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A B S T R A C T   

High-throughput experiments suggest that almost 20% of human proteins may be S-palmitoylatable, a post- 
translational modification (PTM) whereby fatty acyl chains, most commonly palmitoyl chain, are linked to 
cysteine thiol groups that impact on protein trafficking, distribution and function. In human, protein S-palmi-
toylation is mediated by a group of 23 palmitoylating ‘Asp-His-His-Cys’ domain-containing (DHHC) enzymes. 
There is no information on the scope of protein S-palmitoylation, or the pattern of DHHC enzyme expression, in 
the heart. We used resin-assisted capture to pull down S-palmitoylated proteins from human, dog, and rat hearts, 
followed by proteomic search to identify proteins in the pulldowns. We identified 454 proteins present in at least 
2 species-specific pulldowns. These proteins are operationally called ‘cardiac palmitoylome’. Enrichment anal-
ysis based on Gene Ontology terms ‘cellular component’ indicated that cardiac palmitoylome is involved in cell- 
cell and cell-substrate junctions, plasma membrane microdomain organization, vesicular trafficking, and mito-
chondrial enzyme organization. Importantly, cardiac palmitoylome is uniquely enriched in proteins participating 
in the organization and function of t-tubules, costameres and intercalated discs, three microdomains critical for 
excitation-contraction coupling and intercellular communication of cardiomyocytes. We validated antibodies 
targeting DHHC enzymes, and detected eleven of them expressed in hearts across species. In conclusion, we 
provide resources useful for investigators interested in studying protein S-palmitoylation and its regulation by 
DHHC enzymes in the heart. We also discuss challenges in these efforts, and suggest methods and tools that 
should be developed to overcome these challenges.   

1. Introduction 

Protein S-palmitoylation (also known as S-acylation) is a form of 
post-translational modification, whereby a long fatty acyl chain, usually 
palmitoyl chain, is attached to thiol side chain of cysteine (Cys) residues 
in proteins [1]. The resulting increase in local hydrophobicity promotes 
binding of cytosolic proteins to organelle or plasma membranes [2,3]. S- 
palmitoylation of integral membrane proteins can promote their segre-
gation into liquid-ordered (raft) domains [2,3]. Therefore, S-palmitoy-
lation impacts on proteins’ distribution and function. 

Due to the advancement in experimental techniques for detecting 

and quantifying protein S-palmitoylation [4–6], our understanding of 
the scope and functional roles of protein S-palmitoylation has pro-
gressed profoundly in recent years. High-throughput experiments have 
defined palmitoyl-proteomes (abbreviated as ‘palmitoylomes’ herein) of 
various cell types and from different species [7]. The current version of 
SwissPalm, a public repository of information on protein palmitoylation 
reports 4587 human proteins collectively identified in 17 human pal-
mitoylomes, accounting for 19.5% of 23,484 human proteins in its 
database. The prevalence of protein S-palmitoylation indicates that this 
PTM is involved in many aspects of cellular function. 

Protein S-palmitoylation is mediated by the so-called DHHC (or 
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zDHHC) enzymes, because of their shared aspartate-histidine-histidine- 
cysteine, or ‘DHHC’, motif [1]. Human has 23 DHHC genes [1]. Muta-
tions in DHHC genes have been linked to neurological disorders and 
cancers [1], pointing to their importance in human physiology and 
diseases. Efforts have been under way to design small molecule DHHC 
modulators as therapeutic agents for human disorders [8]. 

There is no information on the scope of protein S-palmitoylation, or 
the pattern of DHHC enzyme expression, in the heart. Such information 
is important for a better understanding of human heart physiology and 
pathophysiology, and the ability to design novel therapeutic in-
terventions for cardiac disorders. For example, it has been suggested 
that S-palmitoylation is involved in a process called ‘massive endocy-
tosis’ or MEND, that occurs to cardiomyocytes experiencing ischemia/ 
reperfusion (I/R) injury [9]. MEND negatively impacts cardiomyocyte 
recovery after I/R injury. Knocking down a palmitoylating enzyme, 
DHHC5, expressed in the heart appears to protect cardiomyocytes 
against MEND [9]. Another example is DHHC2, shown to be one of 35 
consistently upregulated genes, dubbed ‘gene expression signatures’, in 
coronary heart disease [10]. These observations suggest that inhibiting 
DHHC5 or DHHC2 may offer therapeutic benefits against cardiac injury. 
But, what are their substrates in the heart? What may be the side effects 
of inhibiting them? 

The goal of this ‘resource’ article is to provide useful information for 
investigators interested in studying protein S-palmitoylation and its 
regulation by DHHC enzymes in the heart. To reach this goal, we first 
investigated the scope of protein S-palmitoylation in the heart. 
Currently, only a small number of cardiac proteins are known to be S- 
palmitoylated: Nav1.5 [11], Kv1.5 [12], K channel interacting protein 2 
‘KChIP2’ [13], Kir6.2 [14], Cavβ2a [15], Na/Ca exchanger 1 ‘NCX1’ 
[16], phospholamban ‘PLN’ [17], endothelial nitric oxide synthase 
‘eNOS’ [18], phospholemman ‘PLM’ [19], caveolin-3 ‘Cav-3’ [20], 
desmosomal components (desmoglein-2, desmocollin-2, and 
plakophilin-2) [21,22], and junctophilin-2 ‘JPH2’ [23]. All these studies 

were based on targeted or low-throughput experiments. A high- 
throughput approach is needed to systematically characterize the car-
diac palmitoylome. Second, we identified DHHC enzymes expressed in 
the heart. We list the DHHC antibodies we have tested and those vali-
dated. We also discuss the challenges encountered when using the 
validated antibodies to quantify native DHHC enzymes expressed in 
normal and diseased hearts from different species. 

2. Materials and methods 

2.1. Human heart tissue and animal models 

For experiments presented in Figs. 1-3, non-failing human heart 
samples were obtained from the Duke Human Heart Repository. For 
experiments presented in Fig. 6, non-failing and failing human heart 
samples were obtained from the Translational Cardiovascular Biobank 
and Repository at Washington University at St. Louis. Patient data are 
reported in on-line Supplement. Experiments using human heart tissue 
were approved by the Virginia Commonwealth University (VCU) Insti-
tutional Review Board (protocol HM11452). Animal models included 
rats (6 month old Sprague Dawley, 2–4 month- and 22–24 month-old 
spontaneously hypertensive rats, male), dog (mongrel, male, ~2 years 
old), and mice (1 month-old C57BL16). Animal use conformed to the 
Guide for the Care and Use of Laboratory Animals, and was approved by 
VCU Institutional Animal Care and Use committee. 

2.2. Global enrichment of S-palmitoylated proteins from hearts 

We used resin assisted capture (RAC) [5] to enrich S-palmitoylated 
proteins from the membrane-enriched fraction of heart tissue samples. 
Detailed description of the RAC procedure is provided in on-line 
Supplement. 

Fig. 1. Enrichment of S-palmitoylated proteins from hearts and quality check of the pulldowns. (A) Diagram of the resin-assisted capture (RAC [5]) procedure 
applied to membrane-enriched fraction of ventricular tissue. Tissue samples from human (three non-failing heart samples combined), dog (male mongrel, 2 years 
old), and rat (male Sprague Dawley, 6 months old) hearts were used. Details of the RAC procedure are in on-line Supplement. The [− ] and [+] HxA pulldowns were 
used for proteomics experiments. There was no biological replicate. (B) Silver stain shows a high degree of protein enrichment in [+] HxA relative to [− ] HxA 
pulldowns. Immunoblots (IB) show capture of known S-palmitoylated proteins (Na/Ca exchanger ‘NCX1’ and caveolin-3 ‘Cav-3’) in the [+] HxA but not [− ] HxA 
pulldowns. n = 1 per animal was used for the mass spec study. 
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2.3. Liquid chromatography and tandem mass spectrometry (LC/MS-MS) 

Detailed description of LC/MS-MS is provided in on-line Supplement. 
Briefly, proteins in [− ] and [+] hydroxylamine (HxA) pulldowns from 

the RAC procedure (Fig. 1A) were reduced, alkylated, and loaded onto 
an S-Trap micro column to remove LC/MS incompatible reagents. The 
proteins were digested with trypsin and the resulting peptides were 
extracted as previously described [24]. The peptides were analyzed with 

Fig. 2. Analysis of proteomics data. (A) Flowchart of data analysis. Venn diagram depicts overlaps among S-palmitoylated proteins identified in human, rat and dog 
hearts. There was no biological replicate. (B) Overlap between the 454 proteins in cardiac palmitoylome and 4587 proteins in non-cardiac human palmitoylomes 
(downloaded from SwissPalm, version 3, https://swisspalm.org) [7]. (C) Validating connexin 43 (Cx43, also known as ‘gap junction α-1 protein’) as a novel member 
of the cardiac palmitoylome. Top: human Cx43 amino acid sequence with peptides detected in LC/MS-MS marked by underlines. Eleven peptides were found in the 
human heart sample (26% coverage), and the thickness of the underlines reflects the number of detection(s): 1 to 4. Bottom: Immunoblot of [+] HxA and [− ] HxA 
pulldowns probed with Cx43 mouse Ab. 

Fig. 3. Analysis of the cardiac palmitoylome. The 454 proteins were submitted to Panther System Analysis (https://pantherdb.org) [25] for statistical over-
representation test and protein classification. (A) Cellular components where cardiac palmitoylome proteins are overrepresented vs a reference set of 20,851 human 
proteins, arranged with descending fold-enrichment (histogram, upper axis), along with their -Log(P) values (circles, lower axis). The solid black line and dotted gray 
line denote fold-enrichment of 5 and P vale of 0.05. (B) Pie chart of protein classification. A total of 265 proteins are matched to 18 protein classes. 
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an EASY nLC 1200 HPLC coupled to a Thermo Fisher Scientific Q 
Exactive HF-X Mass Spectrometer operated in data-dependent mode. 
Human and rat data were searched against the UniProt database. Dog 
data were searched against the RefSeq database. All searches were done 
using Proteome Discoverer 1.4. 

2.4. COS-7 cell culture and transfection 

These procedures have been described in our previous publications 
[13,23], and are described in details in the on-line Supplement. 

2.5. Sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE), silver stain, immunoblot and densitometry 

The procedures of SDS-PAGE, immunoblot and densitometry have 
been described in our previous publications [13,23], and are described 
in details in on-line Supplement. Silver stain was carried out using Pierce 
Silver Stain kit, following the manufacturer’s instructions. 

2.6. Statistical analysis 

Comparisons between normal and diseased hearts were done using 2- 
tailed t-test assuming unequal variance (Microsoft Excel). 

3. Results and discussion 

3.1. Global enrichment of S-palmitoylated proteins from hearts 

We used the resin-assisted capture ‘RAC’ [5] to enrich S-palmitoy-
lated proteins from human, dog, and rat hearts without biological rep-
licates. The RAC procedure is diagrammed in Fig. 1A. We made three 
samples from each heart specimen: total proteins, [+] hydroxylamine 
(HxA) and [− ] HxA pulldowns. HxA treatment cleaved thio-ester bonds 
and released free thiol groups from S-palmitoylated sites, allowing their 
capture by the thio-reactive resin. Although thio-ester bonds are also 
present in proteins cross-linked between cysteine and asparagine or 
glutamine side chains, the latter type of post-translational modification 
is much rarer than S-palmitoylation. Without HxA treatment, proteins in 
the [− ] HxA pulldown represented non-specific binding. The [− ] HxA 
pulldown served as negative control in proteomics and immunoblot 
experiments. Fig. 1B, silver stain, shows that there were much more 
proteins detected in the [+] HxA lane than the [− ] HxA lane, indicating 
the effectiveness of HxA treatment in releasing free thiol groups for resin 
capture. Immunoblot shows that known S-palmitoylated proteins in 
cardiac myocytes (Na/Ca exchanger ‘NCX1’ [16] and caveolin-3 ‘Cav-3’ 
[20]) were detected [+] HxA lane but not [− ] HxA lane, supporting the 
specificity of resin capture. These data confirmed the high quality of [+] 
HxA and [− ] HxA pulldowns, which were used for protein identification 
by LC/MS-MS. 

Details of the LC/MS-MS experiments are provided in on-line Sup-
plement. The raw mass spectrometry data and databases used to search 
proteins are accessible under MassIVE ID: MSV000085994. Excel files 
listing identified proteins along with detected peptide sequences are 
available in on-line Supplement. 

3.2. Investigating the prevalence of S-palmitoylated proteins in hearts 

Fig. 2A lists the filters used to select candidate S-palmitoylated 
proteins from the data set. The human, dog and rat protein identification 
results are available in on-line Tables S1, S2 and S3. Each protein list 
represents a snapshot of S-palmitoylated proteins present in the heart at 
the time of experiment. To identify a representative palmitoylated 
protein pool in the hearts, we matched the rat and dog proteins to 
human orthologs (human accessions listed in Table S2 and S3). This 
allowed us to compare the three protein lists and retain those present in 
at least two of them (Venn diagram in Fig. 2A). We defined the resulting 

454 proteins operationally as a composite cardiac palmitoylome. They 
are listed in on-line Table S4. 

Comparison of these 454 proteins with 2587 proteins previously 
found in 17 human palmitoylomes from non-cardiac cell types (https 
://swisspalm.org/) [7] shows that 79% of the composite cardiac pal-
mitoylome overlaps with the non-cardiac human palmitoylomes 
(Fig. 2B). If the comparison is extended to mouse palmitoylomes (17, all 
from non-cardiac cell types), the degree of overlap increases to 90%. 

For the validation purpose, we selected one novel candidate palmi-
toylated protein discovered in our analysis, connexin 43 (Cx43, also 
called ‘gap junction α-1 protein’). Cx43 has not been found in any pre-
vious non-cardiac palmitoylomes. Inspection of peptide matches shows 
a 26% coverage in human cardiac palmitoylome (Fig. 2C, top). The 
coverages are 33% and 36% in rat and dog cardiac palmitoylomes 
(Tables S2 and S3). Immunoblot of the 3 pairs of [− ] HxA and [+] HxA 
pulldown shows that Cx43 is present in all [+] HxA but absent in [− ] 
HxA (Fig. 2C, bottom). In conclusion, our composite cardiac palmitoy-
lome is validated by the high degree of overlap with previously identi-
fied human and mouse palmitoylomes, and the confirmation of a novel 
palmitoylated protein, Cx43. 

3.3. Functional implication of the composite cardiac palmitoylome 

We submitted the list of 454 proteins to Panther Classification Sys-
tem (http://www.pantherdb.org/) [25] for statistical analysis and pro-
tein classification. Because S-palmitoylation is a major driving force for 
protein trafficking and distribution in cells, we analyzed the cardiac 
palmitoylome by statistical overrepresentation test based on Gene 
Ontology (GO) terms ‘cellular component’ (Fig. 3A). The 454 proteins 
were compared against 20,851 human proteins, and the fold-enrichment 
in cardiac palmitoylome in terms of the number of proteins localized in 
different cellular components was calