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Abstract 

 

Since its development as a strategy to study biological systems, click chemistry has 

found its widespread use as a chemical tool in the discovery of post-translationally 

modified  (PTM) proteins. In particular, the number of identified and validated lipid-

modified proteins has dramatically increased over the last decade owing to the versatility 

and ease of use of this technique. Among these lipid PTMs, protein prenylation has 

benefited in uncovering new protein substrates, leading to the characterization and 

understanding of the functional role of this type of modification. This dissertation describes 

the development of a mass spectrometry-based chemical proteomics strategy that heavily 

relies on click chemistry to identify prenylated proteins in various systems, which allows 

for defining the prenylated proteomes and discovering novel prenylated proteins. The first 

chapter details a comprehensive literature review on the impact of click chemistry in 

revolutionizing the field of protein lipidation. Chapter 2 describes the development of 

chemical proteomics using probe analogue of isoprenoids to define the set of prenylated 

proteins in the malaria parasite, Plasmodium falciparum. Upon moving to eukaryotic 

systems, optimization of the probe and statin (enhancer of probe incorporation) treatments 

is described in Chapter 3. Our chemical proteomics approach was then successfully 

employed in various mammalian cell lines, enabling the validation of known and discovery 

of novel prenylated proteins. Moreover, the similarities and differences in brain-related cell 

lines were determined. Finally, an unusually prenylated protein, ALDH9A1, was 

discovered from these proteomic studies  and tools in chemical and molecular biology were 

used to characterize and understand its occurrence. This dissertation highlights the 
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advantages of using chemical proteomics in studying protein prenylation and contributes 

to the growing picture of protein lipid modifications. 
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Chapter 1: Click chemistry in protein-lipid modifications 

 
Reprinted with permission from Kiall F. Suazo, Keun-young Park, and Mark D. Distefano, 

A not-so-ancient grease history: click chemistry and protein lipid modifications, Chem. 

Rev., In Press. Copyright 2021 American Chemical Society; and in part with permission 

from Kiall F. Suazo, Garrett Schey, Chad Schaber, Audrey R. Odom John, Mark D. 

Distefano, Proteomic Analysis of Protein–Lipid Modifications: Significance and 

Application, Mass Spectrometry-Based Chemical Proteomics, pp 317-247. Copyright 2019 

John Wiley & Sons. 

 
 

1.1. 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.1,2 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.3–7 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 
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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 chapter, the specific click chemical reactions that have been employed to 

study protein lipid modification and their use for specific labeling applications are 

described. That is followed by an introduction to the different types of protein lipid 

modifications that occur in biology. Finally, 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. 

 

1.2.  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.19 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 
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N-terminal amines of glycine (N-myristoylation), respectively. The thioester bonds formed 

in S-acylated proteins are labile and are therefore reversible, as opposed to the amide bonds 

in N-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. 

 

1.2.1.  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. 1.1A). This lipid PTM is essential for 

stable anchoring, trafficking and localization of a plethora of membrane-associated 

proteins.20 The discovery of a protein modified with a palmitoyl moiety was initially made 

via radiolabeling in virus-infected cells with [3H] palmitate.21 Soon thereafter, a number of 

other S-acylated proteins were reported including rhodopsin and p21 Ras protein.22,23 The 

protein acyltransferase (PAT) enzymes that catalyze this thioester linkage formation were 

initially discovered in yeast,24 and later found to bear a conserved aspartate-histidine-
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histidine-cysteine (DHHC) motif in its cysteine-rich domain (CRD).25 The first 

mammalian homolog identified contained a zinc finger domain,26 which is a salient feature 

of all mammalian PATs reported to date. Hence, they are typically referred to as zDHHC-

PATs. These enzymes are relatively ubiquitous as they localize in the golgi, endoplasmic 

reticulum (ER), and plasma membrane,27 although recent findings indicate that they mainly 

reside in golgi membranes.28 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-PATs.29 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 Akr1 and DQHC in mammalian zDHHC13 display efficient S-

palmitoylation activity with their substrates.30,31 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 PATs is highly conserved and usually necessary for catalysis, 

while the CRD is speculated to be important for zinc ion binding.32,33 Although PATs 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 zDHHC15 illuminated 

and supported the observed and predicted features of some zDHHCs crucial to 

understanding their structure and mechanism.34,35 The crystal structures of these two 

zDHHCs revealed the projection of transmembrane domains (TMDs) and other key 
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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. 1.1B). 

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 

 
Figure 1.1. Fatty acylation on Proteins. 

(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). 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 N-defatty acylation cycling of N-lipidated 
proteins. NMTs 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.  
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nucleophilic attack on palmitoyl-CoA, and resulting in an auto-palmitoylated zDHHC 

enzyme with a concomitant release of CoA. The covalently attached palmitoyl moiety is 

then transferred to a bound protein substrate.36 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.30,37,38 It is important to note that these crystal 

structures are for only two zDHHCs and may not necessarily be representative of other 

zDHHC family members.  Factors such as structural and chemical requirements of 

individual zDHHCs, 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 zDHHC enzyme’s reaction with their cognate substrates.35  

 

Deducing substrate specificities across zDHHCs 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 dictate the specificity of particular zDHHCs for their substrates such as the 

presence of specific binding domains and substrate proximity. For example, zDHHC13 and 

zDHHC17 contain ankyrin-repeat domains that interact with a consensus sequence present 

in SNAP23, SNAP25, and huntingtin.37 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.39,40 Clearly, these varying modes of 
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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.41  

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

1.1A). 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.42 Members of the α/β-Hydrolase domain-

containing (ABHDs) family of thioesterases were also found to catalyze depalmitoylation 

of mammalian proteins.43 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.44 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.45 

 

 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.46–48 Dysregulation and 

perturbations in this lipidation pathway have been linked to a myriad of diseases including 
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neurological disorders and cancer.49,50 In later 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. 

 

1.2.2. 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. 1.1C). 

Similar to S-acylation, the activated myristoyl-CoA form is used as a substrate to acylate 

proteins and form an amide bond catalyzed by N-myristoyltransferases (NMTs).51 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.52,53 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 N-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.54 The transfer of the myristoyl moiety then takes place during translation. 

In contrast, post-translational modification has been observed in pro-apoptotic proteins that 
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are cleaved by caspases during apoptosis, revealing a new N-terminal glycine fated for 

myristoyl modification.53 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.55 

 

NMT-mediated N-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.56,57 Unlike S-palmitoylation where the palmitoyl 

group is transiently attached  to zDHHCs 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.57 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 Gln496, 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, 
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or Cys that occupy this position. These features serve as the basis for the specificity of 

NMTs toward N-terminal glycine-containing substrates.58,59 

 

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.60 In some cases, pathogenic eukaryotes require intracellular N-myristoylation for 

their survival and virulence, prompting efforts to design pathogen-specific NMT inhibitors 

as therapeutic agents.52 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.61 Although both NMTs 

generally have overlapping substrates, biochemical and kinetic assays suggest that their 

substrate affinities differ and are not functionally redundant.62 Separate knockdowns of 

each enzyme resulted in differential effects in cell proliferation, embryonic development, 

and T-cell receptor signaling.3 Furthermore, they behave differently during apoptosis—

NMT1 translocates from the plasma membrane to the cytosol while NMT2 does the 

contrary.55 These changes in their localization cause subtle differences in their substrate 

scope reflected by the downstream effects that ensue from the aberrations on the biological 

functions of their substrates. 

 

While N-myristoylation is frequently ascribed to covalent attachment on an N-

terminal glycine, Nε-side chain fatty acylation on Lys residues was recognized as early as 

1992.63 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 
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previously thought. Members of the Ras family of small GTPases such as KRAS, RRAS2, 

and RalB are Nε-fatty acylated on a Lys in their PBR, in addition to S-palmitoylation or S-

prenylation on Cys residues.64–66 NMTs were recently discovered as the first enzymes to 

catalyze such Lys modification, at least for ARF6 GTPase.67 After the initial N-terminal 

N-myristoylation on Gly1 of ARF6, the lipid moiety shifts to a conformation that positions 

the side-chain amine of the adjacent Lys2 for efficient Nε-myristoylation (Fig. 1.1D). High-

resolution structures of Gly1-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 Gly1.57 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.67 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 Nε-

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.68 This family of proteins were initially 

described as “erasers” of short acyl modifications (e.g. acetyl) that is essential mainly in 

regulating epigenetic processes.69,70 However, recent studies provide evidence of their 
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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.65,71 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.67 Other members of 

these family of hydrolyzing enzymes exhibit defatty-acylase activity but no current 

bonafide substrates have been identified to date.68  

 

 Being an important lipid modification, N-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.3,52,72–74 The use 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 1.5.  

 

1.2.3.  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.75,76 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 
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the native substrates farnesyldiphosphate (FPP) or geranylgeranyldiphosphate (GGPP), 

respectively, catalyzed by farnesyltransferase (FTase) or geranylgeranyltransferase type I 

(GGTase-I) as shown in Fig. 1.2A.77 The protein substrates for these enzymes are 

recognized through a C-terminal motif with a canonical sequence generalized as the 

Ca1a2X box. C is the cysteine that is modified with the prenyl group, a1 and a2 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.77 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.78 Furthermore, the a1 and a2 positions are not 

strictly limited to hydrophobic amino acids as other polar or charged residues occupying 

these positions display efficient farnesylation activities.79,80 Another feature of these 

protein substrates is a linker region containing small or flexible hydrophilic residues  that 

often precedes the Ca1a2X box. This facilitates the accessibility of the C-terminus for 

prenyltransferases and  may impact substrate reactivity.81,82 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.83,84 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.  
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Singly prenylated proteins often undergo additional processing steps to increase 

their hydrophobicity. The -a1a2X tripeptide is cleaved off by the endoproteases Ras 

converting enzyme (RCE1) or Ste24 (Fig. 1.2A), followed by methylation with S-adenosyl 

methionine (SAM) on the exposed carboxyterminus catalyzed by isoprenylcysteine 

carboxyl methyltransferase (ICMT).85,86 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 N-myristoylation.  Thus, prenylated proteins may also possess a PBR or undergo 

S-palmitoylation.87 In fewer cases,  Ca1a2X-containing proteins circumvent the maturation 

process and are rather directed to a shunt pathway, thereby retaining their C-terminal 

Ca1a2X intact that is essential to their subsequent function.88 

 

The third class of S-prenylation usually confers dual geranylgeranylation on two 

cysteine residues positioned near the C-terminus catalyzed by geranylgeranyltransferase 

type II (GGTase-II), also conveniently referred to as RabGGTase, since its currently known 

substrates are members of the Rab family of proteins (Fig. 1.2B). 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).89 This pre-formed complex 

then associates with RabGGTase to install the prenyl modification. While most of these 

proteins terminate in -CC, -CXC, or CCXX motifs poised for dual cysteine S-prenylation, 

some of these Rabs terminate with Ca1a2X box motifs that are singly geranylgeranylated 

and are also subjected to the maturation process described above.90 The dual 
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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 vitro 

and in vivo.91  

 
Figure 1.2. Protein Prenylation. 

(A) Single prenylation on Ca1a2X box-containing proteins with farnesyl diphosphate 
(FPP) or geranylgeranyl diphosphate (GGPP) catalyzed by farnesyltransferase (FTase) 
or geranylgeranyltransferase type I (GGTase-I), respectively. The prenylated protein 
undergoes a maturation process involving cleavage of -a1a2X tripeptide catalyzed by ras 
converting enzyme (RCE1) 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 II (GGTase-II) 
or RabGGTase. (C) Representation of the heterodimeric structures of 
prenyltransferases showing their α and β subunits. FTase and GGTase-I share a 
common α subunit but differs in their β that determines their reactivity and substrate 
specificity (e. g. FPP vs GGPP). GGTase-II and GGTase-III share a common β subunit 
for geranylgeranylation but differ in their α subunit that influences their substrate 
recognition. 
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All three prenyltransferase enzymes are heterodimers consisting of α and β subunits, 

with the active site situated at the interface but mainly comprised of residues from the latter 

(Fig. 1.2C).92 The β subunits also influence the preference of each enzyme for FPP versus 

GGPP. Both FTase  and GGTase-I share a common α-  subunit, FNTA (or 

prenyltransferase alpha subunit repeat containing 2, PTAR2), but differ in their β-

subunits—FNTB and PGGTB, respectively—that manifest 25% sequence identity in 

mammalian homologs.93 Both farnesylation and geranylgeranylation type I prefer an 

ordered sequential kinetic mechanism.94–96 The isoprenoid substrate initially binds to the 

enzyme, followed by the Ca1a2X-containg protein substrate binding and thioether bond 

formation.94 A second isoprenoid binds to the ternary complex that triggers product release 

either prior to or simultaneously with the binding of a second Ca1a2X 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.97 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 α and β 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.89,98 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.99 These observed differences in the extent 

of S-prenylation should be interpreted with caution as these were conducted under 
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physiologically perturbed conditions, i.e. 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 S-prenylation modulates 

protein localization and a plethora of protein functions, which can be targeted for 

therapeutic interventions in diseases and infections where it is implicated.11,100 In 

particular, inhibition of the farnesylation of oncogenic Ras proteins was initially the main 

motivation for the development of prenyltransferase inhibitors (PTIs).101 However, 

candidate PTIs often failed in clinical trials partially owing to the ability of these protein 

targets to be alternatively 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.100,102–104 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).105 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 
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structure.106 In addition, oral administration of lonafarnib demonstrated success in a Phase 

II clinical trial of chronic hepatitis D infected patients by suppressing the prenylation of 

large hepatitis delta antigen (LHDAg) in human delta virus (HDV).107 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 PTIs 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-III, which consists of an orphaned protein PTAR1 

(α-subunit) and RabGGTB (β-subunit).108 Additionally, the short  Ca1a2X sequence has 

found significant applications in in 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 S-prenylated proteins, as 

well as its application in enzymatic protein C-terminal modification are described in this 

chapter. 

 

1.3.  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 [I125]myristate.63,109,110 However, 

these techniques are expensive, labor-intensive, generate radioactive waste and require 
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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 MyrBase111 or 

PrenBase81 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.112 

 

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.3,13,14,18,113,114 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. 1.3A). 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 
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Figure 1.3. 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.  
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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. 1.3A).14,18 In 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.115,116 In 

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 
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downstream processing of proteins but is typically performed with two or three samples at 

a time. 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. 

 

Tremendous efforts have been put forth in attempts to develop bio-orthogonal 

chemistries but only a few have been found to be viable in real biological systems. 

Application of a particular bio-orthogonal reaction also needs to be matched with specific 

requirements demanded by the system under study.117 The classical Staudinger reaction 

was repurposed into a bio-orthogonal tool, in which an azide analogue of the chemical 

reporter is subsequently tagged with a phosphine-based reagent, resulting in intramolecular 

trapping with an electrophilic ester to form a stable amide bond (Fig. 1.4).118 However, this 

strategy presents crucial drawbacks, such as the sensitivity of azides to reduction to amines 

and the propensity of phosphine reagents to undergo oxidation under physiological 

conditions. 
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Figure 1.4. Bio-orthogonal ligation strategies with azide-modified lipid analogues. 

 

Cycloaddition reactions have recently emerged in the search for biocompatible bio-

orthogonal reactions. These so-called “click reactions” are more convenient, faster, and 

yield a less obtrusive linkage between a pair of functional groups under mild, aqueous 

conditions.119 The copper-catalyzed azide-alkyne cycloaddition (CuAAC) is the most 

widely used reaction, in which an azide and a terminal alkyne form a 1,3-cycloaddition 

product mediated by a copper catalyst (Fig. 1.4).120 Owing to the total absence of azides 

and alkynes in biological systems, this reaction has proven to be efficient and versatile in 

probing targets and mechanisms within cells.121 Furthermore, azides and alkynes are one 

of the smallest bio-orthogonal designs among the existing click chemistries to date, and 

thus have lesser propensity to perturb the natural biological chemistries.117 However, 

CuAAC has been limited to cell-surface labeling and imaging of fixed cells, as the copper 

(I) induces toxicity by generating radical species when introduced intracellularly into living 

cells.122 With a need to avoid the use of copper (I) in the click reaction, Bertozzi et al. 
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pioneered the use of ring strain in the alkyne moiety to drive the reaction.123 In this strain-

promoted azide-alkyne cycloaddition (SPAAC), the transition state energy for the reaction 

is lowered sufficiently for it to proceed without a metal catalyst (Fig. 1.4). 

 

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).124,125 This 

allows fluorescent detection, enrichment, and site identification using a single reagent (Fig. 

1.3B and 1.3C). 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. 

 

1.4.  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,126 the alkyne-modified versions are typically preferred owing to enhanced 
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sensitivity and lower background signal compared to azide-modified fatty acids.127,128 

Several analogues with various chain lengths have been synthesized for metabolic or in 

vitro labeling of fatty acylation substrates (Fig. 1.5).15 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.129 Among the fatty acid 

analogues developed, Alk-C16 (15-HDYA) and Alk-C18 (17-ODYA) are preferentially 

incorporated by palmitoyl acyl transferases (PATs) onto the S-palmitoylation sites within 

protein substrates.113,128,130 Similar to their native counterparts, these probes can also 

undergo β-oxidation at the C2 and C3 positions to yield α,β-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. 1.5) was explored and 

found to largely label the same proteins (70%) identified with Alk-C18.131 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 Alk-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.132,133 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.134,135  
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The use of bio-orthogonal analogues of fatty acids for click chemistry tremendously 

impacted and revolutionized the field of protein S-palmitoylation.15,17,114,136 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) 

enabled the discovery of new membrane protein-protein interactions as well.137–139 In 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 

 
Figure 1.5. Structures of clickable probes for 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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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. 

 

1.4.1. 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).140,141 In 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. 1.6A). 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. 1.3A). 

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 
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been consolidated into a comprehensive database, SwissPalm©, which is accessible online 

for free.142  

 

1.4.1.1.  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 in vitro used Az-C16-CoA (Fig. 1.5), an azide 

analogue of palmitate-CoA, ligated with a phosphine-biotin reagent via Staudinger 

ligation.143 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. 1.5) 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.127 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 
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mammalian cells followed by click reaction with biotin-azide for CuAAC and subsequent 

enrichment.144 A total of 125 candidate S-palmitoylated proteins were identified at high 

 
Figure 1.6. 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 N-ethyl maleimide to block free 
cysteines followed by hydrolysis using NH2OH to expose the thiols of S-acylated 
proteins. The newly unmasked free cysteines are reacted with thiol-reactive reagents 
such as biotin-HPDPand 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. Immobilized proteins that are probe-labeled are 
selectively released from the beads through hydrolysis with NH2OH, improving the 
confidence of the identities of the profiled S-acylated proteins.  
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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).145 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.145 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.130,146 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.147 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 II (PI4KII) 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 Alk-C18 
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in a human prostate adenocarcinoma cell line.148 By comparing the set of S-palmitoylated 

proteins in the presence or absence of androgen, the eIF3L subunit of the initiation factor 

eIF3 exhibited a remarkable extent of enrichment. Further assays confirmed the androgen-

induced S-palmitoylation of eIF3L that may be implicated in cancer progression and may 

also serve as a novel prostate cancer biomarker. 

 

1.4.1.2.  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.149 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.150 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.151 Analysis of the S-

palmitoylated proteome in a related parasite, Toxoplasma gondii,  identified 501 proteins, 
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revealing the essential role of S-palmitoylation in all stages of its life cycle.152 Furthermore, 

it was shown that blocking the S-palmitoylation of apical membrane antigen 1 (TgAMA1) 

can trigger its release along with other proteins implicated in host-cell invasion. This also 

highlights the parasite-specific nature of S-palmitoylation; TgAMA1 is S-palmitoylated 

while the P. falciparum homolog PfAMA1 is not.151  In Cryptococcus neoformans, an 

opportunistic fungus that causes lethal meningitis, Alk-C18 labeling identified 72 S-

palmitoylation substrates essential for fungal integrity and virulence.153  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.154 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.155 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 
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delineating which of these enzymes could serve as potential therapeutic targets to treat 

infections caused by these viral pathogens. 

 

 

1.4.2. 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.151,154 In 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.156 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.157,158 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.159 Pulse-

chase analysis on the candidate RRas revealed the importance of dynamic regulation by 
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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 often stable with slow turnover 

rates45 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.134 

 

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.45 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.  

 

1.4.3. 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 
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reports on the direct quantitative comparison between Alk-C18 labeling and ABE showed 

large complementarity in the identities of the S-palmitoylated proteins profiled.151 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.160,161 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.162 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.45 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. 
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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.145,150 However, this may not 

discriminate S-palmitoylated proteins from those that are irreversibly N- or O-

palmitoylated with the bio-orthogonal probes.132,163 Combining the principles of CCML 

and acyl-switch methods provides a robust method for the delineation of S- versus O- and 

N-palmitoylated proteins. In this method, cells are metabolically labeled with Alk-C18 (or 

Alk-C16), clicked with biotin-N3 and enriched on beads (Fig. 1.6B). Treatment with 

NH2OH cleaves thioester linkages and selectively releases S-palmitoylated proteins from 

the resin. Employing such method afforded a robust list of 282 NH2OH-sensitive S-

palmitoylated proteins out of the total 501 labeled with Alk-C18 in T. gondii.152 Extending 

this approach to Raw264.7 murine macrophages identified <150 NH2OH-sensitive proteins 

out of > 400 total Alk-C18-labeled proteins.164 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.164 Since acyl-RAC captures other 

thioester-linked proteins including ubiquitin processing enzymes, the Alk-C18 labeling 

combined with NH2OH 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 
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these types of proteomic approaches.164–166 The choice of buffer and the amount of 

detergent for solubilization may significantly impact the extent of labeling particularly for 

proteome-wide analyses. 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.156,162 The use of dithiothreitol (DTT) and sample heating 

may hydrolyze thioester linkages, leading to decreased detection of labeled proteins.167 

Furthermore, MS-compatible detergents are recommended to avoid S- to N-palmitoyl 

transfer, which may complicate the MS data analysis in discriminating S- vs N-

palmitoylated proteins or peptides.168   

 

 

 

1.4.4. 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. 
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1.4.4.1.  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.130,169 The palmitate modification was validated by 

immunoprecipitating the metabolically labeled IFITM3 and subjecting it to click reaction 

with rhodamine-azide.170 More than half of the known zDHHC-PATs can S-palmitoylate 

IFITM3, with a preference for zDHHC20 that uniquely increases its antiviral activity upon 

co-expression.171 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.172,173 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.174 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.175 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 
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are crucial for its protection from proteasomal degradation and antiviral activity against 

influenza A.176 

 

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 SseI is indispensable for their localization in the host-cell plasma membrane, 

highlighting a mechanism for how pathogens exploit the host-cell PTM machinery.177 

Interestingly, mycobacterial IFITM is S-palmitoylated when expressed in human cells and 

confers antiviral activity against influenza.178 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.179 Beyond validation, CCML is also useful for mapping 

essential residues that influence S-palmitoylation such as in yeast protein Yck2.180 Through 

site-directed mutagenesis, a dipeptide Phe-Phe near the C-terminus of Yck2 was found to 

be essential for its S-palmitoylation 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 Aβ peptides, a hallmark of Alzheimer’s disease 

pathology.181 Along the same lines, zDHHC7-catalyzed dual S-palmitoylation on junction 



 40 

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.182 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.183 

 

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, followed by click reaction with an azide-dye, IR-800.184 Ratiometric quantitation 

of the IR-800/GFP fluorescence after electrophoretic separation in gels provided 

information on the extent of labeling promoted by each zDHHC 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.  

 

1.4.4.2.  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 
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transduction downstream of Fas receptor activation, a process that mediates T-cell 

responses during inflammation .185–187 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.188 Another example is the zDHHC6-catalyzed S-

palmitoylation on MYD88 that was found to influence toll-like receptor inflammatory 

signaling via regulation by fatty acid synthase (FASN).189  

 

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).190 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.191 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.192 

 

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.193 Likewise, the S-palmitoylation site near the N-terminus of the 
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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.194 

 

S-palmitoylation on proteins of interest from biotinylated samples can be more 

specifically probed or validated by isolating the protein via immunoprecipitation prior to 

streptavidin blot detection. For example, probing the S-palmitoylation state of calnexin 

showed that ER stress promotes its depalmitoylation.195 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.196,197 

Novel S-palmitoylation on plakophilin was discovered and found to be indispensable for 

the assembly of desmosomes that are specialized structures that serve a key role in cell-

cell adhesion of epithelial and cardiac tissues.198 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).199 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.200 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.201 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.202  
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1.4.4.3.  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.203 The novel S-palmitoylation on Glut4 and 

IRAP was confirmed and altered levels of their S-palmitoylation may play a role in 

obesity.204 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.205 Moreover, the S-palmitoylation on the C-terminal region of 

mucolipin 3 whose activation induces autophagy in a S-palmitoylation-dependent manner 

was verified.206 This approach also aided in the discovery of the regulatory function of 

dickkopf1 (DKK1) in the dynamic S-palmitoylation of its receptors CKAP4 and LRP6, 

which may play pivotal roles in cancer proliferation.207 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.208,209 Inhibition 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. 
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1.4.4.4.  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).210–214 Multiple PATs 

were found to mediate S-palmitoylation of the µ-opioid receptor D2R on Cys433 that is 

essential for its stability and membrane trafficking.210 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.211 

zDHHC20 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.212 S-palmitoylation on 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.213An earlier study using azido palmitate 

to investigate S-palmitoylation on the ligand TNF-α provided the first evidence for the role 

of S-palmitoylation in TNF-R1 signaling.215 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. 

 

1.4.4.5.  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 
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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.216 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 Dvl2, which interacts with APT1. Moreover, oncogenic mutants of zDHHC20 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 β-catenin—two proteins that 

determine cell fate.217 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 β-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.218 For example, Alk-C16 labeling showed that the T helper 17 (TH17) cell 

differentiation stimulator, STAT3, undergoes a cooperative palmitoylation and 

depalmitoylation by zDHHC7 and APT2, respectively. zDHHC7 palmitoylates STAT3 at 

Cys108 for membrane recruitment and subsequent phosphorylation. APT2 then selectively 

depalmitoylates phosphorylated STAT3 (p-STAT3) over unphosphorylated species, which 
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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 zDHHC7 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 

zDHHC7- or APT2-catalyzed palmitoylation/depalmitoylation of STAT3 offers a novel 

mechanism for therapeutic intervention to treat IBD.218 

 

CCML also facilitated the discovery of α/β-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.43,144 Pulse-chase 

labeling using Alk-C18 revealed the role of ABHD17 proteins in controlling palmitate 

turnover on PSD95 and NRAS. All three ABHD17 isoforms (ABHD17A, ABHD17B, and 

ABHD17C) are required for dynamic cycling of NRAS in vivo.43 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.219 

 

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 
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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.220 

 

 

1.4.5. 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.221 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. 

 

1.4.5.1.  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.128 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 S-



 48 

palmitoylation 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 

Leishmania donovani cells labeled with Alk-C16 and treated with 2-BP showed a drastic 

decrease in global S-palmitoylation with concomitant morphological defects.222 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 P. falciparum.223 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 

schizont stage harbors the most S-acylated proteins followed by trophozoite and ring 

stages, respectively.224 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 
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transfection, which is a difficult endeavor to achieve in many cellular systems such as P. 

falciparum. 

 

CCML and fluorescent labeling with primary mouse cortical neurons revealed that 

alterations in S-nitrosylation result in decreased global S-palmitoylation.225 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.226 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.128 Pulsing with Alk-C16 and subsequent chasing with palmitic 

acid enabled tracking of dynamic S-palmitoylation of specific proteins.132 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 
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be S-palmitoylated by zDHHC3 and zDHHC7 in the cis-golgi and this modification 

accelerates their intragolgi (cis to trans) transport.227 The intrinsic physical properties of 

the fatty acyl side chain promotes localization in the highly curved regions of the cis-golgi, 

resulting in the observed enhanced rate of transport. 

 

1.4.5.2.  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.228 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.15  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. 1.7A).229,230 In 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 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 
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proteins in multiple intact cell lines,229 as well as successful tracking of Wnt3a through the 

secretion pathway.132  

  

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).200 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. 1.7B). 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 (I) 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 
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oxygen.231 Blocking these functional groups via alkylation with iodoacetamide may 

improve visualization232 and excluding the complexing ligands (e.g. TBTA and THPTA) 

may also provide enhanced quality of cellular imaging of cells treated with clickable 

analogues.132,223,225 Furthermore, these methods have generally been limited to fixed cells 

since the requirement for toxic Cu(I) in CuAAC restricts its application to live-cells. 

Imaging of S-palmitoylation activity in living cells and in vivo may provide real-time 

monitoring of S-palmitoylation dynamics and should be of great interest in future studies. 

 

 
 

Figure 1.7. Imaging of proteins inspired 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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1.4.6. Evaluation of fatty acyltransferase activity and inhibition 

Inhibitors of PATs are essential to study protein S-palmitoylation 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 

zDHHC3-mediated S-palmitoylation of integrin β4 (ITG β4) by curcumin occluded 

autoacylation of zDHHC3 and effectively reduced levels of S-palmitoylated ITG β4 in 

invasive breast cancer cells.233 Inhibition of N-palmitoylation 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.234 Likewise, several small molecules including 

IWPs, C59, 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.228,235–237 Alterations in Wnt signaling including overexpression of 

Wnts and their receptors are implicated in various human cancers.238 Using these inhibitors 

may offer an effective strategy to prevent such Wnt-driven diseases. 

 

Cell-based in 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.132,184,229,230 These techniques can be 

extended to high-throughput analysis in a 96-well format that may facilitate rapid screening 

of PAT inhibitors.132,230 Recently, a cell-based approach was reported utilizing bacterial 

expression systems to visualize PAT inhibition by 2-BP.239 P. falciparum PATs ectopically 

expressed in an engineered PTM-null E. coli expression system can incorporate Alk-C18 
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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. 1.8) 

has been commonly used as an irreversible inhibitor and thought to be selective for the S-

palmitoylation activities of PATs.240 However, profiling for its protein targets using its 

corresponding azide (Az-2-BP) and alkyne (Alk-2-BP) analogues (Fig. 1.8) revealed its  

poor selectivity, reacting with many targets beyond PATs such as transporters and 

chaperones.241,242 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.151,222 The natural product cerulenin (Fig. 1.8), a known PAT inhibitor, 

was derivatized into an alkyne-containing clickable form (Alk-cer, Fig. 1.8) to evaluate its 

protein targets.243 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 zDHHCs 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 
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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. 1.8). 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.156 HDFP-inhibition of depalmitoylases 

increases Alk-C18 probe incorporation but only represents a small fraction of the bulk S-

palmitoylated form of the proteins.45 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 

 
 

Figure 1.8. Structures of PAT and APT inhibitors and their clickable analogues 
for activity-based protein profiling (ABPP). 

2-bromopalmitic acid and the natural product cerulenin are pan inhibitors of zDHHCs. 
Hexadecyl fluorophosphonate (HFDP) is a serine lipase inhibitor that targets many 
hydrolase enzymes. 
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RUSKI-201 can selectively reduce the palmitoylation levels of Hhat palmitoylation 

substrates at submicromolar concentrations.234 

 

The development of cell-based in 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 zDHHCs 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 zDHHC20, the 

development of inhibitors tailored to be specific to this enzyme should be possible. It is 

likely that additional crystal structures for other zDHHCs will be acquired in the future, 

which should aid in the rational design of inhibitors specific to a particular zDHHC of 

interest. 

 

1.4.7. 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 zDHHC9-catalyzed N-Ras S-palmitoylation employed 
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immobilized N-Ras peptide and Alk-C18-CoA adaptable with a 384-well format (Fig. 

1.9A).244 Through a turn-on fluorescence assay conferred by successful N-Ras 

modification, the inhibition efficiency of inhibitors were quantified and IC50 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. 1.9B).245,246 In 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 N-

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.247,248 In acyl-

cLIP, a fluorescently labeled Shh peptide is N-palmitoylated 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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Figure 1.9. Enabling technologies based on click chemistry. 

(A) A high-throughput method for screening inhibitors of NRAS palmitoylation. 
(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. (C) On-
plate palmitoylation  assay (OPPA) that involves labeling of a FLAG-tagged 
substrate with a fatty acid analogue and biotin and subsequent immobilization on 
plates coated with anti-FLAG. (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 detect GOAT activity. Ghrelin substrate captured on a plate is labeled 
with a clickable octanoyl-CoA analogue and clicked with HRP.  
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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. 1.9C).249 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. 1.10A). 40,169 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. 1.10B).250 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 
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Figure 1.10. Methods to determine number of fatty acyl modifications in 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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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.250 

 

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 zDHHCs have been limited 

to the screening platforms noted above and not generally for selective modification and 

bioconjugation of proteins. Unlike N-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. 

 

1.5.  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 N-myristoylated 

proteins.54,251 Although these tools are useful, their less than perfect predictive power 
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necessitates experimental validation of putative N-myristoylated proteins of interest. Click 

chemistry-based analogues of myristic acid including Az-12 and Alk-C14 (Fig. 1.11) have 

been used to simplify the validation of N-myristoylated proteins, assessment of NMT 

inhibitor efficacy, and proteome-wide profiling of N-myristoylated proteins.18,127,252–254 

Although selective, these probes can also be recognized as substrates that modify S-

palmitoylated and GPI-anchored proteins.125,128 Owing to the stability of the amide bond 

in N-acylation 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. 1.6B).140 

 

The use of clickable myristic acid analogues has also facilitated cellular imaging,232 

when used in concert with additional technologies involving transfection vectors,255,256 

cell-free expression systems,257 and ELISA-based techniques.258 These methods have 

allowed the characterization of N-myristoylation substrates and probing for NMT activity. 

Furthermore, methods complementary to bio-orthogonal labeling such as photo-

 
 

Figure 1.11. Clickable analogues of myristic acid and myristate-S-CoA for 
metabolic and in vitro labeling of myristoylated proteins. 
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crosslinking, and Sort-A and Phospho tagging strategies have expanded the available tools 

to study N-myristoylation.259–261 Although N-myristoylation plays major roles in cancer 

and immunity,262 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 N-myristoylation in regulating protein functions. 

 

1.5.1. 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 N-myristoylated and S-acylated proteins, the analogues Az-C12 or 

Alk-C14 more efficiently label N-myristoylated proteins.253 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.52 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.126,127 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 N-myristoylated proteins. Their labeling profiles also exhibit distinct labeled 

proteins compared to the longer probes across varying cell lines, suggesting that the 
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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 N-myristoylated 

proteins.  

 

1.5.1.1.  Profiling N-terminal myristoylation 

Tate and coworkers first described the use of Alk-C14 combined with CCML and 

quantitative proteomics in P. falciparum.125 In this protozoan, both N-myristoylated 

proteins and GPI anchors were identified. To distinguish NMT substrates from GPI-

anchored proteins, basic hydrolysis before enrichment enabled identification of more than 

30 N-myristoylated proteins, with some showing evidence of intact modification on their 

N-terminal peptide determined through the use of a trypsin-cleavable reagent, AzKTB.  

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 N-glycine myristoylated 

proteins were detected in HeLa cells.263 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.264 Furthermore, 87 candidate N-myristoylated proteins were 
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identified across HeLa, MCF7, and HEK293 cells, with 36 found in common among these 

cancer cell lines.265 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 N-myristoylation in a developing organism through pulse-chase 

labeling with Alk-C14.124 N-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.  

 

1.5.1.2.  Lysine fatty and defatty-acylation 

As discussed previously, fatty acylation on the Nε-side chain of lysine was previously 

thought to occur on a limited number of proteins with TNFα described as the first Nε-lysine 

myristoylated protein.63 There is burgeoning evidence that this modification is regulated 

by members of the histone deacetylase (HDAC) and sirtuin families of hydrolases.71,266 

Although early studies suggested that this lysine modification occurs through N-

myristoylation, metabolic labeling with the palmitate analogue Alk-C16 results in better 

incorporation compared with Alk-C14.127,267 In contrast, recent findings suggest that Nε-

lysine fatty acylation is catalyzed by NMTs in mammalian cells, at least for the potentially 

Nε-lysine myristoylation of ARF6 GTPase.67 Due to this ambiguity, this modification is 

more rigorously referred to as Nε-lysine fatty/defatty-acylation. Proteome-wide analysis of 

probe-labeled Nε-lysine fatty acylated proteins can be accomplished through combining 

CCML and quantitative proteomics with genetic manipulation, chemical inhibition of the 

hydrolases, or selective hydrolysis of N-glycine myristoylated proteins. Lin and coworkers 

utilized both Alk-C14 and Alk-C16 in a SILAC-based quantitative proteomic analysis to 
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profile the targets of the defatty-acylase SIRT6 in mouse embryonic fibroblasts (MEFs) 

with wild-type and SIRT-6 knockout phenotypes.65 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 Nε-

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 protein.71 The Nε-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 HDAC8 display 

appreciable lysine defatty-acylation activity in vitro.68,268 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.64,66,67,269 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 hypermodification of proteins that may not necessarily 
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reflect physiological conditions. In order to further hone in on the role this type of 

modification and its potential biological implications, direct evidence of Nε-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 Nε-fatty acylation in Gly1Lys2-

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-N type of lipid transfer may occur from initially 

formed  S-acylated proteins but further studies are needed to investigate this possibility. 

 

1.5.2. Mammalian N-myristoylated proteins 

The use of Az-C12 was pioneered by Hang and co-workers for detecting the N-

myristoylation of the kinase Lck at endogenous levels via Staudinger ligation.126 This 

marked the birth of using clickable myristic acid probes to validate N-myristoylation 

substrates. While intact proteins are viable for post-translational labeling in vitro,270 the co-

translational nature of N-myristoylation on nascent proteins can be examined by tagging 

proteins in one pot using cell-free transcription/translation systems (Fig. 1.12A).257 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 
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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 in 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 N-myristoylated proteins during apoptosis.252 The Staudinger reaction 

was also useful in confirming the N-myristoylation and S-palmitoylation of DCNL3 in cells 

treated with Az-C12 and Az-C14, respectively.271 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 

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 N-myristoylation. Human LMCD1 activates transcription factors that 

stimulate cell proliferation and migration while the mouse homolog conversely represses 

this pathway. The NMT2-mediated N-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.272 Furthermore, N-myristoylation 

regulates the cell type-specific sorting of proteins such as the spermatozoan variant 

Hexokinase 1 (HK1S).273 Cell-free translation combined with co-translational labeling 

with Az-C12 and subsequent Staudinger detection confirmed HK1S N-myristoylation; and 

the presence of myristate directs it to the plasma membrane, which is not the case in other 

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

method called NMT-azido-ELISA (Fig. 1.9D).258 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 

 

 
 

Figure 1.12. Mechanisms for labeling the N-myristoylated proteins. 

(A) Co-translational modification where probes are added to either cultured cells or in 
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 N-myristoylation during apoptosis  
on protein substrates generated through cleavage by caspases that expose a new N-
terminal glycine.  
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cell development; this was later ascribed to changes in calcineurin activity during IFN 

signaling.274,275 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 

N-myristoylated proteins owing to its lower background, similar to the clickable palmitic 

acid probes.127,128 CCML with Alk-C14 aided the discovery of regulatory mechanisms of 

proteins or their binding partners through their subcellular localization dictated by N-

myristoylation. The N-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).276 Since FMRP plays important roles in axonal and 

presynaptic functions and relies on FXR2P for proper localization, N-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.277 Similarly, the N-myristoylation-dependent localization of 

AMP-activated proteins kinase (AMPK) to damaged mitochondria was also found to 

mediate mitophagy.278 Treatment with a 2-hydroxymyristic acid, a weak inhibitor of 

NMTs,279 validated its N-myristoylation through mislocalization upon treatment with 

effective concentrations of this inhibitor. Furthermore, N-myristoylation can be controlled 
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by proteins that modulate the interaction between NMTs and their substrates. The CSIG 

protein facilitates N-myristoylation of PPM1A by mediating the NMT-PPM1A 

interaction.280 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 N-myristoylated proteins are co-translationally modified, a number 

of substrates are post-translationally modified during apoptosis.263 Apoptotic caspase 

activation leads to N-myristoylation of a newly exposed N-terminal glycine (Fig. 1.12B).281 

Thus, CCML with Az-C12 or Alk-C14 was used to show the upregulation and post-

translational N-myristoylation of protein kinases A and C during chemically induced 

apoptosis.186,255 Alk-C14 labeling readily detected drastic changes in the N-myristoylated 

proteome during apoptosis, with concomitant caspase-mediated cleavage of NMTs 

resulting in impaired NMT activity.55 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-C14.282 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 N-myristoylation, 
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leading to cytotoxicity.283 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 N-myristoylation for their proper cellular function.284 Alk-C14 labeling 

revealed that excessive exogenous levels of myristic acid elevates levels of N-

myristoylated Src, implicating high-fat diets as drivers of prostate cancer tumorigenesis.285 

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.286 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 N-myristoylated proteome and particularly abrogated Src N-myristoylation.287 This 

protein along with non-myristoylated proteins involved in B-cell receptor signaling were 

degraded upon NMT inhibition, leading to cancer cell death both in 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.288 Pharmacologically targeting its N-

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 
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be required to validate these inhibitors, especially in the case with PCLX-001 treatment 

where many non-myristoylated proteins were also degraded.  

 

1.5.3. Parasitic protozoans and fungi 

Targeting NMTs is a viable strategy for the development of therapeutic agents owing to 

the requirement of N-myristoylation for the survival of human pathogens.52,289–291 

Integrated chemical biology methods combining CCML and quantitative proteomics with 

selective NMT inhibition allowed for the robust identification of the parasite N-

myristoylated proteome in P. falciparum.125 From that proteome-wide analysis, the 

proteins ISP1 and ISP3 required for RBC invasion emerged as attractive targets; 

additionally, their N-myristoylation status was previously validated using Alk-C14 in a 

related malaria parasite, P. berghei.292 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 P. falciparum NMTs, a mutant PfNMT with a single amino acid substitution (G386E) 

was generated that exhibited resistance to current known parasitic NMT inhibitors.293 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. 
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Trypanosomes are the causative agents for fatal diseases including African sleeping 

sickness and Chagas disease caused by Trypanosoma brucei and Trypanosoma cruzi, 

respectively. N-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 T. brucei.294 Global 

profiling robustly identified 101 enriched proteins with 46 possessing the N-terminal 

glycine motif and 53 responded to TbNMT inhibition.160 On the other hand, the azide 

analogue Az-C12 was employed to validate NMT inhibition as a potential therapeutic 

strategy to target T. cruzi.295,296 Subsequent CCML with Az-C12 and quantitative 

proteomic analysis profiled more than 50 N-myristoylated proteins sensitive to NMT 

inhibition.297 Only half of that list of proteins overlaps with those identified from T. 

brucei.160 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.160  

 

Other neglected tropical diseases such as leishmaniasis and toxoplasmosis are 

caused by protozoans that also require N-myristoylation for proper protein functions.291 

Label-free quantitative analysis with Alk-C14 labeling in L. donovani revealed 67% 

overlap between the parasite and host N-myristoylated proteomes, of which 30 parasitic N-

myristoylated proteins displayed sensitivity to LdNMT inhibition.298 Although this 

indicates that LdNMT is a druggable target, some bonafide N-myristoylated proteins 
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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 LdNMT.299,300 

However, these effective inhibitors suffer from problems of chemical stability and display 

poor cellular uptake. A recent study reported a comprehensive development of a series of 

thienopyrimidine-based small molecules that showed high selectivity towards LdNMT 

versus human NMT.301 Through the use of Alk-C14 labeling, a dose-dependent decrease 

in signals from N-myristoylated proteins was observed, signifying the on-target 

intracellular activity of this novel set of LdNMT 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 N-myristoylation in T. gondii identified 76 myristoylated 

proteins including 31 N-myristoylated peptides using azide-modified, trypsin- and TEV-

cleavable multifunctional reagents.302  Validation of N-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 N-myristoylation of the previously 

uncharacterized active serine hydrolase 4 (ASH4) in T. gondii  through Alk-C14 

labeling.303 N-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.304 However, 
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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 Candida, Cryptococcus, and Aspergillus, indicating that 

NMTs could serve as attractive targets for antifungal agents.305–308 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 N-myristoylated proteins. Recently, Tate and coworkers profiled 

the N-myristoylated proteome using Alk-C14 in the fungal pathogen of wheat, 

Zymoseptoria tritici.309 Out of the 25 predicted N-myristoylated proteins from the fungal 

proteome, 20 were detected through LC-MS analysis, providing a robust list of N-

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 Nε-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 in vitro.310 Hence, lipid modifications on the Nε-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. 
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1.5.4. Bacteria and viruses 

As mentioned above, bacterial LPPs can be modified with diacylglyceryl bearing fatty 

acids on an exposed N-terminal cysteine (Fig. 1.13A). Compared with S-palmitoylation, 

only a modest number of myristoyl-containing LPPs are present in Gram-negative E. 

coli.150 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.311 Inactivation of lipoprotein diacylglyceryltransferase (Lgt) led 

to almost complete loss of probe labeling, validating the observed N-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 Spo0A 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. 

difficile sporulation and lays the groundwork for future studies on LPP lipidation in other 

Gram-positive bacteria.311 

 

Bacteria also leverage protein N-myristoylation to direct their secreted effector 

proteins to appropriate subcellular locations critical for their virulence.60,312,313 

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.314 A 

bacterial T3SS effector protein IpaJ peptidase, a cysteine protease from Shigella flexneri, 
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was discovered to efficiently cleave the N-myristoylated glycine of host proteins (Fig. 

1.13B).315 Lysates from mammalian cells metabolically labeled with Alk-C14 showed 

diminished global N-myristoylation after infection with S. flexneri.316 Global N-

myristoylated proteome profiling revealed a number of substrates cleaved by IpaJ with high 

specificity to N-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 IpaJ.67 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 ARF1.317 Its domain X 

(DmX) is structurally homologous to a cysteine protease AvrPphB and it was therefore 

speculated to hydrolyze N-myristoylated glycine. However, Alk-C14 labeling experiments 

did not reveal diminished N-myristoylation of ARF1 upon incubation with DmX unlike 

IpaJ. 
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N-myristoylation of viral proteins is critical for their host cell entry, replication, 

assembly, and infectivity.318–320 Due to the small proteomes of viruses, N-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.314 Therefore, CCML allows the detection and 

identification of not only N-myristoylated viral proteins, but also host proteins impacted 

due to infection. Az-C12 labeling in infected cells validated the N-myristoylation of Pr55gag 

HIV-1 protein, and that NMT1 promotes HIV-1 replication by modulating the expression 

of viral proteins.321 In HSV, quantitative profiling of N-myristoylated proteins using Alk-

 
Figure 1.13. 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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C14 in HSV-infected cells afforded 5 putative myristoylated viral proteins and revealed a 

dramatic reduction in host global N-myristoylation.154 Although novel myristoylated viral 

proteins were identified, known N-myristoylated viral proteins were not enriched, 

potentially owing to the small number of tryptic peptides from these short proteins. 

 

Among the diverse roles of N-myristoylation in promoting viral virulence, the co-

translational N-myristoylation of viral structural capsid proteins (VPs) is critical for viral 

capsid assembly.322 Therefore, inhibiting their N-myristoylation may attenuate viral 

infectivity. Effective inhibition by a non-selective human NMT inhibitor DDD85646 on 

the capsid protein VP0 was verified using Alk-C14 and in-gel fluorescence assays.323 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).324 The most potent and HsNMT-selective inhibitor 

IMP-1088 reduced N-myristoylation of host proteins and capsid protein VP0 in a chemical 

proteomic profiling experiment. This picomolar inhibitor is a derivative of the P. vivax 

NMT-specific IMP-72,325 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 N-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.284,291 Several inhibitors 
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have emerged and been claimed to be selective for targeting HsNMT. 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-C12.279 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. 

 

1.6.  Biological applications in S-Prenylation 

The existing paradigm for protein S-prenylation is that it occurs on proteins that terminate 

with Ca1a2X box motifs for farnesylation and geranylgeranylation, and CCXX, XXCC, 

XCXC motifs for dual geranylgeranylation of the Rab family of proteins.326–328 Basing on 

those criteria, previously validated prenylated proteins have been used as models to 

generate computational tools that allow in silico screening for protein S-prenylation 

substrates.81,329 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 in vitro  reactions on Ca1a2X box-

containing substrates in peptide libraries or  genetic  screening in yeast thermotolerance 

assays.79,80,330,331 Although these methods are generally high throughput, they are often 

limited to  Ca1a2X box peptide substrates mimicking the C-termini of proteins.  The  

sequences upstream of the Ca1a2X box on proteins contribute to substrate reactivity and 

therefore these peptides may not completely reflect substrate recognition on intact 

proteins.82 
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Bio-orthogonal labeling of prenylated proteins rapidly emerged and a number of 

isoprenoid analogues were reported. 16 The promiscuity of prenyltransferase enzymes 

offers the advantage of introducing a variety of functional groups onto the isoprenoid 

probe.332,333  For example, light-activatable and antigenic groups enabled photoaffinity 

labeling and prenyl-targeted antibody-based detection of prenylated proteins.334–338 A 

biotin-conjugated geranyldiphosphate analogue (BGPP, Fig. 1.14) was also utilized to 

directly detect and enrich prenylated proteins in both metabolic labeling and in vitro S-

prenylation experiments, obviating the need of secondary tagging unlike click reaction-

based approaches.99,339–341 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.339 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. 1.14).342–345 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.346,347 This additional pathway (distinct from the well characterized mevalonate 

pathway) for converting the alcohol forms to their diphosphate counterparts is not well 
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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.348,349 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.342,343,350 Later studies 

demonstrated that the longer C20-Az-OH and C20-Az-OPP are more suitable for detecting 

geranylgeranylated proteins.351,352 However, employing alkyne-modified isoprenoids 

results in lower noise signal compared to the azide versions, consistent with the 

 

 
 

Figure 1.14. Bio-orthogonal isoprenoid analogues for probing protein prenylation. 
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observations in using fatty acylation probes.127,128,353 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, Fig. 1.14).354 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.355 In this section, studies that utilized these 

isoprenoid analogues to profile and validate known and novel prenylated proteins are 

reviewed. 

1.6.1. 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.356 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 S-prenylation approaches as described below. 

 

1.6.1.1.  Metabolic labeling with isoprenoid analogues 

Early pioneering work utilized the alcohol probe C15-az-OH to metabolically label 

farnesylated proteins in statin-treated cells.342 Tagging via Staudinger ligation with biotin-

phosphine for affinity enrichment, followed by proteomic analysis resulted in the 
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identification of 17 enriched proteins containing Ca1a2X 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.351 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.353 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 Ca1a2X 

-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.357 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.358 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 
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labeling with C15-Alk-OH.359 Profiling of S-prenylated proteome in the macrophage cell 

line RAW264.7 yielded 23 Ca1a2X-containing and 12 Rab proteins using C15-Alk-OH.360 

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.360  

Like other protein lipid-modifications, S-prenylation mediates diverse pathways 

across organisms and is therefore implicated in numerous human diseases, as well as viral, 

bacterial, and protozoal infections.11,361 For example, prenyltransferase inhibitors (PTIs) 

directed towards the development of antimalarial drugs indicate that protein S-prenylation 

is indispensable for parasite development.362  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 P. 

falciparum.363 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.364 A 

subsequent study provided a similar list of S-prenylated proteins in the parasite using C15-

Alk-OH.365 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. 
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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.345,353,360 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.366 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 FTI or GGTI 

treatment, as well as to competition with FPP or GGPP. In addition, a cleavable 

multifunctional reagent, originally developed for the detection of N-myristoylated proteins, 

was used in the enrichment step,124 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 
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this model. Previous in 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.99 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.367  

 

While the study above demonstrates that the use of more than one isoprenoid probe 

widened the scope of S-prenylated proteins profiled through quantitative chemical 

proteomics, a recent report revealed that C15AlkOPP acts as a surrogate for both FPP and 

GGPP, leading to the identification of a comparable number of prenylated proteins in COS-

7.368 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 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 HeLa and the brain-derived cell lines for 
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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.368 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.  

1.6.1.2.  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. 

In vitro S-prenylation on protein substrates was pioneered by Alexandrov and co-workers 

using the biotinylated isoprenoid analogue BGPP (Fig. 1.14).339 Lysates from cultured 

COS-7 cells treated with statin were prenylated with BGPP in the presence of the 

prenyltransferases in 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-I are required to label Ca1a2X box-containing protein models. These mutants 
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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.341 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 in vitro labeling of FTase and GGTase-I substrates 

showed limited detectability, a recent study combined in vitro S-prenylation and click 

chemistry to identify compromised prenylated proteins in mouse brain tissues .369 Previous 

studies have shown that genetic deletion of FTase and GGTase-I mitigates neuropathology 

in mouse models, suggesting a possible role of S-prenylation in Alzheimer’s disease.104 

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.369 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 in vitro labeling with C15AlkOPP followed by 

biotinylation, enrichment  and proteomic analysis. Putative S-prenylated proteins remain 

unprenylated in knockout models and therefore achieve higher levels of  C15AlkOPP 

incorporation upon in 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 
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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-I 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.355 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.355 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. 

 

1.6.2. Profiling proteins responsive to perturbations 
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Proteomic strategies enable quantitation of the differential responses of modified proteins 

upon small molecule-induced disruption of the normal lipidation process.45 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 FTI 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.370 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 Ca1a2X box confirmed that these proteins are farnesylated in vitro.370 

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 IC50.366 The identified novel S-prenylated proteins also 

displayed significant sensitivity to PTI treatment, further validating their true S-prenylation 

status inside the cell. 

 

Inhibition of protein S-prenylation using PTIs offers pharmacological benefits, 

especially as anticancer agents targeting oncogenic isoforms of proteins involved in signal 

transduction.101 However, the potency of FTIs are sometimes offset by the ability of some 

targets to switch to geranylgeranylation catalyzed by GGTase-I. 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.366 The small GTPase 
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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 

C15AlkOPP also revealed that RRAS2 can switch from farnesylation to 

geranylgeranylation.368 Being a surrogate for both FPP and GGPP, C15AlkOPP 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).371,372 SmgGDS607 delivers the protein substrate to the prenyltransferase 
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while SmgGDS shuttles the prenylated protein to the ER for maturation (Fig. 1.15A). 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.373 A small oligonucleotide SSOEx5 site-specifically targets Ex5, 

which reduces and increases the levels of SmgGDS607 and SmgGDS558, respectively, 

 
 

Figure 1.15. Other mechanisms for regulating protein prenylation. 

(A) Trafficking of prenylation substrates mediated by SmgGDS chaperone proteins. 
SmgGDS607 recruits the substrate for prenylation by GGTase-I 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. (B) Dual prenylation on 
Ykt6 catalyzed by FTase and GGTase-III. Ykt6 is first farnesylated by FTase on the 
Ca1a2X box cysteine followed by geranylgeranylation by GGTase-III on the adjacent 
cysteine upstream from the farnesylated residue. 
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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. 

 

1.6.3. 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.374 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 Rac1 with its effector 

proteins.375 Through C20-Az-OH labeling, Rac1 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 Rac1 deletion, but not when other geranylgeranylated Rho proteins RhoA and Cdc42 

were knocked down. The reduction in S-prenylation of Rac1 enhanced its affinity with its 

interacting partner proteins Tiam1 and Iqgap1, resulting in enhanced GTP-loading and its 

ubiquitin-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.375  
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The brain specific splice variant of the Cdc42 (bCdc42) which contains a C-terminal 

Ca1a2X box 188CCIF191 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.376 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.377 Thus, bCdc42 may not undergo the typical Ca1a2X processing 

(Fig. 1.2A) 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 CCa2X demonstrated that some 

may mature through the normal Ca1a2X processing pathway while others can be dually 

lipidated with prenyl and palmitoyl modifications.377 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 Ca1a2X 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.378 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 Cdc42 is responsive to both competition by 

farnesol or geranylgeraniol, suggesting that it may be both farnesylated and 

geranylgeranylated.366 The bCdc42 protein may also be a substrate of farnesylation and 
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therefore warrants further investigation. Regardless, this aberrant CCa2X S-palmitoylation 

exemplifies the complexity of lipidation and may not be limited only to bCdc42. 

 

1.6.4. 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.379 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.359,366 In 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.379 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 Ca1a2X processing and should therefore be directed to the plasma 

membrane.366,380 It is 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.381 

 

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

axonal protein synthesis.382 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, Rac1 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.382 

 

1.6.5. 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 β-subunit of 

RabGGTase was recently reported as GGTase-III (Fig. 1.2C).108 CCML with C20-Az-OH 

and streptavidin blotting showed that FBXL2 is specifically geranylgeranylated by 

GGTase-III. The leucine-rich repeat domain of FBXL2 interacts with PTAR1, serving as 

the structural basis for GGTase-III specificity.108 Shortly after, another group discovered 

the same enzyme but presented contradicting results, indicating that GGTase-III could not 

prenylate FBXL2  under conditions where GGTase-I robustly prenylated the substrate.383 

Instead, they showed through BGPP-labeling that the SNARE protein Ykt6 is dually S-
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prenylated; it is first farnesylated by FTase and subsequently geranylgeranylated by 

GGTase-III on the upstream cysteine adjacent to the farnesylated residue (Fig. 1.15B). The 

use of BGPP in this study was suitable as previous reports showed excellent incorporation 

of this probe into Rab proteins by RabGGTase,339 which shares the same catalytic β-

subunit with GGTase-III. It was suggested that since FBXL2 also bears an adjacent 

cysteine upstream of its Ca1a2X box, it is possible that GGTase-III 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 Ca1a2X 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.83 CCML with C15-Alk-OPP on model proteins terminating 

in such motifs were found to be prenylated in 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 in vitro.84 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. 368 
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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.384 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.385  

 

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.386 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 Salmonella T3SS effector protein SifA 

was shown to be prenylated with C15-Alk-OH.359 It was previously reported that GGTase-

I modifies its C-terminal sequence, 331CLCCFL336, possibly at C333.387 However, 

mutational studies on the C-terminal cysteines and C15-Alk-OH labeling suggest that SifA 

may be heterogeneously prenylated.359 With the recent discovery of GGTase-III adding a 
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second prenyl moiety on proteins, it is tempting to speculate that SifA maybe a substrate 

of GGTase-III. 

 

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.380 While high concentrations of the alcohol forms of the analogues may exhibit 

some level of toxicity as was observed in the malaria parasite,365 the use of the diphosphate 

analogues may circumvent this issue, particularly when working with sensitive cell lines.358   

1.7.  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. 



 102 

While cholesterylation 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. 

 

1.7.1. 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.388 The ability to incorporate 

different lengths of fatty acyl chains into protein substrates varies across the known 

zDHHCs.133,240 In particular, zDHHC7 efficiently catalyzes stearoylation of SNAP25, 

indicating that zDHHCs facilitate lipid modifications beyond S-palmitoylation.133 Only a 

handful of human and viral S-stearoylated proteins are known.389–392 The S-stearoylation 

on viral spike proteins is essential for host-membrane fusion but is not mechanistically 

well-understood.393 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. 

 

1.7.1.1.  Stearoylation in mammals 

Previously thought to be an S-palmitoylation substrate, stearoylation of the human 

transferrin receptor 1 (TFR1) was the first reported evidence for a regulatory function of 
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stearoylation in humans.394,395 Treatment with an azide analogue of stearic acid (az-C17, 

Fig. 1.16) 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 zDHHC6 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.395 In a follow up study, stearic acid was 

shown to regulate mitochondrial function in vivo, resulting in mitigation of fat 

accumulation and therefore reduces the risk for cancer and cardiovascular diseases.396  

 

 

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

X 3 (RFX3), a transcription factor associated with ciliopathy.397 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 

 
Figure 1.16. Chemical structures of fatty acylation probes with chain lengths 

longer than palmitic acid. 
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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 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. 

 

1.7.1.2.  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.316 In addition to 

this mechanism, S. flexneri was also discovered to release a T3SS effector protein IcsB that 

N-stearoylates lysine residues on host proteins (Fig. 1.13C).398 Stearoylated proteome 

profiling using Alk-C18 in infected cells identified 60 host proteins modified by SfIcsB 

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 SfIcsB, at least in the case of RhoA. Moreover, 
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N-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. flexneri to antibacterial autophagy and this pathogen 

circumvents this mechanism by disarming CHMP5 function through fatty acylation by 

SfIcsB and escape autophagy. Concurrently, a MARTX effector protein Rho GTPase 

inactivation domain (RID) in Vibrio cholerae was shown to possess N-stearoylation 

activity.399 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 Rac1. 

Immunoprecipitation and streptavidin blot detection of Rac1 from RID-expressing 

mammalian cells treated with Alk-C18 validated its stearoylation. Both the core domain 

and the prenylated C-terminal end of Rac1 are recognized by  RID. This aberrant 

modification of Rac1 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. 

 

1.7.1.3.  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. 1.16) was 
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observed during necroptosis in cells, a form of programmed cell death associated with 

various human diseases.400 Knockdown of the elongase ELOVL7 reduces VLCFA 

accumulation and necroptosis, while exogenous addition of VLCFA promotes cell death.401 

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 zDHHCs resulted in only a modest increase in the cell viability of necroptotic 

cells. This suggests that the metabolism of VLCFA may involve other mechanisms or fatty 

acylation routes other than zDHHC-catalyzed processes during necroptosis.401 

 

1.7.2. 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.  

 

1.7.2.1.  Butyrylation 

Short-chain fatty acids (SCFAs) such as butyric acid (Fig. 1.17) can modulate signaling 

pathways and have been found to mitigate infections caused by enteric pathogens.402 

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. 1.17) was 
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recently synthesized and used to profile SCFA-acylated proteins in Salmonella enterica 

serovar Typhimurium.403 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 in vitro, 

and acylation on the particular site Lys90 disarms virulence in 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.403 

 

 

 
Figure 1.17. Chemical structures of fatty acylation probes with chain lengths 

shorter than myristic acid. 
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In mammals, lysine acetyltransferases (KATs) 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.404 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.405 In particular, Alk-C5-CoA and Az-C3-CoA (Fig. 1.17) 

were used to profile these protein substrates in vitro.406,407 Incubation of Hela nuclear 

extracts with Alk-C5-CoA in the presence of p300 identified 23 known and novel 

substrates of this enzyme.406 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 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 GCN5 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 in vitro and may not quite recapitulate the actual acylation substrates in a cellular 
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context or in 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. 

 

1.7.2.2.  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.408 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 O-

acyltransferase (GOAT).409 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.410 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. 1.9E).411,412 In 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.412 
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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.413 Several 

hydrolases in serum were found to display deacylase activity on octanoylated ghrelin.410 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. 1.17) similar to Alk-HDFP.414 In this 

study, two prominent bands were observed in an in-gel fluorescence scan and identified 

through gel-based proteomics. One of the proteins was α2 macroglobulin (α2M), 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 α2M levels in 

the serum suggests that it is present in sufficient amounts to be an important deacylase for 

ghrelin.414 

 

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 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. 
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1.7.3. Unsaturated fatty acylation 

Covalent modification of proteins with mono- (MUFAs) or polyunsaturated fatty acids 

(PUFAs) has also been reported for a few mammalian proteins including Src kinases, G-

proteins, and Wnts.415,416 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 cis double bonds.4 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.417 Therefore, understanding the role of protein modification with  

SFAs vs UFAs is essential and may provide insights into these observed phenomena. 

 

1.7.3.1.  Monounsaturated fatty acids (MUFAs) 

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.418 These proteins are O-palmitoyleated (C16:1) on a serine residue 

by Porcupine (PORCN), a member of the membrane-bound O-acyltransferases (MBOAT) 

family of enzymes.419 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-C16.132,420 However, the potent ability of 

palmitoleic acid to compete with the Alk-C16 (palmitoyl probe) labeling indicates that 
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PORCN prefers this MUFA. A recent study reported that the PORCN active site topology 

enforces cis-C16:1 fatty acylation on Wnts.421 Pulse labeling with either cis-Alk-C16:1 or 

trans-Alk-C16:1 (Fig. 1.18) showed that the trans isomer resulted in detrimental effects to 

Wnt cellular release, possibly indicating that the trans-fatty acylated Wnt is trapped in a 

complex with PORCN. The kink in cis-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-C16.132  Therefore, in a biological milieu, Wnts are lipidated with 

cis-palmitoleic acid, and excess sources of SFAs and trans fats from diet may dysregulate 

Wnt signaling by impeding their release to the secretory pathway.421 

 

 

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

such as oleic acid (Fig. 1.18).422,423 The alkyne-modified analogue of oleic acid (Alk-

 
Figure 1.18. Chemical structures of unsaturated fatty acylation probes. 

 
 



 113 

C18:1) was employed to trace fatty acid metabolism, as well as to develop click chemistry-

based platforms for in vitro enzymatic assays.134,135,424 With 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. 1.18).425 

Metabolic labeling and fluorescence detection using these probes indicated that many 

protein targets 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,133 this suggests that the 

investigation of palmitic vs oleic acid modification in a physiological context is important. 

 

1.7.3.2.  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.426,427 It is not 

currently established whether zDHHCs catalyze these PUFA modifications but arachidonic 

acid was shown to effectively block zDHHC17-catalyzed Az-C16 labeling.133 While 

MUFAs are generally resistant to peroxidation,428 PUFAs can generate electrophiles and 

yield protein adducts.429 Alkyne-modified versions of linoleic acid (Alk-C18:2, Fig. 1.18) 

and arachidonic acid (Alk-C20:4, Fig. 1.18) were shown to undergo autooxidation 

processes in vitro analogous to their native counterparts.430 Quantitative proteomic analysis 

using these probes in a macrophage cell line identified membrane and mitochondrial 
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proteins, which included those associated with inflammatory signaling oxidant defense.431 

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.432 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.433 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-LOX-

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 β-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.434 These 

lipids contain an α,β-unsaturated aldehyde functionality that acts as a Michael acceptor and 

reacts with nucleophiles particularly thiols. Several studies have used clickable analogues 
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of 4-HNE and 4-ONE in order to profile their cellular targets,435–437 as well as to validate 

and monitor their biological consequences in protein function.438,439 Moreover, these types 

of modification may be reversed by the lysine fatty deacylase SIRT2,440 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 

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.441,442 

 

1.7.4. 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.443 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.444,445 Hyperactivation of Hh signaling has also been linked to certain types 

of cancer.446 Hh proteins are synthesized as precursors that are truncated, and subsequently 

N-palmitoylated on their N-terminus and auto-O-cholesterylated on their C-terminus 

forming an ester bond.447 The cholesterol modification on Hh is crucial for membrane 

tethering, receptor binding, secretion, and transport.5  
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1.7.4.1.  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. 1.19A) was first reported by Tate and coworkers to 

successfully label Shh overexpressed in cultured cells.448 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. 1.19A).449 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 in 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.449 

 

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

although its occurrence on proteins beyond this family was proposed.450 Recent studies 

have shown that the Hh signal transducer and oncoprotein Smoothened (SMO) binds 

cholesterol within its cysteine-rich domain (CRD).451 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 
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through metabolic labeling with Az-Chol-2.452 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 

 

 
 

Figure 1.19. 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.  

 
 
 



 118 

enzymes, 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 in vivo. These results open new 

doors for possible therapeutic interventions on treating Hh-pathway-related cancers by 

targeting SMO cholesterylation.452  

 

1.7.4.2.  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.453 In order to globally profile these proteins, the Cravatt group 

employed a diazirine- and alkyne-containing cholesterol analogue (Alk-Dzn-Chol, Fig. 

1.19A), which confer both photoaffinity and clickable handles, respectively.454 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 
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impair sterol-protein interactions and the inevitable hydrolysis of esters may impede the 

enrichment of covalently modified proteins.454 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. 

 

1.7.4.3.  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. 1.19B).455 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).455 This is attributed to the impairment  of 7-DHC reductase (DHCR7), 

the enzyme responsible for converting 7-DHC to cholesterol. Metabolic labeling 

experiments using an alkyne-modified 7-DHC (Alk-7-DHC, Fig. 1.19C) exhibited high 

levels of protein adduction in an SLOS cellular model deficient in DHCR7.456 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. 1.19C).457 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 
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electrophiles. Further efforts into characterizing the members of the sterol adductome 

should shed more light into the implications of this protein modification during oxidative 

stress and in diseases such as SLOS.  

 

1.7.5. Glycosylphosphatidylinositol anchor 

Glycosylphosphatidylinositol-anchored proteins (GPI-APs) are involved in secretory and 

endocytic pathways and are tethered to lipid membranes through a GPI glycolipid.458 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. 1.20A).459 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.460,461 GPI-APs display a myriad of biological 

functions such as signal transduction, cell recognition and adhesion, and cell surface 

enzymatic reactions.459 They are also implicated in parasitic and bacterial infections, as 

well as in genetic blood diseases and prion pathogenesis.462  

 

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 
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complete GPI assembly. In the first approach, the fatty acyl portion of GPIs can incorporate 

medium-chain saturated fatty acids in bacteria and protozoans.463 Chemical proteomic 

analysis of P. falciparum using Alk-C14 identified both N-myristoylated NMT substrates 

and GPI-anchored proteins.125 Since the myristoyl groups in GPIs are linked through an 

ester bond, GPI-APs can be distinguished from the N-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 T. gondii identified 52 known and predicted GPI-APs.302 Alk-C18 for 

S-palmitoylated proteome labeling in a macrophage cell line also enriched both S-

palmitoylated proteins and GPI-APs.147 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 GPI-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).464 Thus, the second strategy for probe construction 

involves incorporation of  sugar analogues into this site such as an azide analogue of 

GalNAc (GalNAz, Fig. 1.20B). Metabolic incorporation of GalNAz in GPI-APs in 

mammalian cells and subsequent Staudinger ligation with phosphine-biotin enabled the 
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detection of both endogenous and recombinantly expressed GPI-APs.465 Another strategy 

of labeling the 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. 1.20B), along with their peracylated 

analogues, i.e. all the hydroxyl groups are acylated (per-InoAz, Fig. 1.20B).466 Through 

conjugation with alkyne-biotin and subsequent streptavidin-fluorophore tagging, cell 

surface-localized GPI-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. 1.20B) are more efficiently metabolized to label GPI-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(I) known to 

be toxic to cells. Indeed, super-resolution imaging was made possible on live cells that 

were treated with peracylated GalNAz and tagged with a DBCO-modified fluorophore in 

a copper-free approach.467 

  

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.468 In an attempt 

to provide an improved strategy, GalNAz was used to enrich and identify GPI-APs in 
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mammalian cell lines.469 The intact, GalNAz-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 

GalNAz. Out of more than 250 predicted GPI-APs, only 33 were identified and almost 

 

 
Figure 1.20. Chemical probes for 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 
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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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.469 

 

Clickable probes that are considerably more specific for GPI-APs are those that 

encompass the complete GPI structure similar to that synthesized in 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 GPI-anchor probes functionalized 

with azide (Az-GPI) or alkyne (Alk-GPI) on Man1 in the glycan core were successfully 

generated (Fig. 1.20A).470 The same strategy was used to append an alkyne to the phosphate 

moiety in a GP anchor specific to L. donovani.471 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 GPIs in biological studies of GPI-APs has yet to be reported. 
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Chapter 2: Global proteomic analysis of prenylated proteins in Plasmodium 

falciparum using an alkyne-modified isoprenoid analogue 

 
Reproduced from Kiall F. Suazo, Chad Schaber, Charuta Palsuledesai, Audrey R. Odom 

John, and Mark D. Distefano, Global proteomic analysis of prenylated proteins in 

Plasmodium falciparum using an alkyne-modified isoprenoid analogue, Sci. Rep., p. 

38615. Copyright 2016 Springer Nature. 

 

2.1.  Introduction 

Over the past 15 years, improved efforts at controlling malaria, caused by infection with 

the protozoan parasite Plasmodium falciparum, have significantly decreased the overall 

number of cases and childhood deaths attributable to severe malaria.472 However, there 

remain over 200 million infections and over half a million deaths due to malaria each 

year.473 Access to highly effective antimalarial therapies remains a cornerstone of malaria 

control efforts. Unfortunately, widespread resistance to former first-line agents, such as 

chloroquine, and emerging resistance to newer treatments, such as the artemisinin-

combination therapies, endangers control of malaria worldwide.474,475 

 

Target-based antimalarial drug development depends on identification of essential 

biological processes in P. falciparum that are amenable to small molecule inhibition. 

Development of therapeutics for the developing world is hampered by a relative lack of 

commercial pharmaceutical interest. Therefore, one strategy has been to identify potential 

antimalarial target proteins whose human homologs have themselves been explored as 
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pharmaceutical targets. These kinds of repurposing approaches thus harness the power of 

previous large-scale small molecule screening and development pipelines, in hopes of 

reducing the effort and expense of developing novel antiparasitics for resource-limited 

settings. 

 

Protein prenyltransferases have emerged as one such “piggybacking” target for 

antimalarial drug development.476,477 Protein prenylation is the C-terminal modification of 

cellular proteins with either a farnesyl (15-carbon) or geranylgeranyl (20-carbon) isoprenyl 

group. Prenyl modification of proteins is catalyzed by several classes of cellular 

prenyltransferase enzymes, including farnesyl transferase (FT) and 

geranylgeranyltransferase type I and type II (GGT-1 and GGT-2).11,77 Prenylation is 

typically required for the membrane association and therefore the cellular activity of 

prenyltransferase substrates. For example, farnesylation of the small G-protein oncogene, 

K-Ras, is required for the transformation of many human cancers, including lung and colon 

cancer.478 For this reason, protein farnesyltransferase inhibitors have been extensively 

explored by the pharmaceutical industry as potential human chemotherapeutics.101,361 Like 

most eukaryotic organisms, P. falciparum malaria parasites also possess protein 

prenyltransferase activity and have been found to incorporate both farnesyl and 

geranylgeranyl modifications into protein substrates.479,480 Chemical inhibition of 

isoprenoid precursor biosynthesis in malaria parasites blocks protein prenylation and is 

lethal to cultured P. falciparum, suggesting that production of isoprenyl substrates for 

protein prenylation is an essential function of isoprenoid biosynthesis in the parasite.481 In 

addition, inhibition of parasite prenyltransferase activity halts parasite replication,362,482–484 
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providing compelling evidence that protein prenylation is indispensable for malaria 

parasite growth.  

Since protein prenyltransferase activity is required by P. falciparum, identification 

of prenyltransferase substrates will likely reveal additional antimalarial targets. 

Bioinformatic approaches have been previously used to predict a limited number of 

potential prenylated proteins in the malaria genome.485 However, since Plasmodium spp. 

are evolutionarily divergent from organisms used to generate these models, and few 

prenylated proteins have been experimentally confirmed in malaria parasites, it is not clear 

how well bioinformatics algorithms perform in predicting prenyltransferase substrates for 

Plasmodium spp.  

 

2.2.  Research Objectives 

In this work, we use a chemical labeling approach to metabolically tag, potentially, the full 

complement of prenylated proteins in asexual P. falciparum parasites.  Our approach was 

to metabolically incorporate an alkyne-modified isoprenoid analogue into the pool of 

prenyltransferase protein substrates. This additional alkyne functional group permits 

selective binding of prenylated proteins to streptavidin beads, via click chemistry with 

biotin-azide. The resulting prenylated proteins were identified by subsequent tryptic 

digestion and LC-MS analysis, coupled with bioinformatics analysis. 
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2.3.  Results  

2.3.1.  An alkyne-functionalized isoprenoid analogue is metabolically incorporated 

into malaria parasites 

To identify the prenylated proteins in P. falciparum using an alkyne-containing isoprenoid 

analogue, we first tested for metabolic incorporation of the compound C15AlkOPP (Fig. 

2.1A), which was previously employed to identify prenylated proteins in mammalian 

cells.353,486 This probe structurally resembles the native isoprenoid substrates farnesyl 

pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP) used for prenylation of 

proteins, and is a substrate for both mammalian FT and GGT-1.345 Red blood cells infected 

with P. falciparum were exposed to the probe in the presence or absence of fosmidomycin 

(FSM), an established inhibitor of isoprenoid biosynthesis in P. falciparum,487,488 followed 

by release of the intact parasites via mild detergent treatment. The free parasites were then 

lysed and the resulting lysates subjected to copper-catalyzed click reaction with TAMRA-

N3, which generates a stable cycloaddition product between the alkyne-tagged prenylated 

proteins and TAMRA-N3 to allow visualization of labeled proteins (Fig. 2.1B). The 

samples were then fractionated via SDS-PAGE and subjected to in-gel fluorescence 

imaging (Fig. 2.1C, top panel).  

 

Fluorescent protein bands were observed at approximately 25 and 50 kDa in 

samples obtained from parasites treated with C15AlkOPP (lane 3); a number of weaker 

bands, including species near 37 and 150 kDa, were also observed. A substantial 

enhancement of labeling ensued upon co-administration of FSM (lane 4), suggesting that 
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depletion of the endogenous FPP pool results in increased incorporation of the analogue; 

similar results with C15AlkOPP have been observed in mammalian cells treated with 

lovastatin.353 Replacing the probe with FPP showed only limited labeling in these regions 

 
Figure 2.1. The C15AlkOPP probe allows tagging of prenylated proteins for in-

gel fluorescence labeling and pulldown for proteomic analysis. 

(A) Structures of native isoprenoid substrates of prenylation, farnesyl pyrophosphate 
(FPP) and geranylgeranyl pyrophosphate (GGPP), and the probe analog C15AlkOPP.  
(B) Scheme  for metabolic labeling using the C15AlkOPP probe followed by selective 
labeling or enrichment using click chemistry. In-gel fluorescence and proteomic 
analysis of prenylated proteins were facilitated through click reactions with fluorescent 
reporter TAMRA-N3 and affinity handle biotin-N3, respectively. (C) Labeling of 
prenylated proteins visualized through in-gel fluorescence (top panel)  in P. falciparum 
lysates.  Lane 1: C15AlkOPP + FSM in red blood cells; lane 2: FPP + FSM in  Pf; lane 
3: C15AlkOPP in Pf; lane 4: C15AlkOPP + FSM in Pf. Total protein loading by 
Coomassie blue stain is shown in purple (bottom panel). 
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(lane 2), indicating that the alkyne analogue is a viable tool to tag cellular prenylated 

proteins.  

It should be noted that P. falciparum parasites develop within human erythrocytes. 

Although human prenyltransferases have not been identified in the mature erythrocyte 

proteome,489 we evaluated for the possibility that erythrocyte proteins could incorporate 

C15AlkOPP probe in the absence of parasite infection. Human red blood cells were thus 

also treated with C15AlkOPP and FSM, and did not demonstrate significant labeling (lane 

1). The band observed above 25 kDa is almost certainly an artifact due to a highly abundant 

protein band in this region as shown in the Coomassie stained gel (Fig. 2.1C, bottom panel); 

given its size, that protein may represent a hemoglobin dimer.490 Overall, these results 

indicate that the C15AlkOPP probe successfully labels prenylated proteins in the malaria 

parasite with minimal interference from human proteins. 

 

2.3.2.  The C15AlkOPP probe is elongated by P. falciparum FPPS/GGPPS 

As noted above, C15AlkOPP is a substrate for the mammalian FT and GGT-1 enzymes.  

Previously reported metabolic labeling data suggests that C15AlkOPP can also be used to 

label substrates of GGT-2.  However, those results do not preclude elongation of 

C15AlkOPP to C20AlkOPP prior to prenyltransferase-catalyzed incorporation. Hence, we 

next sought to investigate whether C15AlkOPP can be elongated to C20AlkOPP in malaria 

parasites. Unlike other organisms that express a series of prenyl synthases, P. falciparum 

produces a single multi-functional enzyme (PfFPPS/GGPPS, hereafter PfFPPS) that is 

responsible for synthesis of geranyl pyrophosphate, farnesyl pyrophosphate, and 
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geranylgeranyl pyrophosphate.491,492 To evaluate whether the parasite enzyme may utilize 

the C15AlkOPP probe as a substrate, we assayed purified recombinant PfFPPS protein. As 

expected, PfFPPS uses IPP to elongate its natural substrate, FPP, thus generating GGPP. 

Similarly, we found that PfFPPS also effectively uses C15AlkOPP as a substrate (Fig. 2.2). 

Thus, while it is not clear whether the elongated analogue is a substrate for the malarial 

GGTs, the production of that species maximizes the likelihood that our single probe 

 
Figure 2.2. P. falciparum farnesyl pyrophosphate synthase (PfFPPS) accepts 

C15AlkOPP as a substrate. 

Specific activity (mean ± S.E.M.) of PfFPPS, measured using an absorbance-based 
phosphate release assay. Left to right, enzyme activity in the presence of FPP and IPP, 
C15AlkOPP probe and IPP, or C15AlkOPP alone. No activity was seen in absence of 
PfFPPS. Three replicates were performed for each condition. 
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strategy using C15AlkOPP will function to tag both farnesylated and geranylgeranylated 

proteins in the parasite.  

 

 

2.3.3.  Bioinformatic analysis of the P. falciparum proteome affords a list of putative 

prenylated proteins 

To date, only a limited number of proteins with canonical C-terminal prenylation motifs 

have been demonstrated to be bona fide substrates in P. falciparum.481,493–495 Prior to 

proteomic analysis, we performed a bioinformatic investigation to create a list of all 

possible prenyltransferase substrates present in the P. falciparum proteome. FASTA 

sequences of proteins from the Plasmodium falciparum genome reference isolate 3D7 

proteome (UniProt ID UP000001450) with possible C-terminal –CaaX, –CXC, and –CC 

prenylation motifs were analyzed using Prenylation Prediction Suite (PrePS).81 Out of 90 

protein sequences with Cys at the 4th position from the C-terminus (–CaaX), a total of 8 

proteins were predicted to be prenylated (Table 2.1). This group contains 5 proteins whose 

molecular masses are close to 25, 37, 50, and 150 kDa, similar to what we observed 

experimentally via in-gel fluorescence labeling (Fig. 2.1C). Furthermore, five of these 

proteins contain basic residues upstream of the putatively prenylated Cys, a typical pattern 

observed for most prenylated proteins. In addition to these predicted proteins, we examined 

those that were not recognized by PrePS but met additional criteria for prenylation: basic 

residues upstream of Cys at the -1 to -5 positions and a hydrophobic or aromatic residue at 

the +2 position. Seven proteins that satisfy these additional parameters were thus identified 
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from the proteome database (Table 2.2). A previous study reported 8 proteins that satisfied 

these criteria based on the P. falciparum genome, which included a DEAD/DEAH box 

Helicase and Methionyl-tRNA formyltransferase (along with six predicted in our 

analysis).494 However, neither of these two proteins contains a C-terminal CaaX sequence 

in the reference Plasmodium falciparum isolate 3D7 proteome database (although one of 

them does in another database, see Fig. 2.3). Interestingly, the remaining protein listed in 

 
Figure 2.3. FASTA sequences of DEAD/DEAH box Helicase and Methionyl-
tRNA formyltransferase in isolate 3D7 and other proteome databases from 

U iP  
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Table 2.2 (but not identified in the aforementioned genomic analysis), PRL protein tyrosine 

phosphatase, does appear to be a real prenylated protein. Recent computational docking 

Table 2.1. Candidate prenyl transferase substrates from the P. falciparum 3D7 
proteome, which contain canonical CaaX motifs and were identified by PrePS. 

PrePS was used to predict the likelihood of prenylation of the proteins identified: *low, 
**intermediate, ***high 

Accession No. Name C-term Mol. wt. 
(kDa) PrePS 

Q8I346 SNARE protein (putative) KKQCCSI
M 23 

FT*** 
GGT-
1*** 

Q8I583 Ulp1 protease (putative)  ISQGCLVF 123  FT* 
GGT-1* 

Q8IKN0 Uncharacterized protein QRRMCNI
M 38  FT* 

GGT-1** 

Q8IEC5 Uncharacterized protein KKKKCTI
M 95  

FT*** 
GGT-
1*** 

Q8IL88 Hsp40 subfamily A 
(putative) 

GRVACAQ
Q 48  FT** 

C0H5D3 SNARE protein (putative) NNQCCSL
Y 26  FT* 

Q8IE80 Uncharacterized protein NIAACKQ
C 34  FT* 

Q8IEK2 Uncharacterized protein NRLKCNI
M 73  GGT-1** 

 
Table 2.2. Candidate prenyl transferase substrates from the P. falciparum 3D7 
proteome, which were not identified by PrePS but possess additional, promising 
CaaX features. 

PrePS was used to predict the likelihood of prenylation of the proteins identified: *low, 
**intermediate, ***high 

Accession 
No. Name C-term 

Mol. 
wt. 

(kDa) 

Basic 
residue at -

1 to -5 

Hydrophobi
c residue at 

+2 

Aromatic 
residue at 

+2 

Q8IIN1 Protein tyrosine 
phosphatase 

NCLRKCHF
M 25 + + + 

Q8ILH7 Uncharacterized protein KKRNKCNF
M 51 + + + 

Q8I3K7 Membrane skeletal 
protein IMC1-related 

QRNLYCSY
A 34 + + + 

Q8I0W8 Deoxyribodipyrimidine 
photolyase 

KREKKCVA
S 129 + + - 

O77306 Ser/Thr protein kinase NKKNSCAY
T 157 + + - 

Q9NLB7 Uncharacterized protein NYNFLCLYI 10 - + + 

O77380 CPSF DLENMCSF
L 339 - + + 
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studies496 suggested that it is a substrate and this has been confirmed through additional in 

vitro assays.494 

Proteins with C-terminal –CXC and –CC motifs were also extracted from the 

proteome and analyzed in PrePS.  As expected, Rab proteins were predicted to be substrates 

of geranylgeranyl transferase type II (GGT-2) with high degrees of probability (Table 2.3). 

Table 2.3. Candidate prenyl transferase substrates from the P. falciparum 3D7 
proteome, which possess –CXC and –CC C-terminal motifs.  
PrePS was used to predict the likelihood of prenylation of the proteins identified: *low, 
**intermediate, ***high. 

Accession No. Name C-term Mol. wt. 
(kDa) 

PrePS 

Q8IL79 Copper transporter putative ADPACCGC 27 No 

Q8IM51 Secreted ookinete adhesive protein ECSCSCSC 23 No 

Q8IHR8 Rab6 NMLSKCLC 24 GGT-2** 

Q7K6B0 Rab18 ESRSNCAC 23 GGT-2*** 

Q8I3W9 Rab1a SPQSFCSC 24 GGT-2*** 

Q8IHW0 Myosin heavy chain subunit, 
putative 

ELNMFKCC 208 No 

C6KST4 Uncharacterized protein IKKKKMRCC 33 No 

Q8II49 Conserved Plasmodium protein TKKFFPCC 30 No 

Q8IHW1 Conserved Plasmodium protein KTKKCYCC 19 No 

Q8IAL1 Uncharacterized protein GKRFLGCC 9 No 

Q7K6A8 Rab1b KDTKKKCC 23 GGT-2*** 

O96193 Rab5a TLSKKGCC 27 GGT-2*** 

Q8I274 Rab5c EETKKKCC 24 GGT-2*** 

Q76NM4 Rab11a TKKKNKCC 25 GGT-2*** 

Q8I5A9 Rab2 SRSGFSCC 24 GGT-2*** 

C0H516 Rab7 KMYKSRCC 24 GGT-2*** 

C0H5G2 Rab11b NMNKVKCC 24 GGT-2** 
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The molecular weights of these small GTPases are consistent with the bands observed near 

25 kDa via in-gel fluorescence labeling (Fig. 2.1C). No proteins other than those belonging 

to the Rab family were identified as potential substrates, suggesting that there are no known 

proteins with these – CXC and –CC sequences that have the specific neighboring residues 

upstream of Cys necessary to render them substrates for GGT-2. In aggregate, our 

bioinformatics analysis suggests that the P. falciparum proteome contains 8 –CaaX, 3 –

CXC, and 7 –CC proteins (18 total) that may be prenyltransferase substrates. 

2.3.4.  Proteomic analysis of the prenylated proteins in P. falciparum 

After validating the use of C15AlkOPP as a prenylation probe in P. falciparum, we next 

sought to determine the molecular identity of prenylated proteins in the parasite. To reduce 

cellular production of FPP, which would compete with probe incorporation, cultured 

asexual P. falciparum were treated with sub-lethal (50% of the half-maximal inhibitory 

concentration) concentrations FSM. Fosmidomycin-treated parasites were grown in the 

presence of either C15AlkOPP probe or FPP as a negative control. Following labeling, 

parasites were freed from host erythrocytes, and parasite protein lysates were subjected to 

click reaction with biotin-N3; the affinity handle conferred by biotin permits the selective 

enrichment and isolation of labeled prenylated proteins upon pull-down through the strong 

biotin-avidin interaction (Fig. 2.1B). Proteins were washed under stringent conditions (1% 

SDS and 8 M urea) followed by on-bead trypsin digestion. Equal amounts of peptides from 

C15AlkOPP- and FPP-treated samples, were pre-fractionated and analyzed by nano-flow 

liquid chromatography and tandem mass spectrometry (MS/MS), followed by database 

searching against Plasmodium falciparum (UniProt ID UP000001450) and Homo sapiens 
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proteomes (UniProt ID UP000005640).  After data processing, 445 proteins were identified 

at 99.0% minimum probability with at least 2 identified peptides from 9073 spectra, and 

98.0% minimum peptide confidence within a 1% false discovery rate, for both 

C15AlkOPP- and FPP-treated samples.  

 

Our labeling strategy was designed to enrich for prenyltransferase substrates 

labeled with C15AlkOPP and/or C20AlkOPP using a biotin pull-down approach. 

Proteomic studies that use such enrichment methods are sometimes complicated due to 

nonspecific adsorption of proteins onto the avidin-coated beads used in these experiments. 

To address that issue, our approach employed a quantitative comparison based on spectral 

counting between the samples treated with C15AlkOPP and those treated with FPP. We 

used the average total spectral counts for each identified protein to calculate the enrichment 

of proteins (fold-change) across three replicates of samples treated with C15AlkOPP probe 

versus FPP. Proteins with potential prenylation motifs (–CaaX, –CC, –CXC on their C-

terminus) were extracted from that data and summarized in Table 2.4. A total of 15 

prenylated proteins are listed, including 14 of the 18 predicted in our bioinformatics 

analysis. One additional protein (Q81LH7) bearing the –CaaX sequence CNFM, which 

was not predicted by PrePS, was also identified. Conversely, four of the –CaaX sequences 

predicted by PrePS were not observed (Q81583, Q81EC5, Q81E80 and Q81EK2 with –

CaaX sequences CLVF, CTIM, CKQC and CNIM, respectively). All Rab proteins 

predicted to be prenylated by PrepPS were identified. 
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The list of all proteins identified in our analysis is ordered based on the fold change 

between the C15AlkOPP- and FPP-treated samples. The top 12 proteins in that list 

correspond to the first 12 entries in Table 4 (9 to 33-fold change). For each of these top 12 

hits, very few spectral counts were observed in the absence of probe, giving high 

confidence that these represent bona fide prenylated proteins. In contrast, numerous 

proteins were found below the 6-fold threshold. In those cases, substantial spectral counts 

were observed in the absence of probe; we attribute those proteins to nonspecific 

adsorption. However, the last 3 entries in Table 2.4, while manifesting low levels of 

spectral counts in the C15AlkOPP-treated samples, gave no spectral counts in the FPP-

treated samples, suggesting that they may represent true, low abundance hits; one of those 

three, SNARE Ykt6.1, has been confirmed as a prenyltransferase substrate.495 It is worth 

noting that the aforementioned DEAD/DEAH box Helicase and Methionyl-tRNA 

formyltransferase suggested by previous investigators as possible prenylated proteins 

based on bioinformatics analysis494 were not identified in our analysis. 

Finally, it should be noted that human Rab homologs were also identified and 

grouped into clusters with the parent proteins from P. falciparum (Fig. 2.4), since the data 

analysis was conducted using both the H. sapiens and P. falciparum databases. However, 

for each identified Rab, the change in spectral counts in the presence of probe was always 

higher for the candidate malarial proteins than their human homologs. Additionally, we 

found, in each case, that protein probabilities for parasite sequences were higher than those 

for the cognate human orthologs. Together, these characteristics indicate that the Rab 

proteins identified upon metabolic labeling of P. falciparum are indeed malarial in origin 

and that the human candidates are artifacts of sequence similarities.  
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Table 2.4. Proteins bearing prenylation motifs identified in P. falciparum using 
C15AlkOPP labeling. 
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Comparison of peptide sequences identified between Pf Rab7 and human Rab7a. 
 

 
 
Comparison of peptide sequences identified between Pf and human Rab1B. 
 

 
 
Comparison of peptide sequences identified between Pf and human Rab1A. 

 

 
Figure 2.4. Comparison of peptide sequences identified between P. falciparum 
and human Rab protein homologs. 

P. falciparum proteins contain peptides present in human homologs but with 
statistically higher probabilities, spectral counts, and percent coverages. 
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2.4.  Discussion 

Due to the ongoing spread of drug resistance, there is a pressing need for new therapies to 

treat malaria. Evidence strongly suggests that protein prenylation is required for asexual 

development of the P. falciparum malaria parasite; several distinct chemotypes of 

prenyltransferase inhibitors exhibit potent antimalarial activity.362,482,484,497–499 Given the 

essential nature of protein prenylation, it follows that the functions of prenyltransferase 

substrates themselves are necessary for parasite replication. Thus, identification of 

prenylated proteins in P. falciparum may reveal new, essential, and highly valuable targets 

for antimalarial drug development. Such targeting could be accomplished either indirectly 

by interfering with prenylation or directly via inhibition of their cognate functions. 

 

Here we present the first experimentally determined catalog of prenylated proteins 

(the “prenylome”) of blood stage P. falciparum. We have identified prenyltransferase 

substrates through the use of metabolic labeling with a novel, alkyne-containing isoprenoid 

analogue. We find that the P. falciparum farnesyl pyrophosphate synthase (FPPS) 

successfully elongates the probe (which is a derivative of FPP) to generate the cognate 20-

carbon (GGPP derivative) probe. Therefore, we believe our in vivo metabolic labeling 

approach has likely captured the full complement of both farnesylated and 

geranylgeranylated proteins in P. falciparum, with the exception of prenylated proteins 

with very low levels of expression during blood-stage development that may not react in 

our derivatization strategy.  
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Eukaryotic systems possess three different protein prenyltransferases: 

farnesyltransferase (FT) and geranylgeranyltransferase type I (GGT-1) commonly 

recognize the same motif (the CaaX box) that includes the cysteine of their substrates they 

modify, and are thus referred to as CaaX prenyltransferases, whereas 

geranylgeranyltransferase type II (GGT-2, also called Rab geranylgeranyltransferase) 

recognizes an alternative motif.500 Active prenyltransferases consist of two polypeptide 

subunits, α and β; FT and GGT-1 typically share an α subunit. As has previously been 

suggested,485 we find that experimentally confirmed prenyltransferase substrates of P. 

falciparum parasites possess canonical motifs that indicate the presence of both CaaX 

prenyltransferases and Rab geranylgeranyltransferases. P. falciparum lysate has previously 

been shown to possess both FT and GGT-1 activity.479 The current annotation of the P. 

falciparum genome indicates a full complement of genes encoding the candidate 

prenyltransferases, as follows: PfFT [PF3D7_1242600 (α subunit) and PF3D7_1147500 (β 

subunit)], PfGGT-1 [PF3D7_1242600 (α subunit; shared with PfFT) and PF3D7_0602500 

(β subunit)], and PfGGT-2 [PF3D7_1442500 (α subunit) and PF3D7_1214300 (β 

subunit)].  

 

Our work experimentally confirms that protein prenylation in P. falciparum reflects 

a more modest set of prenylated proteins than is observed in fungi or higher eukaryotes, 

including humans. According to PRENbase (http://mendel.imp.ac.at/PrePS/PRENbase/), a 

curated online database of protein prenylation across sequenced genomes, prenylated 

proteins in the human genome are spread into 43 clusters of paralogous proteins.501 

Biological functions of prenylated proteins are well conserved, even amongst unicellular 

http://mendel.imp.ac.at/PrePS/PRENbase/
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eukaryotes, as 42 similarly defined clusters are present across fungal genomes. In stark 

contrast, we find robust experimental evidence for a total of only thirteen prenylated 

proteins in P. falciparum, with suggestive evidence for an additional two probable 

prenyltransferase substrates. While a restricted prenylome has been suggested 

bioinformatically for malaria parasites, our study provides important evidence that there 

are not unrecognized, non-canonical motifs used by the P. falciparum prenyltransferases.  

 

During asexual replication, P. falciparum is an obligate parasite of human 

erythrocytes, and relies on vesicle-mediated trafficking of erythrocyte cytoplasm and 

hemoglobin, as well as export of essential proteins for remodeling of the erythrocyte 

membrane and cytoplasm. The importance of membrane trafficking to P. falciparum 

development is underscored by the restricted biological functions of the malaria 

prenylome. Interestingly, we find that the majority of proteins in the P. falciparum 

prenylome belong to a single cluster of paralogous proteins, the Rab family of small 

GTPases, classic regulators of endomembrane trafficking. These proteins likely make up 

the broad band at 25 kDa found in our in-gel fluorescence images upon C15OPP labeling 

(Fig. 1C), as well as in studies using radiolabeling of parasites with [3H]-geranylgeranyl 

pyrophosphate.502 Unsurprisingly, of the eleven Rabs annotated in P. falciparum, we found 

all ten predicted to be geranylgeranylated by GGT-2.503 

 

In addition, three more prenyltransferase substrates in P. falciparum (two SNARE 

proteins and a phosphatidylinositol 3-phosphate binding protein) are also likely to function 

in membrane trafficking. Notably absent from the P. falciparum prenylome are a number 
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of GTPase superfamilies, including Ras and Rho, typical of other unicellular eukaryotes 

and metazoans. This restricted use of protein prenylation for a single biological function 

reflects the complement of small GTPases that has been suggested to have been present in 

the last common eukaryotic ancestor, prior to the dramatic expansions of paralogous 

GTPase gene families.504,505 The limited collection of GTPases and prenylated proteins that 

we find in P. falciparum is therefore not unique to this parasite, but is shared with other 

Alveolates in this lineage, including several other important mammalian parasitic 

pathogens, such as Cryptosporidium, Toxoplasma, and Eimeria.  

 

We identified only four confirmed prenylated proteins in P. falciparum that possess 

a canonical CaaX motif, which should serve for recognition and modification by either FT 

or GGT-1. Bioinformatic analyses are insufficient to indicate whether a given CaaX-

containing protein is farnesylated or geranylgeranylated. However, experimental evidence 

suggests that at least one of these proteins, PF14_0359, a Hsp40 analog, is specifically 

farnesylated. In P. falciparum, metabolic labeling with [3H]-farnesyl pyrophosphate, but 

not [3H]-geranylgeranyl pyrophosphate, identifies a dominant band at approximately 50 

kDa.502 As the remaining proteins in the malaria prenylome are between 23-38 kDa, this 

finding most likely represents farnesyl modification of PfHsp40 (48 kDa).506  

 

 P. falciparum expresses an expanded repertoire of molecular chaperones, comprising 

2% of the overall genome, and including 49 Hsp40 superfamily members in total.507 

However, while other eukaryotes typically express up to five type I Hsp40s, PfHsp40 is 

the sole, cytosolic type I Hsp40 homolog in the malaria parasite. In other organisms, 
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farnesylation of orthologous type I Hsp40s has been well described, and is required for the 

biological functions of these chaperones in mediating protein stability.508,509 The cellular 

function of PfHsp40 in P. falciparum has yet to be explored, although immunofluorescence 

microscopy indicates that this protein is cytosolic.506 However, data from proteomics and 

yeast two-hybrid studies indicate it may play a role in trafficking to the RBC membrane.510 

The extent to which farnesylation plays a role in the localization or functions of PfHsp40 

remains to be explored. 

2.5. Conclusion 

Our work contributes to an increasingly complete picture of post-translational hydrophobic 

modifications in blood-stage P. falciparum. The identification of a limited set of CaaX 

proteins has important implications for understanding the evolution of this modification 

process, as well as the active work developing novel antimalarial therapies targeted to 

isoprenoid synthesis and prenyltransferases. 

