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Palmitoylation refers to the post-translational attachment of a 16-carbon fatty acid to 

proteins via a thioester bond at cysteine residues. To date, several hundred palmitoyl 

proteins have been identified in cells, including many proteins active in the 

pathogenesis of disease. DHHC palmitoyltransferases are integral membrane proteins 

that catalyze the addition of palmitate to intracellular substrate proteins. Little is 

known about the structure of DHHC proteins and how conserved elements contribute 

to the catalytic mechanism of these enzymes. No crystal structure of a DHHC protein 

has been reported, and the sequence of the DHHC protein catalytic domain contains 

no predicted secondary structural elements. This work focuses on understanding the 

palmitoylation, structure, and function of the catalytic cysteine rich domain (DHHC-

CRD) of DHHC3. 

DHHC proteins employ a two-step catalytic mechanism in which the enzyme first 

modifies itself with palmitate and subsequently transfers that palmitate to a substrate 

protein. Mutation of the cysteine in the DHHC motif to serine (DHHS) blocks 

autoacylation and transfer activity in vitro, suggesting that the DHHC cysteine is the 

lone site of palmitoylation in the autoacylated intermediate. I developed a custom 

mass spectrometry method that directly identified two novel palmitoylation sites in the 



 

 iv 

catalytic DHHC-CRD of DHHC3. A subsequent indirect mass spectrometry analysis 

identified additional palmitoylation sites in this domain. Mutation of identified 

palmitoylation sites and other conserved cysteines in DHHC3 dramatically reduced 

enzyme activity and altered the tertiary structure of the DHHC-CRD. These 

biochemical characteristics were shown to be the result of destabilized zinc binding in 

the DHHC-CRD. The removal of palmitate resulted in no dose dependent impact on 

the activity or structure of DHHC3 as revealed by limited proteolysis assays. As the 

cysteines mutated in this study are highly conserved, and have been associated with 

similar biochemical characteristics when mutated in other DHHC proteins, I propose 

that zinc binding is a conserved structural feature of the catalytic domain of DHHC 

proteins. 
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CHAPTER 1 
OVERVIEW: MECHANISTIC STUDIES OF PROTEIN PALMITOYLATION 

Introduction 

Protein palmitoylation was discovered almost 40 years ago by metabolically labeling 

virally infected cells with [3H]palmitate. Palmitate is now recognized as a pervasive 

modification conjugated to hundreds of proteins in a variety of cell types. Like other 

post-translational lipid modifications, the addition of palmitate increases the 

hydrophobic character of cytoplasmic proteins, enhancing their affinity for the 

membrane. Palmitate also modifies several integral membrane proteins, affecting their 

stability, trafficking, activity and interaction partners. In many cases, palmitoylation 

serves as a reversible modification, allowing it to dynamically regulate proteins 

through an on-off cycle. 

 

The discovery of protein palmitoyltransferases in 2002 initiated research into the 

mechanisms that regulate the enzymatic addition of palmitate to proteins. As all 

currently known palmitoyltransferases contain a conserved 50 residue domain located 

on the cytoplasmic face of the membrane that includes a signature Asp-His-His-Cys 

(DHHC) motif, many mutagenic analyses of this domain have been performed to shed 

light on the structure, regulation and catalytic mechanism of these enzymes. The 

following chapter reviews studies that have explored the structure, mechanism and 

physiological roles of DHHC proteins.   
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Discovery of protein palmitoylation  

The covalent attachment of palmitate to proteins was discovered in 1977 when Dr. 

Milton Schlesinger’s lab discovered that [3H]palmitate applied to virally infected cells 

would be later found in the protein fraction of disrupted sinbis virus and vesicular 

stomatitis virus particles(1). SDS-PAGE and proteolysis were unable to release the 

radioactive signal from the protein, suggesting that it was covalently bound(2,3). In 

1985, multiple groups reported this covalent bond was sensitive to hydroxylamine 

(HA), indicating that radiolabeled signal was produced by palmitate conjugated to 

cysteine residues via a thioester bond(4,5). 

The transferrin receptor, p60 Src and p21Ras were among the first identified cellular 

palmitoyl-proteins(6-8). At the time, p21Ras was well characterized as a GTPase 

frequently mutated in a variety of cancers. Ras signaling activates growth, 

proliferation and anti-apoptosis pathways that cause cells to proliferate in an 

unregulated manner when overstimulated. Mutations that cause a loss of GTP 

hydrolysis in p21Ras result in constitutively active signaling, driving unregulated 

growth and proliferation in a variety of cell types. Mutagenic analyses revealed that 

the hypervariable domains of the H-Ras and N-Ras isoforms of p21Ras were 

isoprenylated at the cysteine of a conserved C-terminal cys-aliphatic-aliphatic-X 

(CAAX) amino acid sequence and palmitoylated at nearby upstream cysteines(9). 

Mutation of palmitoylation sites in both H-Ras and N-Ras reduced the membrane 

affinity and transforming potential of both proteins. In 2005 Rocks and colleagues 

added to this finding by showing that both the addition and subsequent removal of 

palmitate were required to support the localization and activity of H- and N-Ras. This 

study showed that H- and N-Ras shuttle back and forth between the Golgi and the 

plasma membrane, driven by a dynamic cycle of palmitoylation and depalmitoylation. 
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When either the addition or removal of palmitate was blocked, H- and N-Ras 

distributed non-specifically to endomembranes across the cell and displayed reduced 

signaling activity(10). This finding further supported the importance of continuous 

enzymatic palmitoylation to these oncogenic proteins. The discovery that 

palmitoylation is required for efficient Ras signaling spurred a significant interest in 

identifying palmitoyltransferases in the hopes that they might be effectively targeted to 

treat Ras signaling-dependent cancers. 

 
Discovery of DHHC palmitoyltransferases 

Palmitoylation-dependent Ras signaling and localization was utilized to identify the 

first palmitoyltransferase through a mutagenic screen performed in yeast. 

Saccharomyces cerevisiae expresses two Ras proteins: Ras1 and Ras2. The combined 

deletion of both Ras alleles results in synthetic lethality. Additionally, a strain in 

which one Ras allele is deleted and the remaining Ras allele is unable to interact with 

the membrane is also non-viable. Dr. Robert Deschenes and coworkers generated a 

yeast strain that was dependent on Ras palmitoylation by knocking out the endogenous 

copy of Ras1 and modifying the genomic sequence of RAS2. The modified RAS2 

allele was unable to be prenylated due to mutation of the cysteine in the CAAX box. 

Further, this mutant form of Ras2 was fused to an ectopic polybasic domain at the C-

terminus. This polybasic domain, in combination with palmitoylation was sufficient to 

adhere Ras2 to the membrane and support viability of the yeast strain(11). This yeast 

strain was then mutagenized to identify genes required for the palmitoylation of Ras. 

One of the mutants identified in this screen was given the name Effector of Ras 

Function (Erf) 2(12). Erf2 is an integral membrane protein that localizes to the 
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endoplasmic reticulum (ER) and is predicted to contain 4 transmembrane domains and 

a cysteine rich domain (DHHC-CRD) with a highly onserved DHHC motif on the 

cytoplasmic face of the membrane. 

 

Identification of the DHHC cysteine rich domain as the catalytic domain of DHHC 

proteins 

The DHHC-CRD domain identified in Erf2 was originally described in 1997 as a 

domain bearing resemblance to known DNA-binding C2H2 zinc finger domains. The 

identified DHHC-CRD was categorized as a member of the NEWM1 zinc finger 

family based on its pattern of cysteine and histidine spacing(13). In 2002, Putilina and 

colleagues isolated a unique CDNA clone encoding a DHHC-CRD from a human 

pancreatic cDNA library. Similar to the CRD identified in Erf2 and the CRD 

described as a C2H2 zinc finger, this domain contained a complement of 7 cysteines 

and 3 histidines, including a DHHC motif. A search of the Swissprot database 

revealed that this domain was conserved in yeast, plants, C. elegans and multiple 

mammalian species. The authors commented that the first 18 residues of the domain 

resembled a Cys-4 tetrahedral zinc finger, similar to those observed in GATA, steroid 

receptor and LAP/PHD domains, whereas the C-terminal portion of the domain did 

not resemble any zinc finger structures known at the time. Despite the classification of 

these two identified DHHC-CRDs as likely zinc-binding domains, these early studies 

did not verify zinc binding or suggest a catalytic a function for the DHHC-CRD(14).  

 

The discovery of the DHHC-CRD in the context of Erf2 led to the identification of a 
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second potential palmitoyltransferase. Dr. Nicholas Davis’ group had identified 

another integral membrane protein containing a DHHC-CRD that was required to 

support the plasma membrane localization of the yeast casein kinases 1 and 2 (Yck1 

and 2). Intriguingly, Yck1 and 2 both contained C-terminal di-cysteine motifs that 

were assumed to be prenylated. Mutation of these di-cysteine motifs caused 

mislocalization of the proteins, resulting in a diffuse intracellular distribution, 

consistent with the prediction of these cysteines as lipid modification sites. Both Yck1 

and 2 were subsequently shown to be palmitoylated at these di-cysteine motifs. 

Therefore, both Erf2 and Akr1 were integral membrane proteins containing a DHHC-

CRD and were required for the localization of palmitoylated proteins. The 

identification of Erf2 as necessary for Ras palmitoylation led to the hypothesis that 

Erf2 and Akr1 were both members of a palmitoyltransferase family (15). This 

hypothesis was ultimately confirmed as the in vitro palmitoyltransferase activity of 

purified Erf2 and Akr1 were reported in 2002(16,17). 

 

Erf2 and Akr1 are strikingly divergent in size, sequence and predicted topology.  

While both Akr1 and Erf2 are integral membrane proteins, Akr1 contains six 

transmembrane domains and Erf2 has four. Additionally, Akr1 has a long N-terminal 

domain, containing several ankyrin repeats that are absent in Erf2. However, based on 

predicted topology, these proteins both included the DHHC-CRD domain in a 

cytoplasmic loop, following one transmembrane domain and extending 5-7 amino 

acids into the next transmembrane domain. The topology of Akr1 has been mapped, 

confirming the DHHC-CRD was located on the cytosolic face of the membrane (18). 
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Two additional pieces of evidence suggested that the DHHC-CRD was the catalytic 

domain of both enzymes: First, all identified S-palmitoylation sites were on 

cytoplasmic cysteines and thus shared a sub-cellular compartment with the DHHC 

domain. Second, mutation of the DHHC motif in both Erf2 and Akr1 inactivated the 

enzymes in vitro, and rendered them non-functional in vivo(16,17). In light of this 

evidence, an alignment of the Akr1 and Erf2 DHHC domains was used as the basis for 

a bioinformatics search, which revealed a total of 7 yeast DHHC proteins and 23 

mammalian DHHC proteins (19). 

 

Sequence diversity in DHHC proteins 

Consistent with the differences between Akr1 and Erf2, the broader DHHC protein 

family is highly divergent in the N and C-terminal domains (Figure 1.1). In spite of 

the diversity of this family, it appears that virtually all DHHC proteins are bona fide 

palmitoyltransferases. Evidence for protein acyl transferase (PAT) activity is most 

reliably proven through in vitro biochemistry with purified proteins. Yet, in the 

absence of in vitro evidence, many DHHC proteins have also been shown to be 

required for cellular palmitoylation of proteins through RNA interference, and other 

DHHC proteins stimulate increased palmitoylation of substrate proteins when they are 

co-expressed together in cells. To date, all of the yeast and mammalian DHHC 

proteins have shown evidence of activity in at least one of these assays, with exception 

of the yeast DHHC protein Akr2, which is a paralog of Akr1 (17,20-40). The catalytic 

activity of this protein family with little in common outside of the DHHC domain 

suggests that the elements required to support palmitoyltransferase activity are largely 
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Figure 1.1 – Diversity in the sequence and topology of DHHC proteins 

A. Domain structures of human and yeast DHHC proteins predicted by TopPredII 1.1 

program. Not all predicted transmembrane domains have been validated 

experimentally. B. Dendrogram of human and yeast DHHC proteins shown in blue 

and red, respectively. Reprinted with permission from Ohno et al. Biochim. Biophys. 

Act. (2006) (40).	  
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contained in this region. While highly conserved, the primary sequence of the DHHC-

CRD also varies in different DHHC proteins. Virtually all human DHHC proteins 

contain seven cysteine residues with identical spacing relative to the DHHC motif. 

The exception to this rule is DHHC22, whose CRD contains 5 cysteines but in a 

different sequential arrangement relative to other mammalian DHHC proteins. 

Additionally, while nearly all human DHHC proteins are invariant in the signature 

Asp-His-His-Cys motif, the first histidine in this sequence is replaced with a 

glutamine in DHHC13. These slight differences in sequence offer clues as to which 

residues in the CRD are absolutely required to enable the catalytic function of this 

domain. 

 

The CRDs of yeast DHHC proteins display greater diversity than the mammalian 

DHHC proteins. In yeast, only four of the seven DHHC proteins contain the same 

cysteine complement observed in most mammalian DHHC proteins. Pfa5 contains 

four of the conserved cysteines, while Akr1 and Akr2 have only two (Figure 1.2). 

Additionally, all three of these enzymes have replaced the second histidine in the 

DHHC motif with a tyrosine. These differences found in the CRD of different DHHC 

proteins suggest that the catalytic mechanism of these enzymes can operate 

independently of some conserved cysteines and histidines found in mammalian DHHC 

proteins. However, the high degree of sequence conservation observed in CRD of 

mammalian DHHC proteins would suggest that these domains adopt a consistent 

tertiary structure.
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Figure 1.2 – Sequence conservation in the DHHC-cysteine rich domain 

ClustalX alignment of the DHHC-CRD in human and yeast DHHC proteins. 

Conserved cysteine residues are colored in red, conserved histidine residues are 

colored in green, and conserved aspartate residues are colored in blue. 
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Sub-cellular localization of DHHC proteins 

In addition to sequential and topological diversity, DHHC proteins also differ in their 

subcellular localizations and tissue-specific expression patterns (41). Mammalian 

DHHC proteins have been shown to localize to the endoplasmic reticulum, recycling 

endosomes, and the plasma membrane, while the majority of DHHC proteins are 

localized at the Golgi (41-43). DHHC proteins are also differentially expressed across 

a variety of organ tissues in the human body. While some DHHC proteins such as 

DHHC10 and DHHC22 appear to be ubiquitous, other DHHC proteins such as 

DHHC11 appear to be transcribed in a very specific location of the body (41). The 

variation in sequence, localization and physiological expression patterns likely 

facilitates the palmitoylation of distinct sets of substrate proteins. As such, different 

DHHC proteins likely occupy different developmental, biochemical and metabolic 

niches in the organism. In support of this hypothesis, mammalian DHHC proteins 

have been linked to a broad variety of disease states.  

 

Physiological and pathophysiological roles of DHHC proteins  

Links between DHHC proteins and cancer 

Several DHHC proteins have been linked to cancer progression. Based on correlations 

between cancerous phenotypes and expression of the genomic locus that includes 

DHHC2, this enzyme has been suggested as both an enhancer and repressor in 

different cancers (44,45). Similarly, the genomic locus that contains DHHC11 is 

significantly amplified in bladder and lung cancer (46). DHHC9 is frequently 

upregulated in colorectal tumors, and is active in palmitoylating the human Ras 
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isoforms that can promote the progression of many different cancers (30,47). 

Similarly, palmitoylation by DHHC7 and DHHC21 is required for membrane 

trafficking and plasma membrane-localized signaling of sex steroid receptors in cancer 

cells. At the plasma membrane, these receptors activate proliferation signaling 

pathways that are associated with aggressiveness in breast and other cancers (28).  

 

The most direct evidence linking DHHC proteins to tumor progression has 

demonstrated that some DHHC proteins can effect the progression of xenograft tumors 

in mouse models. In one report, DHHC14 has been identified as a potent tumor 

suppressor in testicular germ cell tumors and potentially many other cancers. 

Overexpression of DHHC14 halted tumor initiation in a nude mouse model, and 

depletion of DHHC14 enhanced cancerous phenotypes in cell culture (48). 

Conversely, DHHC5 has been shown to be required for the progression of small cell 

lung cancer (NSLC) in both tissue culture and mouse models. Depletion of DHHC5 

through RNA interference blocked the proliferation of multiple NSLC cell lines, but 

not non-transformed bronchial epithelial cells. In cell culture, DHHC5 depletion 

dramatically reduced several in vitro cancerous phenotpyes of NSLC cells. These 

phenotpyes could be restored through transfection with DHHC5 WT but not a 

catalytically inactive DHHC5 mutant, suggesting that DHHC5 promotes or facilitates 

cancerous phenotypes in an activity-dependent manner. These results were replicated 

in vivo as DHHC5 knockdown inhibited tumor formation in a xenograft mouse model. 

This effect was also reversed by restoration of DHHC5 expression (49). Without 

identification of the substrates palmitoylated by DHHC proteins linked to cancer 
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progression, the mechanism by which the enzymes might influence different cancers 

remains unclear. Further, it is likely that DHHC proteins can serve as both enhancers 

and repressors of tumorigenicity in different cell types, mediated by the palmitoylation 

of cell type-specific substrates. 

 

Neuronal diseases associated with DHHC proteins 

Palmitoyltransferases appear to be highly expressed in neural tissue and many genetic 

alterations in loci containing DHHC proteins have been linked to neurological disease. 

Microdeletions and single nucleotide polymorphisms have been identified both in and 

surrounding the genomic sequence encoding DHHC8. Correlative studies have found 

significant relationships between many of these genetic variants and the later 

development of schizophrenia (50,51). The strength of these correlations seems to 

vary depending on the demographic composition and ethnicity of the studied 

population. However, homozygous deletion of DHHC8 in mice results in behavioral 

and motor deficits similar to those observed in schizophrenia patients (52). Overall 

these studies suggest a linkage between neuronal DHHC8 expression and the 

development of schizophrenia.  

 

An analysis of inheritance patterns in four families identified mutations in DHHC9 as 

causally related to intellectual disability. Two of these mutations were found to cause 

truncations in DHHC9 while two other mutations resulted in missense mutations. The 

missense mutations changed a proline (P150) to serine and an arginine (R148) to 

tryptophan. A bioinformatic comparison of DHHC9 homologs found that the mutated 
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residues were highly conserved across species (53). These results suggest that these 

specific residues in DHHC9 located in the DHHC-CRD could phenotypically 

recapitulate the impact of DHHC9 truncations and must be important for either folding 

the domain or participating in the catalytic mechanism.  

 

A similar finding was derived from the genomic analysis of a patient with severe 

cognitive disability. The analysis revealed a chromosomal translocation in the patient 

genome located immediately upstream of the genomic locus encoding exon 1 of 

DHHC15 on the X chromosome. Messenger RNA analysis suggested that this 

translocation caused aberrant transcription of the DHHC15 gene and depleted 

DHHC15 in patient tissues (54). Combined with the link between DHHC9 and X-

linked mental retardation, these data suggest that some DHHC proteins may play a 

role in the development or maintenance of cognitive abilities in humans.  

 

The human paralog palmitoyltransferases DHHC13 and DHHC17 have been shown to 

participate in the progression of Huntington’s Disease. The huntingtin protein is 

palmitoylated and physically associates with both DHHC proteins (55). Palmitoylation 

of huntingtin is reduced when the protein adopts an expanded, pathogenic form, and 

de-palmitoylated huntingtin appears to display increased propensity to form protein 

aggregates (56). As aggregation of mutant huntingtin likely drives the cytotoxicity 

observed in the medium spiny neurons of Huntington’s patients, loss of DHHC13 and 

DHHC17-mediated palmitoylation may promote the progression of the disease. 

Interestingly, palmitoylation of endogenous DHHC17 and DHHC13 substrate proteins 
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is reduced in cells expressing mutant huntingtin, suggesting a role for huntingtin in 

modulating the activity of these enzymes (57). Finally, mice deleted for DHHC13 and 

DHHC17 have been characterized and show overlapping physiological phenotypes 

with mice expressing mutant huntingtin, including reduced volume in several brain 

areas and motor deficits (58,59). The sum of these data strongly suggests that reduced 

DHHC13 and DHHC17 activity in neurons contributes to the pathogenesis of 

Huntington’s Disease. 

 

DHHC protein depletion mouse models 

DHHC protein depletions in transgenic mice models offer additional insight into the 

physiological role of DHHC proteins at the organismal level. To date, mouse models 

deficient in DHHC5, DHHC8, DHHC13, DHHC17 and DHHC21 have been reported 

(27,58-61). Homozygous DHHC5 gene-trapped mice displaying less than 10% of 

normal DHHC5 expression were characterized and reported to show deficits in 

contextual fear learning, suggesting a role for DHHC5 in hippocampal learning (62). 

Similarly, homozygous female DHHC8 knockout mice display significant learning 

and memory deficits (52). These learning and conditioning deficits associated with 

DHHC5 and DHHC8 add evidence to the importance of palmitoylation in neural 

functions. 

 

A nonsense mutation in DHHC13 (R425X), immediately upstream of the DHHC-CRD 

resulted in a mouse with alopecia, systemic amyloidosis and osteoporosis (63). Further 

characterization of the DHHC13 mutant mouse revealed that DHHC13 is required for 
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bone ossification and bone mineral density in the developing mouse (31). In order to 

study the impact DHHC13 depletion on the brain, the Hayden group generated and 

characterized a gene-trap mouse with near-total depletion of DHHC13 in all tissues. 

Interestingly, this mouse replicated the alopecia phenotype, but none of the other 

tissue-specific phenotypes observed in the R425X DHHC13 truncation (59). This 

milder phenotype could be due in part to the residual levels of DHHC13 that remain in 

gene-trap mouse models. Alternatively, the truncation of DHHC13 may result in a 

toxic N-terminal fragment whose expression causes severe tissue defects. However, 

the depletion of DHHC13 in the brain appears to generate a progressive loss in striatal 

mass and striatal neurons as the animals age, resulting in a hypoactive phenotype in 

older mice.  

 

The DHHC17 gene-trap mouse also displays a Huntington’s Disease-like phenotype. 

Several areas of the DHHC17-depleted mouse brain show a reduced volume, 

including the striatum, hippocampus, cerebral cortex and the white matter. These 

altered brain structures correlated with deficits in motor coordination that are 

characteristic of Huntington’s Disease (58).  

 

Finally, the depilated mouse mutant, originally described in 1976, displays a thin, 

greasy coat along with other skin abnormalities (64). The depilated mouse phenotype 

was recently shown to arise from a three base pair deletion that removes a 

phenylalanine residue from the C-terminus of DHHC21. The mutant form of DHHC21 

is mislocalized to the ER and is inactive in co-expression studies. This mouse mutant 
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therefore identifies several physiological functions influenced by DHHC21, including 

hair follicle differentiation (61). The sum of these data reveals the importance of 

different DHHC proteins in supporting a variety of tissues in living organisms. 

Importantly however, there have been no reports of mice with inducible knockouts of 

a DHHC protein. It would be interesting to know if the phenotypes associated with the 

knockout of specific DHHC proteins are the result of compromised growth and 

development, or if DHHC proteins are required for ongoing maintenance of tissues in 

adult mice. 

 

Substrate specificity of DHHC proteins  

Investigations of the substrate specificity displayed by DHHC proteins have succeeded 

in identifying many specific enzyme-substrate relationships in both yeast and 

mammalian cells. However, efforts to determine the catalog of proteins palmitoylated 

by a single DHHC protein have been unsuccessful. The first proteomic survey of 

palmitoylated proteins was performed in yeast and identified approximately 100 

palmitoyl-proteins. Subsequent iterations of this method analyzed the palmitoyl-

proteome of yeast strains in which one or more DHHC proteins had been deleted. 

While palmitoylation of some proteins was found to be dependent on specific 

palmitoyltransferases, the knockout of individual DHHC proteins more often had a 

modest effect on the palmitoyl-proteome. When several DHHC proteins were 

simultaneously knocked out, dramatic losses of palmitoylation were observed in some 

groups of substrate proteins. However, several of the 30 monitored proteins 

maintained palmitoylation even in the absence of up to 5 DHHC proteins and reduced 
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expression of a 6th DHHC protein (65). The viability of yeast strains missing up to 5 

DHHC proteins in addition to the modest impact of individual DHHC proteins on the 

palmitoyl-proteome suggested only limited substrate specificity in yeast DHHC 

proteins. This weak substrate selectivity was also observed in experiments 

investigating the palmitoylation and localization of the yeast protein Vac8. Pfa3 has 

been shown to recruit Vac8 to the outer membrane of the vacuole, and the loss of Pfa3 

results in a loss of palmitate from Vac8 and mislocalization of the protein. Yet, 

overexpression of any of the other yeast palmitoyltransferases could compensate for 

the loss of Pfa3 and restore membrane affinity to Vac8 (22). 

 

Contrary to the evidence of non-specific enzyme activity displayed by DHHC proteins 

co-expressed with Vac8, yeast strains deleted for individual DHHC proteins display 

growth phenotypes that cannot be rescued through overexpression of other DHHC 

proteins. For example, the deletion of Swf1 sensitizes yeast to 0.85M NaCl in YPD 

plates and overexpression of other DHHC proteins was unable to suppress this 

phenotype or rescue palmitoylation of the Swf1 substrate Tlg1. Similarly, deletion of 

Pfa4 in yeast blocks sensitivity to the reagent calcoflour white. This phenotype could 

not be rescued through overexpression of other yeast DHHC proteins. As sensitivity to 

calcofluor white requires a palmitoylated form of chitin synthase 3, it is likely that the 

inability to suppress this phenotype is due to the inability of other DHHC proteins 

palmitoylate chitin synthase 3 in the absence of Pfa4 (66). These findings suggest that 

while some substrates can be palmitoylated by several different overexpressed DHHC 

proteins, other DHHC protein substrates may display greater selectivity. It is also 
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possible that DHHC proteins perform activity-independent functions in yeast, the loss 

of which contributes to growth phenotypes observed in these knockout (KO) strains. 

 

The Fukata lab developed a mammalian cell-based screening method that has been 

used to identify many specific enzyme-substrate pairs. In this method, a mammalian 

palmitoyl-protein is overexpressed in combination with each mammalian DHHC 

protein in HEK-293 cells. To identify enzymes capable of palmitoylating the substrate 

protein, the cells are metabolically labeled with [3H]palmitate. Following the labeling 

period, the cells are lysed and the immunoprecipitated substrate protein is analyzed by 

fluorography. DHHC proteins that significantly increase the amount of palmitate on 

the substrate protein are then identified as potential enzymes for the endogenous 

palmitoyl-protein (67). These screens frequently identify 2-3 palmitoyltransferases 

with activity for the substrate protein. From this group of candidates, knockdown of 

individual DHHC proteins can identify which enzyme(s) is required for palmitoylation 

of a given substrate protein. The repeated success of this method in identifying 

enzyme-substrate pairs provides convincing evidence of substrate specificity in 

mammalian DHHC proteins (68).  

 

Substrate binding domains in DHHC proteins 

Substrate specificity appears to be influenced by sequence elements found in the C-

terminal domains of DHHC proteins where a variety of canonical protein-binding 

domains are located. DHHC3, 5 and 8 contain C-terminal PDZ-binding domains, 

while DHHC6 contains a Src homology 3 (SH3) domain in the C-terminus (68). The 
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PDZ-binding domain of DHHC8 was found to be essential for recruitment of the 

substrate protein Pick1 (60). Similarly, the PDZ-binding domain in DHHC5 is 

required for palmitoylation of the neuronal PDZ domain protein Grip1 by DHHC5 

(29). By contrast, palmitoylation of the cardiac phosphoprotein phospholemman by 

DHHC5 is independent of the PDZ-binding domain. However, the interaction with, 

and palmitoylation of phospholemman by DHHC5 requires a 120 amino acid sequence 

in the C-terminal domain immediately following the fourth transmembrane domain in 

DHHC5 (69). Additionally, 70% of eukaryotic DHHC proteins contain a conserved 16 

amino acid sequence in the C-terminus, termed the Palmitoyltransferase Conserved C-

terminus (PaCCT) motif. Mutation of an aromatic amino acid in this domain was 

sufficient to block substrate palmitoylation of Pfa3 and Swf1, leading the authors to 

suggest that this domain is active in substrate recruitment. However, this mutation in 

Pfa3 resulted in the enzyme mislocalizing to the lumen of the vacuole, suggesting that 

it may be misfolded and degraded (70). The authors did not provide any evidence of 

autoacylation in these mutated enzymes and therefore, it is unclear whether this 

conserved region is required for substrate recruitment or required for correct folding. 

In addition to substrate binding domains in the C-terminus, the N-terminal ankyrin 

repeats of DHHC13 and DHHC17 also mediate interactions with substrate proteins. 

Interestingly, the ankyrin repeats may also be active in cellular signaling pathways in a 

palmitoylation-independent manner (71). Among mammalian DHHC proteins, only 

DHHC13 and DHHC17 contain N-terminal ankyrin repeats and N-terminal substrate 

binding has not been reported in other DHHC proteins. Taken together, these data 

strongly suggest that the C-terminal domain of most DHHC proteins mediates 
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substrate interaction and substrate specificity. 

 

DHHC proteins share a two-step catalytic mechanism  

The important role of many palmitoyl-proteins in disease pathogenesis raises hope that 

specific DHHC proteins might eventually be targets of therapeutic agents. Yet, the 

structure and function of DHHC protein catalytic domains must be determined in 

higher resolution to support the development and characterization of such inhibitors. 

To this end, several publications have demonstrated that DHHC proteins share a two-

step catalytic mechanism. In the first step, the enzyme modifies itself with palmitate in 

a process termed autoacylation. The enzyme then transfers palmitate to substrate 

proteins in the second step (Figure 1.3). Mutation of the cysteine in the DHHC motif 

invariably blocks both autoacylation and transfer activities. In experiments performed 

by our group, DHHC3 was incubated with [3H]palmitoyl-CoA, stimulating the enzyme 

to autoacylate. The autoacylated intermediate was then isolated and combined with a 

substrate protein in the presence of non-radiolabeled palmitoyl-CoA. In these 

experiments, [3H]palmitate was observed transferring from DHHC3 to the substrate 

protein, myristolyated Gαi, over time. Interestingly, only approximately 50% of 

[3H]palmitate transferred from the autoacylated intermediate to Gαi in these 

experiments (72). The site of retained palmitate in the enzyme and its role in the 

catalytic mechanism of the enzyme are currently unknown. Due to the fact that 

mutation of the cysteine in the DHHC motif blocks autoacylation and transfer 

activities, the field has long hypothesized that this cysteine is the exclusive
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Figure 1.3 – Biochemical mechanism of DHHC proteins 

DHHC proteins catalyze the addition of palmitate to substrate proteins using a two-

step catalytic mechanism. Using palmitoyl-CoA as a donor molecule, the DHHC 

protein first modifies itself with palmitate, and then transfers palmitate from itself to 

the substrate.
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palmitoylation site in the autoacylated intermediate. This hypothesis is supported by 

the fact that mutation of the cysteine in the DHHC motif does not seem to have any 

obvious effect on the subcellular localization, or the ability to solubilize the enzyme in 

mild detergent (26). As such, there is no indication that the mutation of the DHHC 

cysteine has any significant structural impacts on the enzyme that might cause the loss 

of activity. Yet, there are many highly conserved cysteines in the DHHC-CRD, and 

there is no reported evidence of palmitate modifying the DHHC cysteine. As such, the 

model of the DHHC protein catalytic mechanism has not been directly confirmed with 

experimental evidence.  

 

Mutagenic analyses of the DHHC-CRD 

To date, three different mutagenic analyses of DHHC proteins have been published. 

These mutagenic analyses have largely focused on the cytoplasmic loop that contains 

the CRD. In all reported studies, the mutation of residues in this loop has negatively 

impacted the activity of the enzyme. For example, characterization of CRD mutants in 

Erf2 has suggested that this loss of activity could be due to a relaxed, and increasingly 

solvent-accessible tertiary structure around the active site. This study characterized the 

mutation of a conserved cysteine in the CRD and found that this Erf2 mutant retained 

partial activity towards a Ras substrate protein in vitro. However, palmitate transfer 

was inefficient due to an increased rate of spontaneous hydrolysis of palmitate from 

the autoacylated intermediate (73). The increased rate of hydrolysis observed in the 

autoacylated intermediate of this Erf2 mutant suggests an increased accessibility of 

solvent to the thioester bond in the autoacylated intermediate. 
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Davda and colleagues compared the relative affinity of DHHC2 WT and DHHC2 

CRD cysteine mutants for the palmitoylation inhibitor 2-bromopalmitate (2BP). 2BP 

is a palmitate anolog that is converted to 2BP-CoA in cells and presumably docks in 

the palmitoyl-CoA binding site on DHHC proteins, irreversibly alkylating the catalytic 

cysteine. HEK-293T cells overexpressing DHHC2 WT or DHHC2 mutants were 

metabolically labeled with a modified version of 2BP that included an alkyne group 

between the terminal carbons. To assess affinity for this inhibitor, a click chemistry 

reaction was used to attach biotin to the 2BP probe, allowing enrichment of 2BP-

bound proteins on streptavidin agarose. Interestingly, when cysteines in the DHHC2 

CRD were mutated, the affinity of DHHC2 for 2BP was significantly reduced (74). 

One possibility is that mutation of these residues removes palmitoylated cysteines that 

are 2BP-binding sites in DHHC2 WT. However, a different study found that 2BP was 

incapable of binding the DHHS mutants of DHHC4 and DHHC6, suggesting that 2BP 

primarily targets the cysteine in the DHHC motif  (75). Ultimately, these studies 

suggest that the conserved cysteines in the DHHC-CRD are functionally important in 

acyl-CoA recruitment by DHHC proteins, and to the formation of the autoacylated 

intermediate.  

 

Random mutagenesis of the yeast DHHC protein Swf1 identified a number of residues 

in both the CRD and the fourth transmembrane domain that were required for catalytic 

activity. In this assay the CRD of Swf1 and several mutated forms of the domain were 

expressed in bacteria. The expressed domain was then denatured and allowed to re-
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fold in the presence of zinc. The number of zinc ions bound to the domain was 

determined using inductively coupled mass spectrometry. While this analysis 

suggested that WT Swf1 CRD bound approximately two zinc ions, mutant forms of 

the CRD showed reduced zinc binding (76). The loss of in vitro zinc binding in 

mutated CRDs suggested that the loss of activity observed in full-length Swf1 mutants 

was caused by disruption of zinc binding in the DHHC-CRD. While this study 

established the ability of an unfolded, and unmodified to CRD to re-fold around zinc 

ions, there is no evidence that this refolded domain shares a structural similarity to a 

catalytically active domain.  

 

Regulation of DHHC protein activity 

Prior to the discovery of DHHC proteins, palmitate cycling on both small and 

heterotrimeric GTPases was found to increase dramatically upon activation of their 

cognate receptors (77). These findings suggested that protein palmitoylation was a 

regulated process that could respond to external stimuli. In subsequent studies, 

palmitoyltransferases have been identified and their catalytic mechanisms have been 

extensively investigated. However, the understanding of how enzymatic 

palmitoylation catalyzed by DHHC proteins is regulated in response to external 

stimuli remains poorly understood. 

 

Regulation of cellular DHHC protein levels 

Recently, the expression of the Erf2 homolog in Schizosaccharomyces pombe was 

found to be upregulated in response to the initiation of meiosis. The authors of this 
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report noted that the palmitoyl-proteome of meiotic S. pombe was significantly 

different from that in vegetative growth phases. These changes in the palmitoyl-

proteome correlated with a substantial increase in Erf2 transcription and cellular 

protein levels. The increased quantity of Erf2 promoted increased palmitoylation of 

Rho3 that, in turn, stimulated entry into meiosis (78). This study suggests that in S. 

pombe, Erf2 is transcriptionally regulated in order to alter the palmitoyl-proteome in a 

manner that drives transitions into different cell stages. 

 

Protein degradation has also been shown to modulate the activity of DHHC proteins. 

Mitchell and colleagues identified lysine residues in the C-terminal domain of the S. 

cerevisiae DHHC protein Erf2 that become ubiquitinated to promote the degradation 

of the enzyme. Mutation of these lysines greatly extended the half-life of Erf2. 

Further, fusion of the 58 residue C-terminal domain of Erf2 (containing all 6 ubiquitin 

sites) onto the C-terminus of Pfa4 shortened the half-life of that enzyme. The 

shortened half-life of the Pfa4-Erf2 C-terminus fusion protein could then be extended 

through mutation of those 6 lysine residues (79). The discovery of ubiquitin-mediated 

degradation of a DHHC protein identifies another means of regulating palmitoylation 

through control of DHHC protein expression levels.  

 

Another example of regulated DHHC protein degradation was observed in the 

expression level of DHHC5 as cultured neuronal stem cells are stimulated to 

differentiate. Within 5 minutes of transferring neuronal precursor cells into media that 

promotes differentiation, DHHC5 began to be rapidly degraded, ultimately reducing 
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DHHC5 protein levels to approximately 10% of the original expression level after 1 

hour. Interestingly, after initiating differentiation of these stem cells, replacement of 

the stem cell medium arrested differentiation and restored DHHC5 expression (27). 

These results indicate that DHHC5 expression is regulated in a manner that governs 

the differentiation of neural precursor cells.  

 

DHHC protein regulation through subcellular trafficking 

Subcellular trafficking has also been identified as a means by which the impact of 

DHHC proteins can be regulated. The mammalian DHHC protein, DHHC2 uses 

vesicular transport to dynamically traffic between the trans-Golgi network and the 

plasma membrane. In the absence of synaptic stimulation, recycling endosome-

localized DHHC2 diffuses into the bulbs of neuronal spines where it palmitoylates 

PSD-95. Palmitoylated PSD-95 helps recruit AMPA receptors to the post-synaptic 

density, thereby increasing its sensitivity. The effect is highly dynamic and recovers 

quickly after chemical inhibition of synaptic transmission is removed. Stimulation of 

the synapse drives a negative feedback loop where PSD-95 palmitoylation and 

synaptic localization of AMPA receptors are reduced (80). These findings demonstrate 

a tight regulatory control of PSD-95 palmitoylation by DHHC2 that is mediated 

through directed trafficking of enzyme-containing endosomes into neuronal spines. 

 

DHHC protein regulation through quaternary structure 

Work in our lab has demonstrated that DHHC proteins may be regulated by their 

quaternary structure. In this study, both DHHC3 and DHHC2 were shown to form a 
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dynamic equilibrium between monomeric and oligomeric states, both in cells and in 

vitro. Mutation of the cysteine in the DHHC motif shifts this equilibrium in favor of 

the oligomeric state, whereas addition of palmitoyl-CoA promotes the monomeric 

form of WT DHHC3. Palmitoyl-CoA stimulation of the oligomer to monomer 

transition is blocked by mutation of the cysteine in the DHHC motif (81). As the 

mutation of the DHHC cysteine is known to cause enzyme inactivation without any 

gross defects in structure or localization, these results suggest that DHHC proteins 

oligomerize in a less active state, and activation drives them towards a monomeric 

conformation. These findings represent the first evidence that DHHC proteins may be 

regulated through the modulation of their catalytic activity as opposed to their 

expression level. However, further experiments are required to directly show that 

oligomeric forms of the enzyme have different kinetic properties than monomeric 

forms. Identification of a stimulus or mechanism that drives changes in DHHC protein 

oligomerization would also strengthen this model. 

 

Concluding remarks  

Research into DHHC palmitoyltransferases has achieved many successes since their 

initial discovery 13 years ago. Biochemical experiments have characterized the 

catalytic mechanism used by DHHC proteins as a two-step ping-pong reaction. 

Mutagenic analyses have identified many different sequence elements that direct 

trafficking, stability and degradation of some DHHC proteins. Additionally, many 

conserved residues have been identified that cause a loss of activity when mutated in 

DHHC proteins. However, the relationship between conserved DHHC-CRD sequence 
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elements and the catalytic mechanism has not been well characterized. Similarly the 

structure of the DHHC-CRD remains a mystery.   

 

In chapter 2 of this thesis I describe the identification of multiple palmitoylation sites 

in DHHC3, and highlight the role of conserved resides in creating a tightly ordered 

CRD in DHHC3 through the coordination of zinc. The identification of palmitoylation 

sites in DHHC3 required the development of novel mass spectrometry techniques that 

may have utility in the future for identifying palmitoylation sites on a proteomic scale. 

In chapter 3, I review the current mass spectrometry methods available for analysis of 

protein palmitoylation, and describe both the progress achieved to date and future 

directions in developing improved mass spectrometry methods to analyze 

palmitoylation at the proteomic level. Finally in chapter 4, I identify unpublished 

observations from my thesis research that may merit further study, and discuss 

potential avenues of research for understanding the role of DHHC proteins at the 

organismal and proteomic level. 
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 CHAPTER 2 

THE CYSTEINE-RICH DOMAIN OF DHHC3 PALMITOYLTRANSFERASE IS 

HETEROGENEOUSLY PALMITOYLATED AND CONTAINS TIGHTLY BOUND 

ZINC   

Abstract 

DHHC palmitoyltransferases catalyze the addition of the fatty acid palmitate onto 

intracellular substrate proteins.  There are 23 members of the highly diverse 

mammalian DHHC protein family, all of which contain a conserved catalytic domain 

called the cysteine rich domain (CRD). DHHC proteins transfer palmitate via a two-

step catalytic mechanism in which the enzyme first modifies itself with palmitate in a 

process termed autoacylation. The enzyme then transfers palmitate from itself onto 

substrate proteins. The number and location of palmitoylated cysteines in the 

autoacylated intermediate is unknown. In this study, we present evidence that DHHC3 

is heterogeneously palmitoylated in cells at multiple cysteines in the CRD. Mutation 

of palmitoylation sites and other highly conserved CRD cysteines outside the DHHC 

motif resulted in activity deficits and a structural perturbation revealed by limited 

proteolysis. Chemical removal of palmitate did not recapitulate characteristics of the 

conserved cysteine mutants, suggesting that palmitate does not play a significant role 

in structuring the CRD. Treatment of DHHC3 with chelating agents in vitro replicated 

both the specific structural perturbations and activity deficits observed in conserved 

cysteine mutants, consistent with metal ion-binding in the CRD. Zinc released from 

purified DHHC3 was quantified as 0.63 mols of zinc per mol of DHHC3 using the 
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fluorescent zinc indicator mag-fura-2, suggesting that DHHC3 binds zinc in a 1:1 

ratio. 

Introduction 

Palmitoylation describes the attachment of a 16-carbon fatty acid to cysteine residues 

in proteins through a reversible thioester bond. Screens of the palmitoyl-proteome 

have identified hundreds of palmitoylated proteins (1-7) including many involved in 

the pathogenesis of human diseases. Palmitate serves as a membrane anchor for many 

cytoplasmic proteins, and is also present on numerous integral membrane proteins.  

The functions of palmitoylation are diverse and include the regulation of protein 

trafficking, stability and activity (8,9).  

 

DHHC proteins catalyze the addition of palmitate onto substrate proteins. These 

enzymes comprise a highly diverse family with 23 members in humans.  The 

association of DHHC proteins with a variety of diseases including cancer, 

Huntington’s disease, and X-linked intellectual disability highlights the biomedical 

importance of this enzyme family (10). DHHC proteins contain at least 4 

transmembrane domains and a highly conserved cysteine rich domain (CRD) between 

transmembrane domains 2 and 3 on the cytoplasmic face of membranes. The signature 

feature of the CRD is a nearly invariant DHHC (Asp-His-His-Cys) motif. In all 

DHHC palmitoyltransferases evaluated to date, mutation of the cysteine in the DHHC 

motif blocks both autoacylation and transfer activity (11). This evidence has led to the 

hypothesis that this cysteine is the site of autoacylation. However, there is no direct 

evidence that the cysteine of the DHHC motif is palmitoylated. In cells, DHHC 
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proteins are palmitoylated at steady state and mutation of the cysteine in DHHC motif 

appears to abolish detectable incorporation of palmitate (12).  Mass spectrometry 

profiling of palmitoylated proteins in cells has revealed palmitoylation at a conserved 

cluster of cysteine residues in the C-terminal region of a subset of DHHC proteins (4). 

However, not all DHHC proteins contain these cysteine residues and it seems likely 

that other sites of palmitoylation might be present (13,14).      

 

The presence of a conserved pattern of cysteine and histidine residues in the CRD led 

to the annotation of DHHC proteins as zinc finger proteins (15-17). Recently, a model 

of the yeast Swf1 DHHC-CRD based on the crystal structure of the ubiquitin-protein 

ligase Pirh2 suggested that the CRD is built around two C3H1 zinc fingers (18).  The 

model is supported by the presence of approximately two moles zinc bound to the 

isolated Swf1 DHHC-CRD purified and refolded in the presence of zinc after 

expression in bacteria.  However, evidence of zinc binding to an active and intact 

DHHC protein has not been reported.  

 

In this study, we performed a structure/function analysis of the conserved cysteine 

residues within the DHHC-CRD with a focus on identifying sites of palmitoylation 

and determining whether the DHHC-CRD in an intact enzyme contains bound metal.  

We characterized DHHC3 because purified and stable preparations of the enzyme can 

easily be obtained. We present evidence that DHHC3 is heterogeneously 

palmitoylated in cells at multiple cysteines in the conserved CRD.  We further 

demonstrate that DHHC3 binds zinc, most likely with a one to one stoichiometry. 
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Experimental Procedures 

Reagents - Anti-GODZ (DHHC3) antibody was purchased from Millipore – AB9556). 

M2 FLAG antibody was purchased from Stratagene. Streptavidin-FITC antibody was 

purchased from Jackson ImmunoResearch Laboratories (West Gove, PA). A 1000X 

protease inhibitor cocktail of 5mg/mL leupeptin (Sigma-Aldrich, St. Louis, MO), 1-

3mg/mL aprotinin (Sigma-Aldrich), 1M PMSF (MP Biomedicals, LLC, Solon, OH) 

and 1mM peptstatin A (Amresco, Solon, OH) was mixed from individual components. 

Trypsin was purchased from Worthington Biochemical Corporation (Freehold, NJ) 

and diluted in 1mM HCl prior to use. 17-ODYA was purchased from Cayman 

Chemical (Ann Arbor, MI). Alexa-fluor®488 azide was purchased from Invitrogen 

(San Diego, CA). N-Ethylmaleimide (NEM) was purchased from Thermo Scientific. 

Iodoacetamide and 1,10 Phenanthroline monohydrate were purchased from Sigma-

Aldrich. PEG-maleimide (M.W. 2,000) was purchased from Laysan Bio, Inc. EZ-

linkTM biotin-HPDP was purchased from Pierce. [3H]-palmitoyl-CoA was synthesized 

as previously described (19). 

 

Constructs - To generate the DHHC3 WT-Flag/His baculovirus, the open reading 

frame of mouse DHHC3 was ligated to oligos encoding the appropriate epitopes. The 

ligated construct was subcloned into pFastbac1 (Invitrogen) yielding pML1627. All 

Flag/His tagged mutants of DHHC3 were mutated (Quikchange) from this plasmid. 

The pML1627 plasmid was then recombined with bacmid DNA using the Bac-to-Bac 

Baculovirus Expression System (Invitrogen) and transfected into Bacvector Sf9 cells 
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(Novagen) using Cellfectin® II. The DHHC3-Flag baculovirus was generated using 

the same method. Viruses were amplified to high titer stocks in TriEx Sf9 cells 

(Novagen) and stored at 4°C in ESF 921 media (Expression Systems, Davis, CA) with 

10% FBS. The DHHC3-3xmyc/10xHis construct was generated by ligating the 

DHHC3 ORF and a double stranded oligo encoding the epitope tags into the 

pBluebac4.5C(-) vector (Invitrogen). A baculovirus was then generated from this 

construct using the Bac-N-BlueTM Baculovirus Expression System. 

 

Metabolic labeling with 17-ODYA - TriEx Sf9 insect cells were plated on 60mm plates 

at a concentration of 1.25x106 cells/mL and infected with baculoviruses encoding 

DHHC3 WT or DHHS3. After 48 h of infection, the cells were incubated with 100µM 

palmitic acid or the palmitate analog 17-ODYA for 2h at 27°C. Cells were collected, 

washed twice with phosphate buffered saline and lysed in 20mM HEPES pH 7.2, 

100mM NaCl, 3mM MgCl2, 1% NP40, 0.5% DOC and protease inhibitors. The lysate 

was cleared by centrifugation at 16,000xg for 15min. Solubilized DHHC3 was 

immobilized on nickel-nitrilotriacetic acid metal chelate resin (Ni-NTA; Qiagen) and 

Alexa488 fluorophores were conjugated to 17-ODYA via a click chemistry reaction. 

Normalized amounts of eluted protein were then resolved on duplicate SDS-PAGE 

gels. One gel was fixed and imaged at 488nm to detect labeling with ODYA, while the 

other was transferred to nitrocellulose and blotted with anti-M2 FLAG antibody to 

detect DHHC3. 

 

Acyl PEG-Maleimide Exchange (AME) assay - TriEx Sf9 insect cells expressing 
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DHHC3 WT or DHHS3(C157S) were disrupted in lysis buffer (50mM HEPES pH 

7.4, 0.5% SDS) containing 50mM NEM to block free cysteine thiols. DNA was 

fragmented by passaging the lysate through a 25g syringe needle at least 10 times. The 

lysate was then cleared by ultracentrifugation at 150,000xg for 20 min. In order to 

enrich and immobilize DHHC3, the cleared lysate was combined with 30µL of 50% 

Ni-NTA resin and rotated for 1h. The resin was then pelleted, and washed 3 times with 

50mM HEPES pH 7.0, 0.5% SDS and divided into two equal aliquots for treatment 

with neutral hydroxylamine (HA) or NaCl as a control.  Immobilized DHHC3 was 

incubated with buffer containing 50mM HEPES pH 6.6, 500mM imidazole, 2kD 

PEG-maleimide, and 0.5M of either HA or NaCl for 1 h at room temperature.  The Ni-

NTA beads were removed by centrifugation and the eluate was acetone precipitated. 

The protein pellet was suspended in 1X protein sample buffer at 37°C for 30 min, 

vortexing every 10min. Proteins were resolved by SDS-PAGE and blotted with anti-

M2 FLAG antibody to detect DHHC3. 

 

Acyl-Biotin Exchange (ABE) assay - The ABE assay was performed according to the 

AME assay protocol with minor changes. The wash buffer was made with 50mM 

HEPES pH 7.4. DHHC3 was eluted, palmitate removed and newly exposed cysteines 

were alkylated by rotating Ni-NTA resin with elution buffer containing 50mM HEPES 

pH 7.4, 500mM imidazole, 0.8mM Biotin-HPDP and 0.5M of either neutral HA or 

NaCl for 2 h at room temperature. Following acetone precipitation, DHHC3, 

suspended in sample buffer, was resolved by SDS-PAGE and blotted with both FITC-

streptavidin and anti-M2 FLAG antibody to detect the biotinylation level of DHHC3 
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WT and mutants. Immunoblots were imaged in a VersaDocTM 5000 system and 

relative signal intensities were quantified using QuantityOne software. 

 

Direct detection of palmitate by mass spectrometry – Affinity-purified DHHC3 

protein samples (4 µg) were separated by 10% SDS gel and stained by Coomassie 

Blue R250.  The DHHC3 bands were excised, cut into ~1mm cubes and subjected to 

in-gel reduction with 2 mM TCEP, alkylation at 10 mM iodoacetamide and digestion 

by trypsin at 35 °C overnight. In-gel extraction of tryptic peptides was conducted as 

reported previously (20) and extracted peptides were reconstituted in 30µL of 5% 

acetonitrile (ACN)-0.5% formic acid (FA) for subsequent nanoLC-MS/MS analysis on 

a LTQ-Orbitrap Velos (Thermo-Fisher Scientific, San Jose, CA) mass spectrometer 

equipped “CorConneX” nano ion source device (CorSolutions LLC, Ithaca, NY).  The 

nanoLC was carried out by UltiMate3000 RSLCnano system (Thermo/Dionex, 

Sunnyvale, CA). The tryptic peptides (5µL) were injected at 20µL/min flow rate onto 

a tandem trapping column in which a PepMap C4 trap column (5µm, 300µm x 5 mm, 

Thermo) and a PepMap C18 trap column-nano Viper (5 µm, 100µm x 2cm, Thermo) 

were sequentially connected on the nano-HPLC switch valve for loading digested 

peptides on both trapping columns depending on their hydrophobicity.  The trapped 

peptides in C4 trapping alone were switched to and separated on a downstream in 

house-packed C4 nano column (75µm i.d. x 15cm, 5µm particles), which was installed 

on CorSolution Nano-device with a 10µm spray emitter (NewObjective, Woburn, 

MA). The C4-retained peptides were eluted with a 60min gradient of 10% to 72% 

ACN in 0.1% FA at a flow rate of 300nL/min, followed by a 5-min ramping to 86% 
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ACN-0.1% FA and a 5-min hold at 86% ACN-0.1% FA. Peptides retained on C18 

trapping column were analyzed on a downstream C18 nano column in a separate 

MS/MS run with a 60 min gradient of 8% to 38% ACN in 0.1% FA followed by a 5-

min ramping to 80% ACN in 0.1% FA. The Orbitrap Velos was operated in parallel 

data-dependent acquisition (DDA) mode using FT mass analyzer for one survey MS 

scan of precursor ions followed by MS/MS scans on top 10 most intensity peaks with 

multiple charged ions above a threshold ion count of 7500 in both LTQ mass analyzer 

and HCD-based FT mass analyzer at 7,500 resolution.  MS survey scans at a 

resolution of 60,000 (fwhm at m/z 400), for the mass range of m/z 375-1800. All data 

were acquired under Xcalibur 2.1 operation software (Thermo-Fisher Scientific).  MS 

and MS/MS raw spectra were processed using Proteome Discoverer 1.4 (PD1.4, 

Thermo) and the spectra from each DDA file were output as an MGF file for 

subsequent database search using Mascot 2.3.02, (Matrix Science, Boston, MA) 

against mouse RefSeq database.  The database search was performed with two-missed 

cleavage site by trypsin allowed.  The peptide tolerance was set to 10 ppm and 

MS/MS tolerance was set to 0.8 Da for CID and 0.05Da for HCD. Variable 

modifications used in database searches include methionine oxidation, deamidation on 

asparagines/glutamine residues, palmitoylation and carbamidomethylation on cysteine 

residue. All spectra of peptides with modified cys-palmitoylation were manually 

inspected and confirmed by Xcalibur 2.1.  

 

Acyl-iodoacetamide switch protocol for mass spectrometry analysis - An acyl-switch 

protocol to prepare samples for mass spectrometry was performed as described for the 
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AME assay with minor changes. DHHC3 was eluted, palmitate removed and newly 

exposed cysteines were alkylated by rotating Ni2+-NTA with elution buffer containing 

50mM HEPES pH 7.4, 0.25% SDS, 500mM imidazole, 50mM iodoacetamide and 

0.5M neutral HA for 2 h at room temperature in the dark. Following precipitation, 

DHHC3 suspended in 1X sample buffer was resolved by SDS-PAGE. The DHHC3 

band was detected with Coomassie Blue staining, excised and cut into ~1mm cubes. 

The protein was digested in gel with trypsin and proteolytic peptides were extracted as 

described above. The peptides were reconstituted in 30 µL of 2% ACN with 0.5% FA 

and about 100-200 ng of tryptic digests were loaded onto a PepMap C18 trap column-

nano Viper (5 µm, 100 µm x 2 cm, Thermo/Dionex) at 20 µL/min flow rate and then 

separated on a PepMap C18 RP nano column (3 µm, 75 µm x 25 cm, Thermo) for 

nanoLC-ESI-MS/MS analysis, on a LTQ-Orbitrap Elite  mass spectrometer (Thermo-

Fisher Scientific, San Jose, CA).  The peptides were eluted with a 90 min gradient of 

5% to 38% acetonitrile (ACN) in 0.1% formic acid at a flow rate of 300 nL/min, 

followed by a 7-min ramping to 95% ACN-0.1% FA and a 7-min hold at 95% ACN-

0.1% FA. Similarly the Orbitrap Elite instrument was operated in DDA under FT-IT 

acquisition mode using FT mass analyzer for one survey MS scan of precursor ions 

followed by MS/MS scans on top 15 most intensity peaks with normalized collision 

energy of 35%.  All acquired MS and MS/MS raw spectra were processed as described 

above except N-ethylmaleimide modification of cysteine was included in the database 

search. All  spectra of peptides with carbamidomethyl cysteine were manually 

inspected and confirmed by Xcalibur 2.1. 
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Two-step purification of DHHC3 - TriEx Sf9 insect cells expressing DHHC3-FLAG-

His WT or DHHC3 mutants were disrupted in lysis buffer (50mM Tris pH 7.4, 

200mM NaCl, 1% DDM, 10% glycerol, 1mM TCEP and protease inhibitors). Cleared 

lysate was then passed three times through an equilibrated 0.5mL column of Ni-NTA 

resin, washed with 40 column volumes of lysis buffer and 30 column volumes of lysis 

buffer containing 15 mM imidazole. Nickel elutions 1-2 were performed by applying 1 

column volume of elution buffer containing 50mM Tris pH 7.4, 100mM NaCl, 

0.25mM TCEP, 10% glycerol, 0.1% DDM and 200mM imidazole. The imidazole 

concentration was increased to 500 mM for elutions 3-6. For each elution, the resin 

was incubated for 10 min in buffer. Elutions were pooled and rotated with ANTI-

FLAG® M2-agarose affinity gel (Sigma) equilibrated with Buffer A (50mM Tris pH 

7.4, 100mM NaCl, 10% glycerol, 0.1% DDM, 1mM EDTA, 5µg/mL leupeptin, and 

1µM peptstatin A) at 4C for 2 h. The Flag affinity resin was washed 5X with a total of 

50 column volumes of Buffer A and eluted with 5 x 1 column volumes of Buffer A + 

0.3mg/mL FLAG peptide (Sigma). The concentration of enzyme was determined by 

plotting elution samples along a linear curve generated with known concentrations of 

bovine serum albumin stained with SYPRO® Ruby protein gel stain (Lonza, Rockland, 

ME) and quantified using a VersaDocTM 5000 imaging system.  

 

Protein acyl transferase (PAT) assay - Purified DHHC3 (20-30 nM) was assayed in a 

50µL reaction with 1µM [3H]-palm-CoA and 1µM myristoylated Gai at 25°C for 6 

min. The reaction was stopped with the addition of 5X sample buffer containing 

10mM TCEP.  Equal amounts of each reaction were resolved on duplicate Coomassie-
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stained gels. One gel was soaked for 30 min at room temperature in 1M salicylic acid 

and 15% methanol, dried and exposed to film at -70°C for fluorographic analysis. The 

substrate bands in the other gel were excised, cut into ~1mm cubes and combined with 

500µL Soluene 500 (Perkin-Elmer, Waltham, MA). The excised gel bands were then 

heated at either 37°C overnight or 50°C for 3 h before being combined with 4.5mLs of 

Ultima Gold scintillation fluid (Perkin-Elmer) and counted in a scintillation counter. 

Transpalmitoylation assay - TriEx Sf9 cells were plated on 60mm dishes and co-

infected with two baculoviruses to co-express WT and mutant forms of DHHC3. The 

DHHC3 WT construct was C-terminally tagged with 3 myc- epitopes and 10 

histidines. The mutant DHHC3 was hexahistidine- and Flag-tagged. After 48 h of 

infection, cells were collected and lysed in buffer containing 20mM Tris pH 7.4, 

300mM sucrose, 1mM EDTA, and protease inhibitors, using a ball bearing 

homogenizer. The membrane fraction of the lysate was isolated by centrifugation and 

suspended in lysis buffer with a 25g syringe needle. Each membrane preparation was 

normalized by total protein concentration and DHHC3 content. Equal amounts of 

membranes were combined with [3H]palm-CoA at 1µM final concentration and 

incubated at 25°C for 10 minutes. The reactions were stopped with the addition of 5X 

sample buffer. Equal amounts of the reaction were resolved on triplicate SDS-PAGE 

gels. One gel was immunoblotted with anti-DHHC3 antibody to detect WT and 

mutant enzymes. The remaining two gels were fixed in 40% methanol and 10% acetic 

acid. The gels were then soaked overnight in 50% isopropanol containing either 0.5M 

neutral HA or 0.5M neutral Tris. The gels were washed in 50% isopropanol for 2 days, 

stained with Coomassie Blue, and processed for fluorography. 
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Limited proteolysis assay - Purified WT DHHC3 and DHHC3 mutants were buffer 

exchanged into 50mM Tris pH 7.4, 100mM NaCl, 10% glycerol, 1mM EDTA and 

2mM TCEP using Sephadex G25 size exclusion resin. DHHC3 was combined with 

trypsin at a 10:1 ratio and incubated on ice for 45 min. The reaction was stopped with 

1X protein sample buffer and a 10-fold excess of soybean trypsin inhibitor. The 

reactions were resolved by SDS-PAGE for immunoblots with anti-DHHC3 antibody 

(Millipore).  

 

Chemical treatment of DHHC3 assays - DHHC3 WT was isolated from 5 x 106 

baculovirus-infected TriEx Sf9 insect cells on Ni-NTA resin under non-denaturing 

conditions. DHHC3 was eluted in 50mM Tris pH 7.4, 100mM NaCl, 0.1% DDM, and 

500mM imidazole. The elution was buffer exchanged into 50mM Tris pH 7.4, 100mM 

NaCl, 10% glycerol, 0.05% DDM, 2mM TCEP and 1mM EDTA using Sephadex G25 

size exclusion resin. The eluate from the size exclusion resin was then aliquoted into 

separate reactions. Each aliquot of protein was exposed to HA, DTT, TCEP, 1,10 

phenanthroline or H2O, as a control and incubated at 25°C for 60min. The reactions 

were then buffer exchanged to remove treatment reagents. PAT activity and the 

limited proteolysis pattern of DHHC3 from each reaction were evaluated as described 

above.  

 

Zinc measurement and detection – Measurement of zinc was performed on 

recombinant DHHC3 that was tagged only with the FLAG epitope to avoid any 
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spurious metal binding from a histidine tag. Insect cells expressing DHHC3-Flag were 

lysed with buffer containing 50mM Tris pH 7.4, 100mM NaCl, 10% glycerol, 0.1% 

DDM, 1mM EDTA, 5µg/mL leupeptin, and 1µM peptstatin A. The cell lysate was 

cleared by ultracentrifugation at 150,000xg for 20min at 4°C and the supernatant 

applied to ANTI-FLAG® M2-agarose affinity gel (Sigma). After washing with 100 

column volumes of Buffer A, DHHC3 was eluted with 5 x 1 column volumes of 

buffer A + 0.3mg/mL FLAG peptide (Sigma). Purified DHHC3 was then buffer 

exchanged using Amicon Ultra filters (Millipore) into 20mM HEPES pH7.2, 150mM 

NaCl and 0.05% DDM. In experimental samples, SDS was added to a final 

concentration of 1% and the solution was heated at 90°C for 10min. In control 

samples, an equal volume of water was added and the samples were held on ice. mag-

fura-2 was then added to each solution at a final concentration of 2µM. Fluorescence 

emission at 505nm was monitored while exciting the solution with a spectrum of 

wavelengths from 300 to 400nm. Quantification of zinc was calculated from the ratio 

of fluorescence emitted at the excitation wavelengths 325nm and 350nm.  This ratio 

was then plotted against a linear curve of 325nm:350nm ratios generated with known 

zinc concentrations derived from an atomic absorption standard of zinc oxide (Fisher 

Scientific). Following fluorescent analysis, the DHHC3 sample was then combined 

with 5X SB and the concentration of enzyme in each assay was determined by 

comparison to known quantities of BSA on SYPRO® Ruby stained SDS-PAGE gels. 

 

Results 

DHHC3 is heterogeneously palmitoylated at multiple cysteines in cells - To 
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investigate the palmitoylation status of DHHC3 in cells, we performed metabolic 

labeling experiments with both wild type (WT) DHHC3 and DHHC3 C157S 

(DHHS3), using the palmitate analog 17-ODYA.  ODYA incorporation into proteins 

is detected by the click chemistry-catalyzed addition of a fluorescent reporter molecule 

and visualized by in-gel fluorescence. We observed a small but reproducible 

palmitoylation signal in the C157S mutant (Figure 2.1, A). This finding suggested that 

there must be additional palmitoylation sites in DHHC3. Given that DHHS3 is 

catalytically inactive, these sites must be palmitoylated in trans.  

 

In order to determine the approximate number and relative stoichiometry of 

palmitoylation sites in DHHC3, we used an acyl-switch assay to replace palmitate 

with the cysteine-alkylating reagent PEG-maleimide. Briefly, DHHC3 was purified 

from insect cells under denaturing conditions and immobilized on Ni-NTA resin. 

N-ethylmaleimide (NEM) was used to block free cysteines and subsequently removed 

with several washes. The protein was then treated with PEG-maleimide (2kD) in the 

presence of either neutral hydroxylamine (HA), which cleaves thioester bonds, or 

NaCl as a control. For each palmitate group replaced with PEG-maleimide, the mass 

of the enzyme increases by 2kD and causes an upward mobility shift on an SDS-

PAGE gel. Western blot analysis of this acyl-switch assay revealed several HA-

dependent mobility shifts in DHHC3 WT and none in DHHS(C157S) mutant (Figure 

2.1, B). The failure to detect mobility shifts above background in the C157S mutant 

may reflect limited sensitivity of the assay and that palmitoylation of DHHS3 detected 

in metabolic labeling experiments is of low stoichiometry. The presence of multiple
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Figure 2.1 - DHHC3 is heterogeneously palmitoylated at multiple cysteines in 

cells. TriEx Sf9 insect cells expressing DHHC3 WT or DHHS3 were metabolically 

labeled with 100µM palmitic acid (PA) or the palmitate analog 17-ODYA (OD) for 2 

h. DHHC3 was isolated by Ni-NTA chromatography.  Incorporation of ODYA into 

DHHC3 was detected by click chemistry ligation of Alexa-fluor 488, resolved by 

SDS-PAGE, and imaged in-gel. DHHC3 protein levels in the Ni-NTA eluates and 

lysates were analyzed by immunoblots. Results are representative of 5 experiments. B. 

Immunoblot analysis of an acyl-switch assay, in which palmitate was replaced with 

2kd PEG-maleimide on both DHHC3 WT and the DHHS3(C157S) mutant in a HA-

dependent manner. HA-dependent mobility shifts (closed arrow heads) represent 

increasing numbers of palmitoylation sites in DHHC3. The open arrowhead marks the 

population of DHHC3 without any PEG-maleimide modification. DHHC3 WT results 

are representative of at least 3 experiments and DHHS3 results are representative of 2 

experiments.
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HA-dependent higher molecular weight bands from the WT enzyme suggests 

heterogeneous palmitoylation of DHHC3 in cells and that three or more cysteine 

residues can be modified in a single enzyme.  

 

Mass spectrometry analyses identify potential palmitoylation sites in the CRD of 

DHHC3 - Mass spectrometry offers the most accurate and direct means of identifying 

palmitoylation sites in proteins. However standard tandem mass spectrometry analysis 

with upstream reverse phase liquid chromatography (LC-MS/MS) has traditionally 

struggled to directly identify lipid modifications of proteins. Hydrophobic interactions 

between lipid modifications and the commonly used C18 reverse phase HPLC column 

are frequently too strong to enable elution of lipidated peptides prior to MS/MS 

analysis (21).  

 

We directly identified two novel palmitoylation sites in DHHC3 using a C4-based LC-

MS/MS method. DHHC3 was purified from insect cells and resolved by SDS-PAGE. 

An in-gel trypsin digestion was performed and DHHC3 peptides were applied to a C4 

trapping column and a C18 trapping column connected in series. The most 

hydrophobic and palmitoylated peptides were retained on the C4 column, while less 

hydrophobic peptides flowed through and were trapped on the C18 column. The C4 

and C18 trapping columns were then individually connected to a C4 nano column and 

a C18 nano column, respectively, in two separate LC-MS/MS runs. Using this 

combined C4 and C18 chromatography method, peptides accounting for 72% 

sequence coverage of DHHC3 were confidently identified in the MS/MS data, 
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including 3 of the 4 transmembrane domains (Figure 2.2, A, solid line). Palmitate was 

directly and reproducibly observed on cysteine 146, and in one repetition palmitate 

was also observed on cysteine 133 (Figure 2.2, B). 

 

In an effort to confirm Cys146 and Cys133 as palmitoylation sites and to identify 

additional palmitoylation sites, we employed an acyl-switch protocol to replace 

palmitate with iodoacetamide on DHHC3, thereby rendering peptides more easily 

recovered using standard C18 RP-HPLC prior to tandem mass spectrometry.  The 

carbamidomethyl modification of DHHC3 is more stable than thioester-linked 

palmitate, which is prone to hydrolysis during sample preparation and analysis (21). 

MS/MS analysis of the acyl-switch processed DHHC3 identified iodoacetamide at 

cysteines 24, 132, 133, 157 and 163 (Figure 2.2, C).  These results are the first report 

of palmitate at the DHHC cysteine (Cys 157), strengthening support for this residue as 

the site of autoacylation in the acyl-enzyme intermediate. The observation of 

iodoacetamide on Cys133 is consistent with the results of our direct detection of 

palmitate on this residue. We did not observe the Cys146 peptide in either the MS or 

the MS/MS data in this analysis, indicating that it was not recovered following the in-

gel digest. Similarly, Cys129 and Cys149 are located on very short tryptic peptides 

and would not be detected in these assays. Accordingly, we cannot exclude these 

residues as potential palmitoylation sites.  

 

The results of our two different MS approaches suggest that detecting dually 

palmitoylated peptides such as the tryptic peptides containing Cys132 and Cys133 or
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Figure 2.2 – Mass spectrometry analyses identify potential palmitoylation sites in 

the conserved CRD of DHHC3. A. Diagram of the predicted topology of DHHC3. 

The portions drawn with a solid line indicate sequence coverage observed with the 

tandem C4-C18 column mass spectrometry method. The CRD sequence is displayed 

below, with highly conserved cysteines and histidines in boldface type. The location 

of unconserved cysteines 24 (arrow) and 133 (underlined) is indicated. B. Direct 

MS/MS identification of DHHC3 palmitoyl-peptides. A mass shift (238.2300 amu) 

was identified on Cys133 and Cys146 corresponding to the molecular weight of 

palmitate. C. Peptides identified in the MS/MS analysis of an acyl-switch assay 

performed on DHHC3 purified from insect cells. Unmodified cysteines were blocked 

with NEM and palmitate was replaced with iodoacetamide (IAA) in a hydroxylamine-

dependent manner. The frequency of carbamidomethyl (IAA-modified) cysteine 

identifications, relative to total peptide identifications is listed. Carbamidomethyl-

Cys157 was identified in 11 out of 13 identified peptides observed in this analysis.
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Cys157 and Cys163 may only have been possible after palmitate was replaced with 

iodoacetamide. The elution profile of mono-lipidated peptides from the C4 reverse 

phase HPLC column suggest that dually palmitoylated peptides may have been too 

hydrophobic to be eluted with the acetonitrile gradient used in this method (data not 

shown).   

 

Taken together, the mass spectrometry analysis identified four of the 7 conserved 

cysteines in the DHHC-CRD, an unconserved cysteine in the DHHC-CRD, and a 

cysteine in the unique N-terminal domain of DHHC3 as palmitoylation sites. To 

understand the conserved role of palmitoylation in DHHC protein function, we 

focused on the cysteine residues in the DHHC-CRD for further study. 

 

Mutation of cysteine 146 reduces palmitoylation of DHHC3 in cells - We predicted 

that mutation of palmitoylation sites would reduce the overall palmitoylation level of 

the enzyme. To test this, we individually mutated each CRD cysteine in DHHC3 to 

serine and assayed the relative palmitoylation level of each construct by acyl-biotin 

exchange (ABE).  We included all of the conserved cysteine residues in the DHHC-

CRD and the unconserved Cys133 in our analysis.  Mutation of Cys143, Cys149 and 

Cys163 produced enzymes that could not be retained on the Ni-NTA resin used to 

isolate the DHHC proteins in these assays, likely indicating that these mutants are 

misfolded. Therefore, these mutants were not included in the ABE analysis. 

 

As expected, mutation of the DHHC cysteine, Cys157, resulted in the loss of most of
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Figure 2.3 – Mutation of cysteine 146 reduces the palmitoylation level of DHHC3 

in cells. Palmitoyltion levels of purified DHHC3 WT and DHHC3 mutants were 

detected using acyl-biotin exchange. Palmitate on DHHC3 was replaced with biotin-

HPDP in a hydroxylamine-dependent manner. Increasing amounts of each construct 

were resolved by SDS-PAGE in order to compare the signal from different constructs. 

Biotinylated DHHC3 was then blotted for both total protein (IB: Flag) and for 

biotinylation levels (IB: streptavidin). The average streptavidin signals from the best-

normalized amounts of each construct are displayed in the graph, below. Mutation of 

Cys146, Cys157 and Asp154 all reduced the level of palmitate on DHHC3, as 

indicated by streptavidin-FITC signals. Results are representative of 3 experiments.  

Error bars represent SEM and p-values were calculated using two-tailed students T-

tests.
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the palmitate on DHHC3 (Figure 2.3, A and B).  Palmitoylation of DHHC3(C146S) 

significantly decreased palmitoylation, consistent with our mass spectrometry data.  

However, reduced palmitoylation of DHHC3 could also result from mutations that 

perturb enzyme activity as well as from a reduction due to the loss of an authentic 

palmitoylation site.  Indeed, mutation of the aspartic acid of the DHHC motif, which is 

known to reduce enzyme activity in DHHC3 (data not shown) and other DHHC 

proteins (22), produced a lower palmitoylation signal in our ABE assay than that 

observed in the C146S mutant.  Mutations of Cys132 and Cys133 had little effect on 

the total level of palmitoylation, which may reflect a low stoichiometry of 

palmitoylation at these sites.   

 

Mutation of potential palmitoylation sites and other conserved cysteines in the CRD 

results in activity deficits - DHHC proteins operate through a two-step catalytic 

mechanism in which autoacylation precedes transfer of palmitate to substrate 

proteins(22,23). We hypothesized that the palmitoylation sites suggested by our mass 

spectrometry analysis might become modified during autoacylation, or otherwise be 

involved in the catalytic mechanism of DHHC3. To evaluate this possibility, CRD 

cysteine mutants were enriched with Ni-NTA chelate chromatography and further 

purified to near homogeneity using Flag affinity resin. These mutants included C129S, 

C132S, C133S, and C146S. We then assessed the protein acyl transferase (PAT) 

activity of these mutants relative to DHHC3 WT. 

 

Mutation of Cys129 and Cys146 greatly reduced, but did not eliminate enzyme
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Table 2.1 – Palmitoylation site determination.  A list of all identified putative 

palmitoylation sites are listed along with the assays that produced evidence of 

palmitoylation at that site. Additionally the in vitro biochemical characteristics of each 

putative palmitoylation site mutant is presented.
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Table 2.1.  Palmitoylation and biochemical characterization of cysteine residues 

in the DHHC-CRD of DHHC3  

 
Site/Mutation Palmitoylation 

site? 
Evidence of 

palmitoylation 
Activity 
(% WT) 

20kd Proteolytic 
fragment? 

C129S Noa - 12 + 

C132S Yes Acyl-IAA switch 1.6 + 

C133Sd Yes Direct, Acyl-IAA 
switch 

94 - 

C143Sc No - n.d. n.d. 

C146S Yes Direct, ABE 21 + 

C149Sc Noa - n.d. n.d. 

C157S Yes Acyl-IAA switch 0.7 - 

C163Sb Yes Acyl-IAA switch n.d. n.d. 
a Located in a tryptic peptide that will not be detected in the mass spectrometry protocol 
b Could not be purified  
c Mutant in combination with C157S (see Figure 5) could not be purified 
d Not a conserved cysteine in the DHHC-CRD 
n.d. – not done 
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Figure 2.4 – Mutation of potential palmitoylation sites and other conserved 

cysteines in the CRD results in activity deficits. The activity of purified DHHC3 

WT and cysteine mutants was evaluated by combining 20-30nM enzyme with 1µM 

[3H]palmitoyl-CoA and 1µM myristoylated Gαi as a substrate. [3H]palmitate 

transferred to Gαi was measured by liquid scintillation counting. Non-enzymatic 

acylation of Gαi was measured in the “Gαi alone” sample and subtracted from other 

reactions (A). Fluorography analysis demonstrates that both autoacylation and transfer 

activity is reduced in conserved cysteine mutants (B). Results are representative of at 

least 3 experiments.
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activity. Mutation of Cys132 rendered the enzyme inactive, while mutation of the 

unconserved neighboring cysteine, Cys133 had no effect on activity (Figure 2.4, A). 

Fluorography analysis showed that the strength of autoacylation in DHHC3 mutants 

was proportional to their transfer activity (Figure 2.4, B). These results suggest that the 

conserved cysteines in the CRD of DHHC3 are required to support efficient catalytic 

activity of the enzyme, whereas the palmitoylated, unconserved Cys133 is not.  

 

Transpalmitoylation assays suggest that the mutation of conserved cysteines disrupts 

the tertiary structure of DHHC3 - DHHC3 has been shown to form oligomers in cells 

and in vitro (19, 24). We investigated whether DHHC3 monomers can palmitoylate 

each other in trans, as a functional aspect of their oligomeric state. To do so, we 

assayed PAT activity in membranes from cells co-expressing WT DHHC3 and various 

mutants.  Consistent with a previous study of the yeast DHHC protein Akr1 (13), we 

found that when DHHS3 (C157S) is co-expressed with DHHC3 WT, we could detect 

in vitro palmitoylation of DHHS3 (Figure 2.5).  We then asked whether mutation of 

conserved CRD cysteines in combination with the DHHS3 mutant (Cys157) would 

block this transfer of palmitate by removing a palmitoylation site. We constructed 

double mutant forms of DHHC3 in which Cys157 was mutated in combination with a 

second conserved cysteine residue in the CRD. Surprisingly, DHHC3 WT was capable 

of palmitoylating the double mutants to a greater extent than the DHHS3 (C157S) 

single mutant (2.5, lower bands). This enhanced transpalmitoylation of catalytically 

inactive double mutant DHHC3 proteins suggests that perturbation of the DHHC-CRD 

by mutation may expose previously inaccessible cysteines for
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Figure 2.5 – Transpalmitoylation assays suggest that the mutation of conserved 

cysteines disrupts the tertiary structure of DHHC3. Membranes were isolated from 

Sf9 insect cells co-expressing a multiply Myc/His-tagged DHHC3 WT protein (higher 

MW band) along with a Flag/His-tagged, mutant DHHC3 protein (lower band) and 

subjected to in vitro PAT assays as described in Experimental Procedures. The top 

panel shows the amount of radiolabeled palmitate accumulated on WT and mutant 

DHHC3. Hydroxylamine removal of palmitate is shown in middle panel. An anti-

DHHC3 immunoblot to evaluate relative protein levels in the assay is displayed in the 

bottom panel. Results are representative of at least 4 experiments.
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modification by the WT enzyme. In light of recent reports of lysine-linked fatty 

acylation (25-27), we sought to confirm that the increased in vitro palmitoylation 

observed in the double mutants was conjugated to cysteine residues. Essentially all of 

the [3H]palmitate labeling of the DHHC3 proteins was sensitive to HA treatment 

(Figure 2.5, middle panel), consistent with a thioester linkage.  

 

Limited proteolysis assays identify structural perturbations in conserved CRD cysteine 

mutants of DHHC3 - To investigate whether mutation of conserved cysteines outside 

the DHHC motif caused structural perturbations in DHHC3, we performed limited 

proteolysis experiments on purified DHHC3 WT and CRD-cysteine mutants. 

Proteolytic fragments produced in these experiments were resolved by SDS-PAGE 

and detected in immunoblots with an antibody raised against the C-terminal 15 amino 

acids of DHHC3 (28). In DHHC3 WT, DHHS3(C157S) and DHHC3(C133S) 

mutants, the enzyme was digested preferentially from the N-terminus, producing 

proteolytic bands immediately below the parental band. By contrast, limited 

proteolysis of C129S, C132S and C146S mutants produced a ~20kd fragment (Figure 

2.6, B). The size of the fragment is consistent with exposure of a previously 

inaccessible trypsin site in the CRD of DHHC3 (Figure 2.6, A). The difference in 

proteolytic patterns observed between the C157S mutant and other conserved cysteine 

mutants supports the results of our transpalmitoylation assays, suggesting that the 

CRD of the C157S is tightly ordered, limiting access to most cysteines and trypsin 

sites. By contrast, mutation of other conserved cysteines exposes previously 

inaccessible portions of the CRD. However, it is unclear from these results whether



 

72 

 

 

 

 

 

 

Figure 2.6 – Limited proteolysis assays identify structural perturbations in 

conserved CRD cysteine mutants of DHHC3. A. Diagram of the predicted topology 

of DHHC3. The approximate locations of potential trypsin cleavage sites are marked 

with perpendicular lines. The location of the DHHC3 antibody epitope is indicated. B. 

Purified WT DHHC3 or single cysteine mutants of DHHC3 were combined with 

trypsin and incubated on ice for 45min. The reactions were stopped with sample buffer 

and resolved by blotting with an antibody raised against the C-terminal 15 amino acids 

of DHHC3(28). Partial proteolysis of C129S, C132S and C146S produces a ~20kd 

fragment appears (arrow head) that is absent in the proteolytic pattern of DHHC3 WT, 

DHHS3 and C133S proteins. Results are representative of at least 3 experiments.
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structural perturbation in these conserved CRD cysteine mutants is related to 

palmitoylation at these sites.  

 

Treatment with chelating reagents replicates characteristics of conserved CRD 

cysteine mutants - To determine the role of palmitate in structuring the CRD, we 

sought to chemically remove palmitate from DHHC3 and determine the resulting 

activity and limited proteolysis pattern of the enzyme. We expressed DHHC3 WT in 

insect cells and metabolically labeled the cells with [3H]palmitate. DHHC3 was then 

purified and eluted under non-denaturing conditions using Ni-NTA resin. The enzyme 

was treated with either HA or dithiothreitol (DTT) to remove palmitate and 

subsequently assayed for PAT activity and proteolytic digestion patterns relative to 

H2O-treated DHHC3. Both HA and DTT efficiently removed palmitate from DHHC3 

(Figure 2.7, A and C). Surprisingly, only DTT-treated DHHC3 replicated the 

proteolytic digestion pattern.  Furthermore, enzyme treatment with DTT, but not HA, 

resulted in activity deficits similar to those observed in the conserved cysteine mutants 

(Figure 2.7, A and D). These results suggested that removal of palmitate from the 

enzyme was not responsible for producing these biochemical characteristics. Instead, 

either the reducing activity or the chelating activity of DTT(29) reproduced the effects 

of mutating conserved cysteines within the DHHC-CRD.  

 

In subsequent experiments, we expanded the chemical treatment of DHHC3 to include 

another chelating reagent, 1,10 phenanthroline, and the reducing reagent Tris (2-

carboxyethyl) phosphine (TCEP), which is not a metal ion chelator . Fluorography
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Figure 2.7 – Treatment with chelating reagents replicates characteristics of 

conserved CRD cysteine mutants. DHHC3 WT was metabolically labeled with 

[3H]palmitate in Sf9 insect cells. The radiolabeled protein was purified using Ni-NTA 

resin. (A) The eluted protein was buffer exchanged to remove imidazole and then 

treated with DTT or increasing concentrations of HA to remove palmitate from the 

enzyme. Residual [3H]palmitate labeling is shown in the top panel, while an 

immunoblot of relative protein levels is displayed below. The bottom panel displays 

the results of the limited proteolysis assay, immunoblotted with an anti-DHHC3 

antibody. Additional experiments expanded the chemical treatments of DHHC3 to 

include 1,10 phenanthroline, and TCEP (B). Quantification of palmitate remaining on 

DHHC3 post-treatment, relative to an H2O-treated control is shown in (C) and the 

relative activity remaining following treatment is shown in (D). Results are 

representative of at least 3 experiments. Error bars represent SEM.
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analysis of DHHC3 palmitoylation following treatment with these reagents indicated 

that TCEP and 1,10 phenanthroline did not significantly remove palmitate from the 

enzyme (Figure 2.7, B and C). Limited proteolysis and activity assays indicated that 

the chelating reagents DTT and 1,10 phenanthroline, but not TCEP or hydroxylamine, 

replicated the biochemical characteristics observed with mutation of conserved 

cysteines in DHHC3 (Figure 2.7, B and D). These results strongly suggest that the 

reduced activity and structural perturbations observed in conserved CRD cysteine 

mutants are the result of destabilized metal ion binding in the CRD of DHHC3. 

