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Abstract of the dissertation 

 

This dissertation is a summary of my research which has had one central goal: to 

discover the function of selenoprotein K (SelK) at the cellular level.  Due to the high 

expression of SelK in immune cells, and the focus of immunological studies in the 

Hoffmann laboratory, I have specifically focused on understanding the role of SelK in 

immune cells.  SelK, a single-pass endoplasmic reticulum (ER) membrane protein, was 

initially found by the Hoffmann laboratory to be important in immune cell calcium (Ca2 +) 

flux and activation, however the mechanism was not understood.  In a subsequent 

study we found that SelK deficiency led to reduced palmitoylation of the receptor for 

oxidized LDL, CD36.  Further studies found that SelK was important for the 

palmitoylation of yet another protein important for immune cell function, ASAP2.  SelK 

deficiency leads to reduced levels of ASAP2 palmitoylation, thereby preventing its 

cleavage by the protease calpain, ultimately impairing Fc receptor (FcR)-mediated 

macrophage phagocytosis.  The importance of SelK in the palmitoylation of multiple 

proteins led us to examine whether SelK was involved in the palmitoylation of ER-

resident protein(s) that  are required for proper Ca2 +  flux. Chapter 2 details this work, 

which shows how SelK enhances the ability of the protein acyltransferase (PAT) 

DHHC6 to palmitoylate the inositol-1,4,5-triphosphate receptor (IP3R).  Palmitoylation of 

the IP3R is required for the stability and function of this Ca2 +  channel protein and 

thereby explains the importance of SelK in Ca2 +  flux.  In Chapter 3 I discuss the 

possible mechanisms by which SelK is modulating DHHC6 to enhance the protein 
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palmitoylation reaction and present the ongoing studies being conducted to examine 

these theories. This chapter concludes with a discussion of the implications of these 

studies and identifies the future studies that will be necessary to fully understand the 

role of SelK in DHHC6-mediated protein palmitoylation. 

  



iv 
 

 
Acknowledgements 

 

I am eternally gratefully to Dr. Peter Hoffmann, the entire Hoffmann laboratory, my 

thesis advisor committee  and my family for all their efforts, guidance and support 

without which I would have fallen far short in obtaining my Ph.D. 

 
  



v 
 

 
Table of Contents 

 

 

Abstract of the Dissertation        ii 

 

Acknowledgements          iv 

 

List of Figures and Tables         vi 

 

Abbreviations           viii 

 

Chapter 1: Introduction and preliminary studies.     1 

 

Chapter 2: Stable expression and function of the inositol 1,4,5-triphosphate  27 

receptor requires palmitoylation by a DHHC6/Selenoprotein K complex. 

 

Chapter 3: Characterization of Selenoprotein K in the protein palmitoylation 72 

 reaction. 

 

References           102 

 

  



vi 
 

 

 
List of Tables and Figures 

 
 
Chapter 1. 
 
Figure 1.1 Predicted structural features of SelK. 
 
Figure 1.2 Selk is required for palmitoylation and membrane clustering of CD36 during 
TNF-α stimulation. 
 
Figure1.3 Diagram of signaling events occurring during receptor-mediated activation of 
immune cells. 
 
Figure1.4 SelK is required for ASAP2 palmitoylation leading to calpain cleavage and 

FcR-mediated phagocytosis. 
 
 
 
Chapter 2. 
 
Figure 2.1 SelK deficiency does not affect IP3 production but decreases IP3R function. 
 
Figure 2.2 SelK deficiency leads to decreased palmitoylation and stability of the IP3R. 
 
Figure 2.3 SelK colocalizes and interacts with DHHC6 enzyme in the ER membrane. 
  
Figure 2.4 DHHC6 deficiency reduces IP3R levels and IP3-dependent Ca2+ flux. 
 
Figure 2.5 The interaction between SelK and DHHC6 is dynamic and correlates with 
IP3R levels after T cell receptor stimulation. 
 
Figure 2.6 The IP3R is palmitoylated on specific cysteine residues. 
 
Figure 2.7 A model illustrating the role of the DHHC6-SelK complex in the palmitoylation 
of the IP3R. 
 
Figure S2.1 Selk deficiency lowers IP3R protein levels, but does not impact localization 
of IP3R. 
 
Figure S2.2 Deletion of the SH3 binding domain in Selk does not alter localization of 
Selk or DHHC6. 
 



vii 
 

Figure S2.3 DHHC4 deficiency does not impact IP3R palmitoylation or anti-CD3 

induced Ca2+ flux in Jurkat cells 
 
Figure S2.4 Flow cytometric analyses of PLCγ phosphorylation shows no effect of Selk 
or DHHC6 deficiency. 
 
Figure S2.5. List of cysteine-containing peptides identified by mass spectrophotometry 
in the IP3R. 
 
Chapter 3. 
 
Figure 3.1 SelK is a cofactor for palmitoylation of the IP3R catalyzed by DHHC6. 
 
Figure 3.2 SelK may stabilize the acyl-DHHC6 intermediate in a manner that may not be 
dependent on the Sec residue. 
 
Figure 3.3 SelK may form a Sec-Cys bond with DHHC6 to increase the efficiency of the 
palmitoylation reaction. 
 
Figure 3.4 The Sec within SelK may undergo palmitoylation as an additional step in the 
transfer of palmitic acid from palmitoyl-CoA to the target protein. 
 
Figure 3.5 SelK may enhance DHHC6-mediated protein palmitoylation by preventing 
PAT oligomerization. 
 
Figure 3.6 Coenzyme A generation by purified cytosolic DHHC6 and SelK constructs. 
 
Figure 3.7 Coenzyme A generation and peptide palmitoylation by ER microsomes 
purified from wild type and SelK -/- white blood cells. 
 
 
  



viii 
 

 
Abbreviations 

 

2-BP: 2-bromopalmitate, 2-bromohexadecanoic acid 

ACBP: acyl-coenzyme A binding protein 

AKAP97: A kinase anchoring protein 97kDa 

APT: acyl protein thioesterase 

BAR: Bin/Amphiphysin/Rvs 

BRET: bioluminescence resonance energy transfer 

Ca2+: calcium 

CoA: coenzyme A 

CRAC: Ca2+ release-activated Ca2+ 

DDM: n-dodecyl-β-D-maltoside detergent 

DHHC: aspartic acid-histidine-histidine-cysteine 

DHHC-CRD: Asp-His-His-Cys cysteine rich domain 

DPG: aspartate-proline-glutamate 

dSelK: Drosophila selenoprotein K 

ER: endoplasmic reticulum 

ERF: effector of ras function 

ERAD:ER-associated protein degradation 

FcR: Fc receptor 

FTase: farnesyltransferase 

GGTase: geranylgeranyltransferase 



ix 
 

i.p.: immunoprecipitation 

IP3: inositol-1,4,5-triphosphate 

IP3R: inositol-1,4,5-triphosphate receptor 

LDL: low-density lipoprotein 

PaCCT: protein acyltransferase conserved C-terminal motif 

PAT: protein acyltransferase 

PHGPx, GPx4: phospholipid hydroperoxide glutathione peroxidase 

NTC: nontargeting control 

Sec: selenocysteine 

SelK: Selenoprotein K 

SelS: Selenoprrotein S 

SH3: Src homology 3 

SOCE: store-operated Ca2+ entry 

STIM1: stromal interaction molecule 1 

TCEP: tris(2-carboxyethyl)phosphine 

TLC: thin layer chromatography 

TM: transmembrane 

TMD: transmembrane domain 

TTxE: threonine-threonine-variable-glutamate 

WLC: whole cell lysate 

 

  



1 
 

Chapter 1 

 

Abstract 

 

Selenoproteins are a diverse set of proteins unique in that they contain the 21st amino 

acid, selenocysteine (Sec).  SelK is one of the 25 selenoproteins expressed in humans 

which appears to have numerous biological functions.  The work presented in this thesis 

details our discovery of the role of SelK in modulating protein S-acylation. Protein S-

acylation is the post-translational modification of proteins with long chain fatty acids at 

cysteine residues via a thioester linkage. The most commonly attached lipid is 16-

carbon palmitate, thus the process is often called palmitoylation and will be called 

palmitoylation throughout this thesis. In a previous study investigating the role of SelK in 

the maturation of macrophages into foam cells during the progression of atherosclerosis 

we found that SelK deficiency led to reduced palmitoylation of the receptor for oxidized 

LDL, CD36.  Further studies found that SelK was important for the palmitoylation of yet 

another protein important for immune cell function, ASAP2.  SelK deficiency leads to 

reduced levels of ASAP2 palmitoylation, thereby preventing its cleavage by the 

protease calpain, ultimately impairing FcR-mediated macrophage phagocytosis.  The 

importance of SelK in the palmitoylation of multiple proteins led us to examine whether 

SelK was involved in the palmitoylation of ER-resident protein(s) that are required for 

proper Ca2 +  flux. These studies (discussed in detail in Chapter 2 ) show how SelK 

enhances the ability of the PAT DHHC6 to palmitoylate the IP3R.  Palmitoylation of the 
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IP3R is required for the stability and function of this Ca2 +  channel protein and thereby 

explains the importance of SelK in Ca2 +  flux. 
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Introduction 

The human selenoproteome comprises a diverse group of proteins that play important 

roles in many biological processes throughout the body. The one feature common to 

all selenoproteins is the presence within the peptide sequence of the 21st amino acid, 

Sec. Given the reducing capacity of Sec, it is not surprising that many selenoproteins 

exhibit oxidoreductase enzymatic activity and function primarily as antioxidants or 

redox-regulating enzymes (1, 2). However, it has become increasingly clear that some 

members of the selenoprotein family may play important roles other than directly 

catalyzing oxidoreductase reactions. An early example of alternative biological roles 

was the exciting finding by Ursini et al. that phospholipid hydroperoxide glutathione 

peroxidase (PHGPx; GPx4) functions both as an antioxidant enzyme and as a 

nonenzymatic structural protein within the midpiece of mature spermatozoa (3). This 

prompted many researchers to think about alternative roles for the Sec within some 

selenoproteins, particularly those lacking the C-X-X-U catalytic domains found in 

established selenoenzymes. It has also become clear that certain selenoproteins 

may have multiple functional roles within cells, and that these different roles likely 

depend on the partner proteins or complexes with which the selenoproteins interact. 

This was vividly demonstrated in a recent study by Turanov et al., in which 

selenoprotein S (SelS) was shown by mass spectrophotometry to interact with nearly 

200 protein partners (4). By binding to different partners, SelS may contribute to the 
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maintenance of ER homeostasis, ER associated protein degradation (ERAD) and 

inflammation, or the maintenance and intracellular membrane-based transport of protein 

complexes. 

 

SelK 

Another ER transmembrane selenoprotein that appears to have multiple biological roles 

is SelK (see Figure 1.1), and its function may depend on its interactions with different 

proteins. SelK can bind to ERAD components, including Derlin-1 and the p97 ATPase, 

and is involved in transport of glycosylated misfolded proteins and regulation of ER 

stress in some cell lines (5, 6). Overexpression of SelK in cardiomyocytes has been 

implicated in potential antioxidant responses (7), and purified human SelK was shown to 

reduce phospholipid hydroperoxides (22). This may suggest a role for SelK in ER 

membrane repair, although it remains to be determined whether this occurs in vivo. The 

Hoffmann laboratory found that SelK was expressed at relatively high levels in immune 

cells, and investigations into the in vivo role of SelK in the immune system were initiated 

through the generation of 

SelK-/ - mice (43). Immune cells from SelK-/ - mice did not show indications of ER stress 

in the resting or activated state, perhaps due to overlapping roles of SelK and SelS 

related to the regulation of ER stress. The Hoffmann laboratory instead found that 

receptor mediated Ca2 +  flux was impaired in various immune cells, including SelK-/ - T 

cells, neutrophils, and macrophages. This impaired Ca2 + flux led to defects in a variety 

of immune cell functions, including migration, proliferation, and oxidative burst that were 
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associated with higher susceptibility to West Nile virus infection due to impaired viral 

clearance (43).  

 

SelK-dependent Ca2 +  flux is regulated not only by bioavailable selenium but also by 

proteolytic modulation through the calpain/calpastatin enzyme system (17). 

Interestingly, calpain regulation of SelK was only found in innate immune cells such as 

macrophages, but not in T or B cells. The Ca2 +  flux mediated by SelK was found to be 

crucial for ERK activation and nitric oxide production required for phagocytosis of IgG-

opsonized particles by macrophages (16). In addition to IgG-opsonized particles, 

oxidized low-density lipoprotein (LDL) uptake was impaired in SelK-/- macrophages, and 

this led to reduced foam cell formation and atherosclerosis (25). The latter study 

provided a major breakthrough in understanding SelK’s role in regulating immune cell 

functions due to our discovery that SelK deficiency led to reduced palmitoylation of the 

receptor for oxidized LDL, CD36 (Figure 1.2). Palmitoylation is a post-translational 

modification involving the reversible addition of the 16-carbon fatty acid, palmitate, to 

cysteine residues through a thioester bond (41), and this modification can facilitate 

membrane association of cytosolic proteins or can promote stable expression of 

transmembrane proteins (23, 37)(discussed further below). The requirement of SelK for 

palmitoylation of CD36 and the impaired Ca2 +  flux in SelK-deficient immune cells led us 

to form a new hypothesis: The Ca2 +  channel protein in the ER membrane that 

facilitates Ca2 +  flux in stimulated immune cells, the IP3R, is palmitoylated in a SelK-

dependent manner and this is required for its stable expression. This was indeed found 

to be the case as discussed in Chapter 2.  These findings have opened up an entirely 
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new line of investigation into the biological role of SelK in protein palmitoylation and 

suggest the possibility of this and other selenoproteins serving as cofactors for 

enzymatic reactions instead of directly catalyzing reactions as selenoenzymes. 

 

Structure and Localization of SelK 

SelK was initially described as a ‘‘G-rich protein’’ in Drosophila (29), and the topology of 

G-rich protein, also called Drosophila SelK (dSelK), was described as a single-pass 

transmembrane protein in the Golgi with the Sec residue near the C-terminus in the 

cytosol. Mammalian SelK was identified in the 2003 hallmark paper by Kryukov et al. 

that characterized the 25 human selenoproteins (19). Similar to dSelK, the mammalian 

SelK is a small transmembrane protein comprising 94-amino-acid proteins with the Sec 

residue near the C terminus (Figure 1.1). SelK amino-acid sequences from human and 

mice share 91% identity. The localization of SelK to the ER membrane was verified in 

several independent studies (6, 7,43). Interestingly, early reports suggested plasma 

membrane localization of SelK by immunostaining and electron microscopy (19). 