 

2.6.  Methods 

2.6.1. P. falciparum tissue culture 

All culturing was done with Plasmodium falciparum genome reference strain 3D7. 3D7 

was obtained from the Malaria Research and Reference Reagent Resource Center (strain 

MRA-102, contributed by D. J. Carucci, ATCC, Manassas, Virginia). Parasites were grown 

in RPMI-1640 media (Sigma-Aldrich, SKU R4130) supplemented with 27 mM sodium 

bicarbonate, 11 mM glucose, 5 mM HEPES, 1 mM sodium pyruvate, 0.37 mM 

hypoxanthine, 0.01 mM thymidine, 10 μg ml−1 gentamycin (Sigma-Aldrich) and 0.5% 
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Albumax (Life Technologies) with a 2% suspension of human erythrocytes under an 

atmosphere of 5% CO2, 5% O2, balance N2 and incubated at 37°C, as previously 

described.488,511 For in-gel fluorescence, 40 mL of culture was used per replicate. Samples 

destined for mass spectroscopy analysis were derived from 200 mL of culture per replicate.  

For all experiments, cultures were adjusted to 4% of red blood cells infected (4% 

parasitemia) at experiment start. Cultures were treated with fosmidomycin (Life 

Technologies) to a final concentration of 600 nM (approximately half IC50). Pyrophosphate 

probes or prenyl pyrophosphates (Echelon Biosciences) were added to a final concentration 

of 10 µM. After compounds were added, cultures were mixed thoroughly and incubated 

for 24 hours. 

 

After 24 hours, cultures were saponin lysed as previously described,488 with modifications. 

In brief, cells were pelleted and washed with PBS before being lysed with 1% saponin in 

PBS. Saponin lyses red blood cell (RBC) membranes but not parasite cell membranes, thus 

freeing the parasites from the RBCs. The lysed mixture was pelleted, and the loose RBC 

membrane layer and supernatant removed, leaving a parasite pellet. This pellet was washed 

with PBS, centrifuged again, the supernatant removed, and stored at -80°C.  

 

RBC controls were performed with 5 mL per replicate of 2% hematocrit in supplemented 

RPMI media with no parasites. RBCs were pelleted without saponin since internal RBC 

proteins are released with lysis. This volume corresponds to the volume of saponin-freed 

parasites from 200mL total culture at 4% parasitemia.   
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2.6.2. In-gel fluorescence labeling 

RBC controls and saponin-lysed pellets of P. falciparum, treated with or without FSM and 

FPP or C15AlkOPP, were suspended in 300 μL lysis buffer (10 mM PO43-, 137 mM NaCl, 

2.7 mM KCl, 2.4 μM PMSF, benzonase nuclease, protease inhibitor cocktail and 1% SDS) 

and sonicated 6 to 8 times for 2 seconds in 10-second intervals. Click reactions were 

performed on 100 μg samples of protein lysate (1 μg/μL) with 25 μM TAMRA-N3, 1 mM 

TCEP, 0.1 mM TBTA, and 1 mM CuSO4 at room temperature for one hour.  Proteins were 

precipitated using a ProteoExtract precipitation kit (Calbiochem) to remove excess click 

chemistry reagents. Protein pellets were dissolved in 1X Laemlli loading buffer and heated 

at 95 oC for 5 minutes. Samples were fractionated using 12% SDS PAGE gels and imaged 

via in-gel fluorescence using a BioRad FX Molecular Imager with 542/568 nm 

excitation/emission wavelengths. Gels were stained with 1X Coomasie blue stain followed 

by destaining to visualize protein loading.  

 

2.6.3. Cloning and expression of PfFPPS 

The gene PfFPPS (PF3D7_1128400) was PCR amplified from P. falciparum 3D7 cDNA 

(primers PfFPPS Fwd 5’-CTCACCACCACCACCACCATGCUGAGAACGAGCAGAA 

TAACCAAGATTC-3’;  PfFPPS Rev 5’-ATCCTATCTTACTCACTCAAGCGCCTGTAA 

ACAAAATGTCC-3’) and cloned into pBG1861 using ligation independent cloning as 

previously described.512 The cloned PfFPPS sequence was verified by Sanger sequencing. 

The primers used add coding for a six histidine tag at the N-terminus of the gene to allow 

for nickel affinity purification. 
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Subsequently, pBG1861 was transformed into ArticExpress (DE3) RIL E. coli 

(Agilent Technologies). Cultures were grown in LB media with 100 µg/mL ampicillin at 

37°C and 200 rpm until mid-log phase, at which point they were cooled to 8°C. Expression 

was induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG), 5 µM geraniol 

and 5 µM farnesol overnight at 8°C and 200 rpm. Following induction, cells were pelleted 

and then lysed by sonication in a solution of 25 mM Tris pH 7.5, 250 mM NaCl, 1 mM 

MgCl2, 10% v/v glycerol, 20 mM imidazole, 1 mM dithiothreitol (DTT), 1 mg/mL 

lysozyme, 200 µM phenylmethylsulfonyl fluoride (PMSF) 0.3 U/mL benzonase nuclease 

(Novagen), and EDTA-free protease inhibitor (Roche). 6-histidine tagged protein was 

purified from soluble lysate over Ni-NTA resin (Goldbio). The resin with bound protein 

was washed with 25 mM Tris pH 7.5, 250 mM NaCl, 1 mM MgCl2, 10% v/v glycerol, 20 

mM imidazole, 1 mM dithiothreitol (DTT). Bound protein was then eluted with 25 mM 

Tris pH 7.5, 250 mM NaCl, 1 mM MgCl2, 10% v/v glycerol, 300 mM imidazole, 1 mM 

dithiothreitol (DTT).  

 

Next, the elutant was further purified over a HiLoad 16/60 Superdex 200 gel 

filtration column (GE Healthcare) using an AKTAExplorer 100 FPLC (GE Healthcare). 

The FPLC buffer was 250 mM NaCl, 25 mM Tris pH 7.5, and 1 mM MgCl2, 10% glycerol 

v/v. Fractions enriched with PfFPPS, as seen by a strong band at ~ 44 kDa on a Coomassie-

stained SDS-PAGE gel, were pooled and concentrated by centrifugation using Amicon 

Ultra-15 centrifugal filter units (EMD Millipore). Concentrated protein was supplemented 

with 1mM DTT, was flash-frozen in liquid N2, and was then stored at -80°C prior to use. 

Protein concentration was measured by a BCA protein assay kit (Thermo Scientific).  
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2.6.4. Isoprenyl pyrophosphate synthase assay 

Following purification, release of pyrophosphate during GGPP/C20AlkOPP synthesis 

from FPP/C15AlkOPP by PfFPPS was monitored using the EnzChek phosphate assay kit 

(Life Technologies), as previously described.513 Reactions were performed in a 50 µL 

volume, with final reagent concentrations as follows: 250 mM NaCl, 50 mM Tris pH 7.5, 

1mM MgCl2, 1 U/mL purine nucleoside phosphorylase (PNP), 0.2 mM 2-Amino-6-

mercapto-7-methylpurine riboside (MESG), 0.1 U/mL yeast inorganic pyrophosphatase 

(New England Biolabs), and 2 µM purified PfFPPS, and, where indicated, 100 µM IPP, 

FPP (Echelon Biosciences) and/or C15AlkOPP. All reagents save PfFPPS were pre-

warmed to 37°C. Reactions were initiated by the addition of PfFPPS, after which 

absorbance at 360 nm was recorded over a 30 min period with a BMG POLARStar plate 

reader preheated to 37 °C. Absorbance monitoring was performed in clear 96-well flat-

bottomed plates. Enzyme reactions were linear with respect to time and enzyme 

concentration. Absorbance units were converted to µM phosphate using a phosphate 

standard curve. 

 

2.6.5. Pull-down of labeled proteins 

Protein lysates (1.5 mg/mL) from parasites treated with FSM and FPP or C15AlkOPP were 

subjected to click reactions with 100 μM biotin-N3, 50 mM TCEP, 10 mM TBTA, and 50 

mM CuSO4 for 90 minutes at room temperature. Excess reagents were removed by protein 
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precipitation using 1 volume of chloroform, 4 volumes of CH3OH, and 3 volumes of PBS. 

Proteins were precipitated in between two immiscible phases by centrifugation at 4,500 x 

g for 5 minutes. The aqueous layer was discarded and 4 volumes of CH3OH was added, 

followed by centrifugation at 4,500 x g for 3 minutes to pellet the proteins. Proteins were 

dissolved in 1% SDS in PBS buffer (1.5 mg/mL) and incubated with 300 μL of 

NeutrAvidin® agarose resin (Thermo Scientific) for 90 minutes. Resin samples were 

washed to remove unbound proteins with 3-mL volumes of 3 × 1% SDS in PBS, 1 × PBS, 

3 × 8 M urea, and 3 × 50 mM NH4HCO3. Resin was suspended in 300 μL of 50 mM 

NH4HCO3 and combined with 5 μg trypsin (sequencing grade, Promega Corp.) for 

overnight digestion at 37 oC. Supernatants were collected by washing the resin with 200 

μL x 4 of 50 mM NH4HCO3 and samples were lyophilized.  

 

 

2.6.6. Sample preparation for MS/MS analysis 

Lyophilized peptides were dissolved in 200 mM NH4COO. Aliquots from resulting peptide 

solutions (20 μg) were obtained to prepare 0.25 μg/μL solutions. Each sample was loaded 

in SDB-XC extraction disk (3M, USA) packed in stage tips conditioned with 80% 

acetonitrile (ACN) and equilibrated with 200 mM NH4HCO2. Samples were washed with 

200 mM NH4HCO2 and eluted into three fractions using 40 μL of 6%, 11%, and 17% ACN 

in H2O. Each sample was dissolved in 100 μL of 5% ACN and 0.1% TFA in H2O and 

loaded onto packed extraction disks in stage tips that were conditioned (80% ACN and 
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0.1% TFA in H2O) and equilibrated (5% ACN and 0.1% TFA in H2O). Peptides were eluted 

with 80% ACN with 0.1% TFA in H2O, lyophilized, and dissolved in 0.1% formic acid. 

 

2.6.7. LC-MS/MS analysis of tryptic digested peptides 

LC-MS/MS analyses were carried out using an RSLCnano System (Dionex, UK) and an 

Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific). Samples were directly 

loaded and eluted at a flow rate of 300 nL/min onto a reverse-phase column (75 μm i.d., 

450 mm) packed with ProntoSIL C18AQ 3 μm media (Bischoff, Germany) that was 

prepared in-house. The peptides were eluted with buffer A (0.1% formic acid in H2O) and 

buffer B (0.1% formic acid in CH3CN) in the following gradient segments of buffer B: 17 

mins, 0-2%; 60 mins, 2-25%; 2 mins, 25-44%; 2 mins, 44-76%; 3 mins, 76%; and 2 mins, 

76-2%. The eluted peptides from the column were sprayed into a nanospray ion source on 

an Orbitrap Fusion Tribrid mass spectrometer set to record single microscan FTMS scan 

events at a resolution of 30000 over the m/z range 300-1500 Da in positive ion mode, with 

charge states of 2-7 included. The top 15 data-dependent CID MS/MS were triggered from 

the FTMS scan and introduced into the Orbitrap- Fusion ion trap. The collision energy was 

set to 35% and activation Q to 0.25 with the scan range and ion trap scan rate both set to 

normal. The automatic gain control (AGC) target values were set to optimal conditions 

using 500,000 for MS1 and 5,000 for MS2.514 Dynamic exclusion was allowed once for a 

90-second duration. 
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2.6.8. Proteomic data processing 

The .raw files were searched using Sequest embedded in Proteome Discoverer (version 

1.4.0.288, Thermo Scientific) against the Plasmodium falciparum 3D7 isolate (ID 

UP000001450) appended with Homo sapiens (ID UP000005640) from 

UnipProtKB/SwissProt.515 The precursor mass tolerance was set to 10 ppm and the 

fragment mass tolerance was set to 0.6 Da. A variable modification was set as oxidized 

methionine. The enzyme was set to Trypsin (Full) and up to 4 missed cleavages were 

allowed. A decoy search was also performed.  

 

The resulting .msf files were processed in Scaffold (version 4.4.1, Proteome 

Software Inc., Portland, OR) through searching with X! Tandem (version 2010.12.01.1, 

GPM Organization). Glu  pyro-Glu of the N-terminus, ammonia-loss of the N-terminus, 

Gln  pyro-Glu of the N-terminus and oxidation of methionine were specified in X! 

Tandem. Peptide identifications were accepted if they could be established at greater than 

95% by the Scaffold Local FDR algorithm. Protein identifications were accepted if they 

could be established at greater than 99.0% probability and contained at least 2 identified 

peptides. Protein probabilities were assigned by the Protein Prophet algorithm.516 Proteins 

that contained similar peptides and could not be differentiated based on MS/MS alone were 

grouped to satisfy the principles of parsimony. Proteins sharing significant peptide 

evidence were grouped into clusters. Fold changes in enrichment between probe-treated 

and control samples were calculated using total weighted spectra; in cases where no 

spectral counts were observed (zero), those were imputated to a value of 1 in the Scaffold 

software for subsequent analysis. 
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Chapter 3:Evaluation of alkyne-modified isoprenoid phosphate analogues and 

optimization of lovastatin treatment 

 
 
Reproduced with permission from Kiall F. Suazo, Alexander K. Hurben, Kevin Liu, Feng 

Xu, Pa Thao, Ch. Sudheer, Ling Li, and Mark D. Distefano, Metabolic Labeling of 

Prenylated Proteins Using Alkyne-Modified Isoprenoid Analogues, Curr. Prot. Chem. 

Bio., e46. Copyright 2018 John Wiley & Sons; in part with permission from Mina Ahmadi, 

Kiall F. Suazo, and Mark D. Distefano, Optimization of Metabolic Labeling with Alkyne-

Containing Isoprenoid Probes,  Protein Lipidation, pp 35-43. Copyright 2019 Springer; 

and  in part with permission from Angela Jeong, Kiall F. Suazo, W. Gibson Wood, Mark 

D. Distefano, and Ling Li, Isoprenoids and protein prenylation: implications in the 

pathogenesis and therapeutic intervention of Alzheimer’s disease, Crit. Rev. Biochem. Mol. 

Biol., pp 279-310. Copyright 2018 Taylor & Francis. 

 

3.1.  Introduction 

Protein lipid modifications, including prenylation, myristoylation and palmitoylation, are 

important for directing and stably anchoring proteins to cellular membranes as well as for 

protein trafficking and the facilitation of protein-protein interactions involved in cell 

signaling. In particular, protein prenylation involves the attachment of an isoprenoid onto 

a cysteine residue located near the C-terminus of a protein, recognized via a specific 

prenylation motif and results in the formation of a thioether bond.77 Following prenylation, 

the protein undergoes further processing namely proteolysis of the C-terminal peptide and 

carboxymethylation to afford the mature protein (Fig. 3.1A). Many protein substrates for 
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prenylation have a tetrapeptide CaaX box 

motif that is either modified with a farnesyl or geranylgeranyl group from farnesyl- (FPP) 

and geranylgeranyl diphosphate (GGPP), catalyzed by farnesyltransferase (FTase) and 

geranylgeranyltransferase type I (GGTase-I), respectively.326,327 Dual geranylgeranylation 

on two proximal cysteine residues near the C-terminus also occurs for some proteins with 

–CCXX, -CXC, or –CC motifs. 328 This process is catalyzed by geranylgeranyltransferase 

type II (GGTase-II) also known as Rab GGTase, in a process facilitated by rab escort 

protein (REP). Protein prenylation has been a target of interest for developing anti-tumor 

drugs, particularly in inhibiting the prenylation of Ras which is one of the most commonly 

 
Figure 3.1. Schematic representation of the maturation of a farnesylated protein 
from a substrate with a CaaX box (A) and parent and analogue forms of 
isoprenoids (B). 
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mutated proteins observed in cancer.517 Changes in protein prenylation have also been 

implicated in a number of diseases including neurodegenerative disorders and progeria, 

and has served as an attractive drug target against microbial and viral infections.11 

 

 Several biochemical strategies have been developed to study prenylation. A 

number of these approaches rely on the use of chemically modified isoprenoid analogues 

that introduce bioorthogonal groups suitable for both in vitro and in vivo investigations.16 

Reports on functional groups used to modify isoprenoids include azides350 and alkynes345 

for copper-catalyzed cycloaddition (click) reactions, aldehydes for oxime ligation518 and 

photoactivatable benzophenones519 and diazirines336 for labeling of enzyme active sites. 

Some of these isoprenoid analogues have proved to be useful for biotechnology 

applications including enzymatic labeling for bioconjugation of proteins, DNA and 

nanostructures.333,520,521 Aldehyde-functionalized isoprenoids not only allow site-specific 

labeling of proteins but also facilitate protein purification via capture and release 

strategies.522,523 

 

 To identify putative prenylated proteins and investigate changes in their levels of 

expression, metabolic labeling and subsequent bioorthogonal labeling has become one of 

the methods of choice.118 In that strategy, synthetic analogues of biosynthetic precursors 

for post-translational modification bearing bioorthogonal functionality are added to the 

growth media from which they enter cells and become incorporated into proteins. 

Subsequently, the cells may be lysed and proteins bearing the analogues are then covalently 

modified using selective chemical reagents that react via bioorthogonal processes allowing 
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a variety of probes for visualization or enrichment to be attached for subsequent analysis.524 

Early work on the metabolic labeling of prenylated proteins employed azide-containing 

analogues.342 However, due to the lower level of background labeling typically obtained 

with alkynes, more recent studies have used alkyne-containing isoprenoids.525 The 

synthesis of C15AlkOPP (Fig. 3.1B) and its incorporation in vitro by protein 

farnesyltransferase was reported in 2007345 followed by reports of its use in metabolic 

labeling in 2010.353 Since that time, it has been employed for a variety of experiments 

including differential electrophoresis to study prenylation inhibitors370, labeling of proteins 

sensitive to human pathogens360 and the delineation of the prenylome of Plasmodium 

falciparum, the causative agent of malaria.363,365 It has been demonstrated that a-factor, a 

farnesylated pheromone from yeast retains full activity when the farnesyl group is 

substituted with several chemically modified isoprenoids used for metabolic labeling. 

Those results suggest that such probes can be used without concern that they will cause 

undesired interference in normal cell physiology.526 

 

 The alkyne-modified farnesol analogue C15AlkOH (Fig. 3.1B) has been 

commonly used for probing prenylated proteins through metabolic labeling since it is 

commercially available.353,360,527 The cellular machinery converts this analogue into the 

bonafide diphosphate analogue recognized by the prenyltransferase for prenylating protein 

substrates. The use of the diphosphate form has been gaining popularity in recent metabolic 

labeling experiments. However, it is believed that the diphosphate form intuitively exhibits 

lesser penetrability into the cells owing to the negative charges inherent to the diphosphate 

moiety, which may be electrostatically repelled by the negatively charged outer surface of 
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the cell membrane. While this is plausible, there has been no direct comparison of the 

labeling efficiency of these probes. The synthesis of the diphosphate form presents a 

number of challenges such as low yields, formation of monophosphate side product 

C15AlkOP (Fig. 3.1B) and instability to hydrolysis. It is not clear whether the alcohol form 

is first converted to a monophosphate form C15AlkOP or directly to the diphosphate form, 

and thereby poses the question whether C15AlkOP can serve as a substrate. Furthermore, 

a stable analogue of the diphosphate such as methylenebisphopsphonate C15AlkMPP (4)  

(Fig. 3.1B) may be suitable for metabolic labeling studies to label prenylated proteins 

 

 Statin treatment has been commonly used in metabolic labeling experiments with 

isoprenoid probe analogues.353,360,379 Statins are a class of drugs that selectively inhibit the 

rate-limiting enzyme, HMG-CoA reductase, in the mevalonate-isoprenoid-cholesterol 

pathway.356 Thus, these drugs reduce the biosynthesis of isoprenoid intermediates as well 

as the final product cholesterol. Statins have been successfully used to control plasma 

cholesterol levels and prevent cardiovascular disease.528–530  The first statin, ML-236B 

(later known as compactin or mevastatin), was discovered by Akira Endo in 1976 from 

work with a penicillium mold.531 This discovery stimulated the worldwide development of 

natural and synthetic HMG-CoA reductase inhibitors.532 At present, the US Food and Drug 

Administration (FDA) have approved the use of seven statins: lovastatin, pravastatin, 

simvastatin, fluvastatin, atorvastatin, rosuvastatin, and pitavastatin.533 Each of the statins 

has a characteristic structure that competes with HMG-CoA binding to HMG-CoA 

reductase  (Fig. 3.2).534 As a result, the enzyme activity of HMG-CoA reductase is inhibited 

and the biosynthesis of downstream molecules, including isoprenoids and sterols, is 
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blocked. Importantly, probe incorporation can also be enhanced by inhibition of the 

synthesis of the endogenous isoprenoid substrates farnesyl and geranylgeranyl 

diphosphate. Like fosmidomycin that enhanced probed incorporation by inhibiting the 

MEP pathway in the malaria parasite,535 statins can be used to inhibit HMG-CoA reductase 

upstream in the FPP biosynthetic pathway in mammalian cells.356  

 

 

 

3.2.  Research Objectives 

In this chapter, the labeling efficiency of the different phosphate forms of the alkyne-

modified isoprenoid analogue were evaluated. These isoprenoid analogues were introduced 

 
Figure 3.2. Structure of statins. The structure in green indicates the HMG-CoA 

like unit that binds to the enzyme HMG-CoA reductase. 
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metabolically into COS-7 cells followed by in-lysate fluorophore conjugation via click 

chemistry and subsequent in-gel fluorescence analysis. Probes were added at different 

doses as well as at different incubation times. The optimal concentration of statins to 

enhance probe incorporation were also determined.  

 

3.3.  Results 

3.3.1.  Synthesis of isoprenoid probes 

In synthesizing the phosphorylated analogues, C15AlkOH is first converted to the 

brominated form, C15AlkBr  using tetrabromomethane (CBr4) and triphenylphosphine via 

the Appel reaction. This compound, which has a limited shelf life, is then immediately 

transformed into the phosphate analogue using a specific phosphorylating reagent (Fig. 

3.3). The synthesis of the diphosphate analogue C15AlkOPP  is accomplished using the 

diphosphorylating reagent tris(tetra-n-butylammonium) hydrogen pyrophosphate 536. 

However, it is commonly contaminated with the corresponding monophosphate form, 

C15AlkOP (5), due to the susceptibility of C15AlkOPP to hydrolysis. C15AlkOP is 

produced in significant amounts and is challenging to separate from C15AlkOPP as both 

products coelute in several fractions during HPLC purification. Since a substantial amount 

of the C15AlkOPP is contaminated with C15AlkOP, this analogues was also evaluated 

whether it could potentially serve as a probe in metabolic labeling experiments. If 

C15AlkOP can be used, the purification of C15AlkOPP will be greatly simplified and 

yields will be higher, as no separation of the two probes will be required.  However, 

isolation of the pure fractions of monophosphate from diphosphate-monophosphate 
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mixture does not yield sufficient amounts for metabolic experiments. C15AlkOP was 

synthesized from C15AlkBr with no contamination with C15AlkOPP. The monophosphate 

reagent is first generated from phosphoric acid and tetra-n-butyl- ammonium hydroxide 

and subsequently reacted with C15AlkBr.537 

 

 An analogue of C15AlkOPP stable to hydrolysis was also desirable. Replacing 

the bridging oxygen between the two phosphorus atoms with a carbon may afford such 

stable isoprenoid analogue. Therefore, a hydrolytically resistant analogue C15AlkMPP 

containing a methylenebisphosphonate moiety was synthesized, guided by related 

procedures.536,538 C15AlkMPP was synthesized using a methylenebisphosphonate reagent, 

which was first generated by combining methane diphosphonic acid and tetra-n-butyl- 

ammonium hydroxide and subsequently used to phosphorylate C15AlkBr. 

 

3.3.2.  Evaluation of labeling efficiency of isoprenoid analogues 

The success of using alkyne-modified isoprenoid probes in metabolic labeling experiments 

was initially evaluated via click reaction with an azide-modified fluorophore followed by 

 
Figure 3.3. Schematic representation of the synthesis of the isoprenoid phosphate 
analogues starting from C15AlkOH (2) and the common precursor C15AlkBr (3). 
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in-gel fluorescence analysis. Labeled proteins appear as bands in the fluorescence scan due 

to the conjugated fluorophore. Additionally, treatment with inhibitors of the isoprenoid 

biosynthesis such as lovastatin 379 and fosmidomycin 363 are employed to reduce the pool 

of endogenous FPP and GGPP, thereby enhancing the incorporation of the isoprenoid 

probe to the prenylated proteins.  Metabolic labeling was performed using the isoprenoid 

analogues C15AlkOH, C15AlkOPP, C15AlkMPP, and C15AlkOP in COS-7 cells in the 

presence or absence of lovastatin. In each case, the lysates obtained were subjected to click 

reaction with TAMRA-N3 and proteins resolved using an SDS-PAGE gel and subjected to 

in-gel fluorescence analysis. 

 

 Using 10 μM probe and cell incubation for 24 hours (Fig. 3.4), protein labeling is 

apparent with all probes. These proteins may include Ras and Rab proteins near 25 kDa 

and DnaJ’s and lamins near 50 and 75 kDa, respectively, as profiled from a mammalian 

macrophage using the C15AlkOH probe 360. Although C15AlkOH was able to label these 

regions in COS-7 cells (lane 2) with dramatic improvement in the presence of 20 µM 

lovastatin (lane 3), improved labeling is achieved with the isoprenoid analogues C15AlkOP 

and C15AlkOPP (lanes 4 and 6), which is further enhanced by the addition of lovastatin 

(lanes 5 and 7).  In contrast, the C15AlkMPP manifests minimal incorporation (lane 8) and 

requires lovastatin to induce more effective labeling.  Some level of toxicity was also 

observed in cells treated with C15AlkOH and C15AlkMPP in the presence of lovastatin, 

manifested by the presence of dead cells, slower cell growth and lower yield of cell mass. 

Since lovastatin depletes the supply of native isoprenoids, the cell machinery relies on the 
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analogues being supplied to retain cellular processes unperturbed. Both C15AlkOPP and 

C15AlkOP may better mimic the natural substrates. 

 

 A dose-dependent experiment with varying concentrations of the probes at 0.1, 1, 

10, and 25 µM was performed to evaluate to optimal concentrations needed to achieve 

sufficient labeling by each probe. In general, 10 μM probe treatment in the presence of 

lovastatin is optimal for sufficient labeling to be observed across all probes (Fig. 3.5 lanes 

 
Figure 3.4. In-gel fluorescence analysis of prenylated proteins from COS-7 cells 
metabolically labeled with C15AlkOH, C15AlkOP, C15AlkOPP, and 
C15AlkMPP. 
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Figure 3.5. In-gel fluorescence analysis on the dose-dependent metabolic 
labeling of COS-7 cells with probes C15AlkOH (A), C15AlkOP (B), 
C15AlkOPP (C), and C15AlkMPP (D) at concentrations of 0.1, 1, 10, and 25 
µM. 

Probes were incubated with cells for 24 h after the cells are first pre-incubated in the 
presence or absence of 20 µM of lovastatin for 6 h. 
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A7, B7, C7, and D7). Labeling with C15AlkOH and C15AlkMPP shows lower efficiency 

compared to C15AlkOP and C15AlkOPP as evidenced by the intensity of the bands 

observed near 25, 50, and 75 kDa regions. Although not optimal, labeling can already be 

observed with 1 µM of C15AlkOP and C15AlkOPP in the presence of lovastatin (lanes B5 

and C5) but not in C15AlkOH and C15AlkMPP (lanes A5 and D5). Both C15AlkOP and 

C15AlkOPP at 10 µM (lanes B6 and B7, and C6 and C7) did not necessarily require 

lovastatin to achieve excellent labeling. Interestingly, C15AlkMPP requires lovastatin for 

sufficient labeling to be observed. While it is a stable form of the diphosphate, removal of 

the methylenebisphosphonate group during the catalytic process might be challenging as 

the presence of carbon instead of oxygen alters the lability of the phosphate group carry 

the negative charges as it leaves the isoprenyl moiety. Therefore, competition with the 

endogenous isoprenoids is less feasible. The presence of statin may help in enforcing the 

prenyltransferase enzymes to utilize C15AlkMPP as the sole source of isoprenoid.  

 

 For the time-course experiments, labeling of proteins is already observable after 6 

hours across all probes (Fig. 3.6). The C15AlkOH already achieved its maximum labeling 

capacity (Fig. 3.6A) while both C15AlkOP (Fig. 3.6B) and C15AlkOPP (Fig. 3.6C) require 

12 hours to maximize protein labeling. The C15AlkMPP appears to perform best after a 

24-hour incubation (Fig. 3.6D). These results suggest that both C15AlkOP and 

C15AlkOPP are efficiently metabolize by COS7 cells to tag the prenylated proteins. 
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Figure 3.6. In-gel fluorescence analysis of the time-course of metabolic labeling of 
COS-7 cells with probes C15AlkOH (A), C15AlkOP (B), C15AlkOPP (C), and 
C15AlkMPP (D) incubated for 6, 12, 24, or 36 h. 

Probes were added at 10 µM final concentrations for the times indicated in the presence 
or absence of 10 µM of lovastatin pre-treated for 6 h. 
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3.3.3.  Optimization of lovastatin treatment to achieve maximum labeling efficiency 

As observed in the previous section, the presence of lovastatin statin can significantly 

enhanced the labeling of the prenylated proteins. However, since inhibition of the 

mevalonate pathway not only depletes FPP and GGPP but also other compounds of 

biological significance such as squalene and cholesterol, multiple cellular processes may 

be perturbed. The pleiotropic effects (affecting multiple genes) of statins have beneficial 

effects in clinical trials such as lowering cholesterol levels in the blood.539 However, in the 

context metabolic labeling experiments with the purpose of suppressing the pool of native 

isoprenoids, high concentrations of lovastatin is undesirable as it induces toxicity to cells 

under study.540 The sensitivity of individual cell lines also vary541, and thus optimal 

concentrations to be used in a specific cell line might require evaluation. An ideal 

concentration of the statin should promote significant enhancement of probe incorporation 

while maintaining low to no toxicity. Therefore, optimal statin treatment needs to be 

evaluated.  

 

 The probes C15AlkOH, C15AlkOP, and C15AlkOPP were evaluated for their 

labeling efficiency at constant 10 µM concentrations in COS-7 cells in the presence of 

varying lovastatin concentrations: 0.1, 1, 10, and 25 µM. C15AlkMPP was excluded from 

this analysis since it does not appear to achieve labeling substantial for downstream 

applications such as for proteomic profiling of prenylated proteins. Cells were pre-treated 

with lovastatin for 6 hours prior to the addition of probes. Pre-treatment is often employed 

to effectively reduce the pool of native isoprenoids before the probes are introduced, 

thereby assuring that prenylation substrates are unprenylated and available for probe 
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incorporation. Furthermore, retaining the lovastatin for longer periods of time may also 

induce cell death. To reduce potential toxicity by lovastatin, removal after pre-incubation 

may be beneficial. Therefore, removing lovastatin after pre-treatment was also evaluated. 

 

 Treatment with C15AlkOH (Fig. 3.7A) displays observable labeling at 1 µM 

lovastatin when the statin is retained (lane 5) in the culture media but not when it is 

removed (lane 4).  At higher lovastatin concentrations (lanes 6-9), maximum labeling was 

achieved whether the statin was removed or not. Cells treated with C15AlkOP (Fig. 3.7B) 

and C15AlkOPP (Fig 3.7C) do not appear to depend significantly on the presence of 

lovastatin in enhancing probe incorporation. Cells treated with these probes in the absence 

of lovastatin (lane 1) display comparable labeling intensities in the 25 kDa region with all 

the lanes treated with lovastatin. However, the bands observed near 50 and 75 kDa regions, 

which are putatively farnesyltaed proteins, appear to achieve  stronger intensities upon 

lovastatin treatment that saturates at 10 µM. Comparison of the extent of labeling of all 

three probes at 10 µM lovastatin (Fig. 3.7D) shows both C15AlkOP (lanes 4-6) and 

C15AlkOPP (lanes 6-9) attain superior labeling in contrast to C15AlkOH treatment (lanes 

1-3). This is consistent with the previous observation that the phosphorylated analogues 

readily achieve excellent labeling of the prenylated proteins with minor enhancement upon 

statin treatment.  

 

 As mentioned previously, different cell lines may have varying responses to 

statins. While COS-7 displays superior labeling with C15AlkOP and C15AlkOPP but not 

with C15AlkOH, other cell lines may not behave similarly. Therefore, HeLa cells were 
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Figure 3.7. In-gel fluorescence of COS-7 cells treated with varying lovastatin 
concentrations and treated with C15AlkOH (A), C15AlkOP (B), C15AlkOPP (C)   
and a comparison of probe labeling at 10 μM with lovastatin at 10 μM (D). 

The lovastatin was either removed (e.g. 10R) or present in the culture medium with the 
isoprenoid probe.  
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Figure 3.8. In-gel fluorescence of HeLa  cells treated with varying lovastatin 
concentrations and treated  with C15AlkOH (A), C15AlkOP (B), C15AlkOPP (C)   
and a comparison of probe labeling at 10 μM with lovastatin at 10 μM (D). 

The lovastatin was either removed (e.g. 10R) or present in the culture medium with the 
isoprenoid probe.  
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subjected to the same analysis to evaluate the labeling of these probes under varying 

lovastatin concentrations (Fig. 3.8). Unlike COS-7 cells, HeLa exhibited lower probe 

incorporation as evidenced by labeling with C15AlkOH (Fig. 3.8A) attaining maximum 

labeling at 10 µM lovastatin when it was retained (lane 7). COS-7 cells already reached 

reasonable labeling with this probe at 1 µM. Treatment with C15AlkOP (Fig. 3.8B) and 

C15AlkOPP (Fig. 3.8C) do not display superior labeling, in contrast to the observations in 

COS-7 cells. Similar to C15AlkOH, labeling with the phosphorylated analogues saturated 

at 10 µM lovastatin retained in the culture medium (lane 7). A side-by-side comparison of 

all probes (Fig. 3.8D) indeed showed that the alcohol versus the phosphorylated analogues 

equally labeled the prenylated protein. Furthermore, an aberrant banding pattern was 

observed across all probe treatments. Removal of lovastatin results in enhanced labeling 

near 25, 50, and 75 kDa regions (lanes 2, 5, and 8). However, retention of the statin (lanes 

3, 6, and 9) displays enhanced labeling near 50 and 75 kDa regions but results in more 

intense yet lesser number of bands near the 25 kDa region. This unexpected result is yet to 

be explored. The pleiotropic effects of statins have been described in the literature and 

perhaps these observed changes in the banding pattern may be a result of these effects. 

 

3.4.  Discussion 

Early metabolic labeling work in the prenylation field used an azide-functionalized 

isoprenoid for metabolic labeling. Subsequent protein labeling in crude lysate was 

performed via Staudinger ligation reaction with a biotinylated phosphine reagent.342 Due 

to the slow nature of the Staudinger ligation, more recent efforts have focused on using the 

copper catalyzed alkyne azide cycloaddition; in that case the alkyne group can be present 
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either on the probe for metabolic labeling or on the reagent used for biotinylation. 

Interestingly, it has generally been found that protein labeling with an azide-containing 

probe followed by derivatization with excess alkyne reagent leads to greater nonspecific 

background labeling than when the converse is performed.525 Those observations led us to 

develop alkyne-containing probes including C15AlkOPP (1). Not surprisingly, we 

observed lower background labeling using C15AlkOPP compared with the corresponding 

azide.353  

 

 A second issue in the design of probes for metabolic labeling concerns their ability 

to freely enter cells and become incorporated into target proteins. For lipid modifications 

such as palmitoylation, probes are introduced as free fatty acids that must be activated 

within cells to their CoA-esters to be substrates for N-myristoyltransferase since the CoA-

esters themselves are not cell permeable.126 In contrast, isoprenoid analogues exhibit 

different behavior. While the mechanism is unclear, farnesyl diphosphate and related 

analogues are apparently able to directly enter cells even though they are negatively 

charged at physiological pH. Despite this fact, most metabolic labeling experiments have 

been performed using alcohol forms of alkyne analogues based on well established reports 

that farnesol is readily incorporated into prenylated proteins346; in that case, it is believed 

that such isoprenoid alcohols are converted by microsomal and peroxisomal farnesol kinase 

and farnesyl diphosphate kinase347 to the metabolically active diphosphate form. The main 

reason why the alcohols have been used more often is that the synthesis of the diphosphates 

is low yielding and inconvenient.  The diphosphate products are water-soluble and require 

reversed-phase HPLC for their purification. In addition, the diphosphates often undergo 
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some hydrolysis to the corresponding monophosphates, generating mixtures that are 

difficult to separate. It should be noted that the alcohol forms of isoprenoid analogues 

appear to exhibit some toxicity that limits the concentrations that they can be employed at 

and which in turn limits the efficiency of metabolic incorporation.365 

 

 Results from the dose-dependence study show that 10 μM probe treatment is 

optimal for sufficient labeling to be observed across all probes. Better labeling was 

achieved with C15AlkOP and C15AlkOPP. Both C15AlkOH and C15AlkMPP do not 

exhibit obvious protein labeling at this lower concentration. For the time-course 

experiments, labeling of proteins is already observable after 6 hours across all probes. The 

C15AlkOH already achieved its maximum labeling capacity while both C15AlkOP and 

C15AlkOPP can extend to longer period to maximize protein labeling.  

  

We also explored the optimal concentrations of lovastatin to be used in enhancing 

probe incorporation. While it is beneficial to suppress the native production of isoprenoids, 

higher concentrations lead to cell death. The sensitivity of different cell lines to statins also 

vary and therefore careful selection concentrations of statins to be used in metabolic 

labeling experiments is essential. Our results provide insights into the appropriate amount 

of statins to be used. Indeed, using two different cell lines, we demonstrated that the 

response to lovastatin in improving the labeling of prenylated proteins can significantly 

differ. The differences in banding pattern observed may reflect the pleiotropic effects of 

statins that have been observed clinically. This observation may have uncovered an 
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unknown relationship between the regulation on a set of prenylated proteins and the 

inhibition of the mevalonate pathway through using statins. 

Taken together, these results suggest that the use C15AlkOP and C15AlkOPP 

function best for metabolic labeling experiments. As both probes label prenylated proteins 

equally with high efficiency, there is no reason why either C15AlkOP or C15AlkOPP that 

is contaminated with some C15AlkOP cannot be used for metabolic labeling particularly 

when the goal of the experiment is simply to identify prenylated proteins (in contrast to 

experiments where the levels of prenylation are being investigated). Furthermore, 

treatment with lovastatin may not always be beneficial as maximum labeling efficiency 

may be readily achieved in some cell lines in the absence of statins.  

 

3.5.  Methods 

3.5.1. General cell culture and metabolic labeling 

Cells were maintained in Dulbecco’s Modified Eagle’s Medium  (DMEM, Gibco) 

supplemented with 10% of fetal bovine serum (FBS, Gibco) and 1% penicillin-

streptomycin (PenStrep, Gibco). A day prior to metabolic labeling, 9 x 105 cells were 

seeded in a 100-mm culture dish and grown overnight at 37 oC under 5% CO2 in an 

incubator. Media was replaced and when indicated, cells were pre-treated with lovastatin 

for 6 hours and probes (C15AlkOH, C15AlkOP, C15AlkOPP, and C15AlkMPP) at varying 

concentrations. For samples where lovastatin was removed, the media in cells pre-treated 

with lovastatin were replaced with fresh DMEM with FBS and PenStrep and subsequently 
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treated with the probes. The lovastatin and probes were incubated with the cells for 24 

hours except for time-course experiments where incubation periods were varied. 

 

3.5.2. Sample preparation for in-gel fluorescence analysis 

Treated cells were harvested by first washing with ice cold 1X PBS (8.1 mM Na2HPO4, 

1.5 mM KH2PO4, pH 7.4, 137 mM NaCl, 2.7 mM KCl) and gentle scraping while 

suspending cells in 1 mL 1X PBS. Cells were pelleted by centrifugation at 180 x g for 5 

minutes and supernatant was discarded. To each sample, 300 µL of lysis buffer (1x PBS, 

1% sodium dodecyl sulfate (SDS), 2.4 μM phenylmethylsulfonyl fluoride (PMSF), 85 

kU/mL benzonase nuclease, 1.5% (v/v) protease inhibitor cocktail) was added. Cell lysis 

was performed while samples were on ice using a stick sonicator pulsed 6 to 8 times for 2 

seconds at 10-second intervals. Excess debris were removed by centrifugation at max speed 

(21,000 x g) for 5 minutes at 4 oC. Clarified lysates were quantified for their protein 

concentrations using BCA assay following the manufacturer’s protocol.  

 

3.5.3. In-gel fluorescence analysis 

After the determining the concentration of the protein lysates, an aliquot containing 100 µg 

of protein were obtained and diluted to 92.5 µL with 1X PBS + 1% SDS. Click reagents 

were added as follows: 2.5 μL of 1 mM TAMRA PEG3-N3 (25 μM final), 2 μL of 50 mM 

TCEP (1 mM final), 1 μL of 10 mM TBTA (0.1 mM final), and 2 μL of 50 mM CuSO4 (1 

mM final). Samples were incubated in the dark with head-to-tail nutation for 1 hour.  
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Proteins were recovered by precipitation using ProteoExtract® protein precipitation kit by 

following the manufacturer’s protocol. Protein pellets were dissolved in 1X Laemmli 

buffer and heated at 95 oC for 5 minutes. Samples were resolved in 12% SDS-PAGE gels 

(3” x 4” gel) 120 V until the tracking dye runs off. TAMRA fluorescence was detected 

using a Typhoon FLA 9500 fluorescence scanner (GE) at 542/568 excitation/emission 

wavelengths. Gels were stained wit Coomassie stain for 20 minutes and destained with 

destaining solution for 3 hours. Gel images were formatted by adjusting brightness/contrast 

on ImageJ. Imported images were further formatted on Microsoft Powerpoint. 
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Chapter 4: Metabolic labeling with an alkyne probe reveals similarities and 

differences in the prenylomes of several brain-derived cell lines and primary cells 

 
 
Reproduced from Kiall F. Suazo, Angela Jeong, Mina Ahmadi, Caroline Brown, Wenhui 

Qu, Ling Li, and Mark D. Distefano, Metabolic labeling with an alkyne probe reveals 

similarities and differences in the prenylomes of several brain-derived cell lines and 

primary cells , Sci. Rep., p. 4367. Copyright 2021 Springer Nature. 

 
 
4.1.  Introduction 

Post-translational modifications (PTMs) of proteins are important for regulation of their 

biological function, as well as in modulating enzymatic activities and cellular 

localization.542 Among these modifications, protein prenylation is estimated to occur on 

2% of the mammalian proteome, which is essential for stable anchoring of proteins to 

membranes, mediating protein-protein interactions, and protein trafficking.543 Protein 

prenylation is the irreversible attachment of a farnesyl or geranylgeranyl group(s) onto a 

cysteine residue near the C-terminus of a protein. Farnesyltransferase (FTase) and 

geranylgeranyltransferase type 1 (GGTase-I) recognize the conventional CaaX-box 

prenylation motif (C = cysteine, a and X = any amino acid) and append a single isoprenoid 

from farnesyl diphosphate (FPP) and geranylgeranyl diphosphate (GGPP), respectively 

(Fig. 1 A).326,327 Interestingly, recent studies have shown that extended C(X)3X motifs in 

model proteins can be farnesylated within cells83, while shortened Cxx peptides are also 

acceptable FTase substrates in vitro.84 Dual geranylgeranylation on a family of Rab 

proteins also occurs on C-terminal CCXX, CXC, or CC motifs catalyzed by rab 
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geranylgeranyltransferase (GGTase-II or RabGGTase).328 Recently, a new GGTase 

(GGTase-III) has been identified with FBXL2 and Ykt6 as its only known substrates 

identified thus far.108,383  

 

Inhibiting protein prenylation using prenyltransferase inhibitors (PTIs) has been of 

interest in clinical studies for potential anticancer therapies. In particular, inhibition of 

farnesylation using farnesyltransferase inhibitors (FTIs) of Ras protein and its oncogenic 

variants that drive tumor growth was initially the main focus of those studies. While these 

inhibitors failed in early clinical trials, they show great promise in precision medicine 

applications particularly when cancers can be linked to specific H-Ras mutations. A Phase 

2 clinical trial using the FTI Tipifarnib for H-Ras-driven head and neck cancer is currently 

in progress.544  The inhibitory effects of FTIs have also been found to be potentially useful 

for therapeutic applications in other diseases and pathologies where prenylation is required. 

These include neurodegenerative diseases, progeria, bacterial, viral, and protozoal 

infections.11,104 Very recently, the use of the FTI Lonafarnib to inhibit the farnesylation of 

nuclear lamin was approved by the FDA for the treatment of Hutchinson-Gilford progeria 

syndrome.105 Overall, these studies have made it clear that a better understanding of which 

proteins are actually prenylated is required to develop more effective therapeutic strategies. 

 

Earlier methods to identify prenylated proteins relied on autoradiography 

techniques where tritiated forms of mevalonic acid, a precursor in isoprenoid biosynthesis, 

as well as [3H]FPP and [3H]GGPP were used to label prenylated proteins.545–547 However, 

these methods are laborious, expensive, less sensitive, and often require longer periods of 
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exposure time. Immunological methods using isoprenoid-directed antibodies have not 

proved to be generally useful for prenylated protein identification and have only been used 

in a limited number of cases.548,549 Related work with antibodies that target an aniline-

containing analogue of FPP successfully identified 22 prenylated proteins.338 Mass 

spectrometry-based chemical proteomics has emerged as a powerful tool to identify 

proteins with specific PTMs. For labeling of prenylated proteins, isoprenoid probes with 

small biorthogonal functionalities including azides or alkynes are metabolically introduced 

into cells of interest.16,18,342,351,352 The cellular machinery incorporates these probes into the 

prenylated proteins in lieu of the native isoprenoids. Subsequent tagging through click 

reaction with a fluorophore or a biotin handle allows for selective detection and 

enrichment, enabling identification and quantitation of the prenylated proteins in a high 

throughput fashion. Initial efforts employed azide-functionalized isoprenoids342,350 but in 

recent years a variety of alkyne-containing analogues have been prepared to capitalize on 

the lower background obtainable with those types of probes.127,353 

 

4.2.  Research Objectives 

In this work, the use of the probe C15AlkOPP for metabolic labeling and identification of 

prenylated proteins in a variety of cells and primary cells is explored. First experiments in 

COS-7 cells were performed to determine how many prenylated proteins could be 

identified. Efforts to correlate those results with data reflecting substrate efficiency and 

protein expression levels are described. The result of using either MS2 or MS3 approaches 

for proteomic analysis is reported. Results from the COS-7 experiments were compared 

with similar data from HeLa cells to examine how the enrichable prenylated proteins vary 
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between cell lines. Finally, analysis of the prenylomes from three different brain-derived 

cell lines and primary astrocytes was performed to obtain a list of prenylated proteins 

whose levels can be quantified to study dysregulation of protein prenylation in brain-

related diseases. 

 

4.3.  Results 

4.3.1.  Incorporation via metabolic labeling of C15AlkOPP varies in different cell 

lines 

The probe C15AlkOPP bearing an alkyne functional group (Fig. 4.1A) has previously been 

shown to be efficiently incorporated via metabolic labeling into all three classes of 

prenylated proteins in a number of different individual cell lines.353,363,550 However, to date, 

only limited comparisons between different cell lines have been made making it difficult 

to assess the generality of this approach.353,366,379 To make that type of comparison here, 

the success of probe incorporation was first evaluated through in-gel fluorescence analysis. 

Cells were incubated with the probe, lysed and subjected to click reaction with TAMRA-

N3 through copper-catalyzed cycloaddition (Fig. 4.1B). Labeled proteins were resolved via 

SDS-PAGE and TAMRA fluorescence resulting from labeling of the prenylated proteins 

was detected. We have previously shown that using the free alcohol form of the probe 

(C15AlkOH), which is metabolically converted into its diphosphate form (the bonafide 

substrate for protein prenylation) results in less efficient labeling compared to incubation 

with the phosphorylated form (C15AlkOPP) in COS-7 cells based on in-gel fluorescence 

analysis.550 Hence, efforts here focused on experiments with the diphosphate form. 
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Incubation of cells with 10 µM C15AlkOPP for 24 hours is sufficient to achieve maximum 

label incorporation; while labeling can be increased using higher probe concentration, that 

 
Figure 4.1. The probe C15AlkOPP allows labeling of prenylated proteins for 
detection and proteomic identification. 

(A) Structures of the native isoprenoids FPP and GGPP and the alkyne-modified 
analogue C15AlkOPP. (B) Scheme for metabolic labeling with C15AlkOPP in cultured 
cells. Labeled prenylated proteins are detected through click reaction with a fluorophore 
and subsequent in-gel fluorescence analysis. Prenylated proteins are enriched through 
conjugation with biotin and subsequent pulldown with avidin beads. Isolated proteins 
are digested and peptides are labeled with TMT reagent for identification and 
quantitation through LC-MS/MS analysis. Quantitative proteomic analysis can be 
performed using MS2-based or multinotch SPS-MS3 approaches. (C) In-gel 
fluorescence analysis on COS-7 and HeLa cells treated with 10 𝜇𝜇M C15AlkOPP. COS-
7 cells display superior labeling compared with HeLa cells. The presence of 10 𝜇𝜇M 
lovastatin enhances probe incorporation whether it is retained (10) or removed (10R) 
from the culture media during metabolic labeling.  
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increase is offset by greater background labeling.  

 

 Enhancing the labeling of prenylated proteins can often be achieved through 

suppression of the native production of FPP and GGPP using various statins or 

fosmidomycin in organisms that lack the mevalonate pathway.357,363 In general, it is 

important to optimize the statin concentration used since there is a balance between 

improving label incorporation and cellular toxicity due to the statin. Moreover, various cell 

lines may respond differently to statins551 and optimization of statin treatment may be 

required for effective labeling of prenylated proteins in a given cell line. Previous results 

with COS-7 and HeLa cells showed that 10 µM lovastatin augments label incorporation 

with no apparent toxicity;357 hence, that concentration was used throughout the 

experiments reported here. Using COS-7 cells, some enhancement of labeling was 

observed in the 25, 50, and 75 kDa regions in cells pre-incubated with 10 µM lovastatin 

for 6 hours followed by probe treatment (Fig. 4.1C, lane 6) compared to without lovastatin 

treatment (Fig. 4.1C, lane 2); however, in this cell line, that increase was relatively modest. 

Interestingly, we have observed that lovastatin induces some level of toxicity in cells when 

left in the culture media for longer periods of time. Accordingly, we evaluated the effect 

of removing the lovastatin after pre-incubation prior to probe treatment (Fig. 4.1C, lane 4). 

This resulted in only a minor decrease in labeling compared with that obtained when 

lovastatin remained present during metabolic labeling. Overall, the effects of lovastatin on 

metabolic labeling in COS-7 cells are modest. 
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In contrast, different results were obtained in HeLa cells. In a side-by-side 

comparison of metabolic labeling in COS-7 and HeLa cells in the presence (Fig. 4.1C lanes 

3 and 5) or absence (Fig. 4.1C, lane 1) of lovastatin, there is clearly less overall labeling in 

HeLa cells. Regardless of whether the lovastatin is retained or removed in the culture 

media, it does not increase labeling in HeLa cells to the level observed in COS-7. However, 

the presence of the statin in HeLa cells does modestly increase the level of probe 

incorporation relative to that observed in the absence of the statin (compare lane 1 with 

lanes 3 and 5 particularly in the 25 kDa region). Additionally, statin removal prior to 

metabolic labeling does appear to alter the pattern of bands observed in the 25 kDa region 

with fewer labeled bands being seen when the statin remained present during metabolic 

labeling. This is consistent with previous results reported with HeLa cells and may reflect 

the effects of statin toxicity or a different pleiotrophic mechanism. Given the goal of 

identifying a maximal set of prenylated proteins (prenylome) in a mammalian cell line, 

COS-7 was chosen for subsequent prenylomic analysis due to its superior labeling with 

C15AlkOPP. 

 

4.3.2.  Quantitative prenylomic analysis in COS-7 cells identifies approximately 80 

different protein groups 

To perform the prenylomic analysis (Fig. 4.1B), COS-7 cells were pre-treated with 

lovastatin followed by the addition of C15AlkOPP or FPP as a control and incubated for 

another 24 hours with lovastatin retained in the media. FPP was included in the control 

(instead of vehicle alone), to offset any potential physiological effect of added isoprenoid 
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diphosphate and to reverse perturbations caused by the presence of the statin. Labeled 

protein lysates from triplicate samples were subjected to click reaction with biotin-N3 to 

selectively enrich the labeled prenylated proteins through incubation with avidin beads. 

The beads were washed under stringent conditions to remove non-specifically bound 

proteins and the resulting immobilized proteins were digested on-bead using trypsin. Equal 

amounts of the collected tryptic peptides were subjected to TMT-labeling and combined. 

Samples were fractionated under high pH reversed-phase conditions at different 

acetonitrile concentrations to decrease the sample complexity. Each fraction was then 

analyzed via LC-MS followed by database searching and statistical analysis to identify the 

enriched prenylated proteins. Since the prenylated peptides remain bound to the avidin 

resin after proteolysis, protein identification was based on the enrichment and identification 

of other peptides derived from individual proteins. Efforts to identify proteins based on 

specific prenylated peptides have not been generally successful although several methods 

to accomplish that are currently being explored.366,378 

 

Initially, a multinotch SPS-MS3 approach was employed to limit ion interference 

and achieve more accurate and precise quantitation of the detected peptides across a two-

hour LC gradient.552 In this approach, the precursor ions from MS1 are fragmented in MS2 

and synchronously selected precursors (SPS) from MS2 are further fragmented at the MS3 

level where the reporter ions are detected. Using this method, 78 protein groups containing 

putative prenylation motifs were identified to be statistically enriched from the 

C15AlkOPP-treated samples (Fig. 4.2A, Appendix Table A1). Most of these proteins are 

currently annotated or were reported to be prenylated in previous prenylomic 
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studies.353,360,366 In enriching prenylated proteins, previous studies using a similar approach 

identified other proteins that do not bear prenylation motifs.360,366 These can be proteins 

that are known to interact with the prenylated proteins that survive the enrichment step 

after washing. In our analysis, in addition to the 78 protein groups mentioned above, we 

also enriched five proteins known to interact with prenylated proteins: PIK3C2A, CD9, 

and UBA52 (interact with Rabs),  KRIT1 (interacts with Rho GTPases), and ASPM 

(interacts with farnesylated proteins CENPF and LMNB1). This indicates that in the 

approach described, a small number of proteins obtained from the analysis (6%) are not 

prenylated proteins but are known interacting partners. In the absence of statin, a related 

set of 59 protein groups of statistically enriched prenylated proteins were identified. The 

vast majority of the prenylated proteins detected in the absence of statin were also observed 

in the presence of statin although there were three protein groups (RRAS2, RAB12, 

RAB43) that were unique to samples that were not pretreated with statin. Given the results 

from gel-based experiments showing that lovastatin enhances probe incorporation, it was 

not surprising that the enrichment fold-changes of the prenylated proteins were indeed 

higher when the cells were pre-incubated with lovastatin (Fig. 4.2B). Interestingly, it was 

found that enhanced labeling in the presence of statin was more pronounced for 

farnesylated proteins compared to geranylgeranylated type-I substrates and Rab proteins 

(Fig. 4.2C).  

 

An important question concerning this experimental approach is what parameters 

control the enrichment and hence detection of prenylated proteins in metabolic labeling 

experiments? In an effort to determine the factors that influence the extent of enrichment 
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for individual prenylated proteins, the correlation between the enrichment fold-changes 

and several parameters reported in the literature were explored. Such factors describe the 

 
Figure 4.2. A higher number of prenylated proteins were identified when 
metabolic labeling was performed in the presence of lovastatin. 

(A) A volcano plot (FDR = 0.01, s0 = 0.5) showing the statistically enriched 
prenylated proteins identified in COS-7 cells from triplicate samples (red : 
farnesylated; blue : geranylgeranylated; green : rab proteins). (B) Fold-change 
correlation plot between the prenylated proteins identified in the presence or absence 
of lovastatin. (C) Venn diagrams displaying the number of proteins from the three 
classes of prenyltransferase substrates identified in the presence or absence of 
lovastatin. Protein groups were separated into individual proteins. (D and E) 
Correlation between the enrichment fold-change and relative mRNA levels (D) or 
native abundances (E) of GGTase-I substrates and Rab proteins identified in the 
presence or absence of lovastatin. A significant positive correlation (p < 0.05) 
determined by Spearman’s rank-order correlation was observed in the presence or 
absence of lovastatin.  
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propensity of these prenylated proteins to serve as substrates for prenylation. To account 

for the abundance of each prenylated protein, the mRNA levels of proteins (expressed as 

transcripts per million reads, TPM) were measured in COS-7 using next-generation 

sequencing. The values were used to normalize the enrichment fold changes of each 

prenylated protein and the resulting products were log-transformed. The relationship 

between enrichment fold-changes of farnesylated proteins and their predicted farnesylation 

scores (based on their C-terminal CaaX-box motifs) using two different methods was first 

investigated. In one analysis, the farnesylation scores obtained from Prenylation Prediction 

Suite (PrePS),81 an online web-based tool containing a database of prenylated proteins 

across sequenced genomes, were plotted against the normalized fold changes of the 

farnesylated proteins identified (Fig. 4.3A). Another set of predicted farnesylation scores 

derived from a structure-based scheme for prediction of peptide binding (FlexPepBind) 

developed by Furman and coworkers329 was used to assess their correlation with the 

enrichment fold-changes (Fig. 4.3B). In both analyses, no apparent relationship was 

observed between the extent of enrichment of farnesylated proteins and their predicted 

probability as efficient substrates for farnesylation, either in the presence or absence of 

lovastatin. For GGTase-I and Rab substrates, the reported relative efficiency of 

geranylgeranylation of their C-terminal peptides553 and the percent Rab prenylation 

efficiencies99 determined in vitro, respectively, were used (Fig. 4.3C and 4.3D). In the case 

of Rab proteins, the normalized fold change values of those that contain two prenylatable 

C-terminal cysteines were divided by 2. Again, no clear correlation between the extent of 

enrichment of individual prenylated proteins and their measured prenylation efficiencies 

was observed. Intriguingly, proteins sharing the same C-terminal CaaX-box motifs 
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exhibited notable differences in enrichment including PALM and LMNA (CSIM), 

NAP1L1 and NAP1L4 (CKQQ), CDC42 and RRAS (CVLL), and RAP1A and RAC1 

(CLLL) (Fig. 4.3A, 4.3C). Importantly, LMNA is derived from the maturation of prelamin 

 
Figure 4.3. Exploring the factors affecting prenylation efficiency. 

Dependence of normalized enrichment fold-changes on farnesylation scores from 
PrePS (A) and FlexPepBind (B), GGTase activity using peptide substrates (C) and 
percent prenylation of Rab proteins in vitro (D) and (E). No significant correlation was 
observed between enrichment fold-changes and these parameters. The mRNA levels 
(TPM) were used to normalize the enrichment fold changes in A-D while the native 
abundances (LFQ) were used for E. The number of prenylatable cysteines in Rab 
proteins were also accounted for in the normalization. 
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A, where the farnesylated C-terminal peptide is cleaved off.554 The loss of the prenylated 

peptide will impact the native abundance of LMNA available for enrichment, as only the 

premature LMNA bears the tagged isoprenoid analogue. Such additional processing clearly 

complicates subsequent analysis.   

 

A large fraction of prenylated proteins belong to the family of small GTPases that 

have molecular weights of approximately 25 kDa. This is strikingly illustrated by the 

intense labeling observed in the 25 kDa region of gels analyzed via in-gel fluorescence 

(Fig. 4.1B). To investigate a possible correlation between the extent of enrichment in a 

prenylomic metabolic labeling experiment and protein abundance, a quantitative proteomic 

analysis of the 25 kDa region was performed. Lysates from COS-7 cells cultured in the 

presence or absence of 10 µM lovastatin were resolved via SDS-PAGE and the proteins in 

the 20 to 30 kDa region were excised and prepared for label-free quantitative proteomic 

analysis. The relative native abundances from triplicate samples were measured as label-

free quantitation (LFQ) intensities and were used to normalize the enrichment fold-

changes. There was no correlation observed between the normalized fold enrichment fold 

changes and Rab prenylation efficiency (Fig. 4.3E).  

 

We next sought to determine whether protein abundances influence the enrichment 

fold-changes. Instead of using the mRNA levels or native abundances for normalization, 

we investigated the direct dependence of the observed enrichment fold-changes on these 

measures of relative protein abundance. Interestingly, a statistically significant dependence 

of the enrichment fold-changes with their respective expression levels and native 
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abundances in the presence or absence of lovastatin was observed (Fig. 4.2D and 4.2E). 

This observation suggests that the enrichment of prenylated proteins obtained using 

metabolic labeling may be correlated with their inherent expression levels and native 

abundances under the conditions the probe labeling is performed. Exogenous treatment 

with isoprenoids or statins is known to alter expression levels of proteins, including some 

members of the Ras and Rho proteins that are prenylation substrates.555,556 We compared 

the native abundance of the prenylated proteins in the 25 kDa region in COS-7 cells in the 

presence or absence of lovastatin (Fig. 4.4). The abundances of most of these proteins did 

not significantly change in the presence of lovastatin except for RhoB. Interestingly, that 

protein was previously reported to be sensitive to statin treatment, however, exogenous 

supplementation of isoprenoids can reverse the upregulation of Rhob induced by 

lovastatin.555,557 As commented above, it is important to note that the control samples used 

in the profiling experiments described here were also treated with lovastatin and FPP, and 

hence dysregulatory effects of statins and isoprenoid diphosphates on expression levels of 

prenylated proteins are accounted for when the enrichment fold changes are calculated to 

determine the statistically enriched prenylated proteins in the C15AlkOPP-treated samples. 

 

While the multinotch SPS-MS3 approach employed on isobarically tagged peptide 

samples provides a more accurate quantitation of the identified proteins, the current 

instruments equipped with this capability are more expensive and hence often less 

accessible. Simpler but less sensitive orbitrap mass spectrometers capable of MS2-based 

identification and quantitation of proteins from TMT-labeled peptides are often more 

readily available. They should suffice for proteomic profiling studies when quantitative 
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accuracy is not required. Accordingly, the samples described above were analyzed using a 

less sensitive orbitrap instrument and the reporter ions at the MS2 level were used to 

quantify the identified prenylated proteins. A total of 79 protein groups of putative 

prenylated proteins were identified in the presence of lovastatin.  For most prenylated 

proteins identified, the enrichment fold-changes were higher in the multinotch SPS-MS3 

approach compared to the MS2-based analysis (Fig. 4.5A). The wider dynamic range of 

enrichment fold-change values obtained from the SPS-MS3 approach illustrates its 

superior quantitative accuracy over the MS2 approach. Nevertheless, while differences 

between the two data sets were observed, 80% of the prenylated proteins were detected 

using either of the MS approaches (Fig. 4.5B). Such variation is common in proteomic 

experiments using different LC-MS instruments.558 We further examined if the enrichment 

fold-changes of the identified small GTPases and Rabs correlate with their relative native 

 
Figure 4.4. Comparison of native abundance of proteins near the 25 kDa region  

of samples from COS-7 in the presence or absence of lovastatin. 
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abundances in COS-7 treated with lovastatin (Fig. 4.5C). In contrast to the SPS-MS3 

approach, we did not observe a correlation of the Log2(fold changes) obtained from our 

MS2 approach with their relative native abundances. Thus, it appears that the lesser 

 
Figure 4.5. Comparison of the prenylated proteins identified from multinotch 
SPS-MS3 and MS2-based approaches. 

(A) Fold-change correlation plot of the prenylated proteins identified from multinotch vs 
MS2-level quantitative proteomic analyses. A wider dynamic range was observed 
employing the multinotch approach. (B) Summary of the number of individual 
prenylated proteins identified from the two approaches. Protein groups were separated 
into individual proteins. A similar number of proteins were identified with good overlap. 
(C) Correlation between the enrichment fold-change and relative native abundances of 
GGTase-I substrates and Rab proteins from MS2-based analysis on COS-7 in the 
presence of statin. No statistically significant correlation was observed. 
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quantitative accuracy of the MS2-based analysis using the less expensive orbitrap 

instrument may provide less accurate data for the extent of enrichment and therefore 

complicates efforts to observe a possible correlation between enrichment and native 

abundance. 

 

4.3.3.  The prenylated proteins identified in HeLa cells are a subset of those 

observed in COS-7 cells 

In the fluorescent gel-based experiments described above, the labeling efficiency in HeLa 

cells using the C15AlkOPP probe was significantly less than that in COS-7 cells (Fig. 

4.1B). Albeit less pronounced, the banding pattern observed in the 25, 50, and 75 kDa 

regions in these two cell lines are similar. We speculated that this less efficient labeling in 

HeLa cells might only result in lower enrichment fold-changes but would not affect the 

number of prenylated proteins that could be enriched. Therefore, a proteomic analysis of 

the prenylated proteins in HeLa cells treated with C15AlkOPP in the presence of lovastatin 

using a MS2-level approach was performed. Although less accurate, this should suffice for 

profiling to provide the identities of the prenylated proteins labeled in cells. A total of 28 

prenylated protein groups were statistically enriched in HeLa cells (Fig. 4.6A), 

approximately one-third of those profiled from COS-7 cells using the same LC-MS method 

and instrument. When the identities of these prenylated proteins categorized into the three 

classes of prenylation substrates were compared, we found that across all three classes, the 

set of prenylated proteins identified in HeLa is a subset of those identified in COS-7 cells 

(Fig. 4.6B). These were equally divided among the three classes and corresponded to less 
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than 50% of those identified in COS-7. Furthermore, the prenylated proteins in HeLa 

generally possessed lower enrichment fold-changes compared to those from COS-7 cells 

(Fig. 4.6C). Therefore, the reduced labeling efficiency in HeLa not only results in 

diminished enrichment fold-changes but also impacted the number of enriched prenylated 

proteins detected.  

 

Since a lower number of prenylated proteins were identified in HeLa cells, we 

speculated that these might correspond to the most efficiently labeled proteins in COS-7. 

Accordingly, the enrichment fold-changes of the prenylated proteins identified in both 

HeLa and COS-7 cells in each class of prenylation substrates were determined. Those 

identified in COS-7 were ranked in decreasing order of enrichment fold-change and plotted 

along with the corresponding prenylated proteins identified in HeLa. For both GGTase-I 

substrates and Rabs, the prenylated proteins identified in HeLa were distributed across the 

range from the most to least enriched prenylated proteins in COS-7 cells, showing no 

apparent relationship (Fig. 4.7A and 4.73B). Interestingly, the farnesylated proteins 

identified in HeLa are among the most highly enriched farnesylated proteins in COS-7 

(Fig. 4.6D). This set of farnesylated proteins was also readily identified in COS-7 without 

statin treatment from the prenylomic analysis performed using SPS-MS3, which generally 

exhibited enhanced enrichment fold-changes in the presence of lovastatin. These proteins 

are perhaps the most efficiently farnesylated inside cells. To better understand this, we 

examined whether the C-terminal CaaX-box motifs of these farnesylated proteins in HeLa 

cells have predicted higher farnesylation scores (Fig. 4.7C). While most of these proteins 
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have scores that predict high or medium propensity for farnesylation, NRas (CVVM) and 

NAP1L1 (CKQQ) manifesting low farnesylation scores were also identified. 

 

As noted above, an apparent correlation was observed between the enrichment fold-

changes and native abundances of GGTase-I substrates and Rabs in COS-7 from the SPS-

MS3 approach but not in MS2-based analysis. We examined if the enrichment fold-changes 

 
Figure 4.6. The prenylated proteins identified in HeLa is a subset of those in 

COS-7. 

 (A)  A volcano plot (FDR = 0.01, s0 = 0.5) showing the statistically enriched prenylated 
proteins identified in HeLa cells from triplicate samples (red : farnesylated; blue : 
geranylgeranylated; green : rab proteins). (B) Venn diagrams displaying the overlap of 
proteins categorized into the three classes of prenyltransferase substrates identified in 
COS-7 and HeLa. Proteins groups were separated into individual proteins. (C)  Fold-
change correlation plot between the prenylated proteins identified in COS-7 and HeLa. 
(D) Farnesylated proteins identified in HeLa were the most enriched prenylated proteins 
in COS-7 identified from the MS2-based analysis. 
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of the prenylome identified in HeLa from our MS2-based analysis correlates with their 

relative native abundances Fig. 4.7D). Unfortunately, no significant correlation was 

 
Figure 4.7. The prenylated proteins in HeLa were identified in COS-7. 

(A)  GGtase-I substrates and (B) Rab proteins identified in HeLa were also identified 
in COS-7 in a wide dynamic range of enrichment fold-changes. (C) The farnesylated 
proteins identified in HeLa were also identified in COS-7 with a wide range of assigned 
FlexPepBind farnesylation scores. Cut-offs shown in vertical lines for low, medium 
and highly predicted to be substrates of farnesylation. (D) Correlation analysis between 
the enrichment fold-change and relative native abundances of GGTase-I substrates and 
Rab proteins identified from MS2-based analysis on HeLa in the presence of statin. No 
significant Spearman’s correlation was observed, (E) Most small GTPase and Rab 
proteins identified in HeLa are those that have relatively higher abundance in both 
HeLa and COS-7. 
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observed, which may be attributed to the lower quantitative accuracy and dynamic range 

of MS2-based analysis in the less sophisticated orbitrap instrument. However, we did find 

that most proteins profiled in HeLa are those that have relatively high abundance in COS-

7 (Fig. 4.7E). This comparison suggests that the native abundance of prenylated proteins 

may contribute significantly to their extent of enrichment and ability to be enriched, rather 

than their respective catalytic efficiencies.  

 

4.3.4.  Prenylomic profiling of brain cell lines 

The data presented above demonstrates that approximately 80 prenylated protein groups 

can be identified using this method in COS-7 cells. Given the aforementioned observations 

concerning HeLa cells, it is likely that the number and prevalence of prenylated proteins 

will vary between different cell lines. To study this in more detail, the differences between 

several closely related cell lines were investigated. In the context of the brain, stable cell 

lines representing the most common cell types are readily available and therefore suitable 

for metabolic labeling and in vitro analysis. Hence, we hypothesized that it should be 

possible to identify prenylated proteins that are both common between different cell types 

as well as reveal others that are differentially expressed or prenylated, which may 

contribute to the unique function of each cell type. Accordingly, neuronal cells (N2a), 

immortalized astrocytes, and microglial cells (BV2) were metabolically labeled with the 

C15AlkOPP probe in the presence or absence of lovastatin. The lysates obtained were 

subjected to click reaction with TAMRA-N3 and in-gel fluorescence analysis (Fig. 4.8A). 

In the absence of lovastatin, appreciable labeling was achieved across all cell lines (lanes 
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2, 5, and 8). The presence of lovastatin significantly enhanced the labeling of these bands, 

with some new bands appearing near the 50 and 75 kDa region (lanes 3, 6, and 9). These 

differential banding patterns observed between cells treated or not treated with lovastatin 

indicate that there are proteins that can only be detected in the presence of lovastatin. 

Despite the appearance of new bands in microglia, the labeling enhancement was less 

compared to those observed in neurons and astrocytes. It is also important to note that in 

the gel image, the contrast was adjusted in order for the differential banding pattern to be 

visualized. All brain-derived cell lines have less labeling compared to COS-7 in our in-gel 

fluorescence experiments.  

 

 Next, proteomic analysis of the enriched prenylated proteins within the three brain 

cell types in the presence of lovastatin was carried out. An MS2-based approach was 

employed to identify statistically enriched proteins since it suffices for profiling purposes. 

The total number of statistically enriched prenylated proteins in each cell line was less than 

that obtained with COS-7 cells, indicating that prenylome labeling was less efficient across 

all three brain cell lines. There were also no novel prenylated proteins detected. Among the 

individual prenylated proteins detected, 25 were shared (42%) by all three, with some 

shared by only two, or uniquely detected in one cell type (Fig. 4.8B).  More prenylated 

proteins were identified from neurons with concurrent stronger background labeling 

(unprenylated proteins appearing to be enriched, see Fig. 4.9), reflecting the observed 

differences in labeling from the in-gel fluorescence analysis. Microglia afforded the 

smallest number of prenylated proteins profiled.  
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As discussed above, the resulting similarities and differences in the set of 

prenylated proteins identified may reflect their endogenous expression levels in each cell 

type. However, there are no available data on the native abundances of these proteins in 

each cell line. We therefore turned to published RNA-Seq data reporting on the mRNA 

expression levels of individual prenylated proteins identified in each cell type using a web- 

 
Figure 4.8. Similarities and differences in the sets of prenylated proteins identified 
from three different brain cell lines and primary astrocytes. 

(A) In-gel fluorescence analysis on neurons, microglia, and astrocytes treated with 10 
𝜇𝜇M C15AlkOPP in the presence or absence of 10 𝜇𝜇M lovastatin. (B) Summary of the 
number of identified prenylated proteins that were unique or shared among neuronal 
cells (N), immortalized astrocytes (A), and microglial cells (M). (C) A heat map of the 
relative mRNA expression levels of the prenylated proteins uniquely identified in each 
cell type. *proteins that were identified from a protein group. 
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based tool (www.brainrnaseq.org).559 The Fragments per Kilobase of transcript per Million 

mapped reads (FPKM) values of genes corresponding to identified prenylated proteins 

were extracted from each cell type and log2 transformed. A heat map was generated to 

compare expression levels of prenylated proteins shared by all three cell types, showing 

that they were generally expressed at higher levels in microglia (Fig. 4.10A). The proteins 

identified only in both neurons and astrocytes were dominated by farnesylated proteins 

(Fig. 4.10B). There were no significant correlations between the enrichment fold-changes 

and the mRNA levels of the identified prenylated proteins across all cell lines. 

Nevertheless, CDC42 and RhoA were identified as two of the most enriched prenylated 

proteins with relatively high mRNA levels in all cell lines (Fig. 4.11).  

  
Figure 4.9. Volcano plots generated from the prenylomic analysis in neurons, 
astrocytes, microglia, and primary astrocytes. 

Stronger background labeling was observed in neurons. Statistical parameters: FDR = 
0.01, s0 = 0.5. 
 

http://www.brainrnaseq/
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Proteins that were uniquely identified from each cell type were of particular interest 

(Fig. 4.8C). However, some of these proteins were grouped with proteins that were also 

identified in other cell lines due to extensive sequence homology and may not be truly 

uniquely identified. Those that were identified only in neurons were mostly expressed at 

higher levels in neurons. In contrast, the prenylated proteins uniquely identified in 

astrocytes or microglia do not generally correlate with their relative expression levels, 

 
Figure 4.10. Relative mRNA expression levels of prenylated proteins in brain cells. 

 (A) Relative mRNA expression levels of the identified prenylated proteins shared by 
neuronal cells (N), astrocytes (A), and microglial cells (M). (B) Relative expression 
levels of prenylated proteins statistically enriched and identified in neurons and 
astrocytes but not in microglia. (C) Relative expression of the prenyltransferase 
enzymes.  
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except for RhoC that is highly expressed and was detected in microglia. Overall, there was 

no general correlation between the expression levels of individual prenylated proteins 

(based on the aforementioned RNA-Seq data) and their ability to be enriched in a 

prenylomic profiling experiment. The relative expression levels among the different 

prenyltransferase enzymes, which may reflect the innate efficiency of prenylation activity 

in each cell type (Fig. 4.10C) were also examined. The catalytic subunits FntB (FTase), 

Pggt1B (GGTase-I), and RabggtB (RabGGTase) are generally expressed at lower levels in 

microglia. This may explain why fewer proteins were enriched from microglia and why 

those that were observed were often those with relatively higher expression levels.  

 

 
Figure 4.11. Dependence of enrichment fold-changes on mRNA levels of 
prenylated proteins identified from brain-derived cell lines and primary 
astrocytes. 

Cdc42 and RhoA were consistently identified as two of the most enriched proteins also 
display high levels of expression.  
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4.3.5.  Inhibition of prenylation 

As mentioned previously, the initial development of PTIs was driven by their potential 

pharmacological benefits in targeting oncogenic isoforms of proteins that promote 

tumorigenesis. However, their efficacies maybe negated owing to the ability of the key 

oncogenic targets to be alternatively geranylgeranylated in lieu of being farnesylated.366 

To determine the proteins displaying the switch-like behavior, a previous report on 

isoprenoid probe labeling in the presence of farnesyltransferase inhibitors (FTIs) showed 

that KRAS, NRAS, and RRAS2 can be geranylgeranylated when FTase is inhibited, 

indicating that these proteins may be responsible for the observed failure of FTIs in clinical 

trials, a result consistent with previous reports.366 However, that experiment was performed 

in a human endothelial cell line. 

 

In order to investigate the differential responses of cell lines to an FTI, COS-7 and 

HeLa cells were evaluated for their prenylome labeling upon FTI treatment (Fig. 4.12A). 

In COS-7 cells, the bands near the 50 and 75 kDa regions displayed significant reduction 

in labeling in the presence of tipifarnib, a validated and commonly used FTI. In HeLa cells, 

however, the low efficiency of probe incorporation makes it challenging to assess its 

sensitivity to FTI inhibition. Only one band near the 75 kDa region appears to be inhibited 

by tipifarnib. The inhibition profiles for the brain-derived cell lines also behaved similarly 

with that observed in HeLa in the absence of lovastatin (Fig. 4.12B), which can be 

attributed to the inherently lower probe incorporation in these cell lines compared to COS-

7. Since farnesylated proteins are dependent on lovastatin treatment to enhance their probe 

incorporation as observed in Fig. 4.2C, we included lovastatin treatment to effectively label 
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farnesylated proteins and assess the effect of FTI-induced inhibition. Indeed, the enhanced 

labeling induced by lovastatin clearly facilitates the observation of inhibition by tipifarnib. 

The strongly labeled bands near the 50 and 75 kDa regions were completely abolished in 

all brain-derived cell lines. 

 

We next sought to identify the farnesylated proteins responsive to inhibition. While 

immortalized cell lines are convenient for many laboratory experiments because they are 

easy to grow and can be passaged an unlimited number of times, their transformed nature 

can alter their physiology and render them less accurate as a disease model compared with 

primary cells. We first determined the set of prenylated proteins detectable in primary 

astrocytes using our probe labeling strategy in the presence of lovastatin. A total of 43 

protein groups of prenylated proteins were identified, of which 33 individual prenylated 

proteins overlap (51%) with those identified from the immortalized astrocyte cell line (Fig. 

 
Figure 4.12. Response to  FT inhibition using tipifarnib in various cell lines. 

(A) Tipifarnib treatment in COS-7 and HeLa cells. (B) Tipifarnib treatment in brain-
derived cell  lines in the presence or absence of lovastatin. 
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4.13A). In contrast, 13 (20%) prenylated proteins were uniquely identified in the 

immortalized astrocytes and 19 (29%) were uniquely identified in the primary astrocytes. 

This suggests that there may be significant differences between the cell line and the primary 

cells and highlights how prenylomic profiling can be used to hone in on those differences. 

It is also noteworthy that the immortalized astrocytes used in this study were derived from 

the human APOE3 targeted replacement mice and thus some of the differences observed 

might result from the replacement of the APOE gene. 

 

We have recently reported the farnesylated proteins responsive to perturbations in 

the farnesylation machinery in mouse brain with neuron-specific FTase deletion.369 A total 

of 11 farnesylated proteins were identified in that study and are potentially implicated in 

the memory loss of the FTase-deficient mouse models. In this current study, we first 

evaluated the chemical inhibition of farnesylation using tipifarnib in the presence or 

absence of lovastatin through in-gel fluorescence analysis (Fig. 4.13B). Treatment with 

lovastatin enhanced probe labeling particularly in potentially farnesylated proteins near the 

75 and 50 kDa regions (lane 3, indicated by arrows). Consistent with the aforementioned 

observations with cell lines, tipifarnib effectively suppresses labeling in these upper bands 

even in the presence of lovastatin (lane 5). Only minor differences in labeling near the 25 

kDa region is apparent between tipifarnib treated samples (lanes 3 and 5) and their 

untreated counterparts (lanes 2 and 4). In order to identify these farnesylated proteins 

responsive to FTI inhibition, we performed our SPS-MS3 prenylomic approach in statin-

treated primary astrocytes in the presence or absence of tipifarnib. We envisaged that since 

the C15AlkOPP probe can be incorporated by both FTase and GGTase-I, farnesylated 
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proteins exhibiting the switch-like behavior would still be labeled under conditions where 

FTase is inhibited. Prenylomic analysis revealed that farnesylation substrates (15 protein 

groups, red) are inhibited to varying extents by tipifarnib (Fig. 4.13C). Six of these 

farnesylated proteins were identified as responsive to neuron-specific genetic deletion of 

FTase in mouse models.369 Three of these proteins are above our stringent statistical 

threshold including Palm, Rheb and Lmnb1 with three more appearing slightly below the 

statistical threshold (Ston1, Dnaja1 and Ykt6). Ston1, a novel protein we identified in COS-

7, displayed an appreciable level of inhibition, suggesting that this protein is truly a bona 

fide farnesylated protein. The assigned GGTase-I and Rab substrates are unaffected by FTI 

 
Figure 4.13. Inhibition of farnesylation in primary astrocytes. 

(A) Summary of the number of prenylated proteins identified from immortalized and 
primary astrocytes. (B) In-gel fluorescence analysis of primary astrocytes in the 
presence or absence of lovastatin and tipifarnib. (C) A volcano plot (FDR = 0.01, s0 = 
0.5) indicating inhibited farnesylated proteins (red) by tipifarnib. Ras is a protein group 
of HRas, Kras, and NRas. 
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treatment. Of the other nine putative farnesylated proteins, statistically significant 

inhibition was not observed. Since the C15AlkOPP analogue used in these experiments is 

a substrate for both FTase and GGTase-I, the absence of inhibition is consistent with 

switch-like behavior suggesting that these proteins including the protein group 

Nras;Hras;Kras and Rras. can be alternatively geranylgeranylated in the presence of an 

FTI. A few other proteins including Dnaja4, Nap1I1 and Inpp5a show some limited 

inhibition that may be due to partial switch behavior or incomplete inhibition. Overall, 

these inhibition studies on primary astrocytes validate the potential farnesylation of Ston1 

and support the switch like behavior of a number of proteins.  

 

4.4.  Discussion 

In this study, a chemical proteomic approach is described to identify the set of prenylated 

proteins in a variety of mammalian cells using a single alkyne-modified isoprenoid 

analogue. In terms of maximizing the number of prenylated proteins that can be identified, 

it is important to note that probe incorporation via metabolic labeling varies dramatically 

in different cell lines. Hence, careful selection of a cell line with maximal probe labeling 

is a prerequisite to maximize the number of prenylated proteins that can be identified. Here, 

we showed that lower labeling in cells not only impacts the extent of labeling of individual 

proteins but also reduces the total number of prenylated proteins that are enriched. 

Although prenylated proteins can be efficiently labeled by the C15AlkOPP probe in the 

presence of the endogenous isoprenoids, FPP and GGPP, lovastatin significantly enhances 

the incorporation efficiency as manifested by the increased fold enrichment and number of 

prenylated proteins identified. The dissociation constants (Kd) across the prenyltransferase 
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enzymes show tight binding with their corresponding isoprenoid substrates and are of 

comparable magnitude (FTase:FPP, 2.8 nM; GGTase-I:GGPP, 3 nM: RabGGTase:GGPP, 

8 nM).560–562 However, it has previously been shown that the C15AlkOPP isoprenoid probe 

is a more efficient substrate for GGTase-I compared with FTase using comparable enzyme 

concentrations.333 Therefore, it may functionally mimic GGPP better than FPP. Under 

physiological conditions, probe incorporation into farnesylated proteins is challenging 

because of competition with endogenous FPP. Suppression of the pool of native 

isoprenoids using statins may allow C15AlkOPP to more effectively compete for labeling 

of those more difficult to farnesylate with potentially lower native abundances. It is also 

important to note that the use of this probe does not necessarily impact the function of 

labeled substrates as previously described.380 Therefore, this isoprenoid tagging approach 

may operate in viable cells with minimal perturbations in the physiological function of 

prenylated proteins. 

 

The goal of defining the set of prenylated proteins in a mammalian system through 

different tagging strategies and proteomic approaches has been pursued for more than a 

decade.339,342,353,360 Most early efforts through the use of enrichment strategies led to the 

identification of less than a few dozen prenylated proteins. Antibody-based detection 

through the use of aniline-functionalized isoprenoids were also reported but has led to only 

22 prenylated proteins.338 Over time, the number of proteins identified using enrichment 

methods has steadily risen as technology has improved.  A recent report using a dual 

chemical probe strategy involving two separate isoprenoid analogues (used in their alcohol 

forms) to tag farnesylated and geranylgeranylated proteins in conjunction with SILAC and 
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TMT analysis in EA.hy926, a human endothelial cell line, was employed for quantitative 

proteomic analysis;366 a total of 80 prenylated proteins were reported, of which 64 were 

detected in the absence of a statin. Here, a simpler approach using a single analogue in its 

diphosphate form that is a substrate for all prenylating enzymes353,363 was employed; the 

use of the diphosphate form in these experiments may be particularly advantageous for 

physiological studies since it avoids potential toxicity caused by the presence of prenyl 

alcohols.348,349 The resulting analysis yielded 78 and 59 protein groups in the presence and 

absence of lovastatin, respectively This catalog of prenylated proteins is similar but not 

identical to the results obtained using the dual probe strategy showing extensive overlap in 

the identities of proteins profiled as well as identifying unique sets of previously known 

and novel prenylated proteins. Four out of the seven novel proteins discovered in the earlier 

work366 were also identified in the analysis described here: CEP85, DCAF8, DPCD, and 

NAP1L4.  Conversely, three additional novel prenylated proteins were identified here: PC4 

and SFRS1-interacting protein PSIP1 (CaaX-box: CNLQ), Stonin-1 (CaaX-box: CITQ), 

and DHX32 (CaaX-box: CTLQ). Although the C-terminal peptides of these three proteins 

displayed multiple turnover activity for in vitro farnesylation in a previous study,80 

prenylation on their full-length forms has not been reported. Our results validate the 

farnesylation of these proteins, providing evidence of their prenylation in a cellular context. 

The differences in the prenylated proteins identified may be attributed to the differences in 

the cell line employed, labeling conditions, the enzymatic parameters associated with the 

probe used or the specific MS instrumentation employed for analysis. While extended 

C(X)3X-box containing proteins and Cxx peptides have been demonstrated to be in vitro 

prenylation substrates,83,84 none of those proteins were found to be enriched in a 
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statistically significant manner in our analysis. Several of these polypeptides do exist in 

mammalian proteomes, however their endogenous levels or efficiency of prenylation may 

be too low to be detected using the current chemical proteomic strategies. Finally, one 

cautionary feature related to these prenylomic experiments should be noted. In the strategy 

employed here, prenylated peptides are not directly observed in the LC-MS/MS analysis 

since enrichment relies on the alkyne functional group present in the isoprenoid analogue; 

lipidated peptides linked to biotin via click reaction remain bound to the neutravidin resin 

following tryptic digestion. Hence the identification of putative prenylated proteins is 

inferred from the detection of other non-prenylated peptides from the protein. The TMT-

based method used here that compares enrichment in the presence and absence of alkyne 

probe allows most non-prenylated proteins to be excluded. However, this approach does 

not completely prevent proteins that associate with prenylated proteins from being 

enriched. There are limits to the stringency of washing conditions that can be employed 

since they must preserve sufficient protein structure to enable biotin-neutravidin 

interaction. In the analysis reported here, approximately 6% of the statistically enriched 

proteins were proteins with no apparent prenylation motif but were known to interact with 

prenylated proteins. While this number is small, it suggests that caution must be exercised 

in interpreting data from these experiments and that additional confirmatory experiments 

and/or data may be necessary to unambiguously identify novel prenylated proteins 

discovered using this metabolic labeling strategy. This underscores the need for better 

methods that allow for the enrichment of prenylated peptides that can be used to directly 

identify prenylated proteins. 
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Analyses presented here of the factors that influence the extent of enrichment of 

prenylated proteins in this chemical proteomic approach suggest that the catalytic 

efficiency of specific substrates for their cognate prenyltransferases does not correlate with 

their enrichment efficiency. A large number of prenylated proteins having CaaX-boxes 

with predicted higher farnesylation scores or prenylation efficiencies were not identified. 

This may be due to the low levels of expression of these proteins or to other regulatory 

mechanisms that involve chaperones that regulate the delivery of unprenylated proteins to 

their cognate prenyltransferase.372 Currently, most of what is known concerning 

prenylation selectivity relies on data obtained from in vitro studies or computational 

experiments. Instead, it appears that the expression levels and native abundances of protein 

substrates have a greater impact on their detectability in these chemical proteomic 

experiments. In particular, CDC42 and RhoA have consistently emerged as two of the most 

enriched candidates across all cell lines studied here. Both of these contain efficiently 

prenylated C-terminal CaaX-box sequences553 and high native abundances or expression 

levels. Overall, protein levels are determined by a complex interplay of factors including 

mRNA transcript levels, transcript stability, translation efficiency and rate of protein 

degradation.563 Given that metabolic labeling experiments provide a snapshot of the levels 

of many prenylated proteins in a single experiment, this approach holds great promise for 

investigating global changes that occur in specific disease states. 

 

For chemical proteomic strategies, quantitative analysis is useful for evaluating the 

extent of probe incorporation into its cognate protein substrates. The evolution of orbitrap 

mass spectrometry instrumentation employed in proteomic studies led to improvements in 
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sensitivity and accuracy of quantitation.564 Consequently, more accurate quantitation can 

be achieved through the use of multinotch SPS-MS3 approach, where reporter ion 

interference that distorts reporter ion signals in MS2-based methods is obviated.565 From 

the data reported here, using the multinotch approach with a more sensitive orbitrap 

instrument afforded a wider dynamic range of fold-change values compared to the MS2-

based approach, allowing more accurate quantitation. Although there were some 

differences in the sets of prenylated proteins that were identified using the two different 

approaches, overall, the number of profiled prenylated proteins are comparable. Therefore, 

it appears that an MS2-level analysis of TMT-labeled peptides is generally sufficient to 

identify prenylated proteins derived from a chemical probe-based enrichment experiment. 

However, for applications where information regarding changes in the levels of specific 

prenylated proteins is important, the more accurate quantitation and wider dynamic range 

of the MS3-level approach make it a better choice. 

 

As a prelude to future work directed at studying protein prenylation in brain-related 

diseases, we first sought to survey the prenylated proteins in several brain-derived cell lines 

including neurons, astrocytes, and microglia. Significant overlap (25 proteins, 42%) was 

found in the prenylated proteins identified in the three cell lines. Given that many of these 

are involved in cellular processes that are generally essential to cellular function, such as 

Ras signaling from Ras-related proteins, endocytosis, and chemokine signaling, this is not 

surprising (Table 4.1). Intriguingly, some prenylated proteins are uniquely enriched in 

specific cell types. Eight proteins were observed exclusively in neurons, five were observed 

exclusively in astrocytes and three were observed exclusively in microglia, suggesting their 
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unique roles in these cells. For example, among the eight proteins identified in neurons, 

Gng2 (G-protein gamma 2 subunit) is highly expressed there. Gng2 is a specific marker 

for the forebrain structure claustrum, which integrates multisensory information and 

promotes cognitive function.566,567 Rac3, a member of the Rho family GTPases, is also 

abundantly expressed in neurons. Rac3 plays essential roles in neuronal development and 

related disorders.568 The presence of the C-terminal prenylation site of Rac3 is specifically 

required for the maturation of neurons in culture. Hras, an exclusively farnesylated small 

GTPase, is modestly expressed in neurons; however, the role of Hras in regulating neuronal 

synaptic function is well established in vivo.569 Overexpression or deletion of Hras 

significantly modulates neuronal function.570,571 In cultured neurons, the activity and 

cellular localization of Hras, which depends on its farnesylation state, regulate nascent 

axonal growth.572 Notably, another Ras protein, Rras, was also uniquely identified in 

neurons despite its minimal gene expression. Rras controls axon branching and neuronal 

polarity in cultured cortical/hippocampal neurons.573,574 Among the five proteins uniquely 

Table 4.1. Pathway analysis on the prenylated proteins identified shared by all three 
brain cell lines. 

Pathways are ranked based on p-values and sourced from KEGG Mouse 2019 using 
Enrichr analysis tool.616 The top ten pathways were selected. 
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identified in astrocytes, the small GTPase Rab34 is most highly expressed. Rab34 is a 

member of the secretory pathway and regulates phagolysosome biogenesis and cargo 

delivery.575,576 These functions are critical for the normal role of astrocytes in the brain. 

Dysfunction of Rab34 leads to gliomas.577 Among the three proteins uniquely identified in 

microglia, RhoG is most highly expressed. RhoG, a member of the Rho family of small 

GTPases, regulates neuroinflammation and the clearance of apoptotic cells, key functions 

of microglial cells in the brain.578,579 In sum, our findings demonstrated the ability to track 

the levels of prenylated proteins in different brain cell types, many of which perform key 

regulatory roles within each cell type. The results will be highly useful in a variety of 

experiments seeking to explore the dysregulation of protein prenylation. 

 

4.5.  Conclusion 

The results presented here indicate that metabolic labeling of prenylated proteins in 

cultured cell lines can be accomplished using a single alkyne-modified isoprenoid 

analogue. The extent of labeling in each cell line differs, resulting in variations in 

enrichment and the number of prenylated proteins identified in chemical proteomic 

profiling.  The native abundances of these proteins under steady-state conditions may 

dictate their ability to be enriched; however, the levels of prenyltransferase enzymes in 

different cell lines and their capability for probe uptake may also play crucial roles in 

determining the extent of prenylome labeling. Overall, this study shows that a common 

core of 19 prenylated proteins identified in 7 different cell types can be monitored using 

these types of experiments. This should provide important insights into the activity and 

regulation of signal transduction pathways in cells.  In addition, prenylated proteins unique 
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to specific cell types can also be identified and monitored using this approach. Eight 

proteins were observed exclusively in neurons, five were observed exclusively in 

astrocytes and three were observed exclusively in microglia, suggesting their unique roles 

in these cells. Finally, we report here that this powerful approach can be used to monitor 

protein prenylation in primary cells. Taken together, this powerful approach should be 

useful to unravel the role of prenylated proteins in myriad diseases. 

 

4.6.  Methods 

4.6.1. Metabolic labeling in cultured cell lines and primary astrocytes 

COS-7 and HeLa cells were generously provided by Dr. Elizabeth Wattenberg at the 

University of Minnesota. Mouse N2a neuroblastoma cells (ATCC CCL-131) were 

purchased from ATCC (Manassas, VA). Mouse BV2 microglial cells were generously 

provided by Dr. Hongwei Qin at the University of Alabama at Birmingham. The 

immortalized astrocytes were derived from the human APOE3 targeted replacement 

mice580 and were generously provided by Dr. G. William Rebeck at Georgetown 

University. Primary astrocytes were prepared and cultured from neonatal pups of wild-type 

C57BL6/J mice as described previously.581,582 In brief, cortices and hippocampi from 

neonatal pups were dissected in cold HBSS, and enzymatically digested with 0.05% 

trypsin/EDTA for 20 min in 37°C. Cells were triturated and passed through a 40 μm cell 

strainer.  The cells were then centrifuged for 7 min at 1,000 rpm, and re-suspended in the 

culture medium DMEM Glutamax (Gibco, 10569-010) containing 10% FBS (Gibco). After 

culturing for 2-4 weeks, microglial cells were removed by vigorously tapping the flask on 
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the bench top and changing media. Remaining astrocytes were passaged and expanded in 

PDL-coated T75 flasks with DMEM containing 10 % FBS and 

penicillin/streptomycin/amphotericin B (Antibiotic-Antimycotic, Gibco) and allowed to 

grow prior to plating into 100-mm dishes for metabolic labeling.  

 

Cells (0.9 to 1.5 x 106 seeding density) were grown in a 100-mm dishes containing 

10 mL of DMEM (Gibco) media with 10% fetal bovine serum (Gibco) 1% penicillin-

streptomycin (Gibco) one day prior to treatment. The media was removed and replaced 

with 5 mL of fresh media followed by pre-treatment with 10 𝜇𝜇M lovastatin (Cayman 

Chemical) for 6 hours under 5% CO2 at 37 oC. After pre-treatment, the media was either 

removed and replaced to remove the lovastatin or retained, followed by the addition of 10 

𝜇𝜇M C15AlkOPP or FPP and 3 𝜇𝜇M tipifarnib when indicated. After 24 hours of incubation, 

the cells were collected, pelleted through centrifugation and stored at – 80 oC until further 

use. 

4.6.2. In-gel fluorescence labeling 

In-gel fluorescence analysis of C15AlkOPP-treated cells was performed as previously 

described.550 In brief, cell pellets were suspended in lysis buffer (10 mM Na3PO4 pH 7.4, 

137 mM NaCl, 2.7 mM KCl, 2.4  𝜇𝜇M PMSF, 200 units/nL benzonase nuclease (Sigma-

Aldrich), protease inhibitor cocktail (1X PBS) and 1% SDS) and lysed by sonication on 

ice for 6-7 times with 2-sec pulses at 10-sec intervals. Protein concentrations were 

quantified using a BCA assay (Thermo Fisher Scientific) and 100 ug of the protein samples 

were subjected to click reaction with TAMRA-N3 (25 𝜇𝜇M TAMRA-N3 (BroadPharm), 1 
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mM TCEP, 0.1 mM TBTA (Sigma-Aldrich), and 1 mM CuSO4) for 1 hour at room 

temperature. Proteins were precipitated out using ProteoExtract precipitation kit 

(Calbiochem) and resuspended in 1X loading buffer containing 2% SDS, 10% glycerol, 

0.02% bromophenol blue in 50 mM Tris-HCl pH 6.8. Labeled protein samples were 

resolved in 12% SDS-PAGE gels and detection for TAMRA fluorescence was performed 

using a Typhoon FLA 9500 (GE Healthcare). Gel images were processed in ImageJ. 

4.6.3. Enrichment of labeled prenylated proteins 

Protein lysates (2 mg in 1 mL) from cells treated with lovastatin and C15AlkOPP or FPP 

were subjected to click reaction with biotin-N3 (100 𝜇𝜇M biotin-N3 (BroadPharm), 1 mM 

TCEP, 0.1 mM TBTA, and 1 mM CuSO4) for 90 minutes at room temperature. Proteins 

were precipitated out using chloroform-methanol-water (1:4:3) to remove excess reagents 

and pelleted by centrifugation. Protein pellets were washed with methanol, redissolved in 

1 mL of 1X PBS + 1% SDS and quantified using a BCA assay to normalize concentrations 

across all samples. Biotinylated samples (1 mg in 500 𝜇𝜇L) were incubated with 100 𝜇𝜇L 

(settled resin) of pre-washed Neutravidin agarose beads (Thermo Scientific) for 90 

minutes. Beads were washed (1X PBS + 1% SDS (3x), 1X PBS (1x), 8 M urea in 50 mM 

TEAB (3x), and 50 mM TEAB (3x) with 1 mL per wash) and bound proteins were digested 

on-bead with 1.5 μg of sequencing grade trypsin (Promega Corp.) overnight at 37oC. 

Peptides were collected by washing the beads with 100 𝜇𝜇L 50 mM TEAB and dried by 

lyophilization. 
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4.6.4. TMT-labeled sample preparation 

Dried peptides were dissolved in 80 𝜇𝜇L of 100 mM TEAB and quantified via BCA assay. 

Samples (10 𝜇𝜇g) were supplemented with 150 fmol of internal standard (yeast ADH1, 

Waters) and subjected to labeling with TMT 6plex labeling (Thermo Fisher Scientific) 

following the manufacturer’s protocol. TMT-labeled samples were pooled, dried by 

lyophilization, and redissolved in 200 mM NH4HCO2, pH 10. Samples were fractionated 

under high pH reversed phase conditions on three layers of SDB-XC extraction disks (3M, 

1.07 mm x 0.50 mm i.d.) in 200 𝜇𝜇L pipette tips into 60 𝜇𝜇L volumes of 5,10, 15, 20, 22.5, 

27.5, and 80% CH3CN in 200 mM NH4HCOO pH 10. The first two fractions were 

combined. The samples were dried and redissolved in 30 𝜇𝜇L of 0.1% HCO2H in water and 

stored at -80 oC until LC-MS analysis. 

 

4.6.5. Proteomic samples for quantifying native abundances 

Lysates from COS-7 cells (40 𝜇𝜇g, three biological replicates) were resolved using a 12% 

SDS-PAGE gel and stained with Coomassie Blue. The 20-30 kDa regions (~1 cm) were 

excised using a scalpel to evenly cut out bands across the lanes. Coomassie stain was 

removed by washing the gel pieces with 150 𝜇𝜇L of 1:1 100 mM TEAB: CH3CN twice. 

Proteins in the gels were reduced with DTT (10 mM) at 56 oC for 1 hr. Alkylation with 

iodoacetamide (55 mM) was performed in the dark for 30 min. Gel pieces were washed 

twice with the TEAB:CH3CN mixture and in-gel tryptic digestion was performed overnight 

at 37 oC with 10 ng/µL of trypsin. Tryptic peptides were collected and dried by 

lyophilization. Dried peptides were dissolved in 2% CH3CN in H2O with 0.1% HCO2H 
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(Buffer A). Samples were supplemented with internal standard (yeast ADH1, 50 fmol, 

Waters) and loaded onto a pre-conditioned STAGE Tip (SDB-XC, 3M). Samples were 

washed with Buffer A and eluted with 40% CH3CN in H2O with 0.1% HCO2H. Desalted 

peptides were dried and dissolved in 0.1% HCO2H in H2O. Proteomic samples were stored 

at -80 oC until LC/MS analysis. 

 

4.6.6. LC-MS data acquisition 

The TMT-labeled peptides were resolved using a RSLC Ultimate 3000 nano-UHPLC 

(Dionex) with a reversed-phase column (75 𝜇𝜇m i.d., 45 cm) packed in-house with 

ProntoSIL C18AQ 3 𝜇𝜇m media at a flow rate of 300 nL/min. Each fraction from the high 

pH reversed-phase separation was subjected to a distinct gradient of solvent B (0.1% 

HCO2H in CH3CN) and solvent A (0.1% HCO2H in H2O) with amounts ranging between 

7-34% for 80 min and sprayed directly into the Orbitrap using a Nanospray Flex source 

(Thermo Fisher Scientific). For the multinotch SPS-MS3 approach, an Orbitrap Fusion 

Trihybrid (Thermo Fisher Scientific) mass spectrometer was used. MS1 scans were 

collected at 120,000 resolution in a 320-2,000 m/z range with a max injection time (IT) of 

100 ms and an automatic gain control (AGC) target of 200,000. Subsequent data-dependent 

(top speed at 3s) MS/MS scans were acquired using collision induced dissociation (CID) 

at a normalized collision energy (NCE) of 35% with a 1.3 m/z isolation window, a max IT 

of 100 ms, and an AGC target of 5,000. Dynamic exclusion was allowed for 60 sec. 

Acquisition at MS3 was done by synchronously selecting the top 10 precursors for 
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fragmentation by high-collisional energy dissociation (HCD) in the orbitrap with an NCE 

of 55% and a 2.5 m/z isolation window, 120 ms max IT, and 50,000 AGC target.   

 

For label-free analysis of relative native abundances, each peptide sample was 

separated with 5-30% of Solvent B for 140 mins. Data-dependent scans at MS1 were 

collected at 60,000 resolution over 320-2000 m/z range with AGC target of 500,000 and 

max IT of 50 ms. Dynamic exclusion was allowed for 90 s. HCD fragmentation was 

performed at NCE of 38% with 1.5 m/z isolation window, AGC of 50,000, and max IT of 

200 ms. 

 

The MS2-based quantitative proteomic analyses of TMT-labeled peptides were 

performed using an Orbitrap Elite instrument (Thermo Fisher Scientific) equipped with 

RSLC Ultimate 3000 nano-UHPLC and the same gradients used in SPS-MS3 approach 

were employed. A data-dependent acquisition was performed for MS1 scans under 60,000 

resolution in a 350-1600 m/z range, with an AGC target of 1,000,000 and a max IT of 50 

ms. Precursors were fragmented at MS2 using HCD at NCE of 40% with a 1.5 m/z isolation 

window, an AGC target of 50,000, and a max IT of 500 ms at 15,000 resolution. 

 

4.6.7. Proteomic data analysis 

The .raw files were searched using Andromeda embedded in MaxQuant (version 1.6.2.10) 

against the non-redundant human (UP000005640) or mouse (UP0000000589) databases 

from Uniprot (EMBL-EBI, April 2018 release). The peptides identified were based on full 
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tryptic digestion with allowed missed cleavages of 3 with minimum peptide length of 7 

residues. Fixed modifications were set for the TMT labels on both the N-terminal and 

lysine (229.163 Da) and variable modifications for methionine oxidation (15.995 Da) and 

N-term acetylation (42.010 Da). For label-free proteomic analysis, cysteine 

carbamidomethylation (57.021 Da) was used as a fixed modification instead. The unique 

+ razor peptides were used for quantification. The default settings in the software for other 

parameters were used.  

 

 The resulting data were imported in Perseus (version 1.6.0.7) for filtering and 

statistical analysis. Proteins that were identified only by site, potential contaminant, or 

reversed were removed. The raw intensities were transformed to log2 values and proteins 

with less than 3 out of 6 values in each TMT channel were removed. Missing values were 

imputed based on a normal distribution. Reporter ion values were normalized by 

subtracting rows by means and columns by median. Statistical analysis was performed 

using two-sample t-tests with FDR = 0.01 and s0 = 0.5. Data were exported and processed 

in Microsoft Excel to generate volcano and fold-change correlation plots. For label-free 

proteomic analysis of the 20-30 kDa region proteins, LFQs were log2-transformed. 

Proteins identified in 2 out of 3 replicates were considered. Missing Log2(LFQ) values 

were imputed, normalized to the internal standard, yeast ADH1, and mean values were 

calculated. Prenylated proteins were extracted from the list of proteins identified on the 

basis of the presence of CaaX-box, existing annotations or validated in previous studies. 
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4.6.8. Correlation analysis with published prenylation data 

Previously reported prenylation data were used for correlation analyses. PrePS scores were 

obtained from http://mendel.imp.ac.at/PrePS/index.html and were adjusted by adding 

seven to obtain positive values. The FlexPepBind farnesylation scores were obtained from 

the complete list of 8000 CaaX-box peptide substrates published and provided by Dr. Ora 

Schueler-Furman.329 The scores were adjusted by subtracting from three to obtain positive 

values. For both adjusted farnesylation scores, higher scores reflect greater propensity to 

farnesylation. The values for relative GGTase-I activity on peptide substrates were 

extracted from the thesis of Dr. Animesh V. Aditya from Purdue University. The percent 

prenylation on Rab protein substrates of RabGGTase  determined in vitro were obtained 

from published data.99 Kolmogorov-Smirnov (K-S) test was used to test for the normality 

of each variable. After assessing the normality of data, Spearman’s rank correlation test 

was used to measure the monotonic association between variables. Spearman’s rank 

correlation and regression analysis were performed on GraphPad Prism version 8.4.1. 

Graphs were formatted on Microsoft Excel.  
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Chapter 5: Thinking outside the CaaX-box: an unusual prenylation on ALDH9A1 

 

5.1.  Introduction 

Protein prenylation is an essential post-translational modification (PTM) required for 

certain proteins to properly localize in cellular membranes and for mediating protein-

protein interactions and protein trafficking.543 In this type of PTM, a farnesyl or 

geranylgeranyl group(s) is irreversibly appended through a thioether linkage on a cysteine 

residue near the C-terminus of a protein. There are currently four characterized 

prenyltransferases that catalyze such modifications. Farnesyltransferase (FTase) attaches a 

15-carbon farnesyl moiety from farnesyl diphosphate while geranylgeranyltransferase type 

1 (GGTase-I) links a 20-carbon long geranylgeranyl moiety from geranylgeranyl 

diphosphate onto their substrates.77 These substrates often bear a canonical CaaX-box 

prenylation sequence where C is the prenylated cysteine and a and X can be any amino 

acid. However, recent studies have shown that proteins terminating in CXXXX or CXX 

may potentially be substrates of prenylation.83,84 The third type of prenylation involves 

geranylgeranyltransferase type II (GGTase-II or RabGGTase) that usually appends two 

geranylgeranyl units of on dual cysteine motifs on proteins, particularly those that belong 

to the Rab family. These substrates are often recognized first by the rab escort protein 1 or 

2 (REP-1/2) and modified by GGTase-II at their C-terminal cysteines in their -CCXX, -

CXC, or -XXCC canonical sequences.328 Finally, the recently discovered GGTase-III 

appears to install a second isoprenoid geranylgeranyl moiety, in addition to a pre-

farnesylated protein substrate.108,383 
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Identifying prenylated proteins and the lipid-modified proteome in general has been 

an important subject of interest for more than a decade.14,18 Recent methods for high-

throughput analysis of these lipid-modified proteins takes advantage of chemical 

proteomics that allows for selective identification of these substrates via an enrichment 

strategy.353,360,366,368,373 In this scheme, a bio-orthogonal probe (usually containing an 

alkyne moiety) that mimics the native form of a small molecule substrate used for 

enzymatic protein modification is added to cells and is incorporated by the host machinery 

onto the PTM proteins. Alternatively, labeling of proteins can be achieved in vitro through 

the addition of the lipid probe and enzymes that catalyze the PTM.369 These labeled 

proteins in lysates are then subjected to click reaction with a modified biotin for selective 

enrichment and subsequent proteomic identification of PTM proteins. Chemical 

proteomics approaches to identify prenylated proteins have been developed for more than 

a decade, wherein a bio-orthogonal isoprenoid analogue is synthesized and used to tag and 

identify the prenylated proteins in a given cell line.18 The goal of defining the prenylome 

has been a challenge, reflected by the lesser number of proteins identified in prenylomic 

studies compared to the total number of prenylation substrates derived from predictions 

and annotations. Recently, two independent studies reported 80 prenylated proteins 

identified in a given cell line, which consists of known and novel prenylation 

substrates.366,368 One study employed a dual labeling strategy where a farnesyl and a 

geranylgeranyl probe analogue was used, while our group used C15AlkOPP as a single 

probe that labels all classes of prenylation substrates. Despite the differences in these 

approaches, a comparable number of proteins were identified with slightly varying 

identities, particularly in the novel prenylated proteins discovered. In many cell lines our 
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group has studied, one peculiar protein, ALDH9A1, has been consistently enriched. In this 

chapter, we describe our  discovery of ALDH9A1 as a potentially prenylated protein that 

has possible biological consequences in controlling this enzyme’s function. Through the 

use of tools in chemical and molecular biology, we characterized this potentially novel 

lipid modification and proposed a plausible mechanism in which this may occur in nature.  

 

5.2.  Research Objectives 

In this chapter, we describe our  discovery of ALDH9A1 as a potentially prenylated 

protein that has possible biological consequence in controlling this enzyme’s function. 

Through the use of tools in chemical and molecular biology, we characterized this 

potentially novel lipid modification and proposed a plausible mechanism in which this 

may occur in nature. 

 

5.3.  Results 

5.3.1. Chemical proteomic analysis of prenylated proteins identified ALDH9A1 

Recent advances in proteomic technologies have enabled high throughput profiling of pos-

translationally modified (PTM) proteins of interest. In particular, chemical proteomic 

approaches involve an enrichment strategy to identify a set of modified proteins such as 

the prenylated proteome. Along with other groups, we have conducted prenylomic 

profiling across multiple cell lines and showed that the scope of prenylated proteins varies 

to some extent in these various cell types (Fig. 5.1).368 COS-7  (Fig. 5.1A) displayed the 

largest number of proteins profiled including novel prenylated proteins bearing the 
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canonical CaaX-box motifs but were not previously identified in other prenylomic studies 

reported. We have found that the differential labeling of the prenylomes on these various 

cell lines may be attributed to the levels of expression of their prenyltransferases and 

cognate substrates or their ability for probe uptake.368 

 

 
Figure 5. 1. ALDH9A1 in consistently enriched in prenylomic analyses in various 
cell lines. 

A.) Volcano plots (FDR = 0.01, s0 = 0.5) of prenylomic analysis on various cell lines. 
ALDH9A1 is consistently enriched. B.) The complete protein sequence of the human 
ALDH9A1. Highlighted in yellow are the tryptic peptides identified in the prenylomic 
analyses. 
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Recent discoveries also suggest that the scope of the prenylome may be wider than 

the currently accepted paradigm since proteins terminating in the extended CXXXX or 

shorter CXX motifs can be potentially substrates of prenylation.83,84 In our prenylomic 

studies, none of these types of proteins appeared to be enriched. However, ALDH9A1, an 

aldehyde dehydrogenase enzyme, has been consistently enriched in a number of cell lines 

we studied including COS-7, HeLa, MDA-MB-231, and OPM2 (Fig. 5.1A). This enzyme 

does not bear a canonical prenylation motif but rather contains two adjacent cysteines 

(Cys288/Cys289) within its protein sequence, with Cys288 ascribed as a catalytic residue 

(Fig. 5.1B).583,584 We initially suspected that this protein may undergo proteolytic 

processing to reveal a nascent C-terminal Cys-Cys motif (Cys288 and Cys289) that could 

serve as a potential substrate for dual prenylation by RabGGTase. However, examining the 

peptides identified in our proteomic analysis revealed that residues downstream of 

Cys288/Cys289 are enriched, indicating that the intact full-length protein was isolated in 

our enrichment procedure. Therefore, labeling of ALDH9A1 with C15AlkOPP appears to 

deviate from the well-established rules for substrate recognition manifested by 

prenyltransferases. 

 

5.3.2. C15AlkOPP labels ALDH9A1 but unresponsive to prenyltransferase 

inhibitors 

In order to determine whether the C15AlkOPP probe indeed labels ALDH9A1 in our 

metabolic labeling experiments, the enzyme was overexpressed in COS-7 cells followed 
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by subsequent metabolic labeling. A plasmid expressing ALDH9A1 with a C-terminal GFP 

tag (ALDH9A1-GFP) was initially transfected in COS-7 cells followed by incubation with 

C15AlkOPP post-transfection. By placing the GFP tag in a C-terminal position 

downstream of ALDH9A1, it might have been possible to evaluate whether 

endoproteolytic cleavage to expose a C-terminal prenylation motif was occuring. However, 

this approach did not result in successful expression of the protein, perhaps owing to the 

fact that the C-terminal region of ALDH9A1 is important for it homotetramerization that 

is essential for its stability.583 Instead, an N-terminal-tagged version (GFP-ALDH9A1) was 

used followed by metabolic labeling with C15AlkOPP and the lysates were subjected to 

click reaction with TAMRA-N3. Importantly, that construct displayed an intense band near 

75 kDa (Fig. 5.2A, lane 4), indicating successful labeling of the intact protein. Since 

C15AlkOPP has the ability to label all three classes of prenylation substrates, it is not clear 

whether the ALDH9A1 is potentially farnesylated or geranylgeranylated. Our lab has 

previously demonstrated that the shorter isoprenoid analogue C10AlkOPP is a good 

substrate in labeling farnesylated proteins in vitro.333,585 On the other hand, the novel longer 

probe C20AlkOPP predominantly labels proteins near the 25 kDa region in lysates from 

HeLa where most geranylgeranylated proteins reside (data not shown). Treatment with 

C10AlkOPP does not result in effective labeling of ALDH9A1 (Fig. 5.2A, lane 5) while 

C20AlkOPP displays a diminished yet apparent labeling of GFP-ALDH9A1 (Fig. 5.2A, 

lane 6). This suggests that ALDH9A1 may be potentially geranylgeranylated. 

 

To further establish the identity of the prenyl group modifying ALDH9A1, the 

C15AlkOPP probe was competed with the native isoprenoids. Co-treatment with 1.5-fold 
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excess of FPP or GGPP with C15AlkOPP significantly but not completely abolished the 

labeling on ALDH9A1 (Fig. 5.2B, lanes 5 and 7). Under these conditions, complete 

inhibition of the labeling of known prenylated proteins is readily achieved as indicated by 

the abolished signal in the 25 kDa region. Treatment with excess FPP inhibits both 

farnesylation and geranylgeranylation since FPP is elongated to GGPP by the GGPP 

synthase.586 As both FPP and GGPP competition reduces its labeling, ALDH9A1 may 

indeed be geranylgeranylated. The prenyltransferases were also inhibited in cellulo by 

treating the transfected cells with known prenyltransferase inhibitors  (Fig. 5.2C). 

Treatment with the FTase inhibitor L-744,832 (FTI) or GGTase-I inhibitor GGTI-286 

(GGTI) did not significantly impact the labeling under concentrations previously reported 

to induce observable inhibition of intracellular prenylation.379,587  

 

The absence of a CaaX-box motif in the full length ALDH9A1 is indicative that it 

is not a substrate of FTase and GGTase-I. However, this enzyme contains two adjacent 

cysteines Cys288/Cys289 with Cys288 shown to be the catalytic residue for its aldehyde 

dehydrogenase function. As previously mentioned, dual prenylation on adjacent cysteine 

residues is common among Rab family of proteins that are substrates of RabGGTase, albeit 

only when they are near the C-terminus. Interestingly, a dual cysteine motif of Rab5b in 

Plasmodium falciparum was shown be prenylated although these prenylatable cysteines 

are 65 amino acids upstream from the C-terminus of this protein.365 We therefore examined 

the ability of known and novel RabGGTase inhibitors (RRGTI-1-3) in diminishing the 

C15AlkOPP-labeling on GFP-ALDH9A1. RGGTI-1 and RGGTI-2 were previously shown 

to be effective in inhibiting Rab geranylgeranylation at higher concentrations in HeLa cells 
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(IC50 = 358 µM and 297 µM, respectively).588,589 On the other hand, RGGTI-3 displayed 

ineffective RabGGTase inhibition in HeLa with IC50 = 850 µM.  Treatment with these 

 
Figure 5. 2. The C15AlkOPP probe labels ALDH9A1 in cells. 

A.) Labeling with isoprenoid probes with varying chain lengths in GFP-ALDH9A1 
transfected in COS-7 cells. B.) Inhibition of the C15AlkOPP labeling with 
prenyltransferase inhibitors (FTI and GGTI) and competition with the native 
isoprenoids (FPP and GGPP). The C15AlkOPP labeling appears to be resistant in any 
of these inhibition/competition assays. C.) Structures of the prenyltransferase inhibitors 
used to inhibit the observed labeling on ALDH9A1. D.) Inhibition of the observed 
prenyl labeling on ALDH9A1 using RabGGTase inhibitors (RGGTIs). No apparent 
decrease in labeling was observed. 
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RGGT inhibitors in GFP-ALDH9A1-transfected COS-7 cells did not reduce the observed 

C15AlkOPP-labeling of GFP-ALDH9A1 (Fig. 5.2D). Under this RGGTI concentration 

(250 µM), the prenylome labeling in the 25 kDa region is significantly diminished where 

most Rab prenylation substrates migrate. If indeed RabGGTase prenylates ALDH9A1, a 

diminished labeling should have been observed in the presence of these RGGTIs. 

Therefore, ALDH9A1 does not appear to be a substrate of RabGGTase or any of the known 

prenyltransferases.  

5.3.3. The key residues in ALDH9A1 function are involved in isoprenoid labeling 

The aldehyde dehydrogenase (ALDH) superfamily is a family of NAD+-dependent 

enzymes that catalyze the conversion of aldehydes to carboxylic acids with varying chain 

lengths.590–592 ALDH9A1 in higher eukaryotes, especially in humans, is a homotetrameric 

enzyme that mediates the NAD+-dependent oxidation of many aldehydes such as betaine 

aldehyde, the carnitine precursor 4-trimethylaminobuteraldehyde (TMABAL), the GABA 

precursor aminobutyraldehyde (ABAL).593–595 The general mechanism of catalysis for 

ALDH9A1 and for most of these ALDHs initially involves NAD+ co-factor binding that 

induces a conformational change resulting in activation of the thiol of a catalytic cysteine 

into a thiolate (Fig. 5.3A).591 In ALDH9A1, NAD+ binding in the coenzyme cavity is 

stabilized by many electrostatic interactions, which include the interaction between the 

pyrophosphate moiety of NAD+ that interacts with the residues Trp156, Ser233, and 

Thr236.584 The activated thiol then attacks the carbonyl of the aldehyde substrate, 

generating a thiohemiacetal intermediate stabilized by NH groups from the ALDH9A1 

peptide chain. A hydride transfer to NAD+ then follows, resulting in reduction of NAD+ to 



 233 

NADH and oxidation of the substrate to a thioester. This bound substrate then undergoes 

hydrolysis with the aid of a charged amino acid (usually Glu) to release the carboxylic acid 

 
Figure 5. 3. Essential amino acids in ALDH9A1 function influence prenyl 
labeling. 

A.) Mechanism of the ALDH9A1 activity. NAD+ binds to ALDH9A1 in the coenzyme 
cavity stabilized by many interacting residues including Ser233 and Thr236. The 
catalytic Cys288 is activated and attacks the carbonyl of the aldehyde substrate. A 
thiohemiacetal intermediate is formed and subsequently oxidized by NAD+ leaving a 
thioester bound substrate. A water molecule hydrolyzes the substrate assisted by an 
acidic amino acid (Glu). B.) Mutations on the residues essential to ALDH9A1 activity 
impacts the observed labeling. Labeling occurs on Cys288 and is affected by Cys289. 
Loss of the essential residues in the coenzyme cavity through double mutation Ser233A 
and Thr236A abolished labeling. C.) Fluorescent imaging of COS-7 cells transfected 
with wild-type or C288S/C289S mutant GFP-ALDH9A1. ALDH9A1 is distributed in 
the cytoplasm in both samples with observable puncta formation potentially resulted 
from aggregation. Hoechst, blue, nuclear stain; GFP, green, GFP-ALDH9A1; 
Endoplasmic reticulum (ER) tracker; red; ER. 
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product. The residue C288 is the known to be the catalytic cysteine in ALDH9A1 while an 

adjacent Cys289 has no currently known function in this enzyme. A related yeast enzyme 

ALDH4 also contains this dual cysteine motif Cys324/Cys325 with Cys324 being the 

catalytic residue. A recent study has shown Cys325 regulates the yeast enzyme’s function 

by forming a disulfide bond with Cys324, in order to promote an oxidative stress 

response.596 Similarly, the human ALDH1A1 exhibits the same disulfide bond formation 

between its active nucleophile Cys303 and the adjacent Cys302.596 

 

Based on the mechanism described above, we decided to dissect the role of some 

of the amino acids essential for ALDH9A1-mediated catalysis. Therefore, site-directed 

mutagenesis was performed on the aforementioned protein construct to introduce 

mutations in some of these key residues and the resulting constructs transfected into COS-

7 cells, followed by metabolic labeling with C15AlkOPP and click chemistry. Double 

mutation of the Cys288,Cys289 pair to serine residues (Cys288S,Cys289S, abbreviated 

SS) completely abolished labeling (Fig. 5.3B). Mutating the cysteine adjacent to the 

catalytic residue (C289S, CS) diminished the probe incorporation, whereas the mutating 

the catalytic cysteine only (C288S, SC) completely abrogated the signal. This suggests that 

probe labeling occurs on the catalytic Cys288 with Cys289 contributing in an indirect way. 

As a control experiment, metabolic labeling was also performed in cells transfected with 

GFP-ALDH1A1 bearing this dual cysteine motif (Cys302/Cys303) but no labeling was 

observed (data not shown). We also examined the potential participation of NAD+ in the 

course of probe incorporation. Mutating residues Ser233 and Thr236, key amino acids 

essential to NAD+ binding, into alanine also completely abolished the observed labeling. 
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Thus, these latter experiments suggest that NAD+ may be involved in this process of 

isoprenoid labeling of the catalytic Cys288 of ALDH9A1.  

 

Protein prenylation is often associated with membrane targeting of the modified 

substrates, with the prenyl moiety serving as an anchor.77 Among the many protein 

prenylation substrates, mouse ALDH3B2 and ALDH3B3 are examples of aldehyde 

dehydrogenase enzymes known to be prenylated, both possessing the C-terminal sequence 

CTLL.597 Although both are prenylated, they differ in their cellular localization—

ALDH3B3 localizes in the plasma membrane while ALDH3B2 resides in lipid droplets—

influenced by some key residues in their corresponding C-termini.597 We therefore assessed 

the localization of the transfected GFP- ALDH9A1 fusion protein employed above and 

compared it with the corresponding double C288S/C289S mutant using fluorescence 

microscopy (Fig. 5.3C). There were no observable differences in the localization of the 

wild-type versus mutant. The protein appeared to be distributed across the cytoplasm, 

although discrete puncta were present in both samples. This protein species also did not 

localize in the endoplasmic reticulum (ER) where clusters of proteins reside during protein 

synthesis. Therefore, these puncta maybe protein aggregates, which is a common 

phenomenon in protein overexpression in cells, particularly with proteins bearing a 

considerable number of cysteine residues (16 Cys in ALDH9A1).598 It is also possible that 

these puncta are lipid droplets, although the potential isoprenoid modification on 

ALDH9A1 may not necessarily influence this mechanism of localization. This hypothesis 

may be evaluated in future experiments. 
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5.3.4. In vitro assays do not support autoprenylation 

The experiments above provide evidence that the C15AlkOPP probe modifies ALDH9A1 

in cellulo most likely on its catalytic cysteine residue. In order to study this process in more 

detail, it was desirable to acquire a pure form of the enzyme and evaluate the isoprenoid 

probe labeling under varying conditions in vitro. Accordingly, a His-tagged form of 

ALDH9A1 was heterologously expressed in E. coli and purified to study the possible 

mechanism of prenylation in a cell-free system. 

 

The purified enzyme was first incubated with the three different prenyltransferases 

in the presence of C15AlkOPP under conditions suitable for in vitro prenylation (Fig. 

5.4A).99,333 It is important to note that the contrast in these gel images was adjusted for 

clearer visualization but these were actually weak signals compared to bona fide 

prenylation substrates. As expected, none of the prenyltransferases efficiently catalyzed 

C15AlkOPP-labeling of ALDH9A1 (Fig. 5.4A lanes 4, 6, and 8), consistent with the 

observed in cellulo results in Fig. 5.2B and 5.2D. However, it appears that the presence of 

NAD+ somehow increased the labeling (Fig. 5.4A lanes 5, 7, and 9), which was also 

apparent when the enzyme was incubated with the probe and NAD+ in the absence of any 

prenyltransferase (Fig. 5.4A lane 3). We then evaluated if probe labeling could be increased 

by treating with C15AlkOPP at higher probe concentrations in the presence of NAD+ (Fig. 

5.4B). Indeed, significant labeling was observed at high probe concentrations (500 µM) in 

the presence of NAD+ (Fig. 5.4B lane 7), which was not observed when NAD+ was absent 

(Fig. 5.4B lane 6). While this high probe concentration is not physiologically relevant 
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compared to the actual FPP and GGPP concentrations inside cells, the highly specific 

requirement for NAD+ and not NADH was noteworthy.  

 

Since probe labeling is achievable at high C15AlkOPP concentrations in the 

presence of NAD+, we then speculated that ALDH9A1 may possess an inherent 

prenyltransferase activity. In in vitro prenylation assays, DTT is commonly added in order 

 
Figure 5. 4. In vitro labeling with C15AlkOPP. 

A.) Incubation of His-ALDH9A1 with C15AlkOPP in the presence or absence of NAD+ 

and various prenyltransferases. The intensities of labeling are weak and only observable 
after adjusting the contrast. NAD+ appears to increase labeling on ALDH9A1. B.) 
Incubation of His-ALDH9A1 with increasing concentrations of C15AlkOPP. The 
observed labeling improves with concentration of C15AlkOPP and in the presence of 
NAD+. C.) Incubation of His-ALDH9A1 with C15AlkOPP in the presence of reagents 
essential for prenyltransferase activity. ALDH9A1 did not exhibit autoprenylation.  
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retain the prenylatable cysteines of substrates as free thiols. A Zn2+ cofactor is also required 

to polarize the prenylatable thiol for a more efficient isoprenoid modification. We therefore 

evaluated the probe labeling in the presence of either DTT (Fig. 5.4C lane 4) or Zn2+ (Fig. 

5.4C lane 5), or both (Fig. 5.4C lane 6). None of these additional components improved 

the C15AlkOPP labeling on ALDH9A1. In fact, they may have diminished the observed 

probe labeling. Therefore, ALDH9A1 may not proceed through an autoprenylation 

mechanism with C15AlkOPP under the conditions tested. 

 

Although the isoprenoid analogue C15AlkOPP was used in the in cellulo labeling 

experiments to show that ALDH9A1 can be prenylated, this probe may be metabolized 

into other known forms of isoprenoids inside cells. For example, FPP can be hydrolyzed 

into products including farnesol (FOH) and farnesyl phosphate (FP), which can serve as 

non-sterol regulators of the mevalonate pathway.599 Inhibition of the squalene synthesis 

 
Figure 5. 5. Isoprenoids with varying functional groups. 

A.) Conversion of farnesol (FOH) to farnesal (FCHO) and farnesoic acid (FCOOH) 
catalyzed by farnesol dehydrogenase and farnesal dehydrogenase, respectively. B.) 
Structures of alkyne-modified isoprenoid analogues with varying functional groups. 
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(downstream of FPP biosynthesis) also results in FPP hydrolysis to farnesol, leading to 

increased production of farnesoic acid in mouse liver.600 Farnesol is first converted to 

farnesal and subsequently to farnesoic acid by the NAD+-dependent enzymes farnesol and 

farnesal dehydrogenase, respectively (Fig. 5.5A).601 This conversion of farnesol to farnesal 

and farnesoic acid is not well-characterized in higher eukaryotes but better understood in 

lower-order organisms such as in insects owing to its role in juvenile hormone 

biosynthesis.602 However, extracts from mammalian tissues also exhibit juvenile hormone 

bioactivity and therefore these oxidized isoprenoid species may truly be present in higher 

eukaryotes.603  

 

Due to the possibility that C15AlkOPP may be metabolized into products described 

above, we synthesized versions of the alkyne-containing isoprenoid with varying 

functional groups (Fig. 5.5B). We also synthesized farnesal and farnesoic acid according 

to published methods reported in the literature.604 We evaluated these probes for their 

ability to inhibit the enzymatic activity of ALDH9A1, which could reflect their potential 

to modify the active site cysteine. In this assay, ALDH9A1 (1 µM) was incubated with the 

isoprenoid probe (100 µM) in a pyrophosphate buffer for one hour and the bona fide 

substrate TMABAL (1 mM) and NAD+ (1 mM) were added to initiate oxidation of 

TMABAL (Fig. 5.3A). The enzymatic activity was recorded as changes in the absorbance 

at 340 nm where the NADH product absorbs. The resulting kinetic profiles showed that 

FPP, farnesol (FOH) and farnesoic acid (FCOOH) did not affect the enzymatic activity but 

farnesal (FCHO) completely impaired the reaction (Fig. 5.6A). Analogues of the longer 

isoprenoid GGPP and geranylgeraniol (GGOH) also did not affect the enzymatic activity 
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of ALDH9A1 (Fig. 5.6B). We were not able to generate geranylgeranal (GGCHO) and 

geranylgeranoic acid (GGCOOH) although these latter metabolites may exist in vivo as 

they have been detected in rat liver homogenates.605  

 

We also compared the alkyne-modified versions of this isoprenoid with varying 

functional groups (Fig. 5.6C). The diphosphate C15AlkOPP did not inhibit ALDH9A1 

 
Figure 5. 6. Kinetic profiles of ALDH9A1 activity in the presence of isoprenoid 

analogues. 

A.) Kinetics of ALDH9A1 activity with TMABAL (1 mM) in the presence of NAD+ (1 
mM) and analogues of farnesol (FOH). Absorbances were recorded at 340 nm where 
the NADH product absorbs. B.) Kinetics of ALDH9A1 activity in the presence of 
geranylgeraniol (GGOH) or geranylgeranyl diphosphate (GGPP). C.) Kinetics of 
ALDH9A1 activity in the presence alkyne-modified isoprenoid analogues. D.) Dilution 
assays of ALDH9A1 initially incubated with potential inhibitors and diluted 10-fold 
with TMABAL and NAD+. E.) Kinetics of ALDH9A1 C289S mutant activity. 
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activity while both the alcohol C15AlkOH and aldehyde C15AlkCHO suppressed the 

enzymatic reaction. While the observed inhibition by C15AlkCHO is consistent with that 

observed with FCHO, the observed inhibition by C15AlkOH was unexpected since FOH 

did not result in diminished enzymatic activity (Fig. 5.6A). In order to determine whether 

these potential inhibitors are reversible and time-dependent inhibitors similar to 

diethylaminobenzaldehyde (DEAB), a known inhibitor of ALDH9A1,584 we performed a 

dilution assay. In this assay, the isoprenoid was incubated with ALDH9A1 for one hour 

and diluted 10-fold with the pyrophosphate buffer containing both TMABAL and NAD+ 

(ALDH9A1 and isoprenoid at 1 and 10 µM final concentrations, respectively). If the 

isoprenoid is a reversible, time-dependent inhibitor, a lag in the recovery of ALDH9A1 

activity should be observed in the first few minutes after dilution. In our dilution assays, 

however, inhibition by the isoprenoids did not exhibit significant lag (no reaction) in 

enzymatic activity but displayed slow recovery of the TMABAL conversion (Fig. 5.6D). 

This may suggest that these isoprenoids can reversibly inhibit ALDH9A1 in a time-

independent manner. 