 

Direct detection of zinc binding in purified DHHC3 - The results of our chemical 

treatment assays indicated that the CRD of DHHC3 included a metal ion-binding 

motif. To identify the metal ion bound by the CRD of DHHC3, we used the 

fluorescent zinc indicator mag-fura-2 (Life Technologies). Mag-fura-2 emits 

fluorescence at 505nm when excited with a wavelength spectrum from 300nm to 

400nm. In the absence of zinc this emission peaks at an excitation wavelength of 

375nm. In complex with zinc ions, peak emission shifts to an excitation wavelength of 

325nm. In the shift from 375nm to 325nm, mag-fura-2 exhibits an isosbestic point at 

an excitation wavelength of 350nm (Figure 2.8, A). We confirmed that a shift in peak 

emission from 375nm to 325nm occurred in the presence of zinc but not in the 

presence of other bioavailable ions at sub-micromolar concentrations (Figure 8, B).  

 

To determine if DHHC3 contained zinc, mag-fura-2 was combined with either native 

DHHC3-Flag or with SDS-denatured DHHC3-Flag. When combined with intact



 

78 

 

 

 

 

 

Figure 2.8. Direct detection of zinc binding in purified DHHC3. A. Zinc indicator 

mag-fura-2 responds to zinc by shifting peak fluorescence from 375nm to 325nm on 

an excitation wavelength spectrum. B. At sub-micromolar ion concentrations, the ratio 

of fluorescence emitted by mag-fura-2 at excitation wavelengths 325nm and 350nm 

responds in a positive linear correlation to free Zn2+, but not to Cu2+, Fe2+, Mg2+, Ni2+ 

or Mn2+.  C. Purified DHHC3-Flag was purified using only Flag-affinity resin and 

exposed to mag-fura-2 in a native (H2O) or denatured state (SDS). Zinc was detected 

in denatured samples of DHHC3 at an approximate stoichiometry of 0.63 moles zinc 

per mole of DHHC3. The number of repetitions performed with denatured and intact 

DHHC3 is indicated in the figure. Error bars represent SEM.
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 enzyme, we detected only very low levels of zinc. However, a strong zinc signal was 

observed in SDS-denatured samples, confirming the identity of the metal ion bound by 

DHHC3. Quantification of zinc in each sample was determined by calculating the ratio 

of emitted fluorescence at 325nm relative to 350nm excitation wavelengths. This ratio 

increases linearly in relation to increasing zinc concentrations (Figure 2.8, B). The 

quantification of zinc in each DHHC3 sample was plotted against a standard curve of 

zinc oxide. The amount of zinc relative to the amount of DHHC3 present in SDS-

denatured samples indicated an average binding stoichiometry of 0.63 moles Zn2+ per 

mole of DHHC3 WT (Figure 2.8, C), approaching a stoichiometry of one zinc ion per 

DHHC3 monomer. 

 

Discussion 

Prior genetic and biochemical studies have established that the DHHC motif is the 

catalytic core of the DHHC family of PATs (11).  In all DHHC proteins analyzed to 

date, mutation of the cysteine in the DHHC motif abolishes autoacylation of the 

enzyme and transfer of the fatty acid to a substrate protein.  However, direct evidence 

that the DHHC cysteine forms an acyl enzyme intermediate was lacking.  In this study 

we used an acyl switch method and mass spectrometry to establish that Cys157 in 

DHHC3 is S-acylated in cells. This finding is consistent with multiple lines of 

evidence suggesting the cysteine of the DHHC motif is the catalytic residue and site of 

autoacylation in DHHC proteins.  

 

We also found evidence for palmitoylation of cysteines in the DHHC-CRD other than 
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the DHHC cysteine. The significance of palmitoylation at these sites remains unclear. 

In the current model of DHHC protein catalysis, palmitate transfers from the cysteine 

in the DHHC motif directly to substrate proteins (22,23). Our results suggest that 

palmitate may also transfer from this cysteine to other cysteines in the CRD, either in 

cis or trans.  Evidence to support transpalmitoylation by DHHC proteins comes from 

this work (Figure 2.5) and a study in which catalytically inactive Akr1 is 

palmitoylated in yeast that express Akr1, but absent in AKR1Δ cells (13). Removal of 

palmitate from DHHC3 did not result in a structural perturbation that could be 

detected by the limited proteolysis assay. Furthermore, PAT activity could be 

recovered from the enzyme in which palmitate had been removed, although addition 

of palmitoyl-CoA may repopulate multiple palmitoylation sites during the 

autoacylation step of the reaction.  

 

Our study demonstrates that an intact and active DHHC protein is a zinc 

metalloprotein, confirming earlier work on the isolated Swf1 CRD (18). The model of 

the Swf1 CRD proposed by Gonzalez-Montoro et al. contains two CCHC zinc-binding 

sites, in which all six conserved cysteines coordinate zinc.  The seventh conserved 

cysteine (in the DHHC motif) is not implicated in zinc coordination. The model is 

supported experimentally by measurement of zinc that approaches a stoichiometry of 2 

mols zinc/mol Swf1 CRD. However, expression of the isolated Swf1 CRD in bacteria 

precluded the influence of cysteine modifications as the domain was re-folded in the 

presence of zinc and there is no evidence that the refolded domain adopts a 

conformation that supports catalytic activity. Our quantification of zinc released from 
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an intact and active DHHC protein suggests a stoichiometry of zinc binding closer to 

1. However, the proportion DHHC3 that retains activity following purification and 

desalting is unknown. While we see no evidence of progressive degradation of 

DHHC3 during the sample preparation, our assessment of zinc stoichiometry assumes 

that the majority of DHHC3 is folded in an active conformation prior to denaturation 

to release zinc.  

 

The pattern of conserved cysteines and histidines within a DHHC-CRD was 

recognized as an atypical zinc finger well before the function of these proteins was 

known (15-17).   The importance of the conserved cysteine residues within the CRD is 

underscored by the loss of function phenotypes observed for mutants in Swf1 (18), 

Pfa3 (30), and Erf2 (22). This study and that of Gonzalez-Montero et al. (18) suggest 

that the conserved complement of six cysteines are required to support a conformation 

that binds zinc.  Solution of the structure of a DHHC protein will be required to know 

how the cysteines and histidines are arranged to coordinate zinc. 
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CHAPTER 3 

 

DEVELOPMENT OF MASS SPECTROMETRY METHODS FOR PROTEOMIC, 

DIRECT AND SITE-SPECIFIC ANALYSIS OF PROTEIN LIPIDATION  
 

Introduction 

Our understanding of how palmitoylation influences intracellular signaling pathways 

is currently limited by our ability to analyze palmitoylation on a proteomic scale. 

Unlike many other post-translational modifications, palmitoylation sites cannot be 

predicted by a consensus motif in the primary sequence. Computational analysis of 

sequences surrounding known palmitoylation sites has led to software programs that 

are useful for predicting the potential palmitoylation sites in similar domains of other 

proteins(1,2). However, prediction software cannot be used to conclusively identify 

palmitoylation sites or to track changes in palmitoylation over time. 

 

In lieu of a consensus motif, palmitoyl-proteins and palmitoylation sites must be 

identified experimentally. Traditionally, palmitoylation sites have been identified 

through metabolic labeling experiments with [3H]palmitate. After labeling, the protein 

of interest is isolated, and associated [3H]palmitate is detected by fluorography. 

Sensitivity to neutral hydroxylamine (HA) identifies [3H]palmitate that is covalently 

bound to the protein at cysteine residues through a thioester bond. The location of 

palmitoylation sites can then be inferred by identifying cysteine mutants that decrease 
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the palmitoylation level of the protein. However, these methods are inefficient due to 

the weak radioactive emission of tritium, which requires several days to weeks to 

resolve by fluorography. Additionally, for proteins that contain multiple 

palmitoylation sites, mutation of either all or specific combinations of cysteines is 

often required to significantly reduce the amount of incorporated [3H]palmitate(3,4). 

Further, palmitate has recently been identified as a lysine modification. Evidence 

suggests that this N-linked palmitoylation originates on cysteines before transferring to 

amine groups(5). As such, systematic mutagenesis of cysteines may mask 

palmitoylation occurring at other residues. 

 

Mass spectrometry is ideally suited to site-specific analyses of the palmitoyl-

proteome. The most common mass spectrometry methods use a bottom up or shotgun 

analysis of proteins; meaning that proteins are digested into peptides prior to analysis 

and later reconstructed to form an assessment of the original protein or proteome. 

Mass spectrometers determine the mass of ionized peptides with sufficient resolution 

to accurately identify peptide sequences and associated post-translational 

modifications. With appropriate sample preparation methods, mass spectrometry could 

be used to directly identify and analyze palmitoylation sites across the proteome. 

 
Mass spectrometry methods applied to the study of protein palmitoylation 

The earliest mass spectrometric analyses of palmitoyl-proteins used a form of 

ionization called matrix-assisted laser desorption ionization (MALDI). This method is 

most effectively applied to peptides derived from individual, purified proteins(6). 
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Following proteolysis, peptides are suspended in an acidic matrix and receive protons 

from it as they aerosolized by a laser. These aerosolized peptides are then accelerated 

across an electric field and enter the mass spectrometer for analysis. MALDI mass 

spectrometry techniques are commonly coupled to time of flight (TOF) analyzers. As 

aerosolized, ionized peptides are accelerated into the mass spectrometer, their flight 

path encounters an electric or magnetic field, which redirects them towards a detector. 

The time that the ions take to change direction and reach the detector can be used to 

accurately derive the mass and charge the peptide. 

 

MALDI-TOF mass spectrometry has been used extensively in the analysis of 

hydrophobic modifications. For example, MALDI-TOF successfully identified 

palmitoylation of an N-terminal GAP-43 peptide containing two cysteines. The 

observation of peptide ions whose mass corresponded to both palmitoylated and 

depalmitoylated forms of the N-terminal peptide allowed for a crude assessment of the 

palmitate site occupancy at each cysteine. In addition to palmitoylation at these sites, 

the authors also observed peptide ions consistent with a disulfide bond between these 

two cysteines(7). These results highlight the detailed insight offered by high mass 

resolution analysis of peptides by MALDI-TOF. This method has also been used 

successfully to identify palmitoylation sites in the bradykinin B2 receptor(8), the β-2 

adrenoceptor(9), the Src family kinase Fyn(10), viral spike proteins(11) and N-

terminal palmitoylation of Gαs(12). As MALDI requires protein solutions to be 

spotted on plates in dried matrix, in-line peptide fractionation is incompatible with this 

ionization method. Therefore, MALDI mass spectrometry is best suited to analysis of 
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purified proteins as opposed to complex protein mixtures. 

 

In recent years, another ionization method, called electron spray ionization (ESI) has 

overtaken MALDI. Where MALDI mass spectrometry ionizes all peptides 

simultaneously, ESI ionization is typically coupled with upstream reverse phase liquid 

chromatography, which fractionates peptides over silica resin covered in saturated 18-

carbon chains (C18 resin) using an acetonitrile gradient in the mobile phase. The 

eluate is aerosolized through the application of high voltage electricity, which causes 

the mobile phase droplets surrounding the peptides to evaporate. The peptide ions are 

then accelerated across an electric field into the mass spectrometer. The mass and 

charge of ionized peptides are then evaluated using a variety of different detectors that 

can be arranged in different configurations. The number of proteins identified in a 

single sample can be increased by performing off-line fractionation of digested 

proteins using strong cation exchange (SCX) or other chromatography methods prior 

to in-line reversed phase chromatography. Multi-step chromatography fractionation 

methods are referred to as multidimensional liquid chromatography (MDLC).  

 

Mass spectrometers collect peptide data at either one or two different stages. The first 

stage of analysis evaluates the mass and charge of each intact peptide (MS1 data). This 

analysis is referred to as peptide mass fingerprinting. In the second stage of peptide 

analysis, referred to as tandem mass spectrometry, MS/MS or MS2 data, the mass 

spectrometer isolates groups of identical peptides, fragments them and determines the 

mass to charge ratio of each fragment. Fragmentation energy is carefully controlled to 
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favor the breakage of one peptide into two fragment ions; one composed of the N-

terminal amino acids (the b-ion) and one composed to the C-terminal amino acids (the 

y-ion). As each ion consists of a different subset of the peptide’s amino acids, a 

comparison of all ion masses can be used to assign the mass contributed by each 

amino acid. The high-resolution mass analysis of y and b ions allows modifications to 

be identified as the sum of an amino acid mass and the known mass of the 

modification. For example, the mass of a cysteine residue is 103 atomic mass units 

(amu), and the mass of palmitate is 238amu. As such, palmitoylated cysteines 

contribute 341amu to the mass of a peptide ion. 

 

Despite advances in multidimensional liquid chromatography, the complexity of the 

human proteome still vastly exceeds the ability of proteomic technology to analyze it. 

Instead, targeted analyses have succeeded in profiling several sub-proteomes, isolated 

through subcellular fractionation, or by modifying proteins of interest with probes that 

can be captured on affinity resins. In the following sections, I describe how the latter 

approach has been applied with great success to profile the palmitoyl-proteome. 

 
Current proteomic methods to profile the palmitoyl-proteome 

Acyl-biotin exchange 

The first global analyses of palmitoyl-proteomes were performed using acyl-biotin 

exchange (ABE) chemistry to replace protein palmitoylation with biotin groups. 

Proteins processed by the ABE protocol are unfolded in the presence of denaturing 

detergent, and unmodified cysteines are alkylated with NEM. Several 
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chloroform/methanol precipitation steps remove the alkylating reagent. Precipitated 

protein is then suspended in buffered SDS and split into two fractions. Palmitate is 

removed from proteins in one fraction through treatment with neutral hydroxylamine, 

while the other fraction is treated with neutral Tris buffer as a control. Following 

palmitate removal, proteins are again precipitated several times using chloroform and 

methanol, then suspended in buffered SDS and combined with biotin-HPDP, which 

modifies newly exposed cysteines through the formation of a disulfide bond. The HA-

treated or control-treated proteins can then be enriched on streptavidin agarose and 

digested on the beads, prior to analysis by mass spectrometry (Figure 2.1, A). Proteins 

with reproducibly greater abundance in the HA-treated fraction, relative to the Tris-

treated fraction are identified as palmitoylated proteins.  

 

ABE chemistry was used to perform the first analysis of the palmitoyl-proteome in 

yeast. This analysis expanded the number of identified yeast palmitoyl-proteins from 

15 to 47. Additionally, repeat analyses observed the relative recovery of 30 palmitoyl-

proteins from yeast strains deleted for one or more DHHC proteins. Reduced protein 

recovery from these knockout strains identified several proteins that were dependent 

on specific DHHC proteins or groups of DHHC proteins for palmitoylation(13). These 

findings clearly demonstrate the utility of proteomic ABE chemistry to mass 

spectrometric identification of palmitoylated proteins. Since then, ABE has been used 

to profile the palmitoyl-proteome of many different cell types and organisms. 

 

ABE-based profiling of the palmitoyl-proteome offers both advantages and drawbacks
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Figure 3.1 Palmitoyl-proteome enrichment methods 

A. ABE enrichment of S-acylated proteins. Unmodified cysteines in unfolded proteins 

are blocked with an alkylation reagent. S-acyl groups are then removed from proteins 

through treatment with neutral hydroxylamine. Newly exposed cysteines are then 

biotinylated and proteins are enriched streptavidin agarose. B. Click chemistry-

compatible palmitate analog enrichment of palmitoyl-proteins.  Mammalian cells are 

labeled with a palmitate analog. The analog crosses the membrane and is 

metabolically incorporated into cellular proteins. Following cell lysis, a click 

chemistry reaction performed in the lysate attaches a biotin molecule to the analog, 

facilitating enrichment on streptavidin agarose. C. Acyl-RAC enrichment of S-

acylated proteins. Following alkylation of free cysteines, proteins are combined with 

hydroxylamine to break thioester bonds in the presence of thiopropyl sepharose. 

Disulfide bond formation between the resin and the newly exposed cysteines 

immobilize S-acylated proteins on Sepharose beads.
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for the analysis of the palmitoyl-proteome relative to other methods. The removal of 

palmitate from peptides reduces their hydrophobicity and improves their compatibility 

with C18-based LC-MS/MS analysis. This protocol is extremely sensitive and can 

identify 300-400 potential palmitoyl-proteins in a variety of cell types(14). As no 

exogenous treatment of living systems is required to perform ABE enrichment, this 

protocol can be used to analyze palmitoylation of endogenous proteins in any cell type 

or tissue. However, the accuracy of palmitoyl-protein identification is dependent on 

both complete alkylation of free cysteines with NEM and on minimizing off-target 

biotinylation. Further, thioester bonds in the proteome that are not associated with 

palmitate provide a source of false positive identifications(15). Currently, the degree 

to which these drawbacks negatively impact the results of ABE analysis is unknown. 

While all palmitoyl-proteomic analyses succeed in recovering many known palmitoyl-

proteins, these studies typically validate palmitoylation of only the most abundantly 

enriched proteins. As such, the validity of most palmitoyl-proteins identified through 

ABE enrichment remains unexplored. 

 

Metabolic labeling with palmitate analogs 

An alternative means of isolating the palmitoyl-proteome replaces palmitate on 

cellular proteins through metabolic labeling with palmitate analogs that contain an 

alkyne at the terminal carbon. Studies conducted to date have used terminal alkyne 

analogs of different fatty acids including, 16-carbon hexadecynoic acid and 18-carbon 

octadecynoic acid(16,17). Following cell lysis, azide-linked groups are then covalently 

coupled to these probes through a copper catalyzed cyclo-addition (click chemistry) 
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reaction. To enrich palmitoyl-proteins, biotin-azide is conjugated to the fatty acid 

alkyne, and the protein solution is combined with streptavidin agarose. Proteins 

immobilized on streptavidin resin are then proteolyzed, fractionated by MDLC and 

identified by tandem mass spectrometry(Figure 2.1, B).  

 

This protocol offers a combination of technical advantages and drawbacks relative to 

other palmitoyl-proteomic methods. Palmitate analog-based proteomics are extremely 

sensitive, identifying palmitoyl-proteins in equal or greater numbers than those 

identified through ABE enrichment(17). Additionally, labeling cells with palmitate 

analogs, followed by a washout period can also be used to evaluate dynamic changes 

in the palmitoyl proteome(18). However, this method can only be applied to cell 

culture or other systems that can be efficiently labeled with exogenous lipid probes. 

Moreover, it is possible that exogenous lipid addition could cause changes in the 

palmitoyl-proteome. In this method, exogenous lipid analogs will compete with 

endogenous palmitoyl-CoA for enzymatic addition to proteins and the preference of 

some DHHC proteins for saturated palmitate may therefore bias the proteins modified 

with the lipid probe(19). The length of time that cells are exposed to exogenous lipid 

probes is also a source of error. Longer labeling periods and shorter carbon-chain 

lengths in the probe promote distribution into myristoylation sites(17). However, 

sufficiently long labeling periods are required to ensure that the probe is incorporated 

into static palmitoylation sites on proteins with long half-lives. Many of these 

drawbacks can be minimized by carefully qualifying labeling conditions and through 

the use of appropriate controls. However protein enrichment through labeling with 
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exogenous probes necessarily requires more control experiments than the enrichment 

of the palmitoyl-proteome through ABE. 

 

Quantitative analysis of protein enrichment 

Quantification of protein abundance in a sample is critical to accurate profiling of the 

palmitoyl-proteome. In the proteomic screens discussed above, palmitoyl-proteins are 

identified through quantification of protein enrichment in experimental samples 

relative to control samples. Accurate quantification of relative protein enrichment can 

also be used to determine changes in the palmitoyl-proteome between two samples, or 

in response to external stimuli(14,20). Early analyses of the palmitoyl-proteome relied 

on spectral counting to determine peptide abundance. Spectral counting refers to the 

match of an experimentally derived spectrum of peptide fragments (y and b ions), 

originating from a single peptide with a computationally produced reference spectrum. 

Software analysis of mass spectrometry data interprets each high confidence match 

between experimental spectra and reference spectra as one identification of that 

peptide. Quantification of protein abundance by spectral counting is heavily biased by 

a number of factors. Essentially, any property of a peptide that improves recovery, 

ionization or fragmentation increases the number of spectral matches for that peptide. 

In recent years the use of spectral counting for assessments of the palmitoyl-proteome 

has been abandoned in favor of more rigorous methods for comparing protein 

abundance between experimental and control samples(21). 

 

Currently, quantitative analysis of the relative enrichment of a protein through either 
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enrichment method described above is most accurately performed using stable isotope 

labeling with amino acids in cell culture (SILAC) or in mammals (SILAM). In this 

method, either experimental or control cells are labeled with amino acids containing 

stable isotopes such as 15N or 13C. During this labeling period, these isotope-containing 

amino acids completely replace endogenous amino acids in all cellular proteins. 

Affinity-enriched proteins are then combined, digested, fractionated and detected by 

tandem mass spectrometry. Peptides from cells labeled with heavy isotope amino 

acids have increased mass relative to their unlabeled counterparts(22). This method, 

combined with the use of internal standards directly compares the abundance of each 

protein in experimental and control cells, and across replicate experiments(15). 

Moreover, the use of SILAM can increase the number of high confidence protein 

identifications by lowering the threshold of statistically significant enrichment through 

more accurate quantitation. Using this method, only proteins that are specifically and 

reproducibly enriched above a defined abundance ratio, independent of isotope 

labeling are confidently identified as palmitoyl-proteins. 

 

Proteomic identification of palmitoylation sites 

Profiling the palmitoyl-proteome using both ABE and clickable palmitate analogs 

precludes analysis of palmitoylation sites in favor of enhanced palmitoyl-protein 

identification. Detection of a single peptide sequence is sufficient to identify a protein 

in bottom up proteomic analyses if the peptide sequence is unique to a specific protein. 

If not, confident identification requires detection of multiple peptides per protein. As 

only a subset of proteolytic peptides from any given protein will be efficiently ionized 
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and identified, the inclusion of all proteolytic peptides increases the number of 

proteins identified in a proteomic screen. Both ABE and palmitate analog probe 

approaches can be used to enrich only for palmitoyl-peptides by performing the 

digestion step prior to enrichment, or while palmitoyl-proteins are immobilized on 

affinity resin. However, doing so drastically reduces the number of identified 

palmitoyl-proteins. These analyses therefore favor increased protein identification at 

the expense of site-specific analysis.  

 

The reduced number of proteins identified by palmitoyl-peptide (as opposed to 

palmitoyl-protein) enrichment was demonstrated by a study that used a short-cut 

version of ABE enrichment called acyl resin assisted capture (acyl-RAC) to retain 

only palmitoylated peptides. Similar to ABE, the acyl-RAC protocol operates by 

alkylating unmodified cysteines, followed by precipitation to remove the alkylating 

reagent. Following suspension in buffered SDS, the protein solution is split and 

incubated with thiopropyl sepharose in the presence of either neutral hydroxylamine or 

neutral Tris buffer. S-acylated proteins are covalently immobilized through the 

formation of disulfide bonds between the thiols of cysteine residues and the thiopropyl 

resin. In the published acyl-RAC-based, site-specific proteomic study, unbound 

proteins were removed by washing the thiopropyl sepharose and bound proteins were 

digested on the column. Unbound peptides were removed with additional washes and 

the disulfide-bound peptides were eluted with reducing agent and identified by mass 

spectrometry(Figure 2.1, C). The results of this study identified 88 unique peptides, 84 

of which contained cysteines. These 88 peptides mapped to 70 different proteins, 
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many of which were previously known to be palmitoylated(23) As non-site-specific 

palmitoyl-proteomic methods typically identify 300-400 putative S-acylated proteins, 

the retention and analysis of only the palmitoylated peptides seems to result in a 

dramatically reduced number of identified S-acylated proteins.  

 

This group also performed a study in which pre-proteolysis and post-proteolysis 

enrichment of ABE-processed proteins were directly compared. After extracting 

proteins from DU145 human colon cancer cells with SDS, the suspended proteome 

was subjected to the ABE protocol. Enrichment of whole proteins, followed by 

proteolysis and mass spectrometry identified 67 known and 331 candidate palmitoyl-

proteins. When proteolysis was performed prior to enrichment, allowing only S-

acylated peptides to be retained on the streptavidin resin, 25 known and 143 candidate 

S-acylation site-containing peptides were identified, mapping to 85 different 

proteins(24). This study represents the largest known proteomic identification of S-

acylation sites. Yet the dramatic loss in S-acylated protein identification as a result of 

performing proteolysis prior to enriching for S-acylation highlights the tradeoff 

between protein identification and S-acylation site identification.  

 

Sample preparation methods for direct, site-specific analysis of protein lipidation  

Introduction 

Affinity purification of the palmitoyl-proteome has moved the study of protein 

palmitoylation forward by greatly expanding the number of identified palmitoyl-

proteins. However, as discussed previously, this success in palmitoyl-protein 
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identification has come at the expense of palmitoylation site identification. Further, 

these analyses are likely biased against the identification of palmitoylated integral 

membrane proteins due to difficulties in recovering and ionizing the transmembrane 

domains that compose a significant portion of their primary sequence. Finally, current 

methods used to isolate the palmitoyl-proteome either remove or replace palmitate, 

preventing identification of the specific lipid groups modifying S-acylation sites in 

proteins. Development of protein enrichment and peptide separation techniques that 

leave lipid groups in place, recover transmembrane domains and identify a range 

protein modifications in MS2 fragmentation data would greatly improve palmitoyl-

proteomic analyses. 

 

In the course of my research I have explored sample preparation techniques to identify 

palmitoylation sites in DHHC3 through mass spectrometry. Ultimately I have 

succeeded in developing a sample preparation protocol that is capable of directly 

identifying irreversible lipid modifications, as well as facilitating the recovery and 

analysis of transmembrane domains from an integral membrane protein. The following 

sections review this progress and list future directions for the application of direct 

identification of thioester-linked acylation by tandem mass spectrometry. 

 

Acyl-RAC enrichment as a means of indirectly identifying DHHC3 palmitoylation sites 

My pursuit of a mass spectrometric method for the direct detection of palmitoylation 

sites was inspired by my discovery of multiple palmitoylation sites on DHHC3, a 

small and relatively stable integral membrane protein, belonging to the mammalian 
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DHHC protein family. DHHC3 can be easily obtained from Sf9 insect cells in 

biochemically tractable quantities. AME analysis suggested that DHHC3 was 

heterogeneously palmitoylated at 4 or more sites among its complement of 16 

cysteines. Due to the relationship between enzymatic activity and palmitoylation in 

this enzyme, a combination of mutagenesis and labeling were unsuccessful in 

identifying potential palmitoylation sites. The failure of labeling experiments left mass 

spectrometry as the only viable means of determining palmitoylation sites in DHHC3. 

Hydroxylamine-dependent acyl-RAC enrichment of both DHHC3 WT and the 

inactive mutant (DHHS3) provided the first evidence of multiple palmitoylation sites 

in these proteins. In order to identify peptides containing S-acylation sites, I used a 

modified acyl-RAC protocol similar to that described above for site-specific analysis 

of the palmitoyl-proteome. DHHS3 purified from insect cells on Ni-NTA resin was 

eluted in buffered 1% SDS pH7.2 and alkylated with methyl methanethiosulfonate 

(MMTS). DHHS3 was then precipitated with acetone to remove the blocking reagent 

and suspended in buffered SDS. The suspended protein was divided in half and 

combined with either HA or buffered Tris pH 7.5 in the presence of thiopropyl 

sepharose. After a 4-hour incubation to allow formation of disulfide bonds between 

the resin and newly exposed cysteines, HEPES buffered SDS was replaced with 

ammonium bicarbonate buffered octylglucoside through a series of washes. Trypsin 

was added to both HA and Tris samples and incubated for 4 hours at 37°C. Unbound 

peptides were washed away and bound peptides were eluted with dithiothreitol (DTT). 

The DTT eluted peptides were then desalted and removed from detergent with an SCX 

column, prior to being identified by tandem mass spectrometry.  
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The results of this study reproducibly identified HA-enriched peptides containing 

Cys24 and Cys129 in the DHHS3 mutant. When applied to WT DHHC3, this protocol 

identified three peptides containing Cys24, Cys129, Cys157 and Cys163 enriched in 

HA treated samples. Further, autoacylation of DHHC3 WT increased the relative 

proportion of spectral matches for the Cys157 and Cys163 peptide in the HA treated 

sample. These results suggested that Cys24 and Cys129 were palmitoylation sites in 

DHHC3, regardless of whether the enzyme was active. The reproducible identification 

of the Cys157 and Cys163 peptide was consistent with the widely accepted model that 

DHHC proteins autopalmitoylate at the cysteine in the DHHC motif as part of their 

catalytic mechanism. However, these results were confounded by the identification of 

a peptide from the C-terminus of DHHC3 that contained no cysteines. Based on 

spectral counting, the recovery of the cysteine-free peptide occurred at the same 

frequency as the recovery of the peptide containing the DHHC cysteine, and was also 

recovered in a HA-dependent manner (Figure 2.2). Further, mutation of identified 

palmitoylation sites failed to reduce the overall palmitoylation level of either DHHC3 

WT protein or the DHHS3 mutant. As such, the cysteines identified as palmitoylation 

sites by this mass spectrometry approach could not be confirmed. The inability to 

confirm potential palmitoylation sites highlighted the need for a method that could 

directly identify palmitoylation conjugated to specific cysteines in DHHC3.
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Figure 3.2 – Acyl-RAC enrichment of DHHC3 peptides 

A. Identifications of peptides from DHHC3 WT immobilized on thiopropyl sepharose 

in a hydroxylamine dependent manner, using the acyl-RAC protocol. B. Identification 

of peptides thiopropyl sepharose-immobilized peptides from the catalytically inactive 

DHHS3 (DHHC3 C157S). C. Autoacylation of DHHC3 WT prior to acyl-RAC 

analysis increases the relative recovery of the peptide containing the cysteine in the 

DHHC motif (Cys157). D. Table of DHHC3 peptides enriched by acyl-RAC and 

detected by mass spectrometry.
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Method development for direct detection of DHHC3 palmitoylation by mass 

spectrometry 

Proteolytic digestion of proteins produces peptides with a diverse range of physical 

properties. As these peptides are taken up, the mass spectrometer can analyze a limited 

number of peptides per second. The mass spectrometer will therefore triage the 

incoming peptides, analyzing as many as possible in order of greatest to least 

abundance. In order to collect information on as many peptides as possible, upstream 

reversed-phase high performance liquid chromatography (RP-HPLC) separation is 

used to desalt, dilute and separate the peptides prior to ionization, thereby increasing 

the number of peptides that can be analyzed in a single sample. Most commonly, 

peptide separation is performed using C18 resin as it retains and elutes the broadest 

spectrum of unmodified peptides. As mentioned previously, palmitoylated peptides 

bind the C18 resin too tightly to be eluted by acetonitrile. To avoid this hydrophobic 

interaction, screens of the palmitoyl proteome conducted to date have sought to 

remove palmitate prior to subjecting the peptides to in-line RP-HPLC. In order to 

reduce hydrophobic interactions between RP-HPLC resin and palmitoyl-peptides, in 

collaboration with core mass spectrometry facility, I substituted a wide internal 

diameter (1mm) C4 trapping column in place of the narrow internal diameter (75µM) 

C18 column. C4 resin is composed of silica beads decorated with 4-carbon chains and 

had been previously used in our lab to fractionate very small myristoylated peptides in 

HPLC-based PAT assays(19). 

 

This chromatography method was evaluated using the myristoylated alpha subunit of 
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the heterotrimeric G protein, Gi. Gαi is a stable, soluble myristoylated protein, which 

can be efficiently purified from bacteria in high quantities(25). Gαi was co-expressed 

in bacteria with yeast myristoyl transferase and purified on a Ni-NTA agarose column. 

Electrophoretic mobility shifts on SDS-PAGE gels containing 1M urea indicated near-

stoichiometric myristoylation of Gαi. Gαi (40µg) was buffer exchanged into 

ammonium bicarbonate buffer, combined with trypsin (3µg) and incubated at 37°C 

overnight. After verifying that Gαi had been thoroughly digested, Gαi peptides were 

reduced with DTT, alkylated with iodoacetamide (IAA) and desiccated under a 

vacuum. The peptides were then suspended in 2% acetonitrile and 0.5% formic acid 

and analyzed by LC-MS/MS. Peptides were loaded onto a C4 trapping column in-line 

with a LTQ-Orbitrap Velos mass spectrometer and a gradient from 5-90% acetonitrile 

in 0.1% formic acid was applied. The myristoylated Gαi peptide was robustly 

identified in both MS1 and MS2 data. Despite containing only 10 amino acids, and a 

14-carbon myristate group, this peptide was among the very last peptides eluted from 

the C4 column at approximately 80% acetonitrile, indicating that the fatty acid and the 

resin formed a strong hydrophobic interaction relative to other Gαi peptides in the 

sample. The chromatogram of ionized peptide uptake into the mass spectrometer 

revealed a strong peak at 19.9 minutes that contained the intact, dually charged 

myristoylated precursor peptide. Analysis of the fragment ions in the MS2 data clearly 

showed an abundant b-ion with a mass corresponding to a myristoylated glycine 

(268.2271amu). Further, 6 of the possible 9 b-ions and 8 of the 9 y-ions were 

identified in the spectra (Figure 2.3). In later analyses of DHHC3, this preparation of 
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Gαi was used to as a positive control and as such, the recovery and tandem MS 

analysis of myristoylated peptide has been repeated several times. 

 

The results of the Gαi analysis were encouraging for several reasons: First, the 

presence of myristate did not interfere with any sample processing steps. Second, the 

abundance of the peptide precursor and fragment ions associated with the 

myristoylated glycine suggested that lipid groups would not necessarily reduce the 

ionization or fragmentation efficiency of peptides. Additionally, the elution profile of 

the myristoylated peptide suggested that C4 resin was appropriate for both the 

enrichment and elution of at least short and mono-lipidated peptides. However, using a 

C4 trapping column in place of a C18 nanocolumn resulted in poor recovery of 

peptides from other parts of Gαi. In total, only 22% of the Gαi sequence was 

recovered and analyzed by tandem mass spectrometry.  

 

While C4 resin-based HPLC facilitated direct MS2 analysis of the myristoylated 

peptide from Gαi, the detergent requirements of integral membrane proteins 

demanded changes to the protocol before it could be applied to DHHC3. Detergent 

remaining in the sample can block peptide retention on RP-HPLC columns, potentially 

damaging the columns in the process, and dramatically suppressing the ionization of 

peptides by increasing the viscosity of the sample. In solution, the presence of 

detergent is presumed to be dispensable once proteins have been digested into 
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Figure 3.3 – Direct detection of myristoylated Gαi peptide by tandem mass 

spectrometry 

A. Chromatogram of Gαi peptides eluted from a wide internal diameter column 

packed with C4 resin. The peak containing the N-terminal myristoylated peptide is 

indicated with an arrow. B. MS2 spectrum of the y and b-ions resulting from 

fragmentation of the myristoylated Gαi peptide. Mass of b-ions includes the mass of 

myristate (228.37amu)
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peptides. Therefore, including detergent through protein digestion and subsequently 

eliminating it from the sample is a critical technical challenge for the analysis of 

palmitoylated membrane proteins.  

 

Detergent is most easily removed from protein samples by resolving the protein on 

Coomassie-stained SDS-PAGE gels. After excising the protein band of interest, the 

protein is reduced, alkylated and digested in gel fragments, followed by peptide 

extraction. SDS-PAGE gels also provide sample cleanup as they desalt and fractionate 

the sample, allowing for increased protein separation and identification. The results of 

the mass spectrometric analysis can also be compared to Coomassie-staining patterns 

when applicable. However, in-gel digests result in peptide losses of 15-20%, making 

this approach to proteolysis less efficient than in-solution digestion(26). Moreover, the 

impact of palmitoylation on peptide recovery from in-gel digests is unknown. 

However, other methods used to remove detergent from protein samples are either 

very expensive or technically complicated. These methods will be discussed in more 

detail under future directions.  

 

In addition to removing detergent from DHHC3 samples with SDS-PAGE gels, the 

C4-based HPLC system was expanded to include both C4 and C18 trapping columns, 

linked in series. This method was designed with the goal of retaining palmitoylated 

and extremely hydrophobic peptides on the C4 column and allowing less hydrophobic 

peptides to flow through to the C18 column. For analysis of DHHC3, 4µg of protein 

was resolved on a Coomassie-stained SDS-PAGE gel. The DHHC3 band was excised, 
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reduced with 2mM TCEP and alkylated with iodoacetamide. The protein band was 

then digested with trypsin overnight at 37°C. Peptides were extracted in 1% formic 

acid, 50mM ammonium bicarbonate and ~5% acetonitrile, and applied to C4 and C18 

trapping columns linked in series. After sample loading, the two trapping columns 

were separated and individually eluted into nano columns packed with matching C4 or 

C18 resin, in-line with an LTQ-Velos Orbitrap mass spectrometer. 

 

This analysis directly detected palmitate modifying cysteine 133 and cysteine 146, 

while recovering and identifying peptides accounting for 72% of the DHHC3 

sequence, including 3 of the 4 transmembrane domains. Most of the remaining 28% of 

DHHC3, including the 4th transmembrane domain was contained in a single 50-residue 

peptide that was likely too long to be subjected to MS2 analysis. Surprisingly, 

palmitate was also identified modifying a number of lysine residues and in fewer 

cases, serine and threonine residues (See Table 3.1). While cysteine 146 is conserved 

in every mammalian DHHC protein, cysteine 133 is not conserved in any other DHHC 

protein except for DHHC7. Interestingly, sites of lysine palmitoylation were also not 

highly conserved across the DHHC protein family. Additionally, hydroxylamine 

treatment of DHHC3 labeled with [3H]palmitate reduced the palmitoylation signal to 

background levels, suggesting that the stoichiometry of lysine-linked palmitoylation is 

extremely low.  

 

These results offered extensive insight into the successes and failures of the tandem-

column HPLC method. Specifically, the tandem-column protocol dramatically 
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Table 3.1 – Directly identified palmitoylation sites in DHHC3 

Peptide: Modification Residue Replications 

ccSIKPDR C2(Palmitoyl) C133 1 
AHHCSVcK C7(Palmitoyl) C146 2 

AHHcSVckR 

C4(Carbamidomethyl); 
C7(Carbamidomethyl); 

K8(Palmitoyl) 

K147 

2 
AmLtDPGAVPK M2(Oxidation); T4(Palmitoyl) T100 1 
AmLTDPGAVPkGNATK M2(Oxidation); K11(Palmitoyl) K107 2 
kPEYLQPEK K1(Palmitoyl) K23 3 
tkWMNMK T1/K2(Palmitoyl) K264 2 

ccSIkPDR 

C1(Carbamidomethyl); 
C2(Carbamidomethyl); 

K5(Palmitoyl) 

K136 

3 

cPkccSIKPDR 

C1(Carbamidomethyl); 
K3(Palmitoyl); 

C4(Carbamidomethyl); 
C5(Carbamidomethyl) 

K131 

3 
WMNMkAVFGHPFSLGWASPFATPDQGK K5(Palmitoyl) K269 3 
GNATkEFIESLQLKPGQVVYK K5(Palmitoyl) K112 3 
AVFGHPFsLGWASPFATPDQGK S8(Palmitoyl) S276 3 
* Lower case = Amino acid with non-native mass (oxidized, alkylated, etc.) 
* Lower case and bold = palmitoylated residue 
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improved sequence coverage by facilitating recovery and identification of 

transmembrane domains. Further, the success in identifying extremely low abundance 

N-linked or O-linked palmitoylation groups suggests that tandem C4-C18 column 

chromatography facilitates extremely sensitive detection of protein lipid 

modifications. This sensitivity argues against any concern that lipid modifications 

negatively impact peptide ionization or fragmentation. However, the lack of success in 

identifying cysteine-linked palmitoylation in proportion to its abundance on DHHC3, 

suggests that thioester bonds did not survive sample preparation. 

 

Indirect detection of palmitoylation sites reveals limitations of the two-column 

chromatography method 

As direct detection of palmitoylation seemed to be limited by the labile nature of the 

thioester bond, I sought to replace palmitate on DHHC3 with iodoacetamide.  

Iodoacetamide is a small molecule that irreversibly alkylates cysteine residues and is 

commonly used in sample preparation protocols for mass spectrometry. Replacing 

palmitate with iodoacetamide allowed the use of traditional C18 liquid 

chromatography upstream of MS analysis, without any loss of palmitoylated peptides. 

The experimental details of this analysis are described in chapter 2.  

 

Indirect identification of palmitoylation sites both confirmed palmitoylation at 

cysteine 133, and expanded the number of potential sites to include cysteine 24, 

cysteine 132, cysteine 157, and cysteine 163. However, the sequence coverage of 

DHHC3 was reduced in this analysis due to a failure to recover transmembrane 
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domains.  

 

Examination of the peptides and palmitoylation sites differentially identified using 

direct and indirect MS analysis offers additional insight into the capabilities of the C4-

C18 tandem column liquid chromatography method, as it currently exists. The indirect 

analysis identified two peptides that each contained two potential palmitoylation sites: 

the Cys132/Cys133 peptide and the Cys157/Cys163 peptide. Dually palmitoylated 

peptides were never identified using the C4-based chromatography for analysis of 

DHHC3. This may be explained by hydrophobic interactions between dually 

palmitoylated peptides and C4 resin that were too strong to enable peptide elution. As 

discussed previously, feasibility experiments performed with myristoylated Gαi 

showed that this peptide was among the very last peptides eluted from the C4 trapping 

column. As such, the hydrophobicity contributed by two palmitate groups may have 

exceeded the ability of acetonitrile to elute these peptides. Conversely, cysteine 146 

was directly identified as a palmitoylation site, but the peptide containing cysteine 146 

was not recovered in the acyl-iodoacetamide switch analysis of DHHC3. This peptide 

is very short and accepts up to 3 positive charges, resulting in a mass to charge ratio 

that is lower than the cutoff used in this analysis. The 238amu contributed by 

palmitate may have been necessary to observe palmitoylation at this site in the direct 

palmitoylation analysis of DHHC3. 
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Development of proteolysis methods to preserve S-acylation: progress and future 

directions  

The majority of S-linked palmitate loss likely occurs during in-gel trypsin digestion. 

Trypsin is most active at pH 8.0-8.5, and digestion of complex samples typically 

proceeds for 8 hours or more at 37°C. Additionally, trypsin digestion is typically 

carried out in ammonium bicarbonate buffer as its volatility allows for simple buffer 

exchange by evaporation. Interestingly, ammonium bicarbonate adjusted to any pH 

will rapidly equilibrate to pH 8.5 over time. Thioester bonds are sensitive to alkaline 

pH, and a recent report showed that incubation at pH 8.0 for periods of as little as 6 

hours caused significant palmitate hydrolysis from peptides(27).  

 

In order to improve upon the sample preparation of DHHC3 peptides for identification 

of palmitoylation sites, I evaluated a means for conducting a low-pH proteolysis 

protocol for DHHC3. A recent paper characterizing the sample preparation of 

palmitoylated peptides for mass spectrometric analysis suggested that pH 4.0 would be 

optimal for maintaining palmitate on peptides throughout proteolytic digestion(27). 

However, trypsin is inactive at pH 4.0, and therefore, alternative proteases must be 

used to digest DHHC3 at low-pH. Two proteases that have proven activity at 

appropriately low pH are Glu-C and Asp-N. An analysis of proteolytic sites in 

DHHC3 revealed that a combined Asp-N and Glu-C digestion would divide DHHC3 

into peptides appropriately sized for efficient analysis by tandem mass spectrometry 

(Figure 3.4). 
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Figure 3.4 – Proportion of proteome digested into peptides appropriately sized 

for analysis by tandem mass spectrometry 

A. All open reading frames in the human proteome (20,192 reviewed open reading 

frames downloaded from Uniprot.org) were computationally subdivided at the peptide 

bond following either lysines and arginines (trypsin), or glutamate (Glu-C), or the 

peptide bond preceding aspartate (Asp-N). The number of residues contained in 

peptides between 7-35 amino acids was compared to the number of residues contained 

in both longer and shorter peptides resulting from the theoretical digest. B. An 

identical analysis was performed on the predicted human integral membrane proteome 

(7,005 reviewed protein entries in Uniprot). 
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In addition to evaluating alternative proteolysis conditions for DHHC3, I also 

attempted to develop a protocol for in-solution digestion of DHHC3. As noted 

previously, the efficiency of peptide extraction following in-gel digestion is difficult to 

evaluate. Through switching to in-solution digests, I could eliminate concerns about 

peptide extraction efficiency. Additionally, in-solution digests would allow for simple 

evaluations of digestion efficiency through use of biochemical techniques instead of 

mass spectrometry. 

 

Elimination of SDS-PAGE gels from the sample preparation protocol re-introduced 

the technical challenge of removing detergent from the sample prior to liquid 

chromatography steps. In lieu of SDS-PAGE-based elimination of detergent, I tested 

the use of acid-labile surfactant (ALS) as a means of eliminating detergent from the 

sample. The commercial ALS reagent, Rapigest, has properties similar to sodium 

dodecyl sulfonate (SDS) and can effectively solubilize proteins from the cell 

membrane. After proteolysis, Rapigest can be removed through treatment with 

trifluoroacetic acid, which splits the surfactant into a hydrophilic head group that is 

not retained on RP-HPLC resin, and a hydrophobic tail that precipitates in solution 

and can be removed through centrifugation. Rapigest and other commercial acid-labile 

surfactants have been successfully used in combination with trypsin digests to improve 

recovery of membrane proteins in many proteomic studies(28).  
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To summarize, the changes I made to the sample preparation protocol involved 

replacing SDS-PAGE-mediated detergent removal and trypsin proteolysis. The new 

workflow began with purifying DHHC3 from Sf9 insect cells under non-denaturing 

conditions. Purified DHHC3 was then combined with [3H]-palmitoyl-CoA to form the 

autoacylated intermediate. Autoacylated DHHC3 was then precipitated with acetone 

and suspended in SDS. While suspended in SDS, DHHC3 was reduced and alkylated 

and then again precipitated with acetone. Following the second precipitation step, 

DHHC3 was suspended in ammonium acetate buffered ALS (pH 4.0), followed by 

sequential Glu-C and Asp-N digestion (18 h each at 37°C). ALS was removed from 

the peptide solution by lowering the pH with trifluoroacetic acid, prompting a 

separation of the ALS head group from the lipid tail. The resulting peptides were then 

submitted to the core mass spectrometry facility for LC-MS/MS analysis.  

 

This protocol encountered significant technical obstacles at two different points. First, 

0.3% ALS in 50mM ammonium acetate failed to reproducibly suspend DHHC3 

following precipitation with acetone. Second, while the literature suggested that 

trypsin remained active in 0.1-1.0% Rapigest, Glu-C-mediated proteolysis appeared to 

be severely inhibited by 0.01% Rapigest. Additionally, Coomassie analysis of trypsin-

digested Gαi suggested that Rapigest used in concentrations greater than 0.01% 

inhibited trypsin activity as well. This concentration is more than 20 fold lower than 

the critical micelle concentration of SDS and at such low levels, protein may begin to 

aggregate and become less accessible to proteolysis. At this stage in method 

development, I abandoned pursuit of an in-solution digest at low pH in favor of the 
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indirect acyl-iodoacetamide switch analysis of palmitoylation sites in DHHC3. In the 

following section I discuss potential means of circumventing the technical issues I 

encountered in developing a low-pH proteolysis method to preserve protein S-

acylation prior to chromatography and analysis by mass spectrometry.  

 

Future directions to develop low-pH proteolysis protocols 

Identification of low-abundance, irreversible N-linked palmitoylation suggests that 

palmitoylated peptides are efficiently recovered from gel fragments, ionized and 

fragmented during MS/MS analysis. Additionally, in-gel digestion offers the simplest 

and most cost effective means of removing detergent, which will be required for 

analysis of the palmitoyl-proteome. Proteolysis performed at pH 4.0 has been shown 

to maintain thioester bonds for up to 16 hours. However, proteolysis at this pH 

requires the use of low-pH-compatible proteases, which unlike trypsin, do not 

guarantee a basic residue in each peptide. As such, ionization of peptides Glu-C and 

Asp-N derived peptides may be less efficiently identified than trypsin-derived 

peptides. An analysis of Glu-C and Asp-N sites in the proteome demonstrates that, in 

combination, they are as frequent and as well distributed as trypsin sites (Figure 3.4).  

However, in-gel digestion must be performed with proteases small enough to permeate 

the gel matrix. Commercially available trypsin is 23.3kd while Glu-C is 27kd and 

Asp-N is 24.5kd. Whether the difference in size between trypsin and Glu-C or Asp-N 

will alter peptide recovery must be determined experimentally. The efficiency of in-

gel digestions performed with small amounts of purified protein can only be evaluated 

by mass spectrometry, whereas peptide recovery for large protein samples (e.g. total 
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membrane protein samples) may be determined using tryptophan fluorescence.  

 

Should low-pH, in-gel digestion with Glu-C and/or Asp-N prove to be technically 

unworkable, sample preparation for proteomic analysis using the tandem C4-C18 

chromatography method will require an in-solution digest and detergent removal. 

While in-solution digests pose more technical challenges than in-gel digests, there are 

several possible solutions these challenges.  

 

Filter aided sample preparation (FASP) provides a viable means of removing detergent 

from protein solutions by replacing it with urea prior to digestion. Use of this method 

has been reported for several proteomic studies conducted to date(28,29). The results 

suggest that the FASP method is an efficient means of producing HPLC-compatible 

peptides from SDS-solubilized proteins. To briefly describe the method, clarified 

lysates from cells disrupted with SDS are transferred to a micro ultrafiltration unit 

with a 30kd cutoff membrane. The lysate is diluted with 8M buffered urea and filtered 

by centrifuging the ultrafiltration unit until a very small volume remains. This step is 

repeated until SDS has been removed from the solution. The retained proteins are then 

suspended in a protease compatible buffer and digested for 18 hours. After digestion, 

peptides are collected by centrifuging the ultrafiltration unit until virtually all the 

digestion volume has passed through the membrane(30). These peptides can be 

desiccated and suspended in acetonitrile and formic acid for separation by the C4-C18 

tandem column chromatography method.  
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The FASP protocol has primarily been used in proteomic analyses with the goal of 

protein identification and quantification. By consequence, the FASP protocol has been 

pioneered with solutions buffered at pH 8.0 – 8.5 and evaluated in terms of proteomic 

depth. Whether this protocol is equally effective at low pH, and using different 

proteases must be determined experimentally. Still, this method appears to be an 

efficient solution to the technical challenge of solubilizing membranes in detergent 

and subsequently removing the detergent prior to peptide separation by HPLC. 

 

Acid-labile surfactants proved capable of extracting DHHC3 from Sf9 cell 

membranes. Additionally, I also successfully hydrolyzed Rapigest in solution by 

adding trifluoroacetic acid to 0.5%. Under these conditions, the lipid tail of ALS, 

separated from its head group, flocculates and can be removed by centrifugation. An 

important technical aspect to remember however is that this lipid tail does not form a 

dense pellet when centrifuged and must be centrifuged in a narrow (e.g. PCR) tube to 

be able to see the precipitate well enough to cleanly pipet the supernatant.  

 

To apply ALS to a proteomic analysis of palmitoylated proteins, cells should be lysed 

directly in ALS. My evaluation of an in-solution digest using ALS suggested that it is 

not strong enough to reproducibly suspend precipitated protein, and as such, 

detergents cannot be used to extract proteins from membranes and be replaced by ALS 

through acetone precipitation. It should be noted that the high cost of commercial ALS 

and the inability to use a standard detergent (such as SDS or DDM) for purification 

and replace it with ALS through precipitation of the purified protien will make this 
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protocol more expensive to pursue than others suggested in this section. 

 

After generating lysates with ALS, the optimal conditions for digestion must be 

developed. While the digestion must be performed at a pH less than 7.4, and pH 4.0 

has been proven to prevent hydrolysis of the thioester bond, the extent of palmitate 

loss that would be sustained while performing proteolysis at a pH between 4.0 and 7.4 

is unknown. Additionally, in my experiments, even very low concentrations of 

Rapigest strongly inhibited Glu-C activity towards Gαi. The activity of Asp-N under 

these conditions was not directly tested. However, Promega offers an alternative to 

Rapigest, called ProteaseMAX™ that may be more compatible with these proteases. 

Trypsin becomes active above pH 5.0, although it is maximally active between pH 7.0 

and 9.0(31). It is possible that a long digestion performed with increased trypsin 

concentrations at pH 6.0 – 6.5 might preserve palmitoylation and allow for efficient 

proteolysis at low concentrations of ALS (=/<0.01%). 

 

Strong ion exchange chromatography represents another means of removing detergent 

from an in-solution digest. In this method, proteins suspended in a detergent solution 

are diluted to achieve a low detergent concentration (<0.1%) either before digestion 

(for denaturing detergents) or after digestion (for non-denaturing detergents). 

Following digestion, detergent is removed from the sample by applying the peptides to 

either a strong cation exchange (SCX) or a strong anion exchange (SAX) column. 

These columns retain peptides through ionic interactions and are eluted with a gradient 

of salt in the mobile phase. This method was successful for identifying DHHC3 
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peptides trapped by acyl-RAC as previously discussed. However, this method can 

result in significant peptide loss(29), which may be enhanced in hydrophobic regions 

of the protein that contain few, if any charged residues.  

 

Many different approaches to membrane protein solubilization, digestion and peptide 

recovery have been explored and may be viable alternatives to those discussed in 

detail above. However, as mentioned previously, many of these methods were used in 

pursuit of enhanced “depth” of proteome coverage. As integral membrane proteins can 

be identified by peptides mapping to their cytoplasmic domains, it is unclear in many 

cases whether these methods enhance transmembrane domain recovery and analysis. 

Additionally, many published membrane protein solubiliztion strategies were 

evaluated using trypsin digestion under conditions that would rapidly remove 

palmitate groups. It is unclear whether these alternative solubilization strategies would 

be as successful in peptide recovery while using low pH-compatible proteases. The 

methods discussed in detail above are the methods that seem most easily adapted to 

conditions that maintain palmitoylation throughout digestion. 

 

Future directions to develop chromatography methods for enhanced multi-lipidated 

peptide identification 

Finally, many proteins are palmitoylated in combination with additional lipid groups, 

which are usually located in close proximity to the palmitoylation site. While the C4-

C18 tandem column chromatography method has been shown to efficiently bind and 

elute mono-lipidated peptides, a comparison of DHHC3 palmitoylation sites identified 
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through direct and indirect mass spectrometry methods suggests that dually lipidated 

peptides may be unable to elute from the C4 column even at 90% acetonitrile in the 

mobile phase. In all experiments performed using the C4-C18 tandem column 

chromatography method, acetonitrile was used to enhance hydrophobicity of the 

mobile phase. Use of more hydrophobic solvents in the mobile phase may improve the 

number and variety of lipidated peptides recovered from a proteomic sample. In 

pursuit of the ability to analyze many kinds of lipid modifications in a variety of 

combinations, the use of solvents such as propanol and isopropanol instead of 

acetonitrile may improve the recovery of multiply lipidated peptides. 

 

Concluding remarks 

Protein palmitoylation has long been thought to be incompatible with mass 

spectrometry-based analytical techniques. Traditional sample preparation for mass 

spectrometry exposes proteins to both alkaline conditions and the palmitate-stripping 

agent dithiothreitol (DTT) at elevated temperatures. Historically, these methods have 

depleted protein S-acyalation prior to MS analysis. Any thioester-linked lipid groups 

remaining on peptides following sample preparation were likely permanently retained 

on in-line RP-HPLC columns. Despite these incompatibilities, it remained 

theoretically possible that a large, hydrophobic modification like palmitate might 

reduce peptide extraction from gel matrix following in-gel digestion, or suppress 

ionization of the peptides. If not, palmitoylation may have also altered fragmentation 

efficiency of peptides. Through the pursuit of my research, in combination with a 

recent study that determined optimal sample preparation conditions for maintenance of 
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thioester bonds(27), it has now become clear that these hurdles were overstated or can 

be circumvented with appropriate methods and reagents. While more work remains to 

develop a mass spectrometry method that can efficiently analyze protein S-acylation, 

the protocol I developed is currently capable of analyzing previously inaccessible 

portions of the proteome, including non-thioester-linked lipid modifications and 

transmembrane domains of integral membrane proteins.



 

127 

REFERENCES 

 

(1) Ren J, Wen L, Gao X, Jin C, Xue Y, Yao X. CSS-Palm 2.0: an updated software 
for palmitoylation sites prediction. Protein Eng Des Sel 2008 Nov;21(11):639-644. 

(2) Oku S, Takahashi N, Fukata Y, Fukata M. In silico screening for palmitoyl 
substrates reveals a role for DHHC1/3/10 (zDHHC1/3/11)-mediated neurochondrin 
palmitoylation in its targeting to Rab5-positive endosomes. J Biol Chem 2013 Jul 
5;288(27):19816-19829. 

(3) Hayashi T, Thomas GM, Huganir RL. Dual palmitoylation of NR2 subunits 
regulates NMDA receptor trafficking. Neuron 2009 Oct 29;64(2):213-226. 

(4) Merrick BA, Dhungana S, Williams JG, Aloor JJ, Peddada S, Tomer KB, et al. 
Proteomic profiling of S-acylated macrophage proteins identifies a role for 
palmitoylation in mitochondrial targeting of phospholipid scramblase 3. Mol Cell 
Proteomics 2011 Oct;10(10):M110.006007. 

(5) Jiang H, Khan S, Wang Y, Charron G, He B, Sebastian C, et al. SIRT6 regulates 
TNF-alpha secretion through hydrolysis of long-chain fatty acyl lysine. Nature 2013 
Apr 4;496(7443):110-113. 

(6) Resh MD. Use of analogs and inhibitors to study the functional significance of 
protein palmitoylation. Methods 2006 Oct;40(2):191-197. 

(7) Liang X, Lu Y, Neubert TA, Resh MD. Mass spectrometric analysis of GAP-
43/neuromodulin reveals the presence of a variety of fatty acylated species. J Biol 
Chem 2002 Sep 6;277(36):33032-33040. 

(8) Soskic V, Nyakatura E, Roos M, Muller-Esterl W, Godovac-Zimmermann J. 
Correlations in palmitoylation and multiple phosphorylation of rat bradykinin B2 
receptor in Chinese hamster ovary cells. J Biol Chem 1999 Mar 26;274(13):8539-
8545. 

(9) Trester-Zedlitz M, Burlingame A, Kobilka B, von Zastrow M. Mass spectrometric 
analysis of agonist effects on posttranslational modifications of the beta-2 
adrenoceptor in mammalian cells. Biochemistry 2005 Apr 26;44(16):6133-6143. 

(10) Liang X, Lu Y, Wilkes M, Neubert TA, Resh MD. The N-terminal SH4 region of 
the Src family kinase Fyn is modified by methylation and heterogeneous fatty 
acylation: role in membrane targeting, cell adhesion, and spreading. J Biol Chem 2004 
Feb 27;279(9):8133-8139. 



 

128 

(11) Kordyukova LV, Serebryakova MV, Baratova LA, Veit M. Site-specific 
attachment of palmitate or stearate to cytoplasmic versus transmembrane cysteines is a 
common feature of viral spike proteins. Virology 2010 Mar 1;398(1):49-56. 

(12) Kleuss C, Krause E. Galpha(s) is palmitoylated at the N-terminal glycine. EMBO 
J 2003 Feb 17;22(4):826-832. 

(13) Roth AF, Wan J, Bailey AO, Sun B, Kuchar JA, Green WN, et al. Global analysis 
of protein palmitoylation in yeast. Cell 2006 Jun 2;125(5):1003-1013. 

(14) Wei X, Song H, Semenkovich CF. Insulin-regulated protein palmitoylation 
impacts endothelial cell function. Arterioscler Thromb Vasc Biol 2014 Feb;34(2):346-
354. 

(15) Martin BR. Chemical approaches for profiling dynamic palmitoylation. Biochem 
Soc Trans 2013 Feb 1;41(1):43-49. 

(16) Yount JS, Moltedo B, Yang YY, Charron G, Moran TM, Lopez CB, et al. 
Palmitoylome profiling reveals S-palmitoylation-dependent antiviral activity of 
IFITM3. Nat Chem Biol 2010 Aug;6(8):610-614. 

(17) Martin BR, Cravatt BF. Large-scale profiling of protein palmitoylation in 
mammalian cells. Nat Methods 2009 Feb;6(2):135-138. 

(18) Martin BR, Wang C, Adibekian A, Tully SE, Cravatt BF. Global profiling of 
dynamic protein palmitoylation. Nat Methods 2011 Nov 6;9(1):84-89. 

(19) Jennings BC, Linder ME. DHHC protein S-acyltransferases use similar ping-
pong kinetic mechanisms but display different acyl-CoA specificities. J Biol Chem 
2012 Mar 2;287(10):7236-7245. 

(20) Wan J, Savas JN, Roth AF, Sanders SS, Singaraja RR, Hayden MR, et al. 
Tracking brain palmitoylation change: predominance of glial change in a mouse model 
of Huntington's disease. Chem Biol 2013 Nov 21;20(11):1421-1434. 

(21) Zhou B, An M, Freeman MR, Yang W. Technologies and Challenges in 
Proteomic Analysis of Protein -acylation. J Proteomics Bioinform 2014 Sep;7(9):256-
263. 

(22) Mann M. Functional and quantitative proteomics using SILAC. Nat Rev Mol Cell 
Biol 2006 Dec;7(12):952-958. 

(23) Forrester MT, Hess DT, Thompson JW, Hultman R, Moseley MA, Stamler JS, et 
al. Site-specific analysis of protein S-acylation by resin-assisted capture. J Lipid Res 
2011 Feb;52(2):393-398. 



 

129 

(24) Yang W, Di Vizio D, Kirchner M, Steen H, Freeman MR. Proteome scale 
characterization of human S-acylated proteins in lipid raft-enriched and non-raft 
membranes. Mol Cell Proteomics 2010 Jan;9(1):54-70. 

(25) Linder ME, Pang IH, Duronio RJ, Gordon JI, Sternweis PC, Gilman AG. Lipid 
modifications of G protein subunits. Myristoylation of Go alpha increases its affinity 
for beta gamma. J Biol Chem 1991 Mar 5;266(7):4654-4659. 

(26) Speicher KD, Kolbas O, Harper S, Speicher DW. Systematic analysis of peptide 
recoveries from in-gel digestions for protein identifications in proteome studies. J 
Biomol Tech 2000 Jun;11(2):74-86. 

(27) Ji Y, Leymarie N, Haeussler DJ, Bachschmid MM, Costello CE, Lin C. Direct 
detection of S-palmitoylation by mass spectrometry. Anal Chem 2013 Dec 
17;85(24):11952-11959. 

(28) Tanca A, Biosa G, Pagnozzi D, Addis MF, Uzzau S. Comparison of detergent-
based sample preparation workflows for LTQ-Orbitrap analysis of the Escherichia coli 
proteome. Proteomics 2013 Sep;13(17):2597-2607. 

(29) Vuckovic D, Dagley LF, Purcell AW, Emili A. Membrane proteomics by high 
performance liquid chromatography-tandem mass spectrometry: Analytical 
approaches and challenges. Proteomics 2013 Feb;13(3-4):404-423. 

(30) Wisniewski JR, Zougman A, Nagaraj N, Mann M. Universal sample preparation 
method for proteome analysis. Nat Methods 2009 May;6(5):359-362. 

(31) Sipos T, Merkel JR. An effect of calcium ions on the activity, heat stability, and 
structure of trypsin. Biochemistry 1970 Jul 7;9(14):2766-2775. 



 

130 

CHAPTER 4 

 
 IMPLICATIONS AND FUTURE DIRECTIONS  

Introduction 

The results of my research combine to suggest a complex role for palmitate in the 

catalytic mechanism of DHHC proteins and to depict the conserved catalytic domain 

as a tightly ordered zinc-binding domain. Additionally, my study of DHHC3 

palmitoylation led me to develop new methods that may be applied to future studies of 

protein palmitoylation. Finally, in the pursuit of my thesis research goals, I observed 

phenomena in my experiments that may merit further study. 

 

My study of DHHC3 palmitoylation was initiated by the discovery that the 

catalytically inactive DHHS mutant of DHHC3 was palmitoylated in cells. In addition 

to suggesting palmitoylation sites in addition to the cysteine in the DHHC motif, these 

sites suggested that palmitate had been transferred to the protein by endogenous 

palmitoyltransferases in Sf9 insect cells. Transpalmitoylation between monomers in 

DHHC3 was confirmed through in vitro PAT assays, suggesting that palmitoylation is 

a functional aspect of oligomerization. However, relative to the autoacylation of 

DHHC3 WT in the assay, only a small amount of palmitate was transferred to 

DHHS3. In the following section, I describe unpublished experiments that suggest the 

amount of palmitate transferred from DHHC3 WT to the inactive DHHS3 mutant may 

dramatically underestimate the amount of palmitate exchanged between two 

monomers of DHHC3 WT. 
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The DHHC cysteine is required to both transfer and receive palmitate in trans 

Labeling assays performed with various single and double cysteine mutants of 

DHHC3 suggest that that mutation of the cysteine in the DHHC motif blocks 

palmitoylation at other cysteines in the CRD. When labeling adherent cultures of 

TriEx Sf9 insect cells, conserved cysteine mutants of DHHC3 (not including the 

DHHC cysteine) incorporated more label than WT DHHC3. The hyperpalmitoylation 

observed in these cysteine mutants is likely indicative of the perturbed structure that I 

later identified using both transpalmitoylation assays and limited proteolysis assays 

(see chapter 3). Accordingly, I suspect that endogenous palmitoyltransferases transfer 

palmitate to cysteines exposed by structural perturbations in the CRD of DHHC3, 

resulting from mutation of conserved cysteines. However, this transfer of palmitate to 

ectopically exposed cysteines is blocked by mutation of the cysteine in the DHHC 

motif.  

 

I labeled insect cells expressing the following DHHC3 mutants in addition to DHHC3 

WT: C157S (the DHHS3 mutant), C132S, and C132S/C157S. All these mutants are 

catalytically inactive and cannot autoacylate. The C157S single mutant of DHHC3 

adopts the same gross structure as DHHC3 WT, while both C132S and C132S/C157S 

mutants have an altered CRD structure, as revealed by limited proteolysis assays 

(Figure 4.1, A). The C132S single mutant is hyperpalmitoylated in adherent Sf9 insect 

cells as a result of its altered CRD structure, whereas the double mutant C132S/C157S 

is sparsely palmitoylated at levels equivalent to the C157S cysteine mutant (Figure 
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4.1, B). These results strongly suggest that the cysteine in the DHHC cysteine is 

required for transpalmitoylation of CRD cysteines exposed by mutation.  

 

Many publications have suggested that the cysteine in the DHHC motif is the sole site 

of palmitoylation in autoacylated intermediate forms of DHHC proteins due to the 

dramatic loss of palmitoylation that results when this residue is mutated(1). Others 

have used the same evidence to suggest that DHHC protein monomers are unable to 

autoacylate or palmitoylate each other in trans(2). However, the finding that the 

mutation of the DHHC cysteine prevents the palmitoylation of CRD cysteines in trans 

has likely obscured the complex path traveled by palmitate after uptake by DHHC 

proteins. My findings suggest that palmitate may distribute to a number of cysteines in 

the CRD of DHHC3 through autoacylation and transpalmitoylation. Interestingly, 

transpalmitoylation seems to require the DHHC cysteine in both proteins to transfer 

and receive palmitate between monomers. 

 

The implications of these data suggest that transpalmitoylation may represent an 

underappreciated means of signaling amongst DHHC proteins. Work performed in our 

lab, and by other groups has suggested that DHHC proteins form both homo and 

hetero-oligomers(3,4). Having identified the potential of homo-oligomeric DHHC3 to 

transpalmitoylate, I hypothesize that hetero-oligomeric DHHC proteins also 

transpalmitoylate. It would be interesting to know whether overexpression or 

knockdown of DHHC proteins can impact activity of co-expressed or endogenous 

DHHC proteins. It would also be interesting to know whether DHHC proteins can
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Figure 4.1 – The cysteine in the DHHC CRD is required to both transfer and 

receive palmitate in trans A. DHHC3 C132S and DHHC3 C157S/C132S share a 

structural perturbation in the CRD. Immunoblot analysis of a limited proteolysis 

assay, performed with anti-DHHC3 primary antibody. Partial trypsin proteolysis of 

both the C132S single mutant and the C157S/C132S double mutant produces a ~20kD 

band characteristic of an altered CRD structure. Partial trypsin proteolysis of the 

C157S single mutant does not produce a 20kD fragment and instead produces a WT-

like digestion pattern. B. The C132S single mutant incorporates more palmitate in 

labeling experiments than DHHC3 WT. Mutation of the cysteine in the DHHC motif 

blocks the increased incorporation of palmitate by the C132S mutant. The top panel 

shows the fluorescent signal originating from alexafluor488 azide conjugated to 

DHHC3-incorporated 17-ODYA. The bottom panel shows a anti-Flag immunoblot of 

normalized protein levels in the assay. 
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 form oligomers with only closely related DHHC proteins or more broadly with any 

co-localized DHHC protein.  

 

DHHC protein structure 

DHHC proteins share a conserved catalytic cysteine rich domain located between two 

transmembrane domains. Outside of this domain, the primary sequences of DHHC 

proteins are highly variable. The DHHC-CRD itself is a unique domain with a novel 

catalytic activity. Biochemical interrogations of DHHC proteins, including my own, 

have found that conserved residues in the CRD and C-terminus are required for the 

activity and folding of DHHC proteins. These enzymes are therefore extremely 

sensitive to mutation, truncation and chimeric analysis. As such, the utility of low-

resolution biochemical explorations of the structure, function and regulation of DHHC 

proteins may be waning. The determination of DHHC protein structure remains 

critically important to the development of pharmacological modulators of 

palmitoyltransferase activity and their mechanistic analysis. However, such structural 

information will be most efficiently gained through crystallography, or nuclear 

magnetic resonance (NMR) data. 

 

The results of my limited proteolysis assays may offer clues about the N and C-termini 

of DHHC3. I used both SYPRO®-stained gels and immunoblots to analyze limited 

proteolysis assays. Trypsin proteolysis of DHHC3 WT and DHHS3 produced 

fragments immediately below the parental band, while proteolysis of conserved 

cysteine mutant forms of DHHC3 failed to produce a fragments immediately below 
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the parental band and instead produced only a ~20kD band (Figure 2.6). In 

immunoblots, all of these bands were detected using an antibody raised against the C-

terminal 15 amino acids of DHHC3, suggesting that all fragments included the C-

terminus of the enzyme. No additional bands were observed in the SYPRO®-stained 

SDS-PAGE analyses of these assays, though it should be noted that fragments below 

15 kD would have been below the limit of detection (data not shown). These data 

suggest that the N-terminus of DHHC3 WT is the most flexible and trypsin accessible 

domain of the enzyme, while the C-terminal portion of the enzyme is tightly packed, 

limiting access to numerous trypsin sites in favor of N-terminal digestion. These 

results are interesting in the context of several reports suggesting that the C-terminal 

domain of DHHC proteins mediates substrate binding (See chapter 1). Additionally, 

several canonical protein-protein interaction domains are located in the C-terminal 

intracellular domains of DHHC proteins that may facilitate substrate recruitment. 

Finally, at least two studies have reported evidence that the DHHC3 N-terminus does 

not interact with substrate proteins (5,6). If substrate proteins are recruited by the C-

terminal domain, the binding interface would have to place them in proximity to the 

active site in the DHHC-CRD in order to be palmitoylated. Random mutagenesis 

found several loss-of-function mutations mapping to the 4th transmembrane domain in 

Swf1 (7). One possible interpretation of these results is that the 4th transmembrane 

domain interacts with the CRD and the C-terminal domain to facilitate a tightly 

packed structure that brings these two regions into close proximity. 

 

In combination with the data presented in chapter 2 of this thesis, these findings aid in 
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the development of a low-resolution model of the structure-function relationship in 

DHHC3, and likely in other DHHC proteins as well. As discussed above, it seems that 

the N-terminus of the enzyme is the most solvent exposed portion. To date, no 

function has been identified for the N-terminus of most DHHC proteins. The 

exceptions to this rule are the DHHC proteins containing N-terminal ankyrin repeats 

(Akr1 and Akr2 in yeast, DHHC13 and DHHC17 in humans). The ankyrin repeats in 

these enzymes have been shown to recruit substrate proteins (8) and may also 

potentially serve as a scaffold for non-substrate proteins as well (9). By contrast, the 

DHHC-CRD appears to be either tightly ordered or buried in a manner that prevents 

both cysteines and trypsin sites in the domain from being exposed to the surrounding 

environment. The conserved cysteines in the CRD, not including the cysteine in the 

DHHC motif, are required to maintain the relative inaccessibility of the CRD (See 

figures 2.5-2.8). This finding is consistent with the results of previous mutagenic 

analyses of the DHHC-CRD. Mitchell and colleagues found that the mutation of both 

an arginine and a proline in the cysteine rich domain of Erf2 increased the loss of 

palmitate from the autoacylated intermediate, suggesting that these mutations had 

created a more solvent-accessible active site of the enzyme (10). Further, mutagenesis 

of several different cysteines in the CRD of Erf2 and Pfa3 resulted in a loss of 

catalytic activity, highlighting the requirement of these residues to support the activity 

of DHHC proteins (1,11). However, these analyses only succeeded in the destroying 

the activity of the mutant enzyme and as such, the specific roles of cysteines in the 

CRD remained unclear. Modeling studies suggested that these cysteines may directly 

coordinate zinc ions. However, direct detection of zinc bound by a purified and 
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catalytically active DHHC protein was lacking. My results demonstrate the 

mechanism behind the loss of function observed in prior mutagenic studies. The 

structural perturbation observed in DHHC3 upon mutation of any conserved cysteine 

in the CRD, except the cysteine in the DHHC motif, results in a conformation with 

reduced affinity for zinc. In the case of Cys143, Cys149 and Cys163, this structural 

perturbation resulted in an enzyme that could not be purified on Nickel resin. 

However, mutation of Cys129, Cys132 and Cys146 resulted in a structural mutation 

that was replicated by treatment with chelating reagents. It is possible that both these 

sets of cysteines directly coordinate zinc ions, providing for a 2:1 zinc stoichiometry 

in the enzyme. However, Cys146 was identified as putative palmitoylation site in 

multiple assays, suggesting that it and perhaps also Cys129 and Cys132 may be 

palmitoylated instead of coordinating zinc. Additionally, my analysis of the zinc 

released from denatured DHHC3 suggests a ratio that is more consistent with a 1:1 

ratio of zinc binding. Regardless of the exact stoichiometry of zinc binding and which 

residues are involved, my results demonstrate that DHHC3 adopts a tightly packed 

tertiary conformation in the CRD and the C-terminal domain that is dependent on 

conserved cysteine residues that facilitate zinc binding. 

 

Future studies 

Proteomic analysis of stable lipid modification sites 

In pursuit of DHHC3 palmitoylation site identification I developed a liquid 

chromatography method capable of binding and eluting hydrophobic peptides 

including lipidated peptides for analysis by tandem mass spectrometry. While 
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technical challenges continue to confront the application of this protocol to the study 

of thioester-linked fatty acylation, this method is well adapted to highly sensitive site 

identification and detection of irreversible lipid modifications. Fatty acylation of 

lysine residues in mammalian cells has recently been reported as a TNFα 

modification. Removal of lysine-linked palmitoylation by the sirtuin protein Sirt6 

promotes secretion of TNFα and drives inflammation	  (12). The location, prevalence 

and significance of lysine-linked fatty acylation are currently unknown. I propose that 

a proteomic analysis of isolated mammalian cell membranes using the 

chromatography method I developed would reveal novel endogenous sites of 

irreversible lipid modifications. 

 

To conduct a proteomic examination of irreversible lipid modifications, mammalian 

cell membranes should be isolated through centrifugation and extracted with 

detergent. The solubilized membrane samples should then be resolved on SDS-PAGE 

gels. Reduction, alkylation with iodoacetamide and trypsin digestion should be carried 

out in-gel. Iodoacetamide is preferable to NEM for alkylating free cysteines as the 

mass of NEM may be altered by alkaline pH, potentially obscuring identification of 

NEM-modified peptides. Based on the high affinity of lipidated peptides and the low 

affinity of most non-lipidated peptides for the C4 trapping column used in this method 

it seems likely that no additional enrichment step would be necessary. However, it 

may be possible to exceed column capacity if too much starting material is used. The 

inclusion of other upstream fractionation techniques, prior to in-gel digestion, could 

then increase the number and variety of lipidated peptides identified in this analysis.  
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DHHC9 knock out (KO) mouse experiments 

Our lab has obtained transgenic DHHC9 KO mice that are currently being evaluated 

for behavioral phenotypes. Neural stem cells have also been harvested from newborn 

mice, generating another model system in which to study palmitoylation. In the 

following section, I propose experiments made possible through the use of this animal 

model. 

 

Glioma tumor formation in the absence of DHHC9 

DHHC9 is a mammalian palmitoyltransferase with activity for H and N-Ras. The 

yeast homolog of DHHC9, Erf2 is required for the palmitoylation of yeast Ras 

proteins, consistent with a specific enzyme-substrate relationship between DHHC9 

and mammalian Ras proteins. Yet knockdown of DHHC9 in mammalian cells seems 

to result in only a modest reduction in Ras palmitoylation in cell culture. DHHC9 

knockdown in somatostatin-positive neurons in mouse brain tissue results in 

mislocalization of Ras from the Golgi-PM interface to a diffuse intracellular 

distribution (13). These data suggest that DHHC9 may be required for the function of 

Ras in specific neurons, but whether the loss of DHHC9-dependent Ras palmitoylation 

is sufficient to block Ras function in promoting cancerous phenotypes is unknown. 

Ben Deneen’s group at Baylor has developed a means of electroporating a GFP-tagged 

RasV12 gene into specific cell lineages in one lobe of the fetal mouse brain in utero. 

Expression of this transgene results in formation of tumors with hallmarks of glioma 

in only the electroporated lobe, leaving the other lobe as isogenic control tissue (14). It 
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would be interesting to know if the DHHC9 KO mice are capable of forming tumors 

upon electroporation of constitutively activate H-Ras or N-Ras. If so, these tumors 

may be less aggressive or have different pathological hallmarks relative to H- or N-

RasV12 electroporated WT brains. Further, GFP tags fused to the ectopically 

expressed Ras would allow assessments of altered Ras localization that may or may 

not correlate with tumorigenicity. 

 

Identification of proteins that require a DHHC protein for stability 

The palmitoyl-proteome of neural cells derived from two different DHHC protein 

gene trap (GT) mice has now been profiled. Both of these proteomic analyses sought 

to identify proteins that could no longer be palmitoylated in the absence of specific 

DHHC proteins. Both studies, performed separately in DHHC5 and DHHC17 GT 

mice, identified flotillin as the protein that lost palmitoylation in cells depleted for 

these enzymes, a finding that was confirmed with labeling studies. Yet, the 

identification of flotillin as the most affected protein in both studies suggests that this 

finding may be indicative of non-specific effects of enzyme depletion on the 

palmitoyl-proteome. Further, proteomic analysis of unenriched DHHC protein GT 

lysates revealed reduced steady state expression levels of some proteins, suggesting 

that loss of palmitate resulted in substrate protein instability. This finding complicated 

the identification of DHHC protein substrates as differences in recovery following 

enrichment could be due to either less palmitoylation or less starting material. I 

propose that identification of proteins with reduced stability in the absence of specific 

DHHC proteins is highly valuable information. As palmitate is often a static 
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modification that is required for stability, proteins with reduced copy numbers in 

DHHC protein GT mice may strongly overlap with the substrates of the absent DHHC 

protein. A careful quantitative proteomic analysis of protein levels in DHHC GT 

tissues or in specific cell types, relative to a WT control could offer unprecedented 

insight into the protein interactors and protein substrates of specific DHHC proteins – 

especially if proteins with reduced expression had previously been identified as 

palmitoyl-proteins in previous screens. At a minimum, mapping these proteins onto 

metabolic and signaling pathways in the cell may well identify the physiological 

processes governed by these palmitoyltransferases – whether dependent on catalytic 

activity or not. The existing results of the previously profiled palmitoyl-proteome of 

DHHC5 GT mice could be evaluated in this manner to assess the effectiveness of this 

approach. If viable, this analysis could be repeated in DHHC9 mice to identify 

substrates of the enzyme beyond Ras.  

 

Unbiased DHHC protein interactor screens 

In addition to the reductionist approach of exploring features of DHHC proteins at the 

atomic level, I propose that it is equally important to understand the role of DHHC 

proteins in mediating changes in cellular properties. In recent years several 

publications have provided evidence that the expression level of DHHC proteins must 

be tightly controlled to mediate cell stage transitions and to drive stem cell 

differentiation (see chapter 1). In order to explore the regulation of DHHC proteins in 

the context of such cellular changes, both upstream regulatory factors and downstream 

palmitoylated substrates specific to individual DHHC proteins must be identified. 
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Unbiased screening approaches to identify DHHC protein interactors would likely 

identify such signaling partners. Such an approach has already proven successful in 

identifying interactors of DHHC17 (15). To shed light on protein interactions in the 

context of mammalian cells, two enzymes have been developed that can be fused to 

the protein of interest and decorate proximal proteins with molecules that can be 

enriched through affinity chromatography. These proteins can then be identified by 

mass spectrometry (16,17). Additionally, using these approaches to monitor changes 

in DHHC protein interactomes resulting from extracellular perturbations (e.g. 

exposure to insulin, neuronal excitation, stem cell differentiation or oxidative stress) 

would seem to be fertile approaches to investigate the signaling and regulatory context 

of specific DHHC proteins. 

 

Effect of modulating acyl-CoA expression level on the activity of DHHC proteins 

Work performed by Jianbin Lai showed that DHHC3 and DHHC2 form 

palmitoylation-sensitive oligomers. Addition of palmitoyl-CoA shifted the monomer-

oligomer equilibrium in favor of monomeric forms of these enzymes. This effect was 

blocked in catalytically inactive forms of the enzyme(3). These results suggested a 

model in which less active DHHC proteins preferentially form oligomers that are 

disrupted in response to increased enzyme activity. One hypothesis emerging from 

these data proposes that DHHC protein activity is regulated by delivery of palmitoyl-

CoA. This hypothesis is supported by data showing that palmitoyl-CoA addition to 

suspended cellular membrane fractions dramatically increases the total amount of 

protein palmitoylation in vitro, presumably through activation of DHHC proteins (18). 
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In the cytoplasm, acyl-CoA molecules are largely found in complex with acyl-CoA 

binding proteins (ACBPs) (19). As such, spatial regulation of acyl-CoA binding 

proteins may represent a means of regulating the activity of DHHC proteins. I propose 

that modulation of specific ACBP protein levels in cells through overexpression or 

siRNA knockdown may impact the activity of DHHC proteins. To date, many specific 

enzyme-substrate relationships have been identified (20). In many of these reports the 

addition of palmitate to the substrate protein results in detectable changes to the 

substrate localization, membrane affinity or activity. These reports offer a rich source 

of cellular palmitoylation-specific phenotypes that could be monitored to detect 

changes in either global or enzyme-specific changes in activity. For example, 

endothelial nitric oxide synthase (eNOS) is dependent on DHHC23-mediated 

palmitoylation for its membrane affinity (21). The activity of DHHC23 and perhaps 

global activity of DHHC proteins could potentially be monitored through assessing the 

relative amount of membrane-associated eNOS in experimental cells.  

 

Concluding Remarks 

Our lab has succeeded in characterizing the catalytic mechanism of DHHC proteins 

and describing tertiary and quaternary structural properties that influence the 

regulation and function of DHHC proteins. In this work, I describe a mutagenic 

analysis of DHHC proteins that identified zinc binding in the cysteine rich domain of 

DHHC proteins. Further characterization of the interplay between conserved cysteines, 

zinc ions and catalytic residues in the CRD must be determined with atomic resolution 

by determining the structure of DHHC3 using NMR or crystallography. In pursuit of 
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my research project I have also made progress toward developing a mass spectrometry 

technique that may be able to shed light onto previously unexplored areas of the 

proteome. I hope that this technique can be exploited to identify novel irreversible, and 

in time, thioester-linked lipidation of integral membrane proteins. I believe that such 

analyses in combination with other unbiased screening approaches will reveal novel 

roles of DHHC proteins in the context of broad signaling and regulatory networks. 
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