functionalization of the diene-labeled protein via Diels-Alder cycloaddition
was shown, which required a higher excess of dienophile and low pH conditions.

Wollack et al. studied methods to improve the solubility of proteins functionalized via
farnesylation.>3” Following the farnesylation with a truncated alkyne-prenyl analogue (C5-
Alk-OPP, Fig. 21) composed of a single isoprenoid unit, the last three amino acids

of the “Cajap,X” box were enzymatically removed, which resulted in site-specifically
alkyne-labeled peptides or proteins with a net gain of only a single cysteine and nine
additional non-hydrogen atoms. Although kinetic assays with OrG-RTRCVIA-OH (OrG:
Orange Green) showed that the C5-alkyne analogue, C5-Alk-OPP, was a poor substrate for
yFTase compared with FPP, near-complete (>85%) labeling was achieved upon extended
incubation. Carboxypeptidase Y (PY) could be utilized to cleave off the -a;a>X residues
without yielding undesired proteolytic degradation of the peptide. The minimalistic labeling
methodology was applied for immobilization of alkyne-mCherry on azide-functionalized
agarose, in which the absence of the “VIA” sequence did not affect immobilization
efficiency, demonstrating the innocuousness of the method on protein stability and click
reactivity. Comparison of C5-Alk-OPP and the dihydro analogue C5-Dh-Az-OPP for Hcpl
labeling demonstrated that minimizing the hydrophobicity of the lipid substrate could lead to
enhanced product-solubility.

The range of exploitable click chemistries that could be employed via FTase-catalyzed
labeling was expanded by Rashidian et al. who developed an aldehyde-containing analogue
of FPP (C15-Ald-OPP, Fig. 21).538 The catalytic efficiency of the aldehyde analogue was
shown to be comparable to previously developed azide or alkyne analogues. Dn-GCVIA was
successfully farnesylated with the analogue by FTase which could subsequently undergo
fluorophore addition. While the C15-Ald-OPP-labeled Dn-GCVIA rapidly formed an
oxime-ligated product with aminooxy-AlexaFluor-488 in the presence of aniline, reactions
with Texas-red hydrazine were shown to be unsuccessful, suggesting that low UM reaction
conditions are not suitable for hydrazone formation due to its lower equilibrium constant.
Farnesylation of GFP-CVIA with the aldehyde analogue manifested complete product
formation within 2 h at 30 °C in the presence of FTase. Oxime ligation-induced surface
labeling of aldehyde-functionalized GFP with aminooxy-agarose beads in the presence

of 100 mM aniline was achieved with ~30% efficiency, while labeling with aminooxy
AlexaFluor-488 and 100 mM aniline showed 60% efficiency. Overall, oxime ligation was
shown an efficient bio-orthogonal functionality for labeling chemistry, which could be

a potential alternative to CUAAC where copper-free conditions are necessary such as in
cellular environments.

Tate and coworkers utilized site-specific labeling with GGPP analogues using RabGGTase
and REP-1 in tandem with click chemistry to functionalize a series of target proteins.404
C20-Az-OPP (Fig. 14) was synthesized, which despite the interconversion between 14-
azido and cis/trans 16-azido regio-isomers, was successfully transferred to a range of
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recombinant Rab proteins containing both single (Rab18) and dual (Rab6, GST-tagged
Rabl1, Rab27a, Rab38, Rabla) S-prenylation motifs. Comparison of CUAAC, phosphine-
mediated ligation, and strain-promoted cycloaddition, using the requisite biotin derivatives
showed that CUAAC is the most efficient and selective click reaction. That method was then
used to detect geranylgeranylated proteins in cells which is described above in Section 7.1.1.

Proteins farnesylated with the natural substrate FPP were shown to undergo oriented
immobilization via thiol-ene click reactions.>3% H-, N-, and K-Ras were farnesylated

with FPP using FTase, followed by immobilization on thiol-poly(amidoamine) (PAMAM)
functionalized SiO,/Si slides (Fig. 22B) by exposure to UV light through a photomask.
Immunodetection of surface-bound Ras with an anti-Ras-Cy3 antibody revealed fluorescent
micropatterns indicating successful immobilization. Interestingly, the labeling efficiency

of farnesylated K-Ras was ~20 fold higher than the others, which could be attributed to

the interaction between the C-terminal polylysine domain of K-Ras and the carboxylic

acid groups present on the glass-bound PAMAM. Based on that observation, mCherry

and Rab6A each containing 4 or 6 lysines at their C-termini were generated, respectively.
Farnesylated products from both proteins underwent efficient immobilization even directly
from crude lysate. The method was extendable to a co-expression system, in which the
engineered mCherry was farnesylated with endogenous FPP by FTase in £. coli. The
resulting modified proteins in crude lysate could be immobilized using a longer thiol

linker and with extended UV exposure time. Utilizing proteins prenylated with the natural
substrate FPP for biotechnological applications was an interesting approach, obviating the
development and assessment of analogues that contain a click-reactive functionality. Similar
work was reported recently where Distefano and coworkers exploited the site-specifically
labeled lipid groups for binding of multivalent protein scaffolds to cells via hydrophobic
interaction.>49 While the work was unique in that it utilized protein S-prenylation for
protein-conjugation without the involvement of covalent interactions, it should be noted that
the work could be expanded to incorporate click chemistry for a stronger and more selective
binding-interaction between multiple target substrates.

Taton and coworkers synthesized protein-oligodeoxynucleotide (protein-ODN) conjugates
by combining farnesylation and copper-free click chemistry.541 Conjugation of ODN was
carried out by farnesylation with either C10-Az-OPP or C15-Az-OPP of GFP or mCherry,
followed by SPAAC with a DIBO-modified ODN. SPAAC proceeded over a range of pH
values (3.5-12.3) and temperature (room temperature and 4 °C), and the product yield was
comparable to CUAAC, demonstrating its wide applicability, simplicity, and high efficiency.
ODN-conjugated proteins were utilized for supramolecular assembly via hybridization of
the complementary DNA sequences. To this end, GFP and mCherry were each conjugated
with complementary DBCO-ODNSs and dimerized either at room temperature or 55

°C. Interestingly, while CUAAC-generated conjugates formed heterodimers under both
annealing conditions, SPAAC-generated conjugates only dimerized at elevated temperatures
presumably due to the more hydrophobic strained-alkyne moiety. Surface immobilization
of protein-ODN conjugates on ODN-functionalized agarose beads was shown, which
demonstrated the usefulness of SPAAC as an alternative to CUAAC in functionalizing
proteins at low concentrations.

Chem Rev. Author manuscript; available in PMC 2022 June 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suazo et al.

Page 64

Rashidian et al. utilized oxime and hydrazone formation to reversibly immobilize or

label proteins in crude cell lysate.52 In addition to the previously reported C15-Ald-OPP
alternative substrate containing an alkyl aldehyde,538 a geranylaldehyde analogue containing
an aryl aldehyde (C10-BA-OPP) was developed. Although the catalytic efficiency of the
aryl analogue was 4-fold lower than the alkyl-substituted compound, higher synthetic

yields gave it the advantage of being much easier to produce. Reactions of aldehyde-
functionalized Dn-GCVIA and GFP-CVIA with Texas red hydrazide or AlexaFlour-488
aminooxy indicated that while the reaction rate is much faster for hydrazone formation,
oxime ligation shows higher conversion due to higher association constants. Fluorophore
labeling of GFP could be achieved using either hydrazone or oxime formation, in which the
products displayed FRET. Reversible immobilization was achieved by utilizing the two click
reactions sequentially. GFP-aldehyde was initially captured on hydrazide-functionalized
agarose beads (Fig. 22A), followed by release with high concentrations of hydroxylamine,
where aniline was employed as a catalyst in both reactions. The method was highly
reversible with a 95% immobilization efficiency and 80% release efficiency, and could

be applied to selective functionalization of proteins from crude lysate without purification.
As an example, a therapeutically relevant glucose-dependent insulinotropic polypeptide
(GIP-CVIM) was PEGylated from crude extract using this chemistry.

While the high chemoselectivity and reversibility of imine-based reactions make them a
useful click reaction, they suffer from slow reaction kinetics especially for ketones and
therefore often require catalysts. Rashidian et al. screened various catalysts for oxime and
hydrazone formation and found that m-phenylenediamine (mPDA\) is up to 15 times more
efficient than aniline.5% At identical concentrations, mPDA was about 2-fold more efficient
than aniline, but its higher water solubility allowed reactions to proceed at much higher
concentrations which resulted in much greater acceleration since the rate of reaction is first
order in catalyst. At pH 7, oxime ligation between an aldehyde-functionalized GFP and a
dansylated aminoooxy reagent was completed in 90 s with 750 mM mPDA while 100 mM
aniline only showed minimal product conversion (<7%). It was noted that both catalysts
were less effective for protein aldehydes than simple model aldehydes, suggesting that the
species conjugated to the aldehyde can modulate its reactivity. Protein labeling via reversible
immobilization using mPDA resulted in faster and higher yields compared to aniline. It

was found that Schiff base formation starts to compete with oxime ligation at high mPDA/
aminooxy ratios, and therefore ratios below 250:1 were recommended. Fluorophore labeling
of a therapeutically relevant protein ciliary neurotrophic factor (CNTF) via oxime ligation
with aminooxy AlexaFluor-488 was achieved using 80 mM mPDA. The mPDA catalyst
was shown to be effective for labeling ketone-containing proteins as well. PEGylation of

an aldehyde-containing DHFR with 500 mM mPDA manifested a 2.5-fold increase in rate
while 100 mM aniline had negligible enhancement. A number of other groups have reported
other efficient aniline-based catalysts for this reaction as well.24

The orthogonality between CUAAC and oxime ligation to achieve simultaneous dual protein
labeling was exploited by Rashidian et al.>42 A tri-orthogonal molecule incorporating

an aldehyde and alkyne functionality on an allylic diphosphate (C10-BA-AIk-OPP) was
synthesized and confirmed as an alternative substrate for FTase by farnesylation of Dn-
GCVIA and GFP-CVIA. Simultaneous oxime ligation and CUAAC with aminooxy-PEG and
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azido-TAMRA (Fig. 23A) was shown with GFP and CNTF that had been labeled with the
tri-orthogonal analogue. Under the conditions employed, oxime ligation was found to be
more efficient than CUAAC, but nonetheless both reactions reached near completion within
12 h. The method was applied towards constructing chemically self-assembled nanoring
structures (CSANS) by mixing a dual-functionalized GFP labeled with aminooxy-TAMRA
and azido-bis-MTX with dimeric DHFR proteins functionalized with anti-CD3 antibodies.
The resulting protein nanostructure was shown to undergo selective membrane binding and
energy-dependent endocytosis when treated with CD3* T-leukemia cells, where the GFP
and TAMRA components could be detected by both fluorescence and FRET measurements.
In a subsequent methods article, Mahmoodi et al. provided a detailed description of the
procedures for protein immobilization and release exploiting the reversible imine-base
reaction and simultaneous protein labeling utilizing CUAAC and oxime click chemistry.?43
In comparing m-PDA versus p-PDA in oxime and hydrazone ligation, the authors noted
that at higher catalyst concentrations, m-PDA favors Schiff base formation over the desired
product, while p-PDA does not exhibit such limitations and therefore allows faster reactions.
However, p-PDA was shown to be prone to oxidation in air, especially in the presence of
copper catalysts, which suggested that 7-PDA would be more suitable for reactions that
require prolonged incubations or simultaneous click conditions.

Maynard and coworkers utilized oxime and CuAAC click chemistry for chemoselective
protein immobilization on gold surfaces (Fig. 22B).5*4 For covalent immobilization, two sets
of proteins and gold surfaces were functionalized with two different types of complementary
click components. Horse heart myoglobin (HHMDb) was modified at its N-terminus with

an aldehyde via a PLP reaction with pyridoxal 5’-phosphate, and mCherry-CVIA was
farnesylated with C15-Alk-OPP. Complementary gold surfaces were functionalized with an
aminooxy-alkanethiol or azide-alkanethiol by microcontact printing with a PDMS stamp.
Immobilized proteins were visualized via fluorescence microscopy which demonstrated the
potential of the method in applications that target uniformly oriented proteins.

Poulter and coworkers constructed uniformly oriented antibody arrays on site-specifically
immobilized antibody-binding proteins (Fig. 22C).545 Truncated recombinant forms of
antibody-binding proteins A, G, and L were constructed to include five antibody-binding
domains from wild-type S. aureus protein, an N-terminal Hisg-tag, and a C-terminal CVIA
motif. The chimeric proteins were farnesylated with C10-Et-Alk-OPP and immobilized

onto azide-functionalized glass slides. The high selectivity and binding affinities of

the immobilized antigens were shown through a series of assays involving various
concentrations and mixtures of protein A, G, and L. The surface-bound antigens were
utilized to fabricate an array of antibodies by a “sandwich” procedure, where glass-bottomed
slides (with silicone isolators) were coated with recombinant antibody-binding protein L
followed by incubation with monoclonal antibodies directed to either GFP or GST. A
mixture of GFP and GST was added to the wells and the captured proteins were visualized
using fluorescent antibodies, which indicated selective antibody-dependent protein detection
without cross-reactivity. The antigen-bound slides could be reused by treatment with

acidic buffer to strip away the antibody layer while leaving the covalently immobilized
antigens attached for use in another round of protein-detection. In a follow-up paper, they
showed that their “sandwich-type” antibody arrays that exhibit regioselectively immobilized
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antigens show superior properties compared to randomly oriented antigens immobilized on
commercially epoxy-modified slides.>48 As described in their previous work, a sandwich
structure for detecting GFP was constructed by immobilizing an alkyne-functionalized
recombinant protein L onto azide-glass slides, followed by incubation with a mouse anti-
GFP IgG antibody. Captured GFP was detected with D7Light 680-labeled mouse anti-GFP
IgG with high sensitivity and low cross-reactivity against the components of the sandwich
array. For comparison, a sandwich structure with random orientation was constructed by
immobilizing protein L on commercial epoxy-modified slides in a non-specific fashion.
Regioselectively immobilized slides showed superior fluorescent outputs demonstrating the
advantages that result from site-specific immobilization. Slides showed unaltered detection
sensitivities after up to 6 cycles of regeneration. Poulter and coworkers subsequently
expanded the scope of their immobilization methodology from glass to gold surfaces.>47
Thiol or dithiocarbamate (DTC) self-assembled monolayers (SAMs) were prepared on
gold slides for subsequent azide surface-functionalization. Alkyne functionalized GFP

or GST, prepared by S-prenylation with an isoprenoid analogue was immobilized onto

the gold surface via CUAAC and visualized with complementary fluorescent antibodies.

A concentration dependent increase in immaobilization was observed only under click
conditions, indicating a low degree of nonspecific binding. While the immobilized proteins
could be released with B-mercaptoethanol (BME) from both types of gold surfaces, proteins
on DTC SAMs were shown to be much more resistant to displacement, indicating a more
robust sulfur-gold linkage in the case of DTC over thiols.

Trans-cyclooctene (TCO) functionality was site-specifically incorporated by protein
farnesylation for subsequent functionalization via tetrazine ligation.548 Successful labeling
of an Oregon Green-CVIA peptide and GFP-CVIA showed that the developed TCO geranyl
diphosphate analogue (C10-TCO-OPP) was a substrate for yFTase. The relatively compact
volume of cyclooctene and hydrophobic characteristics of the analogue were thought to be
the key factors of substrate-compatibility of the analogue in the FTase active site. The TCO-
labeled peptide and protein both rapidly reacted with dipyridyl-tetrazine known to exhibit
cell-penetrating properties, which combined with the copper-free click features of this
chemistry has important implications for experiments that require protein lipid modification
in live cells.

Dozier et al. examined the kinetic behavior of mutated FTases to study how the enzyme’s
active site could be expanded to improve the catalytic efficiencies for bulkier FPP
analogues.>2” Docking experiments suggested that positions W1028, Y1545, and Y2058
were important for controlling the volume of substrates that could be accommodated. Thus,
those positions were altered to alanine via site directed mutagenesis which yielded mutants
W102A8, Y154A8, and Y205A8. When tested using a Dn-GCVLS substrate, some FTase
mutants were found to exhibit substantial improvements. For example, mutant W102A8
showed a 43-fold higher catalytic efficiency for processing a benzaldehyde-containing
analogue over FPP, and mutant Y205A showed improved activities for a cyclooctene
analogue and a dramatic 300-fold increased catalytic efficiency for a coumarin-containing
analogue (C10-Cou-OPP). Some mutations however gave only minimal improvements such
as the mutant Y154AB which displayed improved binding affinities (lower K,,) for the
benzaldehyde analogue which, however, was offset by a decreased k5. Overall, it was
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shown that mutagenesis of FTase could be exploited to expand the variety of susceptible
FPP analogues, that could potentially broaden the types of click chemistry applications
associated with protein S-prenylation.

In a related work, Zhang et al. employed simultaneous enzymatic labeling of two different
target proteins each selectively with different functionalities by exploiting the distinct
specificities of rat GGTase-1 (rGGTase-1) and rat FTase (rFTase).385 Based on a previous
report which showed that rGGTase-1 has a larger binding pocket compared to that of
rFTase, various isoprenoid analogues that contain a clickable functionality were evaluated
as substrates for the two enzymes in search for candidates that exhibit enzyme specificity.
When tested with GFP-CVIA, C10-Alk-OPP was shown to be a substrate for rFTase and

an aryl ketone containing C10 isoprenoid (C10-BK-OPP) for rGGTase-I, and no cross-
reactivity between the enzymes and substrates was observed. rFTase was shown to be able
to prenylate CVIA substrates with C10-Alk-OPP but not related CVLL substrates while
C10-BK-OPP and azide-containing C20-Az-OPP could be transferred to CVLL substrates
only with rGGTase-I. Exploiting the substrate selectivity and noncomplementary CajayX
sequences, an all-in-one reaction was shown to successfully label GFP-CVLL and RFP-
CVIA simultaneously with C10-BK-OPP and C10-Alk-OPP, respectively, in the presence
of both rFTase and rGGTase-I (Fig. 23B). Utilizing the methodology further, a one pot site-
specific dimerization of proteins was carried out by selectively labeling GFP-CVLL with
C15-Az-OPP and GFP-CVIA with C10-Alk-OPP, followed by addition of CUAAC reagents
which produced GFP-GFP homodimers in high yield. A similar reaction was carried out to
synthesize GFP-RFP heterodimers demonstrating the generality of the developed method to
form site-specific tail-to-tail protein dimers.

DNA-protein cross-links (DPCs) are important DNA lesions that interfere with DNA
processing which leads to various mutations and cytotoxicity. However, studies on DPCs
have been limited due to difficulties in obtaining structurally defined site-specific DPCs.
Tretyakova and coworkers investigated the effect of DPCs on DNA replication by exploiting
S-prenylation and click chemistry for the preparation of site-specific DNA-protein or
-peptide crosslinks (Fig. 22D).54% SDS-PAGE and tandem mass spectrometry confirmed

the successful site-specific crosslinking between prenylation-induced GFP-C15-Dh-Az-N3
and an alkyne-labeled 23-mer oligodeoxynucleotide via CUAAC. DNA-peptide crosslinks
were generated using synthetic azide-containing 10- or 23-mer peptides, which were both
produced in high yields. The DPCs were subjected to primer extension with translesion
synthesis (TLS) polymerases hpol k, n and t either through a standing start or running

start assay with an 18-mer template. In both assays, TLS polymerases showed successful
extension of the primer for control templates, while complete obstruction for all three types
of TLS polymerases was observed for both GFP and 23-mer conjugated DPCs. For the DPC
containing the 10-mer, polymerases were shown to bypass the lesion and extend the primer
with different efficiencies. Overall, these assays demonstrated how different peptide/protein
sizes have an effect on primer extension near the site of DNA adduction and suggest that
large DPCs would require a proteolytic mechanism for them to be processable by TLS
polymerases.
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Combination of Sprenylation and click chemistry was utilized for the synthesis of
homogenous protein-drug conjugates. Kim and coworkers site-specifically linked a toxic
monomethyl auristatin F (MMAF) warhead to repebodies, which are protein scaffolds

with a high affinity for epidermal growth factor receptor (EGFR).5°0 Repebodies were
engineered with a C-terminal CVIM, which was exploited for S-prenylation with a

geranyl ketone diphosphate (GKPP). Subsequent oxime ligation with a B-glucuronide-
linked and aminooxylated MMAF without the employment of a catalyst under acidic
conditions produced a homogenous repebody-MMAF conjugate (RDC). The site-specific
RDCs showed high serum stability in human plasma due to the hydrolysis-resistant oxime
linkage which is advantageous in targeted drug delivery. Towards EGFR-positive cell lines,
RDCs showed higher efficacy compared to cell-impermeable MMAF, where the RDC with
the highest binding affinity showed the highest cytotoxicity. RDCs had negligible effect

on EGFR-negative MCF7 cells, indicating receptor-specific cytotoxicity. Mouse studies
revealed that RDCs exhibit antitumor activities, although complete tumor suppression could
not be achieved presumably due to the short half-life of RDCs in blood due to the small size
of the protein.

Shin and coworkers developed an LC-MS/MS based method to assess the linker stability
of ADCs (antibody-drug conjugate).>®! The ADC used in their study was a HER2-targeting
antibody that was site-specifically conjugated with an MMAF via methods similar to those
reported by Kim and coworkers, using site-specific GKPP labeling with FTase followed

by payload-conjugation via oxime chemistry.550 Evaluation of the pharmacokinetic profile
of the ADC was accomplished by quantifying the drug component of the ADC remaining
in plasma. For this, the plasma MMAF concentrations were determined from integration

of LC-MS/MS analysis previously standardized using a range of concentrations (19 — 960
ng/ml) fit to a quadratic equation. That method was used to assess the linker stability of
ADCs in rat plasma, where 85 % of MMAF was found to remain bound to the ADC after
incubation in rat plasma for 7 days at 37 °C. /nn vivorat studies showed a similar half-life for
the ADC to that of trastuzumab, demonstrating the stability of the oxime linkage.

Distefano and coworkers functionalized Designed Ankyrin Repeat Proteins (DARPIns),

a type of a small protein scaffold, with a fluorophore using S-prenylation and click
chemistry.552 The DARPIn used in the study was engineered to bind to epithelial cell
adhesion molecules (EpCAM) which is a well-known marker overexpressed in certain
cancer cells, and to contain a C-terminal CVIA motif to be recognized by the FTase. Site-
specific labeling with C10-Az-OPP followed by SPAAC with a TAMRA-DBCO yielded
functionalized DARPins with high yields (>85%). The EpCAM-binding affinities of the
fluorophore functionalized DARPins were assessed by flow cytometry. A high degree of
binding activity was observed in EpCAM-overexpressing MCF-7 cells which was absent
in EpCAM-negative U87 cells, and the high binding affinity to MCF-7 could be turned
off when cell surface EpCAMSs were blocked with incubation with an excess of unlabeled
DARPiIns. Overall, site-specific labeling of a fluorophore to DARPins allowed high retention
of the protein function and did not introduce non-specific interactions.
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9.2. N-terminal protein functionalization through N-myristoylation

N-myristoylation of various myristic acid analogues allows the site-specific N-terminal
modification of various POIls. The acid analogue requires conversion to a myristoyl-CoA
thioester by an endogenous £. colienzyme acyl-CoA synthetase in order to be recognized
as a substrate by the enzyme N-myristoyl transferase (NMT). Therefore, protein conjugation
via NMT-mediated labeling and click chemistry has mostly been performed at the cellular
level, either in (live) cells or crude lysates prior to POI purification. Examples of such
applications are imaging of specific protein functions in (live) bacteria in which the

small tag allows minimal adverse effect on the native protein function,53:%4 or surface
immobilization of POIs from crude lysate in which purification of the excess myristic acid
analogues is unnecessary as opposed to conjugation of a molecular payload.>55:556 While
most of the prior work has been focused on click reactions that involve an azide, it would be
interesting to see future development of new myristic acid analogues that could expand the
range of utilizable click chemistries.

Tate and coworkers were the first to report site-specific labeling exploiting a combination

of N-myristoylation and click chemistry.322 Az-C12-CoA (Fig. 11) was incubated with

C. albicans NMT (CaNMT) and a model peptide that possesses the canonical GXXXS
N-terminal A-myristoylation target motif. Incubation of equimolar substrates with a catalytic
quantity of CaNMT (0.25%) led to a complete enzymatic reaction with rates comparable

to that of the native substrate myristoyl-CoA. £ falciparum ADP ribosylation factor

1 (PfARF1), a natural substrate of NMT, was functionalized with an azide exploiting
N-myristoylation which was subsequently captured by a phosphine-labeled biotin via
Staudinger ligation with high efficiency (>99%). The method was utilized for a one-pot
biotin labeling by feeding an azide-containing myristic acid to an engineered E£. coli co-
expressing CaNMT and PfARF1, followed by addition of biotin-phosphine to the resulting
lysate. Pull-down with avidin-beads indicated successful /n cellulo functionalization of
PfARF1 with >99% efficiency, which indicated successful uptake of the azido-myristic acid
into the cells followed by transformation to the active CoA analogue via endogenous E£.

coli enzyme acyl-CoA synthetase. In a subsequent report, Tate and coworkers expanded the
scope of click reactions utilizing a new alkyne-analogue.5® The azide- or alkyne-containing
myristoyl-CoA analogues Az-C11-CoA (Fig. 24) and Alk-C14-CoA (Fig. 11), which were
designed so that the chain length and flexibility closely adhere to the native substrate, were
both successfully transferred to a model peptide that contains the N-terminal region of
PFARF1.

While both reactions were rapid and comparable to the native substrate, the alkyne analogue
was found to be two-fold faster. Both analogues were subjected to a one-pot labeling
experiment in an £. coli co-expression system similar to the one described in their previous
report, where the functionalized PFARF1 was subsequently reacted with biotin-capturing
reagents containing either an alkyne, azide, or triarylphosphine. While capturing via both
CuAAC and Staudinger ligation were shown to be successful, CUAAC was found to be more
efficient similar to prior reports.23 Within CUAAC approaches, conjugating alkyne-payloads
to the azide-labeled protein was shown more effective than the converse,>32 presumably

due to the benefits of having a large excess of activated alkyne when used as the capturing
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reagent. The labeling methods mentioned above were described in detail in a subsequent
protocol paper, in which a multifunctional alkyne-reagent carrying a biotin and TAMRA was
labelled to an azide-containing PFARF1 by CUAAC.5%8

Tirrell and coworkers exploited the bio-orthogonality of NMT-catalyzed protein labeling
and click chemistry for fluorophore labeling and immobilization of a target protein from
crude cell lysate.5® Two types of GFPs were engineered with different NMT recognition
sequences, YARF-GFP which contained a motif from yeast ADP-ribosylation factor,

and Fyn-GFP which featured a motif from the Src family tyrosine-protein kinase Fyn.
Co-expression of each GFP with human NMT in £. coli with Az-C12, followed by

lysis of the cells and CUAAC with the resulting lysate with an alkyne-TAMRA yielded
selectively and site-specifically conjugated GFP-TAMRA. Incubation of the azide-labeled
GFP-containing cell lysate on strained cyclooctyne-coated glass slides resulted in successful
surface immobilization of GFP. While strained alkynes could undergo various side reactions,
including processes involving free thiols present in GFP, SPAAC was found to be faster than
those non-specific reactions, allowing control over the orientation of immobilized proteins
by site-specific conjugation through the N-terminus.

NMT-mediated protein labeling was applied to calmodulin (CaM), a biologically relevant
Ca?*-binding protein.5%® The solvent-accessible N-terminus of CaM was engineered to
display an NMT recognition sequence, derived from either human calcineurin B (CaN)

or yeast ADP ribosylation factor. In addition, two types of linkers were employed to
connect the NMT recognition sequence to the protein which led to a total of five
engineered CaM constructs. All five were successfully labeled with an azide moiety

when co-expressed in £. coliwith human NMT1 in the presence of Az-C12 and were
shown to maintain Ca%*-binding and CaN-activating abilities comparable to that of wild
type (WT) CaM. As the NMT-motif derived from CaN showed superior activity, it was
selected for one-pot fluorophore labeling by subjecting the cell lysate containing the
azide-labeled construct to CUAAC with alkyne-TAMRA. A single fluorescent band was
observed by SDS-PAGE analysis which indicated selective labeling of the target protein
as a result of the bio-orthogonality of NMT-mediated labeling and CUAAC. Various CaM-
immobilized resins were prepared and tested for their capability to bind to and purify
CaN. CaM-resins prepared via SPAAC with chemoenzymatically generated azide-CaM and
azadibenzocyclooctyne-functionalized resins (ADIBO-resins) showed CaN yields 10-fold
higher than resins prepared by immobilizing WT CaM on NHS-ester or cyanide activated
resins, demonstrating the advantage of protein immobilization in a site-specific fashion.

Tirrell and coworkers also utilized the NMT labeling system to visualize proteins

in bacteria.>3 The target proteins were chemotaxis proteins Tar and CheA, and cell

division proteins FtsZ and FtsA, which were each co-expressed in an £. coli system

with NMT and methionyl aminopeptidase. The addition of Az-C12 or Az-C11-alkoxy
simultaneously during the induction stage of protein expression, followed by the addition

of a bicyclononyne-containing BODIPY reagent to the subsequently produced lysate led to
complete modification of all four target proteins. /n situimaging of fixed and permeabilized
cells was conducted on cells expressing each of the target proteins equipped with C-terminal
myc tag fusions for immunofluorescence confirmation using an anti-myc AF647-conjugated
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antibody. Polar localization of Tar and CheA and septal localization for FtsZ and FtsA could
be visualized in both BODIPY and AlexaFluor-647 channels; the former allowed imaging
of the myristoylated proteins while the latter was used to detect myc. This demonstrated

the utility of NMT-catalyzed fluorophore labeling for imaging bacterial proteins in cells,
which could even be applied to live cells. The details of the sample preparation and labeling
protocols for live cell imaging of bacterial proteins were further described in a follow-up
methods paper.5%4

In a related work, Zhang and coworkers assessed whether the labeling of myristic acid
analogues instead of the natural substrate alters protein function using a model protein
ADP-ribosylation factor (Arf1).311 Arf1 was myristoylated with five myristic acid analogues
resulting in modified proteins that showed membrane-associating and GTP-hydrolyzing
activities similar to endogenous Arfl while non-myristoylated Arfl lacked either properties.
Additionally, an Arfl labeled with Az-C14-ketone (Fig. 24) could be conjugated with

a fluorescent hydrazine reagent. Importantly, in these studies, the authors described a
methodology that could be used to determine the suitability of lipid-modification methods to
monitor protein function in cells.

Calmodulin (CaM) conjugated Sepharose resin was prepared by a combination of N-
myristoylation and click chemistry, which led to improved purification efficiencies of CaM-
binding proteins.>%6 Azide-functionalized CaM was prepared by A-myristoylation with Az-
C12, which was subsequently immobilized onto DBCO- or alkyne-functionalized Sepharose
resin via SPAAC or CUAAC. DBCO-resin was shown to immaobilize larger amounts of
CaM compared to simple alkyne-resin and was shown to outperform commercial resin in
purifying a CaM-binding protein calcineurin (CaN). CaM-resin was prepared directly from
azide-CaM present in clarified lysate, which showed higher CaN purification efficiencies
compared to resin prepared from purified azide-CaM. CaM-resin was tested for purification
of calcium/calmodulin dependent kinase 11 alpha (CaMKII) which has traditionally been
isolated using IMAC purification. Exploiting the CaM-resin yielded a product with higher
purity and less degradation compared to purification using Ni-NTA resin. In their following
methods paper, Kinzer-Ursem and coworkers described the details of CUAAC-mediated
functionalization of CAM myristoylated with Az-C12.560 In addition to fluorophore
labelling with an alkyne-functionalized AlexaFluor-647, protein-immobilization on gold
nanoparticles (AuNP) was shown where it was noted that cyclooctyne-functionalized AuNP
resulted in aggregation leading to inferior conjugation with SPAAC compared to CUAAC.

Tirrell and coworkers expanded their work from 2016 by imaging bacterial proteins in

live cells with nanometer resolution.561 To exploit direct stochastic optical reconstruction
microscopy (dSTORM), two cell-permeable photo-switchable rhodamine spirolactam dyes
were developed. These dyes exhibited photon budgets comparable to conventional STORM
dyes in the absence of additives such as oxygen-scavenging buffers or reducing agents that
are usually required for facilitating the photo-switching of conventional dyes. Following
the co-expression of target proteins with NMT in £. coliin the presence of Az-C12,
bicyclononyne-functionalized dyes were added, which yielded live cells containing the
fluorophore-labeled proteins that were then subjected to imaging without fixation or
permeabilization. Chemotaxis proteins Tar and CheA and cell division proteins FtsZ and
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FtsA were observed with a mean localization precision in the nanometer range. While
modification of the N-terminus presumably caused minimal perturbation of protein function,
indicated by the successful imaging of live cells, the effect of the peptide tag and
fluorophore were shown to vary for each protein of interest.

10. Conclusion

Click chemistry has played a critical role in illuminating the process of protein lipidation,
as well as in discerning their roles in controlling protein function, localization, and protein-
protein interactions. The ability to use metabolic labeling to incorporate lipid analogues
containing functionality that can be subsequently modified for various analyses has proved
to be a versatile strategy. Click reactions with affinity handles have allowed proteins to

be pulled down and identified by proteomic methods. Incorporation of quantitative mass
spectrometric methods into such workflows have made it possible to study the regulation
of protein lipid modification and the impact of specific inhibitors. Click reactions with
fluorophores have enabled the localization of lipidated proteins to be studied and their levels
quantified. Overall, much information has been gained concerning the biology of protein
S-prenylation using this approach. However, as mentioned, most of the currently available
tools are only applicable to fixed cells and therefore efforts into applying click chemistry in
molecular imaging inside live cells or tissues needs to be pursued moving forward.

In a similar way, the use of click chemistry in conjunction with protein lipidation has
proved to be a powerful approach for site selective protein modification. Site-specific
enzymatic incorporation, either /n vitro or in cellulo, of lipid substrates bearing appropriate
functional groups has enabled a diverse range of modifications to be performed on

either the N-termini (via A-myristoylation) or C-termini (via S-prenylation) of target
proteins. Applications include immobilization, fluorescent labeling and drug conjugation;
this approach has also proved useful for the construction of more complex architectures
including protein nanostructures and protein-DNA conjugates. On the other hand, enzymatic
S-and N-acylation has been applied in only developing platforms for screening of fatty
acylation inhibitors. There are no reports so far in using such types of lipid modification for
bioconjugation strategies, which can be attributed to their lack of sequence specificity (e. g.
unclear recognition motifs) and the susceptibility of S-acylated substrates to hydrolysis.

Throughout the above studies, click chemistry has played a central role. A summary of the
features of different click chemistries that have been used for studying and exploiting protein
lipid modification is shown Fig. 25. This graphic emphasizes that individual click reactions
have different attributes that make them more or less suitable for different applications

and illustrate that there is no one single reaction that is best for all applications. For
example, while the alkene and tetrazine reactants are somewhat large, making it difficult to
incorporate them into substrates without attenuating their enzymatic reactivity, the inverse
electron demand Diels Alder (iEDDA) reaction is the fastest click reaction discovered to
date. The superior kinetics of iEDDA that does not require toxic catalysts allows click
reactions to be applicable for live cell studies, which could even be expanded to /n vivo
environments. Among click reactions that involve azides and alkynes, the copper-catalyzed
version (CUAAC) is not compatible with live-cell experiments due to toxicity issues
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while the strain-promoted (SPAAC) reaction is considerably slower and the presence of

a large hydrophaobic moiety appended to a protein can create solubility/stability problems.
Nonetheless, both reactions remain to be a powerful tool especially for /n vitro studies due to
the robustness of the reaction, and since the small size of azide and alkyne groups that can
be readily introduced into the protein substrates without abrogating their reactivity. Oxime
and hydrazone forming reactions are particularly attractive due to the structural innocuity
of small aldehyde and ketone groups but that is partially offset by slower reaction rates,
incomplete orthogonality (due to the presence of some aldehydes and ketones in cells) and
hydrolytic instability; at the same time, oxime and hydrazone products manifest the highly
useful feature that their formation is reversible that has been utilized for one-pot labelling
and purification of protein-conjugates. Alternative ligation reactions with aldehydes that
forms a stable C-C bond instead of an imine have been reported as well,7-°62 which could
be exploited to expand the scope of click reactions involving aldehydes.

For studies of protein lipid modification to advance further, both the understanding of
enzyme-substrate interaction and click chemistry will need to evolve. Developing enzymes
that are more tolerant towards a wider variety of analogue substrates would broaden the
scope of applicable click reactions, that is currently heavily focused on alkyne and azide
functionalities due to their small size. In terms of potential improvements in click chemistry,
new functionalities will need to be developed that allow minimalist additions to enzyme
substrates that have limited impact on enzyme recognition, while exhibiting increased click
reactivity to allow the detection of modified proteins present at very low concentrations

in cells. The further development of click chemistries that permit experiments with live
cells and that have minimal effects on the structure, function, stability and solubility of
proteins will significantly broaden the types of questions that can be addressed using /n
cellulo metabolic labeling and /in vitro modification. For instance, click reactions with rates
comparable to iEDDA that do not require bulky ring systems would be particularly useful.
Click reactions that proceed at equimolar concentrations compared to the target protein,
even in the absence of catalysts, would open up /in vivo applications where localized high
concentrations are difficult to achieve. Applying two-photon chemistry to thiol-ene click
chemistry could be utilized for experiments that require spatiotemporal control in /in cellulo
or /n vivo applications due to the low toxicity and tissue penetrating capabilities of that
method. While these future directions are raised here in the context of protein lipidation,
they are obviously all germane to many other types of protein modifications.
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ESI-MS electrospray ionization mass spectrometry

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

LC-MS liquid chromatography mass spectrometry

LC-MSMS liquid chromatography tandem mass spectrometry

MES 2-(N-morpholino)ethanesulfonic acid

NMR nuclear magnetic resonance

PBS phosphate-buffered saline

RBC Red blood cells

RIPA Radioimmunoprecipitation assay

SDS sodium dodecylsulfate
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TBTA Tris((1-benzyl-4-triazolyl)methyl)amine
TCEP tris(2-carboxyethyl)phosphine
TEA triethylamine
THPTA Tris(3-hydroxypropyltriazolylmethyl)amine
TrissHCI Tris(hydroxymethyl)aminomethane hydrochloride
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A. Modified Staudinger ligation
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Figure 1. Reaction scheme of biorthogonal click reactions for modifying proteins of interest.
(A) Modified Staudinger ligation between an azide and phosphine reagent. An aza-ylide

intermediate is formed followed by a transfer to the ester forming an amide bond. The
O-alkyl imidate product can occur especially with aryl azides. (B) The copper-catalyzed
azide-alkyne cycloaddition reaction (CUAAC) is a 1,3-dipolar cycloaddition between
alkynes and azides that results in a 1,2,3-triazole product. (C) Strain-promoted azide-alkyne
cycloaddition (SPAAC) reaction that employs strained octynes. (D) Inverse-electron demand
Diels-Alder (iEDDA) reaction between strained alkenes (trans-cyclooctene or norbornene)
with tetrazine. (E) Reaction between aldehyde and hydrazines or aminooxy compounds to
form hydrazone or oxime bonds, respectively. These reactions can be catalyzed by aniline
and related reagents (mPDA). (F) Radical reactions between thiols and alkenes or alkynes
initiated by UV light.
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Figure 2. Fatty acylation on proteins.
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(A) The dynamic cycling of protein S-palmitoylation and depalmitoylation on cysteine
residues. zDHHCs catalyze S-acylation on proteins particularly S-palmitoylation while
APTs, PPT1, and ABHDs can remove these modifications. (B) A representative structure
of a zDHHC-PAT embedded in a membrane through its transmembrane domains (TMDs).
(Ref. 93) The DHHC active site is oriented towards the cytoplasm and resembles a catalytic
triad that generates a thiolate nucleophile for activation of fatty acyl-CoAs. (C) The N-
myristoylation and A-defatty acylation cycling of A-lipidated proteins. NMTSs can catalyze
both N-terminal and side-chain fatty acylation, although the lysine is typically adjacent

to the N-terminal glycine. Sirtuins and HDACs can reverse this modification (D) The
mechanism for the dual myristoylation on the N-terminus of myristoylated AFR6 GTPase.
The free rotation of the C-C bond shown in red allows for dual myristoylation on the
N-terminal glycine and the side-chain of the adjacent lysine.(Ref 116)
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Figure 3. Protein prenylation.
(A) Single prenylation on CajayX box-containing proteins with farnesyl diphosphate

(FPP) or geranylgeranyl diphosphate (GGPP) catalyzed by farnesyltransferase (FTase) or
geranylgeranyltransferase type | (GGTase-I), respectively. The prenylated protein undergoes
a maturation process involving cleavage of -a;a,X tripeptide catalyzed by ras converting
enzyme (RCEL) or sterile 24 (Ste24), followed by methylation of the exposed carboxy
terminus by isoprenylcysteine methyl transferase (ICMT). (B) Dual geranylgeranylation on
two proximal C-terminal cysteine residues in Rab proteins. The Rab substrate is initially
recruited by the rab escort protein 1 or 2 (REP1/2) and subsequently geranylgeranylated by
the geranylgeranyltransferase type Il (GGTase-Il) or RabGGTase. (C) Representation of the
heterodimeric structures of prenyltransferases showing their a and p subunits. FTase and
GGTase-I share a common a subunit but differs in their p that determines their reactivity
and substrate specificity (e. g. FPP vs GGPP). GGTase-1l and GGTase-Il1 share a common
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B subunit for geranylgeranylation but differ in their a subunit that influences their substrate
recognition.
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Figure 4. Click chemistry-based metabolic labeling (CCML) for the analysis of protein lipid
modifications.

(A) A general scheme for metabolic labeling of cells with clickable analogues of small lipid
molecules and subsequent detection and identification. Lysates from cells metabolically
labeled with clickable probes are subjected to click reaction with their cognate bio-
orthogonal tag linked to a fluorophore for fluorescence imaging or biotin for enrichment
and/or streptavidin blotting. Enriched proteins from biotinylated samples can be detected
through western blot or identified through label-free or isotopic tag-based quantitative LC-
MS/MS proteomic analysis. Metabolic probe labeling and subsequent fluorophore tagging
also allows for imaging of whole live or fixed cells and flow cytometric analysis.(B) The
use of cleavable multifunctional reagents allows inclusion of the lipid-modified peptide for
mapping of the site of lipid modification. Tryptic digestion cleaves the lysine or arginine

in the linker and releases the lipidated peptide in solution. (C) An example of a cleavable
multifunctional reagent containing a reactive group, fluorescent reporter, biotin handle, and
cleavable linker. (Ref. 177)
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Figure5. Structures of clickable probesfor protein S-palmitoylation.
The native structures of palmitic acid and palmitoyl-CoA along with their azide- and alkyne-

modified analogues are shown. Varying chain lengths can serve as surrogate for this lipid
modification and hence can be generalized as S-acylation. The presence of a diazirine
moiety in Alk-Dzn-C18 allows for a photocrosslinking strategy that enables identification of
proteins that interact with fatty acylated proteins through the lipid modification.
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Figure 6. Strategies for profiling of S-acylated proteins.
(A) An acyl-biotin exchange (ABE) method that does not require metabolic labeling with

clickable analogues. Lysates are treated with A-ethyl maleimide to block free cysteines
followed by hydrolysis using NH,OH to expose the thiols of S-acylated proteins. The newly
unmasked free cysteines are reacted with thiol-reactive reagents such as biotin-HPDP (see
Abbreviations section) and enriched. Immobilized proteins are eluted for SDS-PAGE or
processed for proteomic analysis. (B) Cells can be metabolically labeled with clickable
fatty acid analogues followed by click reaction with biotin-based reagents for enrichment of
labeled proteins. Immaobilized proteins that are probe-labeled are selectively released from
the beads through hydrolysis with NH,OH, improving the confidence of the identities of the
profiled S-acylated proteins.
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Figure 7. Imaging of proteinsinspired by proximity ligation assay (PLA).

(A) Palm-PLA visualizes localization of specific palmitoylated proteins. Intact cells
metabolically labeled with clickable fatty acids are tagged with a biotinylated click reaction
partner. Two primary antibodies that recognize the target protein and biotin tag are added,
followed by treatment with a pair of oligonucleotide-labeled secondary antibodies that bind
to the primary antibodies separately. When they are in close proximity, the oligonucleotides
complement and form a closed circle that is required for rolling-circle amplification (RCA).
(B) UnPalm-PLA detects the unpalmitoylated species of the protein of interest (POI). Cells
are treated with biotin-maleimide to directly tag the free form of the POI followed by
treatment with antibodies as described in Palm-PLA. An orthogonal fluorophore is used to
distinguish localization of the unpalmitoylated POI from the palmitoylated species.
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Figure 8. Structures of PAT and APT inhibitorsand their clickable analogues for activity-based
protein profiling (ABPP).

2-bromopalmitic acid and the natural product cerulenin are pan inhibitors of zZDHHCs.
Hexadecy! fluorophosphonate (HFDP) is a serine lipase inhibitor that targets many

hydrolase enzymes.
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Figure 9. Enabling technologies based on click chemistry.
(A) A high-throughput method for screening inhibitors of NRAS palmitoylation.

Immobilized NRAS is labeled with a clickable palmitate analogue and the extent of
inhibition is evaluated based on turn on fluorescence after click reaction. (B) An
ELISA-inspired click chemistry-based technology (click-ELISA) for inhibitor screening.
Immobilized substrates are labeled with a clickable fatty acyl-CoA analogue and tagged
with FLAG-N3. Addition of anti-FLAG conjugated to HRP in the presence of luminol
and peroxide gives of chemiluminescence inversely proportional to extent of inhibition.
(C) On-plate palmitoylation assay (OPPA) that involves labeling of a FLAG-tagged
substrate a fatty acid analogue and biotin and subsequent immobilization on plates coated
with anti-FLAG. Detection is based on recognition of the biotin-fatty acid label on
proteins using fluorophore-conjugated anti-biotin or streptavidin. (D) NMT-azido-ELISA
especially designed for evaluating NMT activity. FLAG-tagged substrates modified with
azide are ligated with phosphine-biotin through Staudinger ligation. Labeled-substrates
are then trapped on anti-FLAG-coated plates and NMT activity is quantified through
chemiluminescence. (E) Catalytic enzyme-linked click chemistry assay (cat-ELCCA) to
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detect GOAT activity. Ghrelin substrate captured on a plate is labeled with a clickable
octanoyl-CoA analogue and clicked with HRP. Detection is based on chemiluminescence.
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Figure 10. Methods to determine number of fatty acyl modificationsin a protein.
(A) PEG-switch assay similar to ABE where free cysteines are blocked with NEM and

the thiols of modified residues are liberated through hydrolysis. These free residues are
subsequently reacted with maleimide-functionalized heavy PEG reagents and resolved

in gels for western blot analysis. PEG-switch assay is suitable for non-active samples

(e.g. tissues) but may not be specific to detect fatty S-acylated proteins. (B) mPEG-click
assay involves metabolic labeling of clickable fatty acids in cultured cells and lysates are
subsequently reacted with a heavy PEG linker via click reaction. Samples are resolved in
an SDS-PAGE and proteins of interest are detected through western blotting. The number
of fatty acyl modifications reflect the number of PEG conjugates displayed as protein bands
with retarded migration.
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Figure 11. Clickable analogues of myristic acid and myristate-S-CoA for metabolic and in vitro
labeling of myristoylated proteins.
These probes are more selective for labeling AV-myristoylated proteins.
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Figure 12. Mechanismsfor labeling the N-myristoylated proteins.
(A) Co-translational modification where probes are added to either cultured cells or /n vitro

in lysates containing plasmids that express proteins of interest (POI) for cell-free expression.
The N-terminal methionine is cleaved off by MetAPs and the clickable myristoyl analogue is
appended by NMTs to the N-terminal amine on the exposed glycine of the nascent protein.
(B) Post-translational A-myristoylation during apoptosis on protein substrates generated
through cleavage by caspases that expose a new N-terminal glycine.
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Figure 13. Bacteria-mediated lipidation/delipidation.
(A) Incorporation of saturated fatty acids into the S-linked diacylglycerol unit on

bacterial lipoproteins (LPPs). The pre-pro-lipoprotein undergoes processing steps that
exposes a new N-terminal cysteine and its thiol side-chain is modified by lipoprotein
diacylglyceryltransferase (Lgt) with a glyceryl group containing two fatty acyl moieties.
(B) Demyristoylation on host proteins catalyzed by the bacterial effector protein IpaJ. The
N-myristoylated N-terminal glycine is cleaved by this peptidase. (C) N-fatty acylation

on prenylated small GTPases by bacterial effector proteins IcsB or RID. The prenyl
modification on their substrates appears to be essential for their recognition.
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Figure 14. Bio-orthogonal isoprenoid analogues for probing protein prenylation.
Native substrates farnesol (FOH) and geranylgeraniol (GGOH) or their diphosphate forms

FPP and GGPP modified with azide or alkyne functionalities suitable for CCML. A
biotinylated isoprenoid can also be used to directly label Rab substrates but not of those
for FTase and GGTase-I.
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Figure 15. Other mechanismsfor regulating protein prenylation.
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CaaX
processing

(A) Trafficking of prenylation substrates mediated by SmgGDS chaperone proteins.
SmgGDS607 recruits the substrate for prenylation by GGTase-1 and the prenylated

protein is sequestered and delivered by SmgGDS558 the endoplasmic reticulum for
subsequent processing steps. Splice-switch oligo (SSOEX5) can reduce the ratio of
SmgGDS607:SmgGDS558 for potential treatment of cancer. (Ref. 425) (B) Dual prenylation
on Ykt6 catalyzed by FTase and GGTase-111. Yki6 is first farnesylated by FTase on

the CajapX box cysteine followed by geranylgeranylation by GGTase-111 on the adjacent

cysteine upstream from the farnesylated residue.
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Figure 16. Chemical structures of fatty acylation probeswith chain lengthslonger than palmitic
acid.

Saturated fatty acids stearic (C18:0), and very long-chain fatty acids lignoceric (C22:0) and
cerotic (C24:0) are functionalized with either azide or alkyne moieties.
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Figure 17. Chemical structures of fatty acylation probeswith chain lengths shorter than myristic
acid.

Saturated fatty acids butyric(C4:0) and octanoic (C8:0) acids are functionalized with either
azide or alkyne moieties. A ghrelin probe containing an octanoyl modification, alkyne
functionality, and phosphonofluoridate war head can be used to identify enzymes with
octanoy! esterase activity. (Ref. 466)
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Figure 18. Chemical structures of unsaturated fatty acylation probes.
Monounsaturated fatty acids (MUFASs) palmitoleic (C16:1), oleic (C18:1), and the

longer polyunsaturated (PUFAS) linoleic and arachidonic acids are modified with alkyne
functionalities. The multiple double bonds in PUFASs facilitate the generation of radicals
under oxidative stress that can produce electrophiles and form adducts with proteins
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Figure 19. Probes for O-cholesterylated proteins.
(A) The bio-orthogonal analogues of cholesterol contain azide and alkyne functionalities

and may vary in length of their linkers. (B) The electrophilic species of cholesterol form
adducts with proteins through their amine side chains. (C) The alkyne-modified versions of
the cholesterol precursors can be efficiently metabolized to form cholesterol inside cells.
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Figure 20. Chemical probesfor labeling GPI-APs and structure of the GPI scaffold.
(A) Structure of the GPI assembly comprised of a glycan core linked to fatty acids

through a phosphatidyl-inositol, which is also attached to the C-terminal of a protein
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3

through a phospho-ethanolamine that forms an amide bond. The lipid portion of the GPI
anchors the protein to membranes. Whole GPI probes were synthesized with bio-orthogonal
modifications in the glycan scaffold. (B) Structures of the azide-modified monosaccharides

that can be metabolically incorporated to the glycan core of the GPI anchor.
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Figure 21. Additional isoprenoid analogues used in enzymatic C-terminal modification of
proteins.

Isoprenoids are modified with an azide, alkyne, aldehyde, alkene, ketone and fluorophore
functionalities for selective bioconjugation.
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Figure 22. Applications of site-specific enzymatic protein labeling through C-terminal cysteine
prenylation with FTase and N-terminal acylation with NMTs.

(A) Immobilization of proteins enzymatically prenylated with clickable isoprenoids on beads
functionalized with clickable moieties. (B) Immobilization of tagged proteins on glass

or gold surfaces coated with clickable functionalities. (C) Direct protein modification of
lipidated proteins with various payloads such as fluorophores, affinity handles, polymers,
drugs, or antibodies. (D) Generation of DNA-protein crosslinks through reaction between
functionalized DNA and proteins prenylated with clickable isoprenoid analogues. A
nucleotide base is modified with a biorthogonal moiety prior to DNA synthesis. (E)
Incubation of myristoyl probes in bacteria enables visualization of A-myristoylation of
heterologously expressed proteins. Bio-orthogonal fluorophores are reacted with the tagged
proteins inside live bacteria.
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Figure 23. Simultaneous protein labeling through prenylation.
(A) Simultaneous labeling of a protein using a tri-orthogonal isoprenoid analogue containing

both alkyne and aldehyde for CUAAC and oxime ligation, respectively. (Ref. 542)
(B) One-pot dual labeling using orthogonal isoprenoid analogues for tail-to-tail protein
bioconjugation. FTase and GGTase-l have substrate preferences for the length of isoprenoid

used. (Ref. 385)
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Figure 24. Additional myristoyl analogues used in enzymatic N-terminal modification of
proteins.

These analogues are functionalized with azides or ketones and vary in length compared to
Az-C12 and Alk-C14.
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Figure 25. Considerationsin the applicability of click chemistry in protein or cellular
environments.

Individual reactions were given a rating from 5 (highest) to 0 (lowest) for each category
based on how much they satisfy each of the following criteria. Kinetics: High rate constant;
Selectivity: Selective reaction between click functionalities without side reactions with
biologically endogenous functionalities; Stability: High stability of the resulting linkage;
Structural Innocuity: Minimal adverse effect of the coupling partners and/or resulting
linkage on cellular or protein activity; Biocompatibility: Applicability of the reaction
conditions for live cell or in vivo experiments; Reversibility: Reversibility of the click
chemistry product.
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Summary of click chemistry conditions and yields that involve site-specific protein labeling via lipid

modifying enzymes

Entry Application Analogue & Click Conditions

Yield

Ref

Farnesyl transferase (* indicates geranylgeranyl transferase type 1 or Rab geranylgeranyl transferase)

Staudinger ligation

1 Surface immobilization C10-Et-Az-OPP
1-20 uM GFP- or GST-Azide
diphenylphosphine slides
50:1 DMF/water
15h

2 Proof-of-concept C10-Az-OPP
0.9 mM Dn-GCVIA-N3
45 mM phosphine reagent
48h

3 Proof-of-concept C15-Az-OPP
0.9 mM Dn-GCVIA-N;
45 mM phosphine reagent
48 h

4 Proof-of-concept AAA-GPP, APO-GPP
0.5 nmol GPP-N;
2.5 nmol phosphine

25 mM HEPES pH 7.2, 40 mM NaCl, 2 mM MgCl,
8hrt

CuAAC

5 Surface immobilization C15-Dh-Az-OPP
0.1 mM GFP-Nj3, Alkyne-beads
1 mM CuSQO,4, 1 mM TCEP, 0.1 mM TBTA
43 mM NaH,PO,
1h25°C

6 Surface immobilization C10-Et-Az-OPP, C10-Et-Alk-OPP
1-20 uM GFP- or GST-alkyne
Ns-slides
1:3 glycerol/water
1.7 mM CuSO,/TBTA/TCEP
2-7h4°C

7 Surface immobilization C10-Alk-OPP, C15-Dh-Az-OPP
50 uM GFP-alkyne and -N3
Corresponding agarose (-N3 or -alkyne)
1 mM CuSOy4, 1 mM TCEP, 0.1 MM TBTA
overnight 25°C
25 pM GFP-alkyne
Texas red-N3
1 mM CuSQy4, 1 mM TCEP, 0.1 mM TBTA
1h25°C

8 Fluorophore labeling GFP-DNA C15-Dh-Az-OPP
nanostructure assembly 20 uM GFP-N3
22 pyM DNA-alkyne
50 mM NaH,PO,4, pH 7.3
1 mM CuSQOy4, 1 mM TCEP, 0.1 mM TBTA
lhrt

9 Surface immobilization C5-Alk-OPP
80 UM mCherry-alkyne
Agarose-N3
50 mM NaH,PO,4 pH 7.3
1 mM CuSOy, 1 mM TCEP, 0.1 mM TBTA
4hrt

Chem Rev. Author manuscript; available in PMC 2022 June 23.