However, this may have been due to the fact that regions of ER, which are commonly 

referred to as puncta, come in close proximity (within 10–25nm) to the plasma 

membrane (44). To date, no canonical ER localization signal or mechanism for 

exclusive ER localization has been established and some SelK protein residing in the 

plasma membrane cannot be ruled out.  

 

The region of SelK located in the ER lumen has no identifiable features. The cytosolic 

region of SelK is rich in both prolines and glycines (see Figure 1.1), with a calpain-2 
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cleavage site present in the cytosolic region between amino-acid residues Arg81 and 

Gly82 (17). Purified human SelK was found to dimerize through the formation of 

intermolecular diselenide bonds (22), but it remains unclear whether this occurs in the 

ER membrane of mammalian cells. Other than the Sec residue, the most distinctive 

feature of SelK is a predicted Src homology 3 (SH3) binding domain. Canonical SH3-

binding sequences (R/K-X-X-P-X-X-P) promote interactions with SH3 domains on other 

proteins (46). These SH3/SH3 binding domain interactions enable functional complexes 

to form between partner proteins (18). Interestingly, the location of the calpain cleavage 

site between the SH3 domain and the Sec residue suggests that the cleaved version of 

SelK may be able to retain its binding capacity to SH3 containing partner proteins, but 

lack the Sec required for potential functions of these bound proteins. In this sense, the 

truncated SelK may act as a dominant negative form of SelK in vivo, and this is a 

possible scenario that is currently under investigation in our laboratory. Since SelK is 

the only selenoprotein containing a predicted SH3-binding domain, our investigations 

into novel functions for SelK have focused on this region and potential interactions with 

SH3-containing proteins. This approach was used to show that the SH3-binding domain 

in SelK is indeed functional (13) and eventually led to the discovery of SelK as a 

cofactor in the palmitoylation of target proteins as described in greater detail in Chapter 

2. 

 

SelK and Store Operated Calcium Exchange (SOCE) 

SelK-/ - mice described nearly 5 years ago were found to be healthy and fertile, with no 

overt phenotype and no signs of ER stress in tissues or cells (43). The most striking 
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effect of SelK deficiency was impaired Ca2 + flux in immune cells, which led the 

Hoffmann laboratory to investigate which step of Ca2 + flux SelK had an impact on. A 

rapid influx of Ca2 +  is important during the activation of lymphocytes through the T- and 

B-cell receptors, macrophages through Fc receptors, and mast cells through Fc 

receptors, as well as stimulation of various immune cells through chemokine receptors 

(12). Engagement of immune cell receptors at the plasma membrane leads to the 

activation of phosphoinositide-specific phospholipase C, which catalyzes the 

degradation of phosphatidylinositol-4,5-biphosphate to generate inositol-1,4,5-

triphosphate (IP3) and diacylglycerol (34). IP3 binds to the IP3R, which is a tetrameric 

Ca2 +  channel protein in the ER membrane. The ER is the main Ca2 + store in immune 

cells (24), and IP3 binding to the IP3R leads to opening of the IP3R channel and 

release of Ca2 + from ER stores. The release of Ca2 +  from the ER lumen to the cytosol 

causes structural changes and oligomerization of the ER transmembrane protein, 

stromal interaction molecule1 (STIM1) (15, 32). These changes allow the cytosolic 

domain of STIM1 to directly interact with the pore-forming unit, Orai1, of Ca2 + channels 

on the plasma membrane called Ca2 + release-activated Ca2 +  (CRAC) channels. These 

steps are collectively referred to as store-operated Ca2 +  entry (SOCE), and defects in 

any of the factors involved in SOCE significantly impair immune cell function (11).  

 

SOCE can be divided into three main steps: (1) immune cell receptor engagement 

inducing the generation of IP3; (2) IP3/IP3R binding leading to loss of ER Ca2 +  stores; 

and (3) STIM1 inducing CRAC channel opening (Figure 1.3). Worked published by the 
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Hoffmann laboratory using thapsigargin to bypass function of the IP3R ruled out a role 

for SelK in step 3, since this drug induced similar Ca2 + flux in wild-type and SelK-/ - 

immune cells (43). Subsequently, as discussed in Chapter 2, we found that step 1 was 

also unaffected as indicated by equivalent levels of both phospholipase C (PLC) 

phosphorylation and IP3 generation in wild-type and SelK-/ - immune cells (13). In 

contrast, SelK-/ - immune cells were less responsive to exogenous IP3 introduced into 

the cells compared with wild-type cells, indicating that step 2 (i.e., IP3R function) is the 

point at which SelK impacts SOCE. Decreased IP3R function was due to decreased 

levels of the IP3R protein in immune cells and tissues from SelK knockout mice 

compared with wild-type controls. Because we had previously found that SelK was 

required for palmitoylation and stable expression of another transmembrane protein, 

CD36, we investigated whether SelK deficiency was affecting palmitoylation of the IP3R 

protein.  While this work is presented in the next chapter, there is a large gap explaining 

the linkage between SelK and protein palmitoylation and thus requires a full explain of 

this lipid modification and the family of PATs that are enzymatically responsible for this 

process. 

 

Protein Lipid Modification 

Cells typically use one of three mechanisms to anchor proteins to membranes: 

insertion with transmembrane domains, interaction with other membrane components, 

or covalent modification with lipids. The covalent addition of lipids to proteins, often 

called protein lipidation, occurs through multiple mechanisms and involves a variety of 

lipids including fatty acids, isoprenoids, and cholesterol. This type of lipid modification 
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can be divided into two categories: those that occur to secreted proteins in the secretory 

pathway and those that occur in the cytoplasm and/or on the cytoplasmic face of 

membranes (47). Lipid modifications on secreted proteins include glycosylphosphatidyl-

inositol (GPI) anchors and fatty acylation including O-acylation and N-palmitoylation (48-

53). Lipid modifications occurring in the cytoplasm include protein N-myristoylation, 

prenylation and S-acylation (i.e. palmitoylation).  

 

Protein N-myristoylation is the covalent attachment of 14-carbon myristate to N-terminal 

glycine residues via an amide linkage. Vertebrates have two NMT genes, NMT1 and 

NMT2. NMT is a soluble, monomeric enzyme recognizing a substrate consensus 

sequence of Gly2-X-X-X-Ser/Thr6- at the extreme N-terminus. There are no enzymes 

that remove the N-myristoyl moiety and thus the process in irreversible. The most 

notable examples include G-protein α subunits  and the Src family of tyrosine kinases 

(54). Nearly all myristoylation events occur co-translationally, and thus occur at the ER 

membrane interface.  

 

Protein prenylation is the covalent attachment of an isoprenoid lipid to C-terminal 

cysteine residues via a thioether linkage. Vertebrates have three prenyltransferases: 

farnesyltransferase (FTase) and geranylgeranyltransferase type I (GGTase-I) and 

GGTase-II. FTase transfers the 15-carbon farnesyl-group using farnesyl diphosphate as 

a lipid source whereas GGTases utilize geranylgeranyl diphosphate. These enzymes 

have consensus recognition sequences of -CaaX where C is the modified cysteine 

residue, ‘a’ are typically small aliphatic residues, and X is the terminal residue that helps 
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specify which enzyme recognizes the site. After lipidation, most prenylated proteins 

undergo removal of the aaX tripeptide by the protease Rce1 and are then 

carboxymethylated on the prenylated cysteine residue by isoprenyl cysteine carboxyl 

methyltransferase. Like N-myristoylation, prenylation is irreversible. 

 

The third covalent lipidation, palmitoylation, is different from the two aforementioned 

modifications in three striking ways.  First, the modification once added can be removed 

by a family of three enzymes collectively called acyl protein thioesterases (APTs).  

Secondly, the modification can be added to transmembrane proteins and not just 

soluble proteins. Lastly, no well-defined amino acid recognition sequences are known 

except for the presence of a free cysteine sulfhydryl group. Software programs for the 

prediction of palmitoylation sites have been developed but are limited in their success 

(55). These programs are based primarily on the fact that palmitoylation sites are often 

adjacent to the two other membrane anchoring signals. According to this two signal 

model, one membrane anchoring signal, that is, N-myristoylation or prenylation, allows 

a protein to interact with different cellular membranes but the single lipid modification is 

not enough for a stable integration within the membrane.  Indeed, studies using  

peptides that were either N-myristoylated (56) or prenylated (57, 58) demonstrated that 

these peptides have insufficient binding energy to stably anchor them to membranes. 

Only when these peptides acquire a second lipid modification is the binding energy 

sufficiency increased to stably anchor the peptides to the membrane (57, 59).  This 

model is only applicable to soluble proteins in that numerous transmembrane proteins, 

often membrane channel proteins, are palmitoylated as well.  As these proteins are 
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already membrane associated, a double lipid modification signal is often not required 

and the identification of palmitoylation sites via software prediction becomes almost 

impossible.  In these cases the palmitoylated cysteine is in a sequence unique to the 

given TM protein. Further, given that palmitoylation is not required to anchor these 

proteins into the membrane the physiological role of palmitoylation often needs to be 

deduced on case by case basis (further discussed below). 

 

The DHHC family of protein acyltransferases 

Protein modification with fatty acids was first identified in 1971 when two groups 

reported that purified brain myelin proteolipid protein contained either oxy- or thio-ester 

linked fatty acids (60-62). However, only in 1979, when palmitoylation was identified on 

viral membrane glycoproteins (63), was palmitoylation identified as a widespread 

modification of eukaryotic proteins (64).  Since this time numerous chemical biology and 

mass spectroscopy-based studies have identified hundreds of proteins that undergo 

palmitoylation (65). Nevertheless, only recently have the identity of the enzymes 

responsible for protein palmitoylation been discovered. In 1999, a genetic screen in the 

yeast Saccharomyces cerevisiae using a palmitoylation-dependent RAS2 allele 

revealed the first PAT, effector of ras function, Erf2, and a second protein, Erf4 (67). 

Subsequent studies showed Erf2 function required binding partner Efr4, and they 

formed an ER-associated complex (68). In 2002, the Erf2/Erf4 complex was purified and 

shown to catalyze the transfer of palmitate from CoA to a Ras2- like substrate, thus 

confirming it was truly a PAT (69). Also in 2002, another yeast protein, Akr1, was also 

demonstrated to have PAT activity for the substrate Yck2 (70). Amino acid sequence 
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analysis of these first two PATs lead to the discovery of a larger family of proteins called 

DHHCs, due to their conserved Asp-His-His-Cys cysteine-rich domain (DHHC-CRD) 

(28). Subsequent genomic database analysis identified a conserved family of proteins in 

eukaryotes, numbering 7 DHHC proteins in S. cerevisiae, 5 in Schizosaccharomyces 

pombe, 16 in Caenorhabditis elegans, 22 in Drosophila melanogaster (72), 23 in 

Arabidopsis thaliana (73), and 23 in Homo sapiens (74). In mammalian genomes, 

DHHC genes are designated ZDHHC1-24, however there is no ZDHHC10. The “Z” 

reflects the fact that these proteins were originally predicted to be zinc-finger proteins 

involved in protein-protein or protein-DNA interactions (75).  

 

DHHC proteins have several conserved elements, however the function of only some 

elements are known. DHHC proteins are named for a highly conserved Asp-His-His-Cys 

motif within a larger cysteine-rich domain of approximately 51 amino acid residues (28). 

Hydropathy analysis of most DHHC proteins predicts four transmembrane domains 

(TMDs) with the DHHC motif on the cytoplasmic loop between TMD2 and TMD3 (76). 

All family members contain a conserved DPG (aspartate-proline-glycine) motif N-

terminal to the DHHC sequence but within the same cytoplasmic loop and a TTxE 

(threonine-threonine variable-glutamate) motif after the last TMD (28). The function of 

these motifs is unknown. The C-terminal cytoplasmic tails of DHHC protein vary greatly 

in sequence and length and are thought to have multiple functions. C-terminal to the 

TTxE motif, a 16 amino acid protein acyl transferase conserved C-terminal (PaCCT) 

motif is conserved in 70% of  eukaryotic PATs. A conserved aromatic residue within this 

motif is essential for yeast DHHC proteins Swf1 and Pfa3 to palmitoylate their protein 
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substrates in vivo (77). Using mass spectrometry techniques to compare human 

palmitoylated proteins in lipid raft versus non-raft membranes, Yang and coworkers 

identified DHHC5, DHHC6, and DHHC8 to be palmitoylated on a novel three cysteine 

motif, CCX7-13C(S/T) (45). For DHHC6, this motif is about 50 residues downstream of 

the PaCCT motif, while  for DHHC5 and DHHC8 this tri-cysteine motif overlaps their 

PaCCT motifs. The functions of these motifs are largely unknown, however one 

possibility is that acylation-deacylation cycles of the tri-cysteine motif could regulate 

PaCCT motif accessibility and thus function. In vivo most long-chain acyl-CoAs are 

bound by  acyl-CoA binding protein (ACBP) (78, 79). The PaCCT motif may be involved 

in recruiting ACBP:acyl-CoA complex to the DHHC protein and/or causing the release of 

acyl-CoA. 

 

DHHC proteins are localized to nearly all membranes throughout the cell, with the 

majority of DHHC proteins displaying a Golgi localization (80). The exceptions are 

human DHHC-5, -20, and -21, which are localized to the plasma membrane (PM) (80). 

However, a number of studies indicate that DHHC proteins can have a very limited 

expression profile depending on organism and/or cell type. For example in mammals, 

there appears to be a more restricted expression for DHHC proteins between either the 

ER or the Golgi, with only DHHC-4 and -6 being primarily expressed in the ER (14). 

Another example is in neurons, where DHHC2 displays regulated localization, 

translocating between dendritic shaft vesicles and post-synaptic densities at the PM of 

dendritic spines (81). Accordingly it has been concluded that the localization of most 
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DHHC proteins cannot be assumed to be the same in every cell type and/or organism 

and needs to be determined on a case by case basis.  