 

As previously mentioned, an adjacent cysteine to the catalytic cysteine residue may 

play an important function in controlling the enzyme’s function such as in yeast ADLH4 

and human ALDH1A1.596 We therefore speculated that mutating Cys289 adjacent to the 

catalytic Cys288 in ALDH9A1 may impact the observed inhibition by the isoprenoids. We 

therefore expressed and purified ALDH9A1 with a C289S mutation (ALDH9A1 CS) and 

evaluated its response to isoprenoid inhibition. It appears that this mutation did not affect 

the observed inhibition in wild-type ALDH9A1 (Fig. 5.6E). However, we noticed that 
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ALDH9A1 CS displayed slightly improved activity compared with the wild-type, and 

therefore Cys289 may potentially play a role in preserving or impairing the ALHD9A1 

function. 

 

5.3.5. The isoprenoid modification is hydrolyzable 

Results from in vitro  assays with the alkyne-modified isoprenoid analogues varying in 

functional groups did not strongly support autoprenylation of ALDH9A1 under 

physiological isoprenoid concentrations. In order to test whether these analogues can be 

efficiently incorporated to ALDH9A1 inside the cells, we turned back into our metabolic 

labeling approach in COS-7 cells transfected with ALDH9A1. The C15AlkOH probe 

(FOH or GGOH analogue) displayed appreciable labeling with ALDH9A1 but slightly 

weaker compared to that observed with C15AlkOPP (Fig. 5.7A lane 3). A previous report 

of using this analogue in profiling prenylated proteins identified ALDH9A1 as one of the 

highly enriched prenylated proteins.360 Although both C15AlkOPP and C15AlkOH can 

label ALDH9A1, a more intense band is observed with C15AlkOPP. Thus, the isoprenoid 

modification on ALDH9A1 may be derived from the diphosphate analogue and that 

C15AlkOH may have been converted by host cell kinases to C15AlkOPP.347 We also 

evaluated the ability of the alkyne-modified analogue of farnesal (C15AlkCHO)  and the 

methyl ester C15AlkCOOMe in labeling ALDH9A1. We rationalized that C15AlkCOOMe 

can efficiently penetrate the plasma membrane and be hydrolyzed by cellular esterases to 

C15AlkCOOH, an analogue of FCOOH or GGCOOH. However, none of these analogues 

efficiently modified ALDH9A1 (Fig. 5.7A lanes 4 and 5). It is possible that these analogues 
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were bound to or reacted with serum proteins in the media and were not able to enter the 

cells. 

 

While our previous in vitro analyses showed that isoprenoids with different 

functional group did not directly modify ALDH9A1, it does not rule out the conversion of 

C15AlkOPP into this variety groups that could potentially result in a reversible 

modification on ALDH9A1 such as through a thioester or thiohemiacetal bond. We next 

investigated whether this observed modification can be hydrolyzed by hydroxylamine. 

Base hydrolysis is commonly employed to distinguish reversible modifications such as S-

palmitoylation on proteins since the thioester bond on palmitoylated cysteines is labile to 

hydroxylamine. Treatment with hydroxylamine in C15AlkOPP-labeled GFP-ALDH9A1-

expressing COS-7 cells completely abolished the isoprenoid labeling (Fig. 7B). Thus, 

C15AlkOPP-mediated labeling appears to involve a hydrolyzable modification on 

ALDH9A1 instead of a thioether linkage that is resistant to hydrolysis that typically occurs 

in farnesyl or geranylgeranyl protein modification.  

 

The observed hydrolyzable modification on ALDH9A1 suggests that the 

isoprenoid modification may possibly involve a thioester or a thiohemiacetal functionality 

on a cysteine residue. Hence, we attempted to obtain a mass spectrum of the peptide 

modified with the alkyne-functionalized probe. COS-7 cells expressing the GFP-

ALDH9A1 were treated with C15AlkOPP and the enzyme was immunoprecipitated using 

an anti-GFP resin. The immobilized protein was reduced, alkylated, and digested on-bead, 

generating tryptic peptides that were processed for LC-MS analysis. The reduced and 
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alkylated form of the peptide containing Cys288 and Cys289 was efficiently detected (Fig. 

5.7C), indicating that a significant fraction of ALDH9A1 exists with the free Cys288 and 

 
Figure 5. 7. Hydrolyzable modification on ALDH9A1 

A.) In-gel fluorescence analysis on lysates from COS-7 cells transfected with GFP-
ALDH9A1 and treated with various alkyne-modified isoprenoid analogues. B.) 
Hydrolysis of the observed labeling on C15AlkOPP-labeled GFP-ALDh9A1 using NH-
2OH. C.) Mass spectrum of reduced/alkylated active site peptide of ALDH9A1. D.) Mass 
spectrum of the C15Alk-thioester-modified Cys288 of the active site peptide of 
ALDH9A1. 
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Cys289 thiols. In addition, we also detected the C15Alk thioester-modified ALDH9A1 

with rather weaker signals (Fig. 5.7D). This MS data may suggest that the native 

isoprenoids may modify ALDH9A1 through a thioester bond. We therefore repeated the 

experiment in samples treated with FPP or GGPP instead. However, a mass spectrum for 

the thioester-modified Cys288 with the native farnesyl or geranylgeranyl isoprenoids could 

not be detected even after several attempts. If either farnesyl or geranylgeranyl truly 

modifies the active site through a thioester bond, obtaining their mass spectra is quite 

challenging owing to the sensitivity of thioester bonds to common proteomics sample 

processing, particularly in the reduction and alkylation step. Furthermore, the greasy 

modification from the isoprenoids on peptides commonly impacts their ionization 

efficiency in LC-MS analysis, thereby lowering the signal-to-noise ratio and complicating 

the detection of the lipid-modified peptide.112 

 

5.4.  Discussion 

Chemical proteomic technologies has been proven to be a robust tool to identify novel post-

translationally modified proteins. Here we report the discovery of ALDH9A1 initially 

identified through chemical proteomic profiling of prenylated proteins, followed by 

biochemical characterization of the isoprenoid modification on this enzyme. 

 

In defining the scope of the prenylated proteome (prenylome), an isoprenoid 

analogue bearing an alkyne moiety has been commonly used to metabolically tag or label 

proteins in vitro in order to define the set of prenylated proteins, depending on the goal of 

the study. This strategy has led to the identification of known and novel proteins, 
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particularly those that are implicated in diseases such as choroideremia, Alzheimer’s 

disease and parasitic and viral infections.360,363,366,368,369 With our efforts to expand the 

scope of prenylated proteins, we have used this approach to search for proteins terminating 

in CXXXX sequences, which were shown to be substrates of farnesylation in vitro and 

inside the cells.83 Despite their potential occurrence, we did not find any statistically 

enriched protein bearing such type of C-terminal sequence. Rather, in many of our 

prenylomic analysis in various cell lines, ALDH9A1 was consistently enriched, indicating 

that our isoprenoid probe modifies this enzyme. Overexpression of this enzyme in COS-7 

cells combined with metabolic labeling with our isoprenoid probe indeed confirmed that 

this enzyme is prenylated. But the how and why this process occurs are the questions we 

attempted to address in this study. 

 

We have shown through cellular and in vitro experiments that this observed 

isoprenoid modification on ALDH9A1 is not catalyzed by any of the known 

prenyltransferases. We initially suspected that this protein could be a substrate of 

RabGGTase owing to its dual cysteine motif in the center of its protein sequence. Rab5b 

in P. falciparum also contains this dual cysteine motif several amino acids upstream from 

its C-terminal and was shown to be labeled by C15AlkOH.365 Although this protein is a 

member of the Rab family, it was not clear whether RabGGTase catalyzes the observed 

prenyl modification. Moreover, our results showed that ALDH9A1 acquires the isoprenoid 

modification while it is intact, indicating that the prenyl group is attached to an internal 

cysteine residue that is not recognized by any known prenyltransferase. 
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The ALDH superfamily constitutes an important class of enzymes that play key 

roles in modulating oxidative/electrophilic stress inside cells.606 In fact, dysregulation in 

their expression and function has been implicated in a variety of cancers and inhibitors 

specific to these enzymes have been developed for cancer therapeutics.607 Similar to 

sorbitol and alcohol dehydrogenases, ALDHs have been known to possess reactive 

nucleophilic cysteines in their active sites that drive the conversion of toxic aldehyde 

species to innocuous carboxylic acid derivatives, or in deactivating reactive aldehyde and 

oxygen species.606,608 The recent developments in chemical proteomic strategies have 

allowed for profiling of proteins bearing reactive cysteines in which several ALDHs have 

been identified.609–611 In particular, ALDH9A1 has been consistently identified in these 

chemical proteomic studies, underscoring the high reactivity of its active Cys288 residue. 

Given this information, it is plausible that this enzyme can acquire modifications under 

physiological conditions, either enzymatically or non-enzymatically. 

 

Another salient characteristic of ALDH9A1 is the presence Cys289 adjacent to the 

nucleophilic Cys288. Other ALDHs also contain this dual (even triple) cysteine motif: 

ALDH2 (Cys318/Cys319*/Cys320), ALDH1A1 (Cys302/Cys303*), ALDH1A2 

(Cys319/Cys320*), ALDH1A3 (Cys313/Cys314*), and ALDH1B1 

(Cys318/Cys319*/Cys320), where * denotes the catalytic cysteine. Among these ALDHs, 

only ALDH9A1 was consistently enriched in our prenylomic analyses. Mutation of Cys289 

to Ser in ALDH9A1 caused an appreciable decrease in isoprenoid labeling, indicating that 

it may participate in the mechanism of prenylation of Cys288. Previous studies in 

ALDH1A1 have shown that Cys302 adjacent to the nucleophilic Cys303 may control its 



 248 

activity through disulfide bond formation and is potentially important for cellular response 

to oxidative stress.596 This does not seem to be the case for ALDH9A1 since its isoprenoid 

labeling and activity does not improve in the presence of reducing reagents such as DTT. 

Interestingly, the mutant ALDH9A1 (C289S) appears to retain stability better than the 

wild-type as observed in our in vitro assays (Fig. 6E). Cys289 may modulate the 

nucleophilicity of Cys288 in some as of yet undiscovered manner. 

 

ALDHs are classified as NAD(P)+-dependent enzymes that require this cofactor as 

hydride acceptors in the oxidation of their aldehyde substrates.612 These enzymes adopt a 

Rossman fold in their dinucleotide-binding domains that hosts the NAD(P)+ cofactor.613 In 

ALDH9A1, several essential residues that constitute to this coenzyme cavity interact and 

stabilize NAD+ binding including Ser233 and Thr236, which form contacts with the 

pyrophosphate portion of NAD+.583,584 Mutations of these two essential residues into Ala 

resulted in loss of isoprenoid labeling in cellulo, suggesting NAD+ may be involved in the 

mechanism of attaching the isoprenoid onto Cys288. Furthermore, our in vitro assays show 

that incubation of ALDH9A1 with the probe and NAD+ exhibits labeling dependent on the 

probe concentration. Therefore, there must be a mechanism that requires NAD+ for 

isoprenoid modification on ALDH9A1.  

 

In cellulo, both C15AlkOPP and C15AlkOH can confer labeling on ALDH9A1 but 

not C15AlkCHO or C15AlkCOOMe, albeit the observed modification is hydrolyzable. Our 

attempts to identify the modified peptide using mass spectrometry provided evidence of 

isoprenoid modification through a thioester bond. However, we only observed this with the 
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probe but not with the native farnesyl nor geranylgeranyl diphosphate. If modification with 

either of these prenyl moieties truly occurs, their detection is particularly challenging 

owing to the inherent recalcitrant behavior of lipidated peptides in mass spectrometry.  

 

Taking our data together, we propose the following model for how the prenyl 

modification can plausibly occur on ALDH9A1 (Fig. 5.8). The prenyl group from the 

isoprenoid diphosphate is appended to the reactive Cys288 via an unknown mechanism 

that results in a thioether linkage. This bond formation may be promoted by other cofactors 

or residues within ALDH9A1 that catalyze such a process. A one-electron oxidation then 

occurs wirth NAD+ accepting a hydride from the prenyl group, leaving a thiohemiacetal 

species. A second oxidation catalyzed by NAD+ then proceeds resulting in a thioester bond. 

The neighboring Cys289 may be involved in this process by forming an intermediate bond 

formation with the activated carbon or through enhancing the nucleophilicity of Cys288. 

 

Our proposed mechanism may not accurately describe the actual isoprenoid 

labeling observed on ALDH9A1. If prenylation truly occurs in nature, the reversibility of 

the isoprenoid modification due to thioester formation may provide clues into the potential 

regulation of ALDH9A1 activity. Studies of the crystal structures of ALDH9A1 suggest 

that there could be a control mechanism that exists in order to regulate this enzyme’s 
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function.583 ALDH9A1 is involved in the hepatic biosynthesis of L-carnitine, an essential 

cofactor for the transfer of fatty acids to mitochondria for fatty acid oxidation.614 Under 

conditions where the pool of isoprenoids is depleted, this modification of ALDH9A1 

should be reduced and potentially increase L-carnitine production. However, studies have 

shown that treatment with statins—an inhibitor of isoprenoid biosynthesis—induces 

adverse effects through mitochondrial dysfunction in diabetes, which can be rescued by the 

addition of L-carnitine.615 This implies that statin treatment may actually decrease L-

carnitine biosynthesis, or perhaps induces the observed pleiotropic effects via mechanisms 

irrelevant to L-carnitine biosynthesis. Additional evidence concerning the actual identity 

of the isoprenoid or isoprenoid-derived modification is much needed to fully characterize 

this unusual modification and dissect the molecular mechanisms via which this process 

occurs. Delineating the biological consequence of this modification on ALDH9A1 activity 

could also expand our current knowledge of enzymatic activity regulation. While many of 

these questions remain unanswered, this work nonetheless describes a potential reversible 

isoprenoid or isoprenoid-derived modification on ALDH9A1 that may regulate its 

function. 

 

 
Figure 5. 8. Proposed mechanism for the observed isoprenoid modification on 
ALDH9A1. 

The prenyl moiety is appended to the catalytic residue Cys288 via thioether bond 
through an unestablished mechanism. NAD+ abstracts a hydride to oxidize the thioether 
into a thiohemiacetal. Another round of hydride transfer then results in a thioester 
modification on ALDH9A1. 
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5.5.  Conclusion 

In this work, we described the potential isoprenoid modification on ALDH9A1 discovered 

through chemical proteomics. Through the use of tools from chemical and molecular 

biology, we demonstrated that this isoprenoid or isoprenoid-like labeling on ALDH9A1 is 

robust but reversible. Characterizing through the use of isoprenoids bearing different 

functional groups in in vitro assays did not provide substantial evidence as to how this 

unusual modification occurs in nature. This potentially new type of isoprenoid 

modification opens new doors into the chemistry of lipid modifications on proteins, 

particularly in modifying the catalytic residue of an enzyme that may have functional roles 

in regulating its activity. The experiments described here set the stage for future work 

aimed in understanding this unusual post-translational modification on a protein. More 

evidence on characterizing this novel protein modification is therefore anticipated. 

 

5.6.  Methods 

5.6.1. General Reagents 

COS-7 and HeLa cells were generously provided by Dr. Elizabeth Wattenberg at the 

University of Minnesota, USA. The FTI L-744,832 was purchased from Merck and GGTI-

286 from CalBiochem. The RabGGTase inhibitors 1, 2, and 3 were generously provided 

by Dr. Katarzyna Blazewska at Lodz Univeristy of Technology, Poland.588,589 

5.6.2. Plasmid preparation 
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A plasmid expressing human ALDH9A1 was purchased from Genecopoeia. The 

ALDH9A1 gene was inserted in a vector (EX-Z3075-M29) to contain an N-terminal GFP 

tag controlled by the CMV promoter. Plasmids were transformed in 100 µL of competent 

DH5α E. coli (New England Biolabs) following the manufacturer’s protocol. Transformed 

bacteria were plated in Luria broth (LB) agar plates containing ampicillin and colonies 

were isolated for bacterial cultures in 50 mL LB media. Cultures were grown overnight at 

37 oC and bacteria were pelleted by centrifugation at 6000 x g for 20 mins at 4 oC. The 

bacterial pellets were suspended in sterile water and plasmids were extracted using 

PureYieldTM Plasmid Miniprep System (Promega) following the manufacturer’s protocol. 

Plasmid concentrations were determined by taking the absorbance at 260 and 280 nm using 

NanoPhotometer P330 (IMPLEN) and using the equation: concentration (µg/mL) = (A260 

– A320) x dilution factor x 50 µg/mL. Only good quality plasmids (A260/A280 ~ 1.7 to 1.8) 

were used for transfection. 

 

5.6.3. Transfection, in-gel fluorescence and cellular imaging 

COS-7 cells were grown in 100-mm culture plates under DMEM media (Gibco) 

supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin-streptomycin 

(Gibco). Cells were passaged before reaching 80% confluency and repeated at least three 

times prior to transfection. A day before transfection, cells (1.6 x 106) were seeded and 

grown overnight until 90% confluency is achieved. The media was removed and replaced 

with 10 mL of Opti-MEMTM Reduced Serum Media (Thermo Fisher Scientific). Plasmids 

(15 µg) and 50 µL of Endofectin Max (Genecopoeia) were each diluted to 750 µL with 
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Opti-MEMTM in separate tubes. The solutions were combined and added to the cells 

dropwise. After 8 hours post-transfection, 10 µM of C15AlkOPP, isoprenoid analogues, 

and inhibitors (when indicated) were added and allowed to incubate for 16 more hours. 

Cells were washed and collected by scraping and subjected to lysis in 1X PBS + 1% SDS 

as described in our previously reported protocol.358 Protein concentrations were determined 

using BCA assay (Thermo Scientific). 

 

For in-gel fluorescence analysis, 100 µg proteins were used for click reaction with 

25 µM TAMRA-N3, 1 mM TCEP, 0.1 mM TBTA, and 1 mM CuSO4. Labeled proteins 

were resolved in a 12% SDS-PAGE gel. TAMRA fluorescence (542/568 nm 

excitation/emission) was detected using Typhoon FLA 9500 (GE Healthcare). Gels were 

stained with Coomassie blue and destained. For western blot analysis, proteins in gels were 

transferred to a PVDF membrane using Mini Trans-Blot® Electrophoretic Transfer Cell 

(Bio-Rad) and blocked with 5% milk. Membranes were incubated with mouse anti-GFP 

(ABclonal) overnight followed by incubation with a secondary goat HRP-conjugated anti-

mouse (ABclonal) and treated with ClarityTM ECL (Bio-Rad). Chemiluminescence was 

detected using iBright (Thermo Fisher). Gel images were processed on ImageJ. 

 

For fluorescence cellular imaging, cells (500,000) were seeded in 35-mm glass-

bottomed dish (Ibidi USA) and grown overnight until 90% confluency. The DMEM media 

was replaced with 2 mL of Opti-MEMTM. DNA plasmids (2.5 ng in 125 µL Opti-MEMTM) 

and Endofectin (7.5 µL diluted to 125 µL with Opti-MEMTM) were mixed and added 

dropwise to the cells. After 24 hrs, media was removed and cells were washed with cold 
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1X PBS (2 mL) twice, followed by staining with Hoechst 33342 (Thermo Scientific) and 

ER-TrackerTM Red (Invitrogen) following the manufacturers’ protocols. Cells were washed 

twice with PBS and visualized under using FluoView FV1000IX2 Inverted Confocal 

Microscope (Olympus) with a 60X objective. The .oib files were imported in Fiji and 

formatted. 

5.6.4. Site-directed mutagenesis 

Human ALDH9A1 mutants were generated from template plasmid (EX-Z3075-M29) 

described above using QuickChange XL II Site-Directed Mutagenesis Kit (Agilent). 

Primers were designed with the corresponding mutations as prescribed by the 

QuickChange Primer Design tool 

(https://www.agilent.com/store/primerDesignProgram.jsp) with minor alterations at the 3’ 

end and the oligos were purchased from Integrated DNA Technologies. In brief, the 

template plasmid (50 ng) was incubated with the forward (125 ng) and reverse (125 ng) 

primers, dNTP mix, and PfuTurbo DNA Polymerase (2.5 U). PCR mutagenesis was carried 

out in Arktik Thermal Cycler (Thermo Scientific) under the following thermal program: 

Initial denaturation (95 oC, 1 min); 18 cycles of denaturation (95 oC, 50 s), annealing (60 

oC, 50 s), and extension (68 oC, 8 mins); final extension (68 oC, 7 mins). Template plasmid 

was digested with DpnI and 5 µL of the mutagenesis reaction was transformed in XL10-

Gold® Ultracompetent Cells (Agilent) and selected in amplicillin-containing LB-agar 

plates. Colonies were isolated, cultured and extracted with plasmids using PureYieldTM 

Plasmid Miniprep System. Successful mutations were verified via  Sanger-type DNA 

sequencing performed by the University of Minnesota Genomics Center. Purified plasmids 

https://www.agilent.com/store/primerDesignProgram.jsp
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were transformed in DH5α E. coli, cloned, purified, and assayed for concentration using a 

nanodrop.  

 

5.6.5. Protein expression and purification 

Human ALDH9A1 with N-terminal His tag was generously provided by Dr. David 

Kopecny from Palacký University, Czech Republic. The hALDH9A1 gene was inserted in 

pETDuet under T7 promoter and transformed in RosettaTM(DE3) competent E. coli cells 

(Novagen) following the manufacturer’s protocol. Bacterial colonies containing the 

plasmids resistant to ampicillin and chloramphenicol were grown in 20 mL LB media with 

1% glucose overnight at 37 oC with shaking at 220 rpm. Bacteria were pelleted by 

centrifugation at 4000 x g at 4 oC for 5 mins and pellets were resuspended in 1 L LB media 

containing antibiotics.  Bacteria were allowed to grow until OD600 reached ~0.7 and 

induction was carried out by adding 0.15 mM IPTG at 4 oC followed by incubation 

overnight at 20 oC with shaking. Bacteria were pelleted and resuspended in 50 mL lysis 

buffer: 50 mL Tris-HCl pH 7.5, two tables of cOmpleteTM EDTA-free protease inhibitor 

(Roche), 1 mM DNAse-I, 10% glycerol, 1 mM DTT, and 30 mM imidazole. Cells were 

lysed by sonication for 10 s with 10 s intervals for a total of 10 mins followed by 

centrifugation at 15000 x g for 30 mins at 4 oC. The lysate was loaded in pre-washed Ni-

NTA agarose column (Qiagen) followed by washing with 600 mL of the wash buffer: Tris-

HCl pH 7.5, 10% glycerol, 1 mM DTT, and 30 mM imidazole. Bound His-ALDH9A1 was 

eluted with Tris-HCl pH 7.5, 10% glycerol, 1 mM DTT, and 250 mM imidazole in 5 mL 

fractions and samples containing the pure protein were pooled. The protein solution was 
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concentrated through buffer exchange with Tris-HCl pH 7.5, 10% glycerol, 1 mM DTT 

using Amicon spin filters with 30 kDa cut-off (Millipore). The glycerol concentration was 

adjusted to 30% and protein purity was assessed using SDS-PAGE and concentration was 

determined using Bradford assay. The pure His-ALDH9A1 was stored at -80 oC.   

 

5.6.7. Kinetic assays 

The purified His-ALDH9A1 was used in kinetic assays to evaluate ALDH9A1 activity in 

the presence of isoprenoid analogues. ALDH9A1 (1 µM) was incubated with isoprenoid 

analogues (100 µM) in 100 mM sodium pyrophosphate pH 8.0 for 1 hr at 4 oC. TMABAL 

and NAD+ (both 1 mM final concentration) were added to initiate the reaction. These 

assays monitored the NADH production (340 nm) upon conversion from NAD+ in a plate 

reader (GMI). Dilution assays were performed with ALDH9A1 (10 µM) and isoprenoid 

probes (100 µM) incubated in a 20 µL pyrophosphate buffer for 1 hr at 4 oC. TMABAL (1 

mM final) and NAD+ (1 mM final) in pyrophosphate buffer (180 uL) was added to initiate 

the reaction and the absorbance was monitored over time. Data were exported and replotted 

in MS Excel.  

 

5.6.8. Mapping of the modification site 

Expressed GFP-ALDH9A1 were enriched using anti-GFP beads following the 

manufacturer’s protocol for GFP-Trap (Chromotek). Briefly, COS-7 cells (~1 x 106) 

transfected with GFP-ALDH9A1 and treated with C15AlkOPP, FPP or GGPP were lysed 
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in lysis buffer (10 mM Tris-HCl pH 7.5, 10 mM NaCl, 0.5 mM EDTA, 0.5% NonidetTM 

P40 Subsitute (Sigma-Aldrich)) by pipetting in and out in syringe on ice. The lysates were 

separated from debris after centrifugation (20,000 x g at 4 oC for 15 mins). Pre-washed 

GFP-Trap beads (25 uL) were added to the lysates and incubated for 1 hr at 4 oC with head-

to-tail mixing. The beads were then washed with the wash buffer (10 mM Tris-HCl pH 7.5, 

10 mM NaCl, 0.5 mM EDTA) and the immobilized protein was reduced and digested in 

50 mM Tris-HCl pH 7.5 containing 2 M urea, 10 ug/mL sequencing grade trypsin 

(Promega), 20 ug/ mL chymotrypsin (Promega), 1 mM CaCl2, and 0.5 mM TCEP for 30 

mins at 32 oC. The supernatant was collected using spin trap (Pierce) and the beads were 

suspended in 50 mM Tris-HCl pH 67.5 containing 2 M urea and 5 mM iodoacetamide. The 

eluate was collected and pooled with the first eluate. Samples were dried lyophilization 

and redissolved in 2% acetonitrile in water with 0.1% formic acid. The peptides were 

cleaned up using STAGE tips following standard protocols. The recovered peptides were 

dried and redissolved in 0.1% formic acid in water.  

 

The samples were resolved in a reversed-phase column and analyzed in Orbitrap 

Lumos. Separation was performed in 5-30% of 0.1% formic acid in acetonitrile for 140 

mins. A targeted database determined using Skyline was used corresponding to the m/z of 

the active site peptide resulting from tryptic and chymotryptic digestion with maximum of 

3 missed cleavages. MS1 scans were collected at 60,000 resolution over 320-2000 m/z 

range with AGC target of 500,000 and max IT of 50 ms. Dynamic exclusion was allowed 

for 90 s. HCD fragmentation was performed at NCE of 42% with 1.5 m/z isolation window, 

AGC of 50,000, and max IT of 200 ms. The .raw files were analyzed in pFind to search for 
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the following modifications on cysteine reisude: Carabamidomethylation (C2H3NO, 

57.0215), C15Alk (C18H26O, 258.1984 Da), C15Alk-ester (C18H24O2, 272.1776 Da), 

C15Alk-thiohemiacetal (C18H26O2, 274.1933 Da), farnesyl (C15H24, 204.1878 Da), farnesyl 

ester (C15H22O, 218.1671 Da), farnesyl thiohemiacetal (C15H24O, 220.1827 Da), 

geranylgeranyl (C20H32, 272.2504 Da), geranylgeranyl ester (C20H30O, 286.2297 Da), and 

geranylgeranyl thiohemiacetal (C20H32O, 288.2453 Da). Other dynamic modifications 

include methionine oxidation (16.0000 Da) and arginine and glutamine deamidation 

(0.9840 Da). Matching spectra were exported and formatted in Adobe Illustrator v. 24.2.1. 
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Appendix 

 
Table A. 1. List of prenylated proteins identified from COS-7 cells. 

Proteins are categorized into substrates of FTase (red), GGTase-I (blue), and RabGGTase 
(green). 
 

-
LOG(P
-value) 

Log2(fol
d 

change) 
Majority protein IDs Gene names Peptide

s 

Sequenc
e 

coverag
e [%] 

Mol. 
weigh

t 
[kDa] 

2.96 1.60 G3V3G9;Q5TAQ9 DCAF8 2 2.7 84.8 
4.25 4.16 O15498 YKT6 10 61.1 22.4 
4.11 4.70 O60884 DNAJA2 11 26 45.7 
3.18 2.27 O75781 PALM 9 25.6 42.1 
5.31 4.73 P01111 NRAS 6 44.4 21.2 
3.22 5.84 P01116 KRAS 5 37 21.7 
4.44 4.09 P20700 LMNB1 34 48.6 66.4 
3.63 3.69 P31689 DNAJA1 10 34.8 44.9 
3.68 3.74 P40855 PEX19 4 13.4 32.8 
2.17 1.54 P49454 CENPF 10 3.2 367.8 
4.12 5.29 P55209 NAP1L1 7 21.2 45.4 
4.65 4.47 Q03252 LMNB2 28 40.5 69.9 
3.97 2.92 Q12974;Q93096 PTP4A2;PTP4A1 4 22.8 19.1 
3.45 3.68 Q14642 INPP5A 2 3.9 47.8 
3.13 6.91 Q15382 RHEB 6 33.2 20.5 

3.75 2.22 Q16644;P49137 
MAPKAPK3;MAPKAP
K2 3 8.4 43.0 

2.73 1.00 Q27J81 INF2 2 1.7 135.6 
4.31 4.77 Q5VW32 BROX 9 21.7 46.5 
2.81 2.23 Q6P2H3 CEP85 3 4.7 85.6 
4.17 1.96 Q7Z2W4 ZC3HAV1 1 1 101.4 
2.90 2.31 Q8NDI1 EHBP1 4 3.2 140.0 
3.44 3.67 Q99733 NAP1L4 8 21.6 42.8 
2.87 0.89 P02545 LMNA 23 39.2 74.1 
1.65 1.61 A0A024R161;P50151 hCG_1994888;GNG10 1 9.8 16.5 

2.71 4.43 
A0A0J9YXB3;A6NI
Z1   6 36.4 18.9 

3.53 4.05 O14807 MRAS 3 16.8 23.8 
2.61 1.76 O95164 UBL3 2 17.9 13.2 
3.72 3.26 P09543 CNP 14 25.9 47.6 
3.46 4.47 P10301 RRAS 7 39.4 23.5 
3.93 3.94 P11233 RALA 5 35.9 23.6 
3.22 2.05 P11234 RALB 5 34 23.4 
1.84 1.42 P32456;P32455 GBP2;GBP1 1 2 67.2 
3.77 6.89 P60953 CDC42 3 16.8 21.3 
3.43 6.90 P61224 RAP1B 6 32.6 20.8 
3.50 4.38 P61225 RAP2B 6 39.3 20.5 
4.49 6.42 P61586;P08134 RHOA;RHOC 4 19.2 21.8 
5.37 4.50 P62745;U3KQV3 RHOB 2 12.8 22.1 
2.92 4.67 P62834 RAP1A 6 32.6 21.0 
3.65 6.60 P63000;P15153 RAC1;RAC2 6 27.1 21.5 
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3.51 4.33 P63218 GNG5 5 42.6 7.3 
4.50 2.77 P84095 RHOG 6 36.6 21.3 
4.19 4.10 Q9UBI6 GNG12 3 47.2 8.0 
3.74 4.07 Q9Y3L5 RAP2C 4 31.1 20.7 
4.21 2.77 O95716 RAB3D 3 12.8 24.3 
4.83 5.86 P20338 RAB4A 2 11.5 24.4 
3.53 5.25 P20339 RAB5A 9 54 23.7 
4.02 5.42 P20340 RAB6A 7 37 23.6 
3.89 3.58 P51148;K7ERQ8 RAB5C 9 58.8 23.5 
4.11 3.54 P51149 RAB7A 12 59.4 23.5 
3.04 6.62 P51151;Q9NP90 RAB9A;RAB9B 4 23.4 22.8 
4.54 4.86 P51153 RAB13 6 30.5 22.8 
3.91 3.06 P51157 RAB28 4 20.4 24.8 
4.09 3.83 P61006 RAB8A 12 50.7 23.7 
5.22 3.20 P61018 RAB4B 3 19.2 23.6 
4.16 3.28 P61019 RAB2A 11 58.5 23.5 
4.45 4.73 P61020 RAB5B 8 53.5 23.7 
4.42 4.84 P61026 RAB10 11 53 22.5 
4.70 4.56 P61106 RAB14 12 70.2 23.9 
5.00 2.82 P62491 RAB11A 11 59.7 24.4 
4.61 3.33 P62820 RAB1A 13 65.4 22.7 
3.87 4.59 Q13636 RAB31 3 16.5 21.6 
3.20 1.92 Q13637 RAB32 6 32 25.0 
4.07 3.37 Q15286 RAB35 7 31.3 23.0 
6.62 4.60 Q15907 RAB11B 11 51.8 24.5 
4.44 4.30 Q92930 RAB8B 8 39.6 23.6 
1.69 3.60 Q969Q5 RAB24 1 4.4 23.1 
3.77 2.80 Q9BZG1 RAB34 4 20.1 29.0 
2.27 0.94 Q9H082 RAB33B 2 11.8 25.7 
2.37 0.91 Q9H0N0 RAB6C 2 13 28.4 
4.53 3.84 Q9H0U4;Q92928 RAB1B;RAB1C 11 56.2 22.2 
4.70 4.40 Q9NP72 RAB18 10 48.1 23.0 
2.15 2.05 Q9NRW1 RAB6B 6 32.2 23.5 
4.52 4.03 Q9UL25 RAB21 5 20.4 24.3 
3.19 1.78 Q9UL26 RAB22A 4 25.8 21.9 
4.23 2.83 Q9ULC3 RAB23 3 16 26.7 
4.07 2.25 O75475 PSIP1 4 7.7 60.1 
3.91 3.46 Q53S48;Q9Y6Q2 ALF;STON1 2 2.1 132.1 
1.86 2.17 Q7L7V1 DHX32 1 1.1 84.4 
0.99 1.65 P62070 RRAS2 6 33.3 23.4 
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