NA

NA

NA

Completionin1.5h

Completionin4 h

96% immobilization
(>80% covalent)

NA

93%
81%

2%

NA
(presence or absence of
VIA does not affect click
efficiency)

533

395

402

536

531

533

534

535

537
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Entry

Application

Analogue & Click Conditions

Yield Ref

10

11

12

13

14

15

16*

17*

GFP-ODN oligoconjugation

Surface immobilization

Antibody immobilization

Sandwich antibody arrays

Antibody arrays

Protein/peptide-DNA conjugation

Protein dimerization (FTase &
GGTase-1)

Biotin labeling (GGTase-1 Rab
GGTase)

CuAAC & oxime ligation

18

Simultaneous fluorophore labeling

and PEGylation

Oxime ligation

19

Surface immobilization

Fluorophore labeling

Chem Rev. Author manuscript; available in PMC 2022 June 23.

C10-Dh-Az-OPP, C15-Dh-Az-OPP
14 uM Protein-N3
17 uM DNA-alkyne

1 mM CuSQO,4, 1 mM TCEP, 0.2 mM TBTA

24 hrt

C15-Alk-OPP
0.1 mM mCherry-alkyne
N3-gold

1 mM CuSQOq4, 1 mM TCEP, 0.1 M TBTA

43 mM NaH,PO, pH 7.3
2h

C10-Et-Alk-OPP
100 puM antibody-alkyne
Glass-N3

0.7 mM CuSQy, 0.7 mM TCEP, 0.35 mM TBTA

PBS pH 7.4
2ordhrt

C10-Et-Alk-OPP
5 or 80 uM Protein-alkyne
GO'd-Ng

0.5 mM CuSQ,4, 0.5 mM TCEP, 50 uM TBTA

PBS pH 7.4
4hrt

C15-Dh-Az-OPP
10 uM DNA-alkyne
60 UM GFP-N3

1 mM CuSQ,4, 1 mM TCEP, 0.1 MM TBTA

50 MM PB pH 7.5
15-2hrt

C10-Alk-OPP, C20-Az-OPP
50 pM GFP-N3
50 pM RFP(or GFP)-alkyne

1 mM CuSOQOy, 1 mM TCEP, 0.1 mM TBTA

C20-Az-OPP
1 pM REP-1-N3
50 puM Biotin-alkyne

1 mM CuSOy, 10 mM sodium ascorbate, 0.1 mM TBTA

40 min 37 °C

C10-BA-Alk-OPP
GFP-aldehyde/alkyne
PEG3-aminooxy
TAMRA-N;
1:3.85: 15 ratio
40 mM mPDA

1 mM CuSOy4, 1 mM TCEP, 0.1 mM TBTA

15h

C15-Ald-OPP
20 uM GFP-aldehyde
Alkyne-agarose
100 mM aniline
0.1MPBpH 7.0
15 minrt

25 uM GFP-aldehyde
125 uM AF488
100 mM analine
0.1MPBpH 7.0

30 minrt

>90% (GFP) 541
>81% (mCherry)

NA 544

NA 545

546

NA 547

70-80% 549

23% (simultaneous 385
prenylation)
29% (separate
prenylation)

NA 404

>95% for both 542

30% 538

60%
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Entry Application

Analogue & Click Conditions

Yield

Ref

20 Fluorophore labeling &
PEGylation from crude lysate
(model reaction conditions)

21 Assessment of mPDA as catalyst
(model rxn conditions)

22 Antibody-drug conjugation

SPAAC
23 GFP-ODN conjugation

24 Fluorophore labeling

Tetrazine ligation

25 Proof of concept

Thiol-ene

26 Surface immobilization

Diels-alder cycloaddition

27 Proof of concept

C10-BA-OPP
54 uM GFP-aldehyde
Hydrazide-agarose
100 mM aniline
0.1MPBpH?7.0
45 min rt

200 mM Hydroxylamine
100 mM aniline
02MPBpH7.0

3hrt

C10-BA-OPP
10 uM GFP-aldehyde
50 uM Dn-aminooxy
750 mM mPDA
100 mM PB pH 7.0
90srt

GKPP
12 uM repebody-aldehyde
120 pM beta-glucuronide MMAF
200 mM Na-acetate buffer pH 4.5 10% DMSO
24h30°C

C10-Dh-Az-OPP, C15-Dh-Az-OPP
14 yM GFP-N3
4.6 yM ODN-DIBO
H,0 or 0.1 M NaCl PB pH 3.5-12.3
Overnight, rt or 4 °C

C10-Az-OPP
DARPin-N3
TAMRA-DBCO
1:5 molar ratio
PBS (400 mM NaCl)
3hrt

C10-TCO-OPP
33 uM GFP-TCO
530 uM benzylamino-tetrazine
4 hrt+overnight 4 °C

20 uM OrG-TCO
50 uM dipyridyl-tetrazine
15 min

FPP
0.1-100 puM Farnesylated protein
Thiol-functionalized slides
2.5mM DTE, 20% glycerol
UV 365 nm
10 min 6 Jem2 (H, -N-, and K-Ras & Rab6A)
or 20 min 12 J cm=2 (mCherry)

HOM-GPP
50 pM CFP-alkene
40 eq 6-maleimidohexanoic acid

50 mM Na,HPO, pH 6, 40 mM NaCl, 2 mM MgCl,

15hrt

95% (Hydrazone)

80% (Oxime)

Completion

97.4%

95%
(GFP)
k=6 M1s71
k4 -c=0.8 M-1s71
27% (mCherry)

Near completion

NA

Completion

NA

30%

62

62

550

541

552

548

539

536

N-Myristoyl transferase

Staudinger ligation

28 Biotin labeling

Az-C11-CoA
3 nmol PfARF1-N3
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Entry Application Analogue & Click Conditions Yield

Ref

200 pM Biotin-phosphine
2h37°C

CuAAC Az-C12 (for entries 29-32)

29 Biotin and fluorophore labeling 100 ug PfARF1-Ng NA
50 uM Alkyne-biotin/ TAMRA
0.5 mM CuSQy,, 0.5 mM TCEP, 50 pM TBTA
lhrt

30 Fluorophore labeling GFP-Ng3 (in cell lysate) NA
5.2 yM TAMRA-alkyne
3.5mM CuSO,
(Modified Invitrogen™ Click-iT Kit instructions)
50 Tris-HCI pH 8.0 1% SDS
25 min rt

31 Fluorophore labeling CaM-Nj (in cell lysate) NA
5.2 yM TAMRA-alkyne
3.5mM CuSO,

(Modified Invitrogen™ Click-iT Kit instructions)
20 min rt

32 Surface immobilization 1, 2 or 5 mg mI~t CAM-N3 NA
Alkyne-resin
2 mM CuSOy, 10 mM THPTA, 10 mM sodium ascorbate

SPAAC Az-C12 (for entries 33-38), Az-C11-alkoxy (for entry 38)

33 Surface immobilization GFP-Nj3 (in 0.25-1 mg mi~1 cell lysate) 90% specificity

Glass-DIBO or -ADIBO
40 min

34 Surface immobilization 0.5 mg ml~t CaM-N3 NA
(estimation in 3.5 mg miI~! cell lysate)
ADIBO-resin
Overnight 4 °C

35 Surface immobilization 1,2 or 5 mg mi~1 CAM-N3 NA
DBCO-resin
20 mM HEPES pH 7.5
Overnight 4 °C

36 Fluorophore labeling and live-cell Cells expressing recombinant protein-Ng
imaging 20 uM BODIPY-BCN
PBS
0.5-1h, rtor 37 °C

37 Fluorophore labeling and live-cell Cells expressing recombinant protein-N3 NA
imaging 200 nM Rhodamine-BCN

1h37°C

38 Fluorophore labeling and live-cell Protein-N3 (in 0.4 mg mI~1 cell lysate) NA
Imaging 2 UM BODIPY-BCN
PBS
0.5h, rtor37°C

Hydrazone ligation

39 Fluorophore labeling C14-ketone NA
Arfl-ketone
1 mM Fluorescein-hydrazide
PBS
16h4°C

558

559

555

556

559

555

556

554

561

553

311
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