 

Functions and regulation of protein palmitoylation 

As discussed above, protein palmitoylation often serves as a membrane anchor, 

thereby influencing a protein's localization and/or trafficking. A classic example of this is 

found on the proto-oncogene H-ras. After prenylation and processing, H-ras is either 

mono- or dually palmitoylated at cysteines 181 and 184. Palmitoylation at Cys181 is 

required for trafficking to the plasma membrane. In contrast, palmitoylation at Cys184 

results in trafficking to the Golgi but not beyond (82,83). Another example of this 

function was discussed above, that is, palmitoylation of CD36 is required for its efficient 

trafficking to the plasma (25). The membrane microdomain distribution of a protein can 

also be influence by palmitoylation. A-Kinase anchoring protein 79 (AKAP79) is 

palmitoylated on two N-terminal cysteine residues and is involved in the clustering of 

proteins for efficient cyclic AMP signaling. Mutation of AKAP79’s palmitoylation sites 

excludes it from lipid rafts and thus prevents it from regulating adenylyl cyclase type 8 

activity (84). Palmitoylation of the death receptor Fas on a cytoplasmic cysteine residue 

adjacent to its single TMD targets it to cytoskeleton-linked lipid rafts. The Fas receptor 

ligand, FasL, is similarly palmitoylated and localizes to rafts. Palmitoylation of both 

receptor and ligand is necessary for Fas-FasL complex assembly in rafts and signaling 

to downstream caspases (85, 86). Indeed, palmitoylation was shown to promote raft 

affinity for 35% of raft-associated transmembrane proteins (87). However, palmitoylation 

can also prevent raft association.  For example, palmitoylation of transferrin receptor 1 
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and anthrax toxin receptors, TEM8 and CMG2, prevents their association with lipid rafts 

(88,89). Regulation of enzyme activity has also been credited as a function of protein 

palmitoylation. Palmitoylation of G-protein-coupled receptor kinase GRK6 has dual roles 

in increasing its activity. Palmitoylation promotes membrane association of GRK6, 

bringing it closer to its membrane-bound substrates and also increases its kinase 

catalytic activity (90). Also, palmitoylation of the epithelial Na+ channel regulates 

channel gating (91). 

 

Two additional roles for protein palmitoylation have been discovered during the course 

of my thesis work.  The first, as discussed above and extensively in Chapter 2 of this 

thesis, is how protein palmitoylation is required for the proper expression and stability of 

the IP3R.  This is the first time protein palmitoylation has been shown to play this role 

and may be a common theme for ER resident membrane proteins.  Another novel role 

in protein palmitoylation that we have discovered is in the regulation of protein cleavage 

via proteases.  That is, we have found that ASAP2, a protein important for FcR-

mediated phagocytosis in macrophages, requires SelK-dependent palmitoylation for 

ASAP2's effective cleavage via calpain-2.  Inhibitors of either palmitoylation or calpain-2 

cleavage and rescue experiments with different versions of SelK demonstrated that 

SelK dependent palmitoylation of ASAP2 allows cleavage by calpain-2 within its  

Bin/Amphiphysin/Rvs (BAR) domain, which releases this protein from the maturing 

phagocytic cup, thereby allowing cup closure during the final steps of phagocytosis 
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(Figure 1-4).  That is, while both SelK and ASAP2 are targets of calpain-2 the 

consequences of such cleavage are very different.  

 

DHHC protein regulation by accessory proteins 

Given the multiple functions of protein palmitoylation it is not surprising that DHHC-

mediated palmitoylation is regulated in cells. Currently, the regulation of DHHC protein 

PAT activity via posttranslational modification has yet to be demonstrated (e.g. 

phosphorylation etc.)  However, one process known to regulate DHHC protein PAT 

activity is interaction with binding partners. Both yeast Erf2 and its human ortholog 

DHHC9 require interaction with accessory proteins Erf4 and GCP16, respectively, for 

transfer and auto-palmitoylation activities (69, 92). Perhaps serving a similar role, 

huntingtin was shown to bind DHHC17 (HIP14) and stimulate both DHHC auto-

palmitoylation and palmitoylation of multiple substrates (93).  Another DHHC binding 

partner and regulator of PAT activity that we discovered and is the central theme of this 

thesis is the DHHC6 binding partner SelK. Nevertheless, very few successful studies 

have been conducted on this phenomenon and as discussed in Chapter 3 our 

understanding of the molecular mechanism is still limited. 

 

DHHC6 

When initially considering the possible mechanisms by which SelK may regulate protein 

palmitoylation, the likelihood of SelK directly catalyzing the addition of palmitoyl fatty 

acid to target proteins seemed quite low given the lack of any conventional 
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acyltransferase catalytic domain within this selenoprotein. It was considered more likely 

that SelK interacted with one or more of the members of the protein acyltransferase 

(PAT) family of enzymes that catalyze protein palmitoylation. SelK is an ER membrane 

protein, and only two DHHC enzymes are primarily localized to the ER membrane: 

DHHC4 and DHHC6 (14). In addition, SelK contains an SH3-binding domain and 

bioinformatic analyses revealed that DHHC6 was the only mammalian PAT containing a 

predicted SH3 domain. This suggested that SelK may interact with DHHC6 in the ER 

membrane to influence and/or enhance DHHC6-mediated protein palmitoylation. 

Specifically, it led us to hypothesize that SelK and DHHC6 bind via SH3-binding 

domain/SH3 domain interactions and this enzyme/coenzyme complex catalyzes 

palmitoylation of target proteins such as the IP3R.  Even after proving this hypothesis 

(as discussed in Chapter 2) the question still remained as to how SelK was serving to 

act as a coenzyme to DHHC6.  Theories and our ongoing studies to decipher this 

mechanism are discussed in Chapter 3. 

 

Concluding Remarks 

During the course of my thesis, I have studied the role of SelK in immune cell function 

which has ultimately lead me to focusing on how it modulates DHHC6-mediated 

palmitoylation of target proteins and how palmitoylation of these proteins influences 

immune cell function.  During the initial stages of my thesis work we discovered that the 

palmitoylation and subsequent function of CD36 and ASAP2 are modulated by SelK.  

This work was briefly discussed in this chapter.  The focus of my thesis work  was 

understanding the role of SelK in the palmitoylation and subsequent function of the 
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IP3R.  This work, along with the identification and characterization of the PAT 

modulated by SelK, that is DHHC6, is discussed in Chapter 2. The final chapter of this 

thesis explores the possible mechanisms by which SelK may be interacting and/or 

modulating DHHC6 and its PAT activity and presents our current data addressing these 

theories.  This final chapter closes with a discussion of these currently ongoing studies 

and their implications. 
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Figure 1.1 

 

Figure 1.1. Predicted structural features of SelK. NCBI amino acid sequence 

(NP_064363) was used to predict secondary structure and domains using SOSUI 

system software, Mitaku group, Nagoya University. Predicted transmembrane domain 

was confirmed using TMHMM2.0. SelK, Selenoprotein K. 
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Figure 1.2 
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Figure 1.2. Selk is required for palmitoylation and membrane clustering of CD36 during 

TNF-α stimulation. (A) Unstimulated or TNF-α-stimulated WT and Selk−/− BMDMs were 

stained with PE anti-CD36 (red) and F-actin stained using AlexaFluor488-phalloidin 

(green). Staining was evaluated using confocal microscopy. Original scale bar: 10 μm. 

(B) Cell lysates from unstimulated or TNF-α-stimulated WT and Selk−/− BMDMs were 

separated into fractions by sucrose gradient centrifugation and proteins separated and 

analyzed by Western blot. CD36 was detected in several fractions and was particularly 

enriched in those fractions exhibiting the marker for lipid rafts, Cav-1. wcl, whole cell 

lysate. (C) Western blot was used to analyze expression levels of FLAG-CD36 in WT 

or Selk−/−[knockout (KO)] BMDMs with β-actin used as a loading control. (D) Metabolic 

labeling of palmitoylated FLAG-CD36 and coupling to biotin showed higher levels of 

palmitoylation in WT BMDMs compared with Selk−/− BMDMs (upper panel). As a control, 

immunoprecipitated (I.P.) FLAG-CD36 was detected by Western blot using anti-FLAG, 

and similar levels of protein were pulled down for WT and Selk−/− BMDMs (lower panel). 

Note that bands below the 75-kD marker band correspond to the palmitoylated FLAG-

CD36 protein, whereas the bands above the 75-kD marker band likely represent 

glycosylated FLAG-CD36 that has not been palmitoylated. 
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Figure 1.3 

Figure1.3. Diagram of signaling events occurring during receptor-mediated activation of 

immune cells. Immune receptor engagement by ligands triggers Ca2+ entry from 

extracellular spaces in three steps. (1) The TCR on T cells, Fc receptors on 

macrophages, or different chemokine receptors on a variety of immune cells leads to 

activation of phosphoinositide-specific phospholipase C (PLCc1). This enzyme 

catalyzes the degradation of phosphatidylinositol-4,5-bisphosphate to generate inositol-

1,4,5-triphosphate (IP3) and diacylglycerol. (2) Binding of IP3 with the IP3 receptor 

results in release of Ca2+  from ER lumen to the cytosol. (3) Loss of Ca2 + from ER 

causes translocation of STIM1 oligomers toward the plasma membrane where they 

interact with the pore-forming unit of CRAC channels. CRAC1 (a.k.a. Orai1) activation 

results in an influx of extracellular Ca2+  , which leads to activation of multiple signaling 

pathways that are indispensable for cellular proliferation, differentiation, and immune 

cell functions. SelK was found to impact step 2, but not step 1 or 3. CRAC, Ca2+ 

release-activated Ca2+ ; ER, endoplasmic reticulum; STIM1, stromal interaction 

molecule 1; TCR, T cell receptor. 
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Figure 1.4 
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Figure 1.4. SelK is required for ASAP2 palmitoylation leading to calpain cleavage and 

FcR-mediated phagocytosis. ASAP2 is palmitoylated in a Selk dependent manner. (A) 

Acyl/biotin exchange assay was conducted in which FLAG-ASAP2 is overexpressed in 

HEK293 cells, and lysis performed in the presence of N-ethylmaleimide to cap cysteine 

residues on all proteins. Two aliquots of this lysate were generated, one treated with 

hydroxylamine (HAM) to uncap those cysteine residues that had palmitoyl groups 

attached and one aliquot with no HAM added as a control. Biotin was then conjugated 

to uncapped, reactive cysteines and these samples were analyzed by western blot 

using anti-ASAP2 or streptavidin to detect incorporation of biotin in place of palmitate. 

(B) A diagram of ASAP2 showing palmitoylated Cys86 within the BAR domain as 

detected by MALDI-TOF. (C) Acyl/biotin assay shows that ASAP2 is palmitoylated in 

WT but not Selk KO BMDM. (D) BMDM were transfected with FLAG-ASAP2 in the 

presence of 2-bromopalmitate or methanol as a vehicle control for 8 h and lysates 

analyzed by western blot for presence of smaller form of ASAP2 ~97 kDa. A light band 

detected in vehicle controls was decreased in the presence of the inhibitor of 

palmitoylation.  



27 
 

Chapter 2 

 

 

 

Stable expression and function of the inositol 1,4,5-triphosphate receptor 

requires palmitoylation by a DHHC6/Selenoprotein K complex. 
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Abstract 

 

Ca2+ is a secondary messenger in cells and Ca2+ flux initiated from ER stores via IP3 

binding to the IP3R is particularly important for the activation and function of immune 

cells. Previous studies demonstrated that genetic deletion of SelK led to decreased 

Ca2+ flux in a variety of immune cells and impaired immunity, but the mechanism was 

unclear. Here we show that SelK-deficiency does not affect receptor-induced IP3 

production, but SelK-deficiency through genetic deletion or low selenium in culture 

media leads to low expression of the IP3R due to a defect in IP3R palmitoylation. 

Bioinformatic analysis of the DHHC family of enzymes that catalyze protein 

palmitoylation revealed that one member, DHHC6, contains a predicted Src-homology 3 

(SH3) domain and DHHC6 is localized to the ER membrane. Since SelK is also an ER 

membrane protein and contains an SH3 binding domain, immunofluorescence and co-

immunoprecipitation experiments were conducted and revealed DHHC6/SelK 

interactions in the ER membrane that depended on SH3/SH3 binding domain 

interactions. DHHC6 knockdown using shRNA in stably transfected cell lines led to 

decreased expression of the IP3R and impaired IP3R-dependent Ca2+ flux. Mass 

spectrophotometric and bioinformatic analyses of the IP3R protein identified two 

palmitoylated cysteine residues and another potentially palmitoylated cysteine, and 

mutation of these three cysteines to alanines resulted in decreased IP3R palmitoylation 

and function. These findings reveal IP3R palmitoylation as a critical regulator of Ca2+ 

flux in immune cells and define a novel DHHC/SelK complex responsible for this 

process. 
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Significance 

 

The stimulation of certain surface receptors on immune cells triggers the release of Ca2+ 

stored in the ER. This Ca2+ flux is required for efficient activation and function of 

immune cells, and involves the ER membrane Ca2+ channel, the IP3R. We found that 

stable expression of IP3R requires the addition of a fatty acid through a process called 

palmitoylation catalyzed by an enzyme complex comprised of DHHC6 and SelK 

proteins. These findings provide new mechanistic insight into the selenium-sensitive 

fine-tuning of immune cell activation through post-translational modification of the IP3R 

Ca2+ channel. This study also reveals a novel DHHC6/SelK enzyme complex 

responsible for regulating stable expression of the IP3R. 
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Introduction 

 

Immune cell activation relies on receptor-mediated increases in cellular Ca2+ 

concentrations, which is an indispensable step in proliferation, differentiation, migration, 

and effector functions during immune responses (101, 102). A rapid influx of Ca2+ has 

been shown to be important during the activation of lymphocytes through the T and B 

cell receptors, macrophages through Fc receptors and mast cells through Fc 

receptors, and stimulation of various immune cells through chemokine receptors (12). 

Engagement of these receptors at the plasma membrane leads to the activation of 

phosphoinositide-specific phospholipase C, which catalyzes the degradation of 

phosphatidylinositol-4,5-bisphosphate to generate IP3 and diacylglycerol (34). IP3 binds 

to the IP3R in the ER membrane leading to Ca2+ mobilization from the ER, which is the 

main Ca2+ store in immune cells (105).  The release of Ca2+ from the ER lumen to the 

cytosol causes structural changes and oligomerization of the ER transmembrane 

protein, stromal interaction molecule 1 (STIM1) (15,107). These changes allow the 

cytosolic domain of STIM1 to directly interact with the pore-forming unit, Orai1, of Ca2+ 

channels on the plasma membrane called Ca2+ release-activated Ca2+ (CRAC) 

channels. These steps are collectively referred to as store-operated Ca2+ entry (SOCE) 

and defects in any of the factors involved in SOCE significantly impair immune cell 

function (11).  
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The IP3R family includes three isoforms with multiple splice variants, and all IP3R 

isoforms share a tetrameric architecture consisting of an N-terminal ligand binding 

domain and a C-terminal channel domain containing six transmembrane domains (109, 

110). The intervening region is referred to as the regulatory or coupling domain and 

structure/function studies have revealed important insights into how IP3 binding at the 

N-terminal region leads to channel opening in the C-terminal region (111). There is 

evidence to suggest that the IP3Rs are arranged in the ER membrane in a non-random 

distribution and that dynamic clustering of these receptors may be functionally important 

(112, 113). Phosphorylation and dephosphorylation of the IP3R also regulates Ca2+ flux 

through this channel (114), but it remains to be determined whether the IP3R is 

regulated by other post-translational modifications. Given the central role that the IP3R 

plays in SOCE in so many immune cell-types, expression of this Ca2+ channel protein 

represents a crucial point of regulating immune responses.   

 

Our previous studies have demonstrated that low levels of dietary selenium as well as a 

deficiency in a specific ER localized selenium-containing protein, SelK, led to impaired 

SOCE (115, 116). The specific mechanism by which SelK deficiency affected Ca2+ flux 

was not apparent, but the fact that Ca2+ induced with thapsigargin was not altered in 

SelK deficient immune cells suggested SelK may affect SOCE through the actions of 

IP3R. Subsequently, we found that SelK expression was required for the stable 

expression of a different membrane receptor, the low-density lipoprotein receptor CD36 

(25). This study revealed that SelK was required for palmitoylation of CD36, and SelK-

deficient macrophages exhibited lower levels of CD36 due to impaired palmitoylation.  
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Palmitoylation is a post-translational modification involving the reversible addition of the 

16-carbon fatty acid, palmitate, to cysteine residues through a thioester bond (41), and 

this modification can facilitate membrane association of proteins or stable expression of 

transmembrane proteins (7, 119). The requirement of SelK for palmitoylation of CD36 

and the impaired Ca2+ flux in SelK-deficient immune cells led us to explore the 

possibility that the IP3R is palmitoylated in a SelK-dependent manner and that this is 

required for its stable expression. The data presented in the current study reveal that 

IP3R does indeed require palmitoylation for stable expression, and our data identify 

DHHC6 as a palmitoyl acyl transferase enzyme that interacts with SelK to carry out the 

palmitoylation of specific cysteine residues in the IP3R in immune cells. These findings 

provide novel mechanistic insight into the fine-tuning of immune cell activation and 

immune responses through post-translational modification of the IP3R Ca2+ channel, 

and uncover a novel enzyme complex responsible for regulating stable expression of 

the IP3R. 
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Results 

 

SelK deficiency does not affect IP3 production but impairs IP3R function. Because 

our previous work suggested that SelK was required for optimal receptor-mediated Ca2+ 

flux and that STIM-1/CRAC function was not involved (43), we hypothesized that either 

IP3 production or IP3R function may be affected by SelK deficiency in receptor 

stimulated immune cells. Using cells from SelK KO mice and WT controls, we measured 

IP3 production in macrophages stimulated through chemokine or Fc receptors with 

either MCP-1 or immune complexes, respectively, as well as T cells stimulated through 

the T cell receptor with anti-CD3/CD28. Results showed that SelK deficiency did not 

affect IP3 production in stimulated macrophages or T cells (Figure 2.1A). We next 

evaluated IP3R function by loading cells with a caged IP3 compound that is released 

upon u.v. photoactivation. This approach bypasses production of IP3 through receptor 

stimulation and allows uncaged IP3 to bind to the IP3R and induce Ca2+ flux. For both 

macrophages and T cells, Ca2+ flux induced with uncaged IP3 was impaired in cells 

from SelK KO mice compared to WT controls (Figure 2.1B). Therefore, the reduced 

Ca2+ flux in SelK deficient immune cells does not involve impaired production of IP3, but 

does involve impaired function of IP3R. 

 

SelK deficiency decreases IP3R expression due to reduced palmitoylation. The 

SelK-dependent IP3R function shown above may be due to reduced or unstable 

expression of the IP3R mRNA or protein. Thus, protein levels of the IP3R were 

compared in different tissues from WT and SelK KO. Results demonstrated that SelK-
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deficiency led to lower IP3R levels in certain tissues, with a striking reduction in IP3R in 

SelK KO spleen tissues compared to WT controls (Figure 2.2A). We isolated T and B 

cells as well as macrophages from spleens to determine how IP3R protein levels were 

impacted by SelK deficiency in these different types of immune cells. Results showed 

that all three cell-types exhibited reduced IP3R levels in the absence of SelK (Figure 

2.2B). In addition to genetically induced SelK deficiency, we found that Jurkat T cells 

cultured in low selenium conditions (25 nM) that reduced SelK protein expression also 

reduced IP3R expression and anti-CD3-induced Ca2+ flux that depends on IP3R 

function (Figure 2.2C-D). Importantly, low selenium did not affect thapsigargin-induced 

Ca2+ flux that bypasses the IP3R by shutting down the ER SERCA pump leading to 

store operated Ca2+ entry. 

 

Interestingly, IP3R mRNA levels were similar between SelK KO splenocytes and WT 

controls (Figure 2.2E), suggesting that SelK deficiency influenced IP3R protein at a 

post-transcriptional level. Because we recently found that SelK was required for post-

translational palmitoylation and stable levels of the scavenger receptor, CD36 (25), we 

explored whether IP3R was also palmitoylated in a SelK-dependent manner. Using an 

acyl-biotin exchange approach that identifies palmitoylated proteins in 

immunoprecipitation reactions, IP3R was clearly demonstrated to be palmitoylated 

(Figure 2.2F). Treating Jurkat T cells with an inhibitor of palmitoylation, 2-bromopalmitic 

acid, reduced IP3R levels (Figure 2.2G). Finally, SelK deficiency did not impact IP3R 

localization to the ER, but levels of protein were found to decrease in a manner that 

depended on proteosome function (Figure S2.1). Together, these data suggest that 
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IP3R is palmitoylated in a SelK-dependent manner and that this post-translational 

modification is required for stable levels of IP3R protein. 

 

SelK complexes with the palmitoyl acyl transferase DHHC6. Palmitoylation may be 

carried out by 23 palmitoyl acyl transferase enzymes in mammals, which each contain a 

common DHHC motif. SelK is an ER membrane protein and only two DHHC enzymes 

are localized to the ER membrane: DHHC4 and 6 (14). Furthermore, SelK contains a 

Src-homology 3 (SH3)-binding domain and the only palmitoyl acyl transferase that 

contains an SH3 domain is DHHC6. Thus, we investigated the possibility that SelK and 

DHHC6 may colocalize and found that these proteins showed strongly overlapping 

localization in immunofluorescence studies (Figure 2.3A and Figure S2.2). The IP3R 

exhibited perinuclear staining consistent with its reported ER membrane localization, 

and SelK and DHHC6 colocalized in similar regions of the ER membrane. To further 

explore a potential interaction between SelK and DHHC6, we co-expressed FLAG-

tagged DHHC6 together with either wild-type SelK (w.t. SelK) or SelK lacking the SH3-

binding domain (SelK-SH3BD). The deletion of the SH3 binding domain in SelK did not 

affect its ER localization, nor did it affect the ER localization of DHHC6 and similar 

results were obtained when using Jurkat T cells  (Figure 2.3B and Figure S2.2). Co-

immunoprecipitation experiments showed that FLAG-tagged DHHC6 interacted with w.t. 

SelK, but not with SelK-SH3BD (Figure 2.3C-D). These data suggest that DHHC6 and 

SelK interact through SH3 domain and SH3-binding domains, respectively, to form a 

complex in the ER membrane. 
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DHHC6 deficiency leads to reduced IP3R palmitoylation, expression, and 

function. To determine if DHHC6 deficiency influenced IP3R expression and function, 

HEK293 and Jurkat T cells were stably transfected with shRNA targeting DHHC6 or 

non-targeting shRNA (NTC shRNA) as controls. We were not able to identify clones 

with 100% knockdown of DHHC6, perhaps due to an essential role of the DHHC6 

enzyme in cell survival. However, clones were identified in which the DHHC6 shRNA 

reduced levels of both DHHC6 and IP3R proteins in HEK293 cells to approximately 

50% of controls (Figure 2.4A). The functional consequences of reduced DHHC6 and 

IP3R were investigated in HEK293 cells using caged IP3 loaded into cells that was 

uncaged upon u.v. exposure to trigger Ca2+ flux through the IP3R. Results showed that 

DHHC6 knockdown in HEK293 cells reduced Ca2+ flux to ~50% compared to NTC 

shRNA. Ca2+ flux induced by thapsigargin treatment that bypasses the IP3R was not 

affected by DHHC6 knockdown. DHHC6 shRNA in Jurkat T cells led to reduced levels 

of both DHHC6 and IP3R proteins, although not to levels as low as with HEK293 

DHHC6 knockdown cells (Figure 2.4B). Ca2+ flux in Jurkat T cells that is dependent on 

IP3R can be induced using anti-CD3 antibody that engages the T cell receptor, and 

DHHC6 knockdown reduced anti-CD3-induced Ca2+ flux compared to NTC shRNA. 

Importantly, thapsigargin-induced Ca2+ flux in Jurkat T cells was not affected by DHHC6 

knockdown demonstrating the effect of DHHC6 knockdown on IP3R-dependent Ca2+ 

flux. Acyl-biotin exchange experiments were used to determine if the levels of IP3R 

palmitoylation were affected by DHHC6 deficiency using the stably transfected Jurkat T 

cells. Results showed that DHHC6 knockdown led to reduced palmitoylation of the IP3R 
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protein to ~60% compared to controls (Figure 2.4C). In contrast, we found that DHHC4 

knockdown did not affect IP3R palmitoylation or Ca2+ flux (Fig. S2.3). Also, the effects of 

SelK or DHHC6 deficiency did not alter early T cell receptor signaling events such as 

PLC phosphorylation (Figure S2.4), supporting the notion that the SelK/DHHC6 

complex regulates Ca2+ flux through IP3R function at the ER membrane. Interestingly, 

engagement of the T cell receptor on Jurkat T cells led to lower levels of IP3R that are 

restored to high levels after 18 h (Figure 2.5A). Consistent with these results, T cell 

receptor stimulation caused a temporary uncoupling of SelK and DHHC6 and after 18 h 

SelK and DHHC6 strongly reassociated (Figure 2.5B). These data suggest that DHHC6 

dynamically interacts with SelK to play an important role in IP3R palmitoylation, stability, 

and function. 

 

IP3R is palmitoylated on specific cysteine residues. Palmitoylation of proteins 

occurs through the attachment of the 16-carbon, saturated fatty acid moiety to cysteine 

residues of target proteins via a thioester bond (118). Mass spectrophotometry was 

used to analyze the 313 kDa IP3R protein for cysteines that may be palmitoylated. 

Thirteen IP3R peptides containing cysteine residues were identified and two of these 

thirteen peptides were found to contain palmitoylated cysteine residues (Figure S2.5). 

This led to the identification of C(56) and C(849) as palmitoylated residues, and a third 

palmitoylated cysteine (C2214) was strongly predicted using the CSS-Palm 4.0 

prediction program (117). Overexpression of IP3R1 with these three cysteine residues 



38 
 

mutated to alanines reduced palmitoylation to 25% of wild-type IP3R1 and led to 

impaired Ca2+ flux (Figure 2.6). 
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Discussion 

 

Palmitoylation has emerged as an important post-translational modification that 

regulates expression, localization, and function of a wide variety of proteins. The 

addition of palmitate to target proteins differs from the other fatty acid modifications 

such as prenylation or N-myristoylation in that it is a reversible modification (41). This 

has led to the notion that palmitoylation serves to regulate protein function in a manner 

similar to phosphorylation or ubiquitination (116). Reversible palmitoylation regulates 

trafficking of proteins like H-Ras (35), G-coupled protein receptors (108), estrogen 

receptor  (104), and many others. A different role of palmitoylation has been 

demonstrated for regulating stabilization/degradation of cellular proteins like CD36 

(103), CDCP (100), RGS4 (99), and others. Similar to the latter type of regulation, 

DHHC6/SelK-dependent palmitoylation of the IP3R regulates the stability and function 

of this Ca2+ channel protein (Figure 2.7). The IP3R channels within the ER membrane 

are composed of four IP3R subunits that form a complex architecture and each subunit 

includes multiple transmembrane domains, pore-forming helices, hinge regions, and 

coupling domains that require assembly into a functioning channel. The addition of fatty 

acid residues to the cytosolic region of the IP3R subunits may facilitate assembly of the 

subunits or stabilize the assembled complex within the ER membrane. This study is the 

first to describe palmitoylation of the IP3R as well as the enzyme complex consisting of 

DHHC6 and SelK, which provides mechanistic data to explain previous reports of 
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regulation of Ca2+ flux by dietary selenium and SelK expression in immune cells (115, 

116, 16). 

 

While the list of palmitoylated proteins has rapidly increased, surprisingly limited 

information is available regarding the members of the palmitoyl acyl transferase (PAT) 

family that carry out this post-translational modification in mammalian cells. The PAT 

family members were only recently characterized in yeast (98) and subsequently the 23 

genes encoding human PATs were identified in the human genome (28). All PATs 

contain a zinc finger and common DHHC motif (Asp-His-His-Cys) within the catalytic 

domain. However, DHHC enzymes show wide diversity at the N- and C-terminal 

cytosolic domains that participate in protein-protein interactions and regulation of their 

activity is not well characterized (116). In regards to these issues, our data demonstrate 

that DHHC6 is regulated by its SH3 domain-dependent interactions with SelK at the ER 

membrane. DHHC9 is another PAT shown to interact with a cofactor, GCP16, to 

catalyze palmitoylation of its substrate proteins (97). The yeast orthologs of DHHC9 and 

GCP16 (Erf2 and Erf4, respectively) bind in a manner that stabilizes the palmitoyl-PAT 

intermediate (27). In a similar manner, the binding of SelK to DHHC6 may stabilize the 

palmitoyl-DHHC6 intermediate and thus increase its catalytic efficiency. SelK may serve 

as a coenzyme similar to vitamins such as riboflavin, thiamine, and folic acid that cannot 

be synthesized by the body and must be acquired from the diet. Investigations are 

currently underway to determine the chemistry involved in the catalytic reaction and to 

identify potential roles for cysteine-selenocysteine interactions between DHHC6, SelK, 

and substrates.  
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Our novel data highlight the notion that interactions of DHHCs with cofactors may be a 

common mode of regulation of palmitoylation and further investigation of DHHC binding 

partners is needed. We also are investigating whether the addition of palmitate to the 

IP3R by DHHC6/SelK is reversible. This is of interest because removal of the palmitate 

moieties from the IP3R may serve to increase the turnover of this Ca2+ channel protein. 

S-palmitoylation is reversed by acyl protein thioesterases (APTs), mainly the cytosolic 

enzymes APT1 and APT-2 (95, 96).  In this manner, palmitoylation/depalmitoylation 

through PATs/APTs may represent an enzymatic process that serves to fine-tune the 

level of Ca2+ in activated immune cells and thereby regulate immune responses. Levels 

of dietary selenium that influence SelK expression levels may add another level of Ca2+ 

flux regulation. 

 

While our studies have focused on Ca2+ flux in immune cells, the IP3R plays a role in 

Ca2+ flux in other tissues. The protein expression pattern shown in Figure 2.2 for the 

IP3R in mouse tissues shows high expression of multiple isoforms of IP3R in brain that 

is clearly decreased in SelK knockout mice. We have not detected any neurological 

problems, learning or behavioral defects in the SelK knockout mice compared to wild-

type controls, and the only evident impairment related to the brain was the increased 

neuropathology induced by West Nile virus infection (43). This was shown to be related 

to the reduced clearance of virus in the periphery in SelK knockout mice, but our new 

data raise the possibility that low IP3R expression in the brain may also contribute to 

viral encephalitis. The IP3R has been implicated in staurosporine-induced apoptosis 
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(94) as well as neurodegenerative disorders (71), and our data showing reduced IP3R 

in brains of SelK knockout mice suggest that neurodegeneration warrants further 

investigation in these mice. Also of interest is the resilience of IP3R expression to SelK 

knockout in the testes. Palmitoylation of the IP3R1 by the DHHC6/SelK complex may 

not be important for stable expression in this tissue, or another PAT may be responsible 

for palmitoylation. Finally, our studies have focused on palmitoylation of IP3R1, but two 

of the Cys residues shown to be involved in its palmitoylation (C56 and C2214) are also 

present in IP3R2 and 3. Further studies are required to identify all potential sites of 

palmitoylation in the three different IP3R and their corresponding isoforms, and to 

understand how this might regulate the functions of the IP3R family members. 

Altogether, our study provides novel data showing the importance of palmitoylation of 

the Ca2+ channel protein, IP3R, and the role of the DHHC6/SelK complex in this 

process. Efficient catalysis of this post-translational modification by DHHC6/SelK may 

represent a key regulation point for a variety of physiological processes that rely on 

effective Ca2+ flux from the ER. 
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Material and Methods 

 

Mice 

C57BL/6J wild-type controls were generated from mice originally purchased from the 

Jackson Laboratory. Generation of selk−/− mice on a C57BL/6J background was 

previously described (43). All animal protocols were approved by the University of 

Hawaii Institutional Animal Care and Use Committee. 

 

Jurkat T cells and ex vivo cells 

Jurkat T cells clone E6.1 purchased from ATCC (Monassas, VA) were cultured in RPMI 

with 5% FBS containing a final concentration of 25, 50, or 75 nM selenium for 1 wk prior 

to experiments. Purification of splenic T cells, B cells, and macrophages was performed 

using a Miltenyi magnetic separator and purity of cells was determined by evaluation of 

each cell-type marker via flow cytometry on a FACScaliber (BD Biosciences) and found 

to be >90%. BMDM were cultured as previously described (16). 

 

Acyl-biotin exchange analysis and mass spectrophotometry 

Acyl-biotin exchange experiments to visualize protein palmitoylation were conducted 

following previously published studies (66).  Detailed methods are provided in the 

Supplemental Text. For mass spectrophotometric analyses of palmitoylated cysteines in 

the IP3R, a band was excised from a polyacrylamide gel corresponding to rat IP3R 

overexpressed in HEK293 cells. The IP3R protein band was eluted from the gel slice, 
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trypsin digested, and peptides sequenced and analyzed for modified amino acids by 

Applied Biomics, Inc. 

 

IP3 measurement 

IP3 was measured in BMDM and T cells using a HitHunter IP3 FP Assay (DiscoveRx). 

T cells isolated from WT or SelK KO mice using a Miltenyi untouched mouse T cell kit 

were plated at 4 X 104 cells/well in 20 L PBS in a 96-well plate pre-coated with anti-

CD3 (1 g/mL) and anti-CD28 (10 g/mL). For BMDM, the same density of cells was 

stimulated with 20 L of BSA/anti-BSA complexes as previously described (16). After 10 

min of stimulation, the cells were lysed with 10 L of 0.2 N perchloric acid and IP3 

measured per manufacturer's protocol. Polarized fluorescence was measured using a 

Beckman Coulter DTX 880 plate reader and data were analyzed using a standard curve 

per protocol instructions. 

 

Ca2+ flux assays 

Ca2+ flux was assayed for BMDMs, primary T cells and HEK293 stable transfected cells 

via time-lapse video microscopy or via flow cytometry for Jurkat T cell stable 

transfectants.  A detailed description of Ca2+ flux assays is provided in the 

Supplemental Text.  

 

Statistical analyses 
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Means between groups were compared using a Students' t-test, and standard curves 

were generated using logistic regression (GraphPad Prism). 

 

Antibodies and reagents 

Antibodies for Western blots and immunoprecipitations (i.p.) included anti- 

DHHC4 (Abiocode), anti-DHHC6, anti-FLAG (both from Sigma), anti-IP3R 

(Thermo-Fisher Scientific for i.p.; Western blots used Santa Cruz Biotechnology 

sc-2814 for IP3R-1 and Cell Signaling D53A5 for IP3R1/2/3), anti-β-actin, anti- 

GAPDH (both from Santa Cruz Biotechnology), anti-Selk (Epitomics) and anti-V5 

(GenScript). Secondary antibodies were purchased from Li-Cor Technologies. 

Chemicals were obtained from Sigma (St. Louis, MO, USA), unless otherwise 

noted. MCP-1 (100 ng/mL) was used to stimulate macrophages as previously 

described (16) and immune complexes comprised of 1.0 μm polystyrene beads 

(Invitrogen) coated with BSA (Invitrogen) and opsonized with anti-BSA IgG 

(Millipore) have been previously described (16). 

 

Plasmids and transfections 

The cDNA encoding full-length mouse SelK was synthesized by Genscript and 

subcloned into the expression plasmid, pcDNA3.1(+) (Invitrogen) as previously 

described (36). We then subcloned SelK from this plasmid into a V5-tagged 

expression vector or an EGFP-tagged vector (Life Technologies). These 

plasmids containing tagged, full-length SelK were subjected to inverse PCR to 

generate the plasmid encoding truncated SelK minus its SH3 binding domain 
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(RGPPGNPA). FLAG-tagged full-length mouse ZDHHC6 was purchased from 

OriGene. All expression plasmids were transfected into HEK293 cells using 

TransIT 20/20 (Mirus). The plasmid encoding the rat IP3R has been previously 

described (106). For stable knockdowns, shRNA plasmids were purchased from 

Open Biosystems targeting TRIPz-DHHC6 or TRIPz-nontargeting control shRNA 

plasmids. These plasmids were packaged together with lentivirus vectors using 

Phoenix cells, viral particles were obtained from supernatants and used to 

transduce either HEK293 or Jurkat T cells. G418 containing media was used to 

select positive clones that were expanded and testing by western blot for the 

effectiveness of knocking down DHHC6 protein compared to nontargeting 

control shRNA. Clones that were found to have targets effectively knocked down 

were then used for functional tests. 

 

Western blots, immunoprecipitations, and real-time PCR 

For all experiments involving BMDMs, cells were plated in complete media for 5 

days after isolation. On day 5 cells were treated overnight with 2-bromopalmitate 

or methanol vehicle control and lysed and western blots conducted as previously 

described (27). Immunoprecipitation experiments conducted using HEK293 cells 

used lysates generated in the same buffer 48 hours post-transfection with 

expression plasmids. Following a brief probe sonication and removal of insoluble 

material via a 20,000 x g centrifugation the whole cell lysates containing 200 μg 

of total protein were incubated with 30 μl of protein-G Dynabeads (Invitrogen) 

pre-bound with 5 μg of the specific antibody overnight at 4oC. The next day 
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beads were washed 3X in PBS containing 1% Triton-X100 and then subjected to 

SDS-PAGE and Western blot analysis. Blots were blocked with Odyssey 

Blocking buffer (Li-Cor) and then incubated with primary anti-Selk (1:1000), antiV5 

(1:1000; GenScript), and/or anti-FLAG (1:1000; Sigma) for 2 hr, washed, 

incubated with appropriate secondary antibody (1:20,000; Li-Cor,), and visualized 

using the Odyssey Scanner (Li-Cor). Real-time PCR was conducted as 

previously described (27), with IP3R primers: fwd 5-gaaggcatctttggaggaagt-3; 

rev, 5-accctgaggaaggttctgc-3. 

 

Acyl-biotin exchange analysis 

HEK293 cells were lysed in 150 mM NaCl, 5 mM EDTA, 50 mM Tris, pH 7.4, with 

2% Triton X-100, 50mM N-ethyl-maleimide, plus protease inhibitor cocktail. 

Following a brief probe sonication and removal of insoluble material via a 20,000 

x g centrifugation the whole cell lysates were pre-cleared with streptavidin 

conjugated beads (Invitrogen) for 20 min at RT. Following removal of streptavidin 

beads, duplicate lysates containing 200 μg of total protein were incubated with 30 

μl of protein-G Dynabeads (Invitrogen) with 10 μl pre-bound anti-IP3R antibody 

(Santa Cruz Biotech) overnight at 4oC. The following day the samples were split 

into two aliquots, one of which was washed 3 times with PBS, pH 7.4 containing 

1% Triton and then treated with 1M hydroxylamine (HAM) for 1 hour in order to 

liberate acylated cysteine residues from their fatty acid moieties freeing them to 

undergo biotinylation. The other aliquot was not HAM treated. Following HAM 

treatment, all samples were washed 3 times in PBS, pH 6.5 containing 1% Triton 
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and then subjected to biotinylation using 0.1mM EZ-Link BMCC-Biotin (Thermo 

Scientific) for two hours at RT. Subsequently, samples were washed three times 

with PBS, pH 7.4 containing 1% Triton and then subjected to SDS-PAGE and 

Western Blot analysis. For Western blot analysis, blots were blocked with 

Odyssey blocking buffer (Li-Cor) and incubated with primary anti-IP3R (1:200; 

Sigma) for 2 hr, washed, incubated with secondary antibody and IRDye 800CW 

Streptavidin (1:1,000; Li-Cor), and visualized using the Odyssey Scanner (Li- 

Cor). Only the streptavidin reactive bands unique to the HAM treated samples 

were considered palmitoylated. 

 

Time-lapse video microscopy 

For time-lapse video microscopy cells were loaded with 3 μM Fluo4-AM 

(Invitrogen) together with caged-IP3 (D-23-O-Isopropylidene-6-O-(2-nitro-4.5- 

dimethoxy)benzyl-myo-Inositol 1,4,5-trisphosphate-Hexakis(propionoxymethyl) 

Ester) (Invitrogen) for 90 min followed by a 30 min recovery. Following 2 min of 

baseline recording of Fluo4 fluorescence (F0), the caged-IP3 was uncaged via a 

5 second UV exposure and then the Fluo4 fluorescence was recorded for in real-time 

at 2 s intervals (F1). Results were plotted as the change in Fluo4 

fluorescence from the average of the initial Fluo4 fluorescence time points 

(F1/F0). For flow cytometry, wild-type Jurkat T cells were loaded with Fluor4-AM 

(FL1) and fura red (FL3) and upon stimulation the ratio of FL1/FL3 was 

measured. For Jurkat T cells stable transfectants, due to GIPZ or TRIPZ plasmid 

DNA stably integrated into cells' genome only Fluo4 (for TRIPZ) cells or fura red 
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(for GIPZ) were used. For loading of cells, 3 μM Fluo4-AM or 5 μM fura red was 

incubated with cells for 30 min followed by a 30 min recovery. An aliquot of cells (10^6 

cells in 500 μL PBS) were then transferred to a FACS tube and a baseline 

measurement of Fluo4 fluorescence taken for 1 min and an average 

fluorescence calculated (F0). The T cell receptor was then stimulated with 5 μg 

anti-CD3 (OKT3; BioLegend) and continuous readings of Fluo4 fluorescence 

taken up to 200 s (F1). The Ca2+ flux (F1/F0) was plotted over time. 
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Figure 2.1. 

 

Figure 2.1. SelK deficiency does not affect IP3 production but decreases IP3R function. 

(A) BMDM or T cells from WT or SelK KO mice were analyzed for levels of IP3 after 

stimulation with either 100 ng/mL MCP-1 or immune complexes (BMDM, left panel) or 

plate-bound CD3/CD28 (T cells, right panel). IP3 after stimulation was similar between 

WT and SelK KO for both BMDM and T cells. (B) BMDM (left panel) or T cells (right 

panel) from WT or SelK KO mice were loaded with fluo4-AM and caged IP3 and change 

in fluorescence was measured after flash u.v.-induced uncaging of the IP3. For both 

BMDM and T cells, SelK KO cells exhibited decreased Ca2+ flux compared to WT cells. 

Data represent mean + S.E. from three experiments.  
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Figure 2.2 
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Figure 2.2. SelK deficiency leads to decreased palmitoylation and stability of the IP3R. 

(A) Tissue blots from WT and SelK KO mice demonstrate decreased levels of the IP3R1 

in certain tissues from KO mice. (B) IP3R1 levels are decreased in T and B cells and 

macrophages from spleens of SelK KO compared to WT controls. (C) Jurkat T cells 

cultured in media with 25, 50, or 75 nM selenium were analyzed by Western blot for 

levels of IP3R1, SelK, and H-Ras (as a control protein that is palmitoylated but not 

affected by selenium levels) with GAPDH as a loading control. (D) Anti-CD3 and 

thapsigargin stimulation of Jurkat T cells induced Ca2+ flux as measured by Ca2+ 

sensing fluorochromes (FL1 = Fluo4-AM, FL3 = fura red). (E) IP3R1 mRNA levels are 

similar between splenocytes from SelK KO and WT mice, with IP3R1 mRNA normalized 

to the housekeeping mRNA for hypoxanthine phosphoribosyltransferase (hprt). Data 

represent mean + S.E. from three experiments. (F) Immunoprecipition (i.p.) of IP3R1 

from HEK293 cell lysates was followed by hydroxyalmine (HAM) treatment, which 

removes palmitate from palmitoylated cysteines. BMCC-Biotin was then conjugated to 

the available cysteine residues and detected with streptavidin secondary reagents. 

Results demonstrate palmitoylation of the IP3R1, and immunoprecipitated IP3R1 that 

was not treated with HAM did not contain biotin. (G) Jurkat T cells were or were not 

treated with an inhibitor of palmitoylation, 2-bromopalmitic acid. Lysates were then 

analyzed by Western blot for levels of IP3R1 with GAPDH as a loading control.  

 



53 
 

 

Figure 2.3 
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Figure 2.3. SelK colocalizes and interacts with DHHC6 enzyme in the ER membrane. 

(A) HEK293 cells were simultaneously transfected with plasmids encoding IP3R1, 

FLAG-DHHC6, and GFP-SelK and immunofluorescence microscopy performed to 

detect each protein with representational colors in merged image as follows: IP3R1 

(red), FLAG-DHHC6 (magenta), and GFP-SelK (green). (B) Deletion of the SH3 binding 

region in SelK (SelK-SH3BD) did not alter ER localization compared to w.t. SelK. 

KDEL was detected as an ER marker (red) and colocalized with w.t. SelK and SelK-

SH3BD (both green) equivalently. For (A-B) the spacebars represent 10 m and 

detailed methods and results colocalization are included in the supporting material. (C) 

Co-immunoprecipitation assays in HEK293 transfected cells in which FLAG-DHHC6 

was immunoprecipitated with anti-FLAG-beads and detected by immunoblotting with 

anti-DHHC6. Only w.t. SelK co-immunoprecipitated with FLAG-DHHC6, while SelK-

SH3BD did not co-immunoprecipitate with FLAG-DHHC6 despite confirmed 

expression of both w.t. and mutant SelK in the whole cell lysate. (D) FLAG-DHHC6 co-

immunoprecipitated with V5-SelK but not with V5-SelK-SH3BD, despite detectable 

levels of FLAG-DHHC6 in both whole cell lysates. 
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Figure 2.4 
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Figure 2.4. DHHC6 deficiency reduces IP3R levels and IP3-dependent Ca2+ flux. (A) 

Western blot analyses of stable HEK293 cell lines transfected with DHHC6 shRNA 

showed reduced DHHC6 and IP3R compared to non-targeting control shRNA, with 

GAPDH included as a loading control. DHHC6 knockdown cells exhibited reduced 

uncaged IP3-induced Ca2+ flux as measured by fluo4-AM and flow cytometry. In 

contrast, thapsigargin-induced Ca2+ flux was similar between DHHC6 knockdown cells 

and non-targeting controls. (B) Western blot analyses of stable Jurkat T cell lines 

transfected with DHHC6 shRNA showed reduced DHHC6 and IP3R compared to non-

targeting control shRNA, with GAPDH included as a loading control. DHHC6 

knockdown cells exhibited reduced anti-CD3-induced Ca2+ flux as measured by fluo4-

AM and flow cytometry. In contrast, thapsigargin-induced Ca2+ flux was similar between 

DHHC6 knockdown cells and non-targeting controls. (C) Acyl-biotin exchange analyses 

of lysates from stable Jurkat T cells transfected with either nontargeting control shRNA 

or DHHC6 shRNA. Excess lysate was incubated with anti-IP3R-beads to ensure i.p. of 

equivalent amounts of IP3R from DHHC6 knockdown cells and controls. HAM treatment 

of immunoprecipitated IP3R and biotin exchange reaction led to reduced biotin 

incorporation in DHHC6 knockdown cells compared to controls suggesting a role for 

DHHC6 in the palmitoylation of IP3R. A representative Western blot image is shown on 

the left and a compilation of densitometry from three independent experiments (mean + 

S.E.) is shown on the right. Percent palmitoylation was determined by measuring 

densitometry of biotin signal normalized to corresponding IP3R signal and comparing 

normalized biotin signal for DHHC6 vs. NTC shRNA. 
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Figure 2.5 
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Figure 2.5. The interaction between SelK and DHHC6 is dynamic and correlates with 

IP3R levels after T cell receptor stimulation. (A) Jurkat T cells were stimulated through 

the T cell receptor with anti-CD3/CD28, and at different time points lysates were 

analyzed by Western blot for levels of IP3R1 with GAPDH serving as a loading control. 

(B) Co-i.p. of DHHC6 with immunoprecipitated SelK was evident prior to T cell receptor 

stimulation, decreased after 4 h stimulation, and then strongly recovered 18 h after 

stimulation. Input whole cell lysate (wcl) is included to demonstrate equivalent levels of 

DHHC6 and SelK incubated with i.p. beads. 

  



59 
 

Figure 2.6 
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Figure 2.6. The IP3R is palmitoylated on specific cysteine residues. (A) A bar diagram 

of IP3R1 protein (reference sequence: NP_001007236.2) illustrates palmitoylated 

cysteine residues in the cytoplasmic region: C56, C849, and C2214. (B) HEK293 cells 

were transfected with a plasmid encoding wild-type rat IP3R1 or rat IP3R1 in which 

three cysteine residues were mutated to alanines (C56/C849/C2214A56/A849/A2214) 

and acyl-biotin exchange analyses carried out using excess lysate proteins incubated 

with anti-IP3R1-coated beads. Note that upon i.p. the mutated IP3R1 band was lower 

than w.t. IP3R, which may be due to reduced palmitoylation. Mutated IP3R1 showed 

reduced incorporation of biotin indicative of lower palmitoylation, which was 

demonstrated using densitometric analyses of three independent acyl-biotin exchange 

experiments showing a 75% reduction in palmitoylation of the IP3R1 with C56, C849, 

and C2214 mutated to alanines. (C) In Jurkat T cells, overexpression of w.t. rat IP3R1 

or rat IP3R1 with three CysAla mutations led to similar levels of exogenous protein 

detected by Western blot. (D) Overexpression of the mutated rat IP3R1 in Jurkat T cells 

reduced Ca2+ flux in response to T cell receptor stimulation with anti-CD3, but did not 

alter thapsigargin induced Ca2+ flux. 
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Figure 2.7 

 

Figure 2.7. A model illustrating the role of the DHHC6-SelK complex in the 

palmitoylation of the IP3R. Palmitoylation is catalyzed by DHHC6 together with SelK 

resulting in the addition of palmitic acid to at least three cysteine residues in the 

cytosolic portion of each IP3R protein. This stabilizes expression and/or assembly into a 

functional tetrameric Ca2+ channel in the ER membrane. 
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Figure S2.1 
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Fig. S2.1. Selk deficiency lowers IP3R protein levels, but does not impact localization of 

IP3R. (A) Bone marrow-derived macrophages (BMDMs) from WT or Selk KO mice were 

analyzed by fluorescent microscopy for colocalization of IP3R1 with the ER marker, 

KDEL. (Scale bar, 10 μm.) (B) ImageJ was used to quantify overlapping signals and no 

differences were found between WT and Selk KO BMDMs. (C) IP3R1 fluorescence per 

cell was measured using ImageJ and significantly lower levels were found in Selk KO 

BMDMs compared with WT controls. Student t test was used to compare means, with 

160 cells included per group and data representing mean ± SEM (D) WT and Selk KO 

splenocytes were incubated with the proteosome inhibitor MG132 (10 μM) for 0, 2, or 

4h. Western blot analyses show that inhibition of the proteosome for 4 h slightly 

increased IP3R1 levels in Selk KO cells to levels similar to those found in WT cells. 
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Figure S2.2 
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Fig. S2.2. Deletion of the SH3 binding domain in Selk does not alter localization of Selk 

or DHHC6. (A) Colocalization of IP3R, Selk, and DHHC6 in HEK293 cells as shown in 

Fig. 2.3A was calculated as described above and results are shown representing mean 

± SD. (B) HEK293 cells were transfected with plasmids encoding WT Selk or ΔSH3BD-

Selk; each was cotransfected with FLAG-DHHC6. Confocal immunofluorescence 

microscopy was used to capture images along with the ER marker, KDEL. (C) ImageJ 

was used to measure overlapping signals of Selk, DHHC6, and KDEL as described 

above and results showed that deletion of the SH3 binding domain in Selk did not affect 

colocalization. (D) To confirm localization of Selk and DHHC6 with either IP3R or KDEL 

in a hematopoietic cell, the above experiments were repeated in the human Jurkat T-

cell line. (E) Results in Jurkat T cells were similar to those obtained with HEK293 cells. 

(Scale bar, 10 μm.) 
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Figure S2.3 
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Figure S2.3. DHHC4 deficiency does not impact IP3R palmitoylation or anti-CD3 

induced Ca2+ flux in Jurkat cells. (A) Western blot analyses of stable Jurkat cells 

transfected with DHHC4 shRNA or non-targeting control shRNA showed reduced 

DHHC4 protein, with GAPDH included as a loading control. DHHC4 knockdown 

and non-targeting control cells exhibited similar anti-CD3-induced and 

thapsigargin-induced Ca2+ flux as measured by fluo4-AM and flow cytometry. (C) 

Acyl-biotin exchange analyses of lysates from stable Jurkat T cells transfected 

with either nontargeting control shRNA or DHHC6 shRNA. Hydroxylamine (HAM) 

treatment of immunoprecipitated IP3R and biotin exchange reaction led to similar 

biotin in DHHC4 knockdown and control cells suggesting no role for DHHC4 in 

the palmitoylation of IP3R. A representative Western blot image is shown on the 

left and a compilation of densitometry from three independent experiments 

(mean + S.E.) is shown on the right. Percent palmitoylation was determined by 

measuring densitometry of biotin signal normalized to corresponding IP3R i.p. 

signal and comparing this normalized biotin signal for DHHC4 vs. NTC shRNA. 
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Figure S2.4 
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Figure S2.4. Flow cytometric analyses of PLCγ phosphorylation shows no effect of Selk 

or DHHC6 deficiency. (A) T cells were isolated from spleens of WT or Selk KO mice 

using Miltenyi untouched purification kit and stimulated for 2 min using plate-bound anti-

CD3 (10 μg/mL) and soluble anti-CD28 (5 μg/mL). Representative images of stimulated 

cells show specific detection of pPLCγ compared with isotype control using PE anti-

pPLCγ. Data in the bar graph (n = 3) show that stimulation increased pPLCγ levels 

equivalently in WT and Selk KO T cells. (B) The same experiments were conducted in 

DHHC6 knockdown Jurkat T cells and similar results were obtained. Note that 

knockdown of DHHC6 was ∼50% of nontargeting controls (NTC) as shown in Figure 

2.4. 

 



70 
 

 

Figure S2.5 
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Figure S2.5. A list of cysteine-containing peptides from trypsin digested IP3R identified 

through mass spectrophotometry and amino acid sequencing. Two cysteines were 

found to be palmitoylated. 
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Chapter 3 

 

 

Selenoprotein K and the protein palmitoylation reaction 

  



73 
 

Abstract 

 

SelK is an ER membrane protein, and its expression is sensitive to dietary selenium 

levels. A recently described role for SelK as a cofactor in catalyzing protein 

palmitoylation reactions provides an important link between low dietary selenium intake 

and suboptimal cellular functions that depend on this selenoprotein for palmitoylation. 

Recent Advances: A recent breakthrough provided insight into the contribution of SelK 

to Ca2+ flux in immune cells. In particular, SelK is required for palmitoylation of the 

Ca2+ channel protein, the IP3R in the ER membrane. Without this post-translational 

modification, expression and function of the IP3R is impaired. SelK serves as a cofactor 

during protein palmitoylation by binding to the protein acyltransferase, DHHC6, thereby 

facilitating addition of the palmitate via a thioester bond to the sulfhydryl group of 

cysteine residues of target proteins. The association of DHHC6 and SelK is clearly 

important for immune cell functions and possibly other cell types. The step in the 

DHHC6 catalyzed S-acylation reaction on which SelK acts remains unclear and 

possible mechanisms of how the kinetics of the reaction are impacted by SelK binding 

to DHHC6 are presented here. The ongoing studies aimed at uncovering the specific 

role of SelK in promoting DHHC6 catalyzed protein palmitoylation are presented.   

These studies may open a new line of inquiry into other selenoproteins playing similar 

roles as cofactors for different enzymatic processes. 
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Introduction 

 

Protein palmitoylation is a post-translational modification in which the 16-carbon fatty 

acid, palmitic acid, is added to the sulfhydryl group of cysteine residues through a 

thioester bond (41). The active form of palmitic acid for this reaction is palmitoyl-

coenzyme A (CoA), and CoA is released when the palmitoyl moiety is added via S-

acylation to the target cysteine residue on the target protein. This modification can 

facilitate membrane association of soluble proteins or influence the stable expression of 

transmembrane proteins (7, 37). When initially considering the possible mechanisms by 

which SelK may regulate protein palmitoylation, the likelihood of SelK directly catalyzing 

the addition of palmitoyl fatty acid to target proteins seemed quite low given the lack 

of any conventional acyltransferase catalytic domain within this selenoprotein. It was 

considered more likely that SelK interacted with one or more of the members of the PAT 

family of enzymes that catalyze protein palmitoylation. PATs were only recently 

identified in yeast (28), and there are 23 mammalian PATs that each contain a common 

DHHC motif within the catalytic domain (35). SelK is an ER membrane protein, and only 

two DHHC enzymes are primarily localized to the ER membrane: DHHC4 and DHHC6 

(14). In addition, SelK contains an SH3-binding domain and bioinformatic analyses 

revealed that DHHC6 was the only mammalian PAT containing a predicted SH3 

domain. This suggested that SelK may interact with DHHC6 in the ER membrane to 

catalyze the palmitoylation of IP3R. Subsequent experiments confirmed that SelK and 

DHHC6 bind via SH3-binding domain/SH3 domain interactions and this 

enzyme/coenzyme complex catalyzes palmitoylation of the IP3R protein, which 
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stabilizes the Ca2 +  channel complex in the ER and allows Ca2 +  flux to be effectively 

induced in immune cells (Figure 3.1). After confirming that the IP3R is palmitoylated by 

DHHC6/SelK, we found that SelK and DHHC6 not only colocalize in the ER membrane, 

but also their association is dependent on the SH3-binding domain in SelK for 

interacting with the SH3 domain in DHHC6. Importantly, the SH3-binding domain in 

SelK is not required for its localization to the ER membrane, but it is required for its 

association with DHHC6. After activation of T cells, the interaction between SelK and 

DHHC6 is dynamic and this may serve to regulate the turnover or stability of the IP3R or 

other target proteins. These findings provided a link between IP3R palmitoylation and 

SelK, although the molecular mechanisms by which SelK’s interactions with DHHC 

mediate protein palmitoylation have not been fully elucidated. It is currently our 

hypothesis that SelK functions as a coenzyme for DHHC6 in the protein palmitoylation 

reaction. This is based on the notion that SelK with its bioactive Sec residue binds to 

DHHC6 and reduces the energy required for the palmitoylation of target proteins, 

thereby increasing the catalytic efficiency of the palmitoylation reaction.  

 

Molecular Mechanisms by which SelK Functions to Regulate Palmitoylation 

The next few sections describe potential mechanisms of the actions of SelK on protein 

palmitoylation based on published reports on how DHHC enzymes catalyze 

palmitoylation of target proteins. 

 

Potential mechanism 1: SelK stabilizes the acyl-DHHC6 intermediate in a manner 

similar to Erf4 (GCP16) and is independent of Sec 



76 
 

The requirement of a functional coenzyme for efficient PAT activity is not unique to 

DHHC6. Studies in yeast have shown that the yeast ortholog of DHHC9, Erf2, requires 

Erf4 (GCP16 in mammals) as a coenzyme (27). These studies showed the Erf2/Erf4 

protein palmitoylation reaction proceeds via a two-step ping-pong kinetic mechanism. In 

the first step, a Cys residue within the PAT, presumably the conserved Cys within the 

DHHC catalytic domain, reacts with palmitoyl-CoA to form a palmitoyl-PAT intermediate. 

In the second step, the palmitic acid is transferred from the PAT to a Cys residue on the 

target protein. The first step is rapid, whereas the second is much slower. Thus, after 

the first step, there is the possibility that the unstable thioester bond 

between Cys on the PAT and the palmitic acid may hydrolyze before transfer of the 

palmitic acid to a target protein. Although there is some evidence that without Erf4 more 

than one domain of Erf2 is not properly folded leading to activation of more than one 

ERAD-specific pathway (27), the coenzyme role of Erf4 in the palmitoylation reaction 

was clearly demonstrated. Specifically, Erf4 was shown to stabilize the thioester bond 

between Erf2 and palmitic acid as demonstrated by a reduced loss of palmitic acid via 

hydrolysis and an enhanced transfer to protein substrates. In this manner, SelK may be 

performing a similar role to Erf4 by stabilizing the thioester bond between palmitic acid 

and DHHC6 (Figure 3.2). If this is the case, one would expect that in the absence of 

SelK the efficiency of DHHC6-mediated palmitoylation reaction would be reduced due to 

increased hydrolysis of the intermediate thioester bond between palmitic acid and the 

Cys within the active site of DHHC6. Given that Erf4 lacks a Sec residue, it is possible 

that the Sec residue of SelK is not important in this role. In particular, the binding of 

SelK to DHHC6 through the SH3/SH3-binding domains stabilizes the DHHC6-palmitate 



77 
 

intermediate independent of the Sec residue in SelK. This would leave the Sec residue 

free to participate in other functions that SelK may be performing with other protein 

partners as discussed next. 

 

Potential mechanism 2: A Sec–Cys bond between SelK and DHHC6 is a key modulator 

of the protein palmitoylation reaction 

The catalytic domain of the PATs, which is a variant of the C2H2 zinc finger domain, 

was first recognized in proteins of unknown function in yeast (40). The PAT catalytic 

domain is cysteine rich and contains a conserved DHHC amino-acid sequence. Indeed, 

the PAT enzyme family was functionally characterized in yeast before the identification 

of PAT orthologs in the human genome (28). Further complicating potential 

investigations into how SelK modulates the palmitoylation reaction is the fact that the 

identity of the Cys residue within the PAT undergoing autoacylation in the first step of 

the reaction has yet to be confirmed. While the Cys in the conserved DHHC motif is 

required for autoacylation, it has been found that three cysteine residues within a 

CCX7–13C(S/T) motif downstream of the DHHC motif can be palmitoylated, leading to 

the possibility that the conserved Cys is merely required for catalyzing the reaction (45). 

Given the common theme of Sec–Cys bonding in selenoproteins, it is very possible that 

the Sec residue of SelK may not only be interacting with the conserved Cys but also 

with one or several Cys residues in the Cys-rich domain of DHHC6 (Figure 3.3). If this is 

the case, the Sec–Cys bond between SelK and DHHC6 may serve a catalytic function 

(discussed later) or alternatively could function to modulate the availability of Cys 

residues within the conserved domain of DHHC6, thereby influencing PAT activity. It is 
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then possible to imagine that the Sec bond between SelK and DHHC6 may have a role 

in other cellular processes more typically associated with selenoproteins.  

 

Potential mechanism 3: The Sec within SelK undergoes palmitoylation as an additional 

step in the transfer of palmitic acid from palmitoyl-CoA to the target protein 

As discussed earlier, the PAT reaction is conventionally depicted as a two-step reaction 

in which the PAT first engages palmitoyl-CoA and undergoes palmitoylation, followed by 

transfer of the palmitic acid to a target protein. The first step of the reaction is rapid, and 

the thioester bond between the PAT and palmitic acid is susceptible to hydrolysis before 

acyl transfer to the target protein. Accordingly, it is possible that the Sec of SelK forms a 

strong selenoester bond with palmitic acid at some point during the reaction that may 

limit the amount of palmitic acid lost to hydrolysis (Figure 3.4). SelK may undergo Se 

acylation in the first step of the reaction, followed by acylation of the DHHC6 active site, 

followed by a third step in which the palmitate is then transferred to a protein target. 

Another possibility is that DHHC6 is first autoacylated; then, the palmitoyl group is 

transferred to SelK via Se-acylation in an intermediate step of the reaction, followed by 

transfer of the palmitate to the target protein. If this is the case, the palmitoylation 

reaction may occur via formation of several different possible Sec–Cys adducts being 

formed and broken as palmitate is passed along the course of the reaction from 

palmitoyl-CoA to the protein target. 

 

Potential mechanism 4: SelK may enhance DHHC6-mediated protein palmitoylation 

by preventing PAT oligomerization 
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Dimer and/or oligomer formation is a common trait of numerous integral membrane 

proteins. This phenomenon also appears to be common to PATs highlighted by a recent 

study showing that DHHC2 and DHHC3 tend to form dimers and/or oligomerize in both 

intact cells and in vitro (30). Bioluminescence resonance energy transfer (BRET) was 

used to demonstrate that catalytically inactive DHHC proteins displayed a greater 

propensity to form dimers. Further, when catalytically active DHHC3 preparations were 

autoacylated in vitro via the addition of palmitoyl-CoA, a significant decrease in BRET 

was observed, indicating that the predominantly active state of PATs is the monomeric 

form. This suggests that enzymatic activity of numerous PATs may be modulated by 

oligomerization status, which may be one possible mechanism by which SelK 

modulates DHHC6 activity. The association of SelK with DHHC6 via the SH3 

interactions alone may limit and/or prevent oligomerization of the PAT, thereby keeping 

it in a more active state (Figure 3.5). Sec interactions with one or more Cys residues in 

the Cys-rich catalytic domain of DHHC6 may further enhance SelK binding and prevent 

PAT oligomerization. SelK may interact with other PATs that do not contain an SH3 

domain through Sec–Cys bonds, although how these bonds may be initiated in the 

absence of docking through the SH3 and SH3-binding domain is not clear and is not 

suggested by our co-immunoprecipitation data (13). 
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Results 

 

In order to address the potential mechanism by which SelK influences the catalytic 

activity of DHHC6 we made several attempts using different expression platforms to 

generate a purified full length version of DHHC6 with no success.  Accordingly,  we 

constructed a novel truncated version of DHHC6 which contains the two main cytosolic 

domains connected by a flexible linker domain (see Methods). This linker domain has 

been used in previous studies to successfully link protein domains in a similar fashion 

(120).  Using a bacterial expression system we were able to purify large quantities of an 

N-terminally His tagged version of cytosolic DHHC6 using a  nickel column. The next 

step in our studies was to determine whether the cytosolic DHHC6 was enzymatically 

active.  In order to test the ability of DHHC6 to undergo auto-palmitoylation we used a 

fluorescence indicator dye (Abcam)  which fluoresces at 530 nm when exposed to 485 

nm excitation after exposure to CoA, which is the product generated after enzyme auto-

palmitoylation.  We found that cytosolic DHHC6 was able to generate CoA when 

incubated with palmitoyl-CoA at 30 °C (data not shown).  Having confirmed that 

cytosolic DHHC6 is potential catalytically active we set out to test the hypothesis that 

SelK stabilizes the acyl-PAT intermediate and whether the Sec residue of SelK is 

required for such a stabilization.  Utilizing purified full-length versions of SelK (U92A, 

U92C and U92 [i.e. wt]) obtained from the laboratory of Sharon Rozovsky coupled to 

streptavidin beads via an N-terminal strept tag we were able to couple equal quantities  
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of cytosolic DHHC6 to all three versions of SelK presumably due to SH3 domain 

interactions ( Figure 3.6B).  We next assayed for the generation of CoA by the 

DHHC6/SelK beads coupled complexes by incubating them with palmitoyl-CoA for up to 

one hour at 30 °C. When coupled to the U92A version of SelK, cytosolic DHHC6 initially 

generates CoA more slowly compared to the U92C and wt versions of SelK, however 

over time the U92A SelK-coupled DHHC6 starts to generate CoA at a more rapid rate 

(Figure 3.6A). These results indicates that the palmitoylated enzyme intermediate of 

DHHC6 is less stable without the presence of a Cys or Sec-containing version of SelK 

supporting the hypothesis that SelK stabilizes the acyl-PAT intermediate in a Sec 

dependent manner although Cys may have an equal ability to do so at least in our 

controlled in vitro studies. 

 

In an attempt to confirm these observations with a native version of DHHC6 we purified 

ER membrane microsomes from white blood cells isolated from the spleens of wt and 

SelK -/- mice. Due to previous reports that only two PATs localize to the ER membrane 

(i.e. DHHC4 and 6)(14) it was our hypothesis that ER microsomes may generate CoA in 

a similar fashion as the cytosolic version of DHHC6 when coupled to the U92A version 

of SelK.  However, when incubated in the presence of palmitoyl-CoA at 30 °C for up to 

one hour we observed no difference in the generation of CoA by microsomes from wt or 

SelK -/- mice (Figure 3.7A). While these results indicate that  the stability of the acyl-

DHHC6 intermediate is not influenced by the presence of SelK we cannot rule out that 

the presence of DHHC4 in this preparation is masking the influence of SelK on CoA 

generation.  In order to assess whether the presence of SelK is enhancing the efficiency 
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of the transfer of palmitate from the acyl-PAT intermediate we incubated microsomes 

with both palmitoyl-CoA and a FITC-labeled peptide (see Methods) representing a 

primary amino acid motif that is palmitoylated on CD36 which we showed undergoes 

DHHC6-mediated palmitoylation in a previous study (25). Employing reversed phase 

thin layer chromatography (TLC) in which a palmitoylated peptide migrates at a reduced 

speed compared to a non-palmitoylated peptide, we found that less peptide is 

palmitoylated by ER microsomes lacking SelK (Figure 3.7B and C). Western blot 

analysis of DHHC6 confirmed that both microsomal preparations contain equal levels of 

DHHC6 (Figure 3.7D) and therefore it is likely that the presence of SelK alone is 

responsible for enhanced peptide palmitoylation in this assay.  Accordingly, the data 

generated using the ER microsomal preparations indicates that SelK functions as a 

coenzyme by enhancing the ability of DHHC6 to transfer palmitate to the target. 
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Discussion 

 

In order to address the four potential mechanisms discussed above by which SelK may 

be acting to enhance DHHC6-mediated protein palmitoylation we employed two very 

different assay systems.  The first system, using cytosolic DHHC6 coupled to different 

SelK constructs, was a minimalistic approach .  Accordingly, while the system is not 

able to address the fourth potential mechanism, that is, whether SelK influences the 

oligomerization status of DHHC6, it had the potential to assay the other three potential 

mechanisms.  By coupling DHHC6 with the three different versions of SelK (U92A, 

U92C and wt) we found that the Cys and Sec versions of SelK appear to stabilize the 

acyl-PAT intermediate (i.e. potential mechanism 2) by slowing the generation of CoA 

after an initial rapid phase of CoA, which we believe corresponds to cytosolic DHHC6 

achieving a fully palmitoylated intermediate status. While we did not observe any 

difference between Cys and Sec in this system, it is our hypothesis that Sec may have 

an enhanced capacity over Cys to stabilize the acyl-PAT intermediate in the more 

varied redox environment within the cell.  Further, given the differences in CoA 

generation between the Ala version of SelK and the Cys and Sec versions it seems 

likely that the influence of native SelK is at least in part, if not entirely, due to the 

presence of the Sec residue ruling out potential mechanism 1.   We also feel strongly 

that potential mechanism 3 can be ruled out as we were never able to capture SelK 

modified by palmitate despite using g quantities of the purified protein (data not 

shown). 
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In order to confirm our studies using the cytosolic version of DHHC6 we next tested the 

influence of SelK on both the generation of CoA and target peptide palmitoylation by ER 

microsomes.  As we were unable to purify a full length version of DHHC6 using several 

different expression platforms this was our solution for generating large quantities of 

DHHC6 in a native conformation.  However, this method is not ideal due to the 

presence of DHHC4 in this preparation and therefore interpretation of the data is more 

complicated.  Accordingly, while we did not observe any difference between the 

generation of CoA between microsomes generated from the white blood cells from wt 

and SelK -/- it is possible that the presence of DHHC4 is serving to mask the difference 

observed using cytosolic DHHC6.  However, we did observe an enhanced level of 

peptide palmitoylation from the same microsomal preparations supporting the possibility 

of potential mechanism 2 and/or 4 may be possible.  The peptide target used in our 

studies is based on a primary amino acid sequence from CD36, which we have shown 

undergoes DHHC6-mediated palmitoylation (25), and therefore the differences seen in 

this assay verses the CoA generation assay may be due to the inability of DHHC4 to 

palmitoylate this target. 

 

These current studies are focused on the role of SelK on DHHC6-mediated 

palmitoylation, but we must also remember that SelK may have numerous functions. 

Such as the study discussed above, purified SelK can dimerize via an intermolecular 

diselenide bond that exhibits strong reducing potential (22). Purified SelK exhibits some 

level of peroxidase activity and is able to reduce hydrophobic substrates such as 

phospholipid hydroperoxides, which is consistent with antioxidant activity displayed by 
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human SelK overexpressed in cells (77). Also as discussed earlier, the Sec residue of 

SelK may not participate in the DHHC6-catalyzed protein palmitoylation reaction, which 

could then leave it free to participate in other reactions such as the peroxidation of lipid 

peroxides. If this is the case, it is plausible that SelK plays dual roles in the 

palmitoylation of protein targets. SelK may first direct a quality control role in the protein 

palmitoylation reaction by reducing lipid hydroperoxides before and/or after they enter 

the reaction as palmitoyl-CoA substrates. Once the quality control step is complete, 

SelK may then carry out the second role in increasing the rate and/or fidelity of the 

DHHC6-catalyzed palmitoylation via one or several of the mechanisms discussed 

earlier. The relationship between SelK’s role in protein palmitoylation and ERAD might 

be easier to envision. SelK can protect HepG2 cells against agents that induce ER 

stress (5). The SelK promoter also contains an ER stress-response element, and the 

SelK protein interacts with numerous ERAD mediators (e.g., p97 ATPase, Derlins) (6). 

These studies indicate that SelK plays a multifaceted role in ER homeostasis and 

protein processing while encompassing much more than its role in protein 

palmitoylation. These roles may be unrelated, with SelK performing different functions 

based on the protein complexes in which it participates. This may be supported by data 

showing that SelK mRNA and protein levels increase during ER stress, and this may 

provide an abundance of SelK so that both palmitoylation and ERAD functions may be 

simultaneously carried out. Alternatively, the ER environment may dictate the protein 

partners to which SelK binds. For instance, at times when ER stress is minimal, SelK 

may interact predominantly with DHHC6 to perform protein palmitoylation and, when 

there is an increase in ER stress, SelK may bind predominately to ERAD proteins such 



86 
 

as p97 ATPase and Derlins to promote protein degradation. In a general manner, SelK 

may be positioned at the ER membrane for palmitoylation of nascent proteins requiring 

this post-translational modification for stable conformation or association/insertion into 

organelle membranes. If palmitoylation does not occur properly, there may be a transfer 

of unstable proteins to the Derlin chaperones, leading to degradation through the 

proteosome. While there are currently limited data linking SelK-dependent 

palmitoylation and ERAD functions, there are some interesting examples in yeast 

palmitoylation proteins tied to the ERAD machinery. As discussed earlier, Erf2 is a PAT 

in yeast that interacts with the coenzyme Erf4 to perform protein palmitoylation, and 

removal of the Erf4 coenzyme leads to hydrolysis of the Erf2-palmitoyl intermediate 

(27). The hydrolyzed Erf2 that increases in the absence of coenzyme Erf4 is degraded 

through ERAD. This raises the potential scenario in which SelK that binds to DHHC6 

that has already hydrolyzed may interact with the Derlin chaperones for proteosomal 

degradation of those hydrolyzed DHHC6 molecules. This would tie together findings 

from our studies with those from the Gladyshev laboratory showing interactions of SelK 

with Derlin chaperones (6). 

 

The functions ascribed to human SelK thus far, including palmitoylation, have been 

mostly housekeeping in nature. Genes encoding housekeeping proteins are often 

widely expressed in different tissues, which is the case for SelK. While the levels of 

SelK protein as determined by mouse tissue blots are widely distributed throughout 

most tissues, much higher levels are found in immune tissues (43). This may reflect a 
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heavy reliance on SelK for basal levels of IP3R palmitoylation in immune cells, which is 

consistent with a dramatic decrease in IP3R stability in spleens from SelK-/- 

mice (13). In addition to broad tissue distribution, expression in a wide variety of species 

(including ancient species) is a characteristic that is common to many housekeeping 

genes. SelK seems to fit this criterion given that the gene encoding Sec-containing SelK 

is found in a wide variety of species, including mammals, fish, amphibians, and insects 

(36). An interesting point that requires clarification is whether SelK functions as a 

cofactor for palmitoylating proteins across species other than humans and mice. 

Interestingly, Drosophila expresses only three Sec-containing proteins, one of which is 

the ortholog to SelK (dSelK; a.k.a. G-rich protein) (38). Similar to its mammalian 

counterpart, dSelK contains one Sec residue near the C-terminus and manipulation of 

dSelK in Drosophila cells alters both IP3R levels and cytoplasmic Ca2 +  concentrations 

(26). Both SelK and dSelK are rich in prolines and glycines, but the amino-acid 

sequence of dSelK is lacking the R/K-X-X-P-XX-P motif that defines the canonical SH3-

binding domain found in SelK. This may indicate that a mechanism of interaction 

between dSelK and PATS other than the SH3/SH3-binding domain interaction found in 

mammals may exist, or that SH3-binding domains vary between mammals and insects. 

The presence of 22 PATs, in the Drosophila genome, including the ortholog to DHHC6, 

is a strong indicator that protein palmitoylation is important in flies (21, 39). In fact, 

palmitoylation of Hedgehog and other proteins has been demonstrated to play an 

important role in their functions (9). However, it remains to be determined whether 

Drosophila orthologs for proteins such as IP3R and CD36 are palmitoylated or whether 

dSelK is involved in this process. Protein palmitoylation is one of the multiple roles that 
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SelK appears to play in human cells, which suggests functional versatility for this 

relatively small protein. The lens through which functional roles of SelK as well as other 

selenoproteins are studied may need to be widened. In particular, a comprehensive 

understanding of the functions of selenoproteins may require probing their interactions 

with a wide variety of protein partners under different conditions and/or in various cell 

types. The notion that proteins can carry out multiple functions within cells by binding to 

different partners or participating in multiprotein complexes is certainly not new and not 

limited to selenoproteins. The importance of functional versatility is becoming more 

evident as tools evolve to better resolve protein–protein interactions 

(42). Publication of the human genome sequence and subsequent annotation and 

proteomic analyses provided important insights into the versatility of proteins in general. 

A simple comparison of more recent estimates of 20,000 protein-coding genes 

compared with the prediction of 40,000–100,000 genes before completion of the 

genome sequence emphasizes the point that multitasking is built into our proteome (8, 

10, 31). In fact, the Human Proteome Project has recently reduced estimates of protein-

coding genes to < 20,000 (20), and the decreasing number further highlights the 

importance of appreciating the functional versatility of proteins, even small, disordered, 

and seemingly unremarkable proteins such as SelK. 

 

Conclusions and Future Directions 

The results presented in this chapter are a start for us to fully appreciate the manner in 

which SelK is acting to modulate DHHC6-mediated protein palmitoylation.  Further 

efforts are ongoing in order to fully understand this process.  We are continuing with our 
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efforts to express a full length version of DHHC6 which will serve as a bridge between 

the two systems presented above.  Given the difficult nature of this endeavor we are 

pursuing different ways to employ the ER microsomal assay technique.  First, we are 

testing different antibodies directed against DHHC4 to test whether they may have a 

blocking effect on its enzyme activity and thereby reducing the PAT activity seen in our 

assay to DHHC6 alone.  This goal can also be obtained via the generation of DHHC4 

knock-out mice.  Further, we are currently generating mice that express different mutant 

versions of SelK (i.e. a calpain cleaved version with has no C-terminal Sec residue and 

another  with no SH3-binding domain) which will allow us to assay the importance of the 

Sec residue alone and/or the importance of the SH3-binding interactions with DHHC6.  

Once we have these tools in hand we feel that we will be able to more accurately 

conclude the mechanism by which SelK is influencing DHHC6 and the protein 

palmitoylation reaction. 
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Materials and Methods 

 

Materials 

Coenzyme A Detection Kit was purchased from Abcam (Cambridge, UK). Ni-NTA 

agarose for cytosolic DHHC6 purification from bacteria was purchased from Qiagen 

(Hilden, De). His-tag isolation and pull down Dynabeads for DHHC6 pull down during 

CoA generation assays were obtained from ThermoFischer (Waltham, MA). All versions 

of SelK with an N-terminal 8 amino acid strept tag were obtained from the laboratory of 

Sharon Rozovsky (University of Delaware) (22) . Streptavidin coated magnet beads for 

SelK pull down were purchased from Life Technologies (Oslo, Norway). The FITC-

labeled fluorescent peptide corresponding to the amino acid sequence surrounding the 

N-terminal dicysteine palmitoylation consensus site of CD36 (MGCDRNCK) was 

purchased from Peptide 2.0 (Chantilly, VA). 

 

CoA generation assay to monitor cytosolic DHHC6 autoacylation 

DHHC6 enzyme autoacylation was monitored using the Coenzyme A Detection Kit 

(Abcam) which uses a fluorescent indicator dye that reacts with –SH group of CoA.  For 

this assay we generated cytosolic DHHC6 enzyme by cloning the two functional 

cytosolic domains of DHHC6 connected by a flexible linker domain 

(GGGSGGGSGGGS) into a pET-14b His-tagged expression vector for bacterial 

expression (GenScript, Piscataway, NJ). His-tagged cytosolic DHHC6 was expressed in 
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bacteria, purified using a Ni-NTA agarose column and stored in aliquots at -80 °C until 

ready to be used.  Prior to running the assay, aliquots of cytosolic DHHC6 were thawed 

and incubated overnight in 50mM MES, pH 6.4 containing 0.05% DDM and 10mM DTT 

with His-tagged isolation and pull down Dynabeads (ThermoFischer) to test enzyme 

assay directly.  For studies examining the influence of selK on DHHC6 enzymatic 

activity DHHC6 protein was incubated overnight with selK including an N-terminal strept 

tag plus streptavidin coated  magnetic beads (Invitrogen) in 50mM MES, pH 6.4 

containing 0.05% DDM and 10mM DTT.  The following day, beads were washed three 

times and incubated in 50 mM MES, pH 6.4 containing 0.05% DDM and 10μM 

Palmitoyl-CoA at 30 °C for 60 minutes. At various time points (i.e. 2, 5, 10, 20, 30, 40, 

50 and 60 min) aliquots were collected from the magnetic beads and put on ice until all 

times points were collected.  Following the assay, the beads were re-suspended in 

sample loading buffer (50 mM Tris–HCl (pH 6.8), 2% SDS, 12.5 mM EDTA, 10% 

glycerol) containing 10 mM fluorescein-5-maleimide and subjected by 10-20% Tris-

Tricine SDS–PAGE.  The gel was visualized using UV fluorescence to quantitative 

DHHC6 alkylation and then stained using Coomassie Blue to validate equal quantities 

of selK and DHHC6 pull down. 

 

TLC-based fluorescent peptide microsomal PAT assay 

ER microsomes for use in the PAT assay were isolated from the white blood cell 

population of w.t. and selk -/- spleens.  In brief, spleens were homogenized into a single 

cell suspension by passage through a 100 μm filter followed by lysis of the red blood 

population using ammonium chloride based red blood cell lysis buffer (Sigma, St. Louis, 
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MO).  Intact white blood cells were separated from red blood cell debris via 

centrifugation and subsequently re-suspended in isotonic extraction buffer (50 mM 

HEPES, pH 7.8, with 1.25 M sucrose,5 mM EGTA, and 125 mM potassium chloride 

containing protease inhibitor cocktail) and lysed via by sonication.  The post-

mitochondrial supernatant was obtained via a low-speed centrifugation (12,000 xg) and 

was subsequently centrifuged at 100,000xg for one hour to obtain the ER microsomal 

pellet.  This pellet was re-suspended in 50 mm MES (pH 6.4) buffer containing 0.05% 

DDM at a ratio of 10mg ER microsomal weight per 1mL of buffer. Prior to PAT assay, 

FITC- labeled peptide (1 mm, 100X stock) was treated with 10mM DTT at room 

temperature for 1 h to reduce disulfide-linked peptide dimers. The reduced peptide was 

added to the aqueous reaction buffer to containing the ER microsomes to yield a final 

concentration of 10 μM peptide in 0.05% DDM, 0.1 mm DTT and 50 mm MES, pH 6.4. 

PAT assay was initiated by addition of 1mM (100X stock in DMSO) to a final 

concentration of 10uM and microsomes were incubated at 30 °C for 2 to 60 minutes. 

 After reaction completion 10uL of reaction volume was spotted on reverse-phase C18 

TLC plates per time point and resolved using a 40% acetonitrile mobile phase.  Post-run 

fluorescent peptides were visualized under fluorescent light to determine the ratio of 

palmitoylated to non-palmitoylated peptide. 
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Figure 3.1 

 

Figure 3.1. SelK is a cofactor for palmitoylation of the IP3R catalyzed by DHHC6. 

Adequate levels of selenium lead to sufficient expression of SelK, which binds to 

palmitoyl acyl transferase, DHHC6, to catalyze the palmitoylation of the IP3R. Palmitoyl 

groups are added via S-acylation to at least three Cys residues in the cytoplasmic 

region of IP3R, which is required for stable formation of the tetrameric IP3R Ca2 + 

channel in the ER membrane. IP3R, inositol-1,4,5-triphosphate receptor. 
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Figure 3.2 

 

Figure 3.2. SelK may stabilize the acyl-DHHC6 intermediate in a manner that may not 

be dependent on the Sec residue. DHHC6 first interacts with palmitoyl-CoA and 

becomes autopalmitoylated on a Cys residue. On autopalmitoylation of the DHHC6 

enzyme, SelK may stabilize the acyl-DHHC6 intermediate until the target protein can be 

palmitoylated. CoA, coenzyme A; Sec, selenocysteine. 
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Figure 3.3 

 

Figure 3.3. SelK may form a Sec–Cys bond with DHHC6 to increase efficiency of the 

palmitoylation reaction. Either the autopalmitoylation step or the transfer of the palmitoyl 

moiety may occur more effectively through formation of a Sec–Cys bond that acts as a 

conduit within the active site. 
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Figure 3.4 

 

Figure 3.4. The Sec within SelK may undergo palmitoylation as an additional step in the 

transfer of palmitic acid from palmitoyl-CoA to the target protein. The Sec of SelK may 

be more effective at capturing the palmitate moiety, thereby reducing energy of the first 

step in the palmitoylation reaction. The palmitoyl group may then be transferred from 

either the Sec or Cys to the target protein. 
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Figure 3.5 

 

Figure 3.5. SelK may enhance DHHC6-mediated protein palmitoylation by preventing 

PAT oligomerization. Formation of dimers or oligomers has been shown to occur for 

some PATs, and SelK may prevent DHHC6 oligomerization, thereby increasing the 

monomeric state of DHHC6 and increasing catalysis of the palmitoylation reaction. PAT, 

protein acyltransferase. 
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Figure 3.6 
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Figure 3.6 Coenzyme A generation by purified cytosolic DHHC6 and SelK constructs. 

(A) A purified cytosolic version of DHHC6 co-purified with different versions of SelK is 

able to generate CoA from palmitoyl-CoA.  When coupled to the U92A version of SelK, 

DHHC6 initially generates CoA more slowly compared to the U92C and wt versions of 

SelK, however over time the U92A SelK-coupled DHHC6 starts to generate CoA at a 

more rapid rate indicating the palmitoylated enzyme intermediate of DHHC6 is less 

stable without the presence of a cysteine or selenocysteine-containing version of SelK. 

(B) Representative Coomassie gel staining showing equal levels of DHHC6 co-

purification with the three different version of SelK. 
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Figure 3.7 
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Figure 3.7 Coenzyme A generation and peptide palmitoylation by ER microsomes 

purified from wild type and SelK -/- white blood cells. (A) The generation of CoA from 

palmitoyl-CoA by ER microsomes purified from wild type and SelK -/- white blood cells 

displays similar kinetics indicating the stability of the PAT-acyl intermediate is not 

influenced by the presence of SelK.  Control alone is buffer with palmitoyl-CoA 

containing no microsomes. (B) Representative TLC demonstrating that addition of a 

cysteine-containing peptide target with the micromsomal preparation displays enhanced 

palmitoylation in the presence of SelK, indicating SelK enhances transfer of the palmitic 

acid from the PAT-acyl intermediate to the target substrate. (C) Graphic representation 

of three separate experiments quantifying the enhanced palmitoylation of the peptide 

target in the presence of SelK. (D) Western blot sowing equal levels of DHHC6 in 

micromsomal preparations from wild type and SelK -/- white blood cells. 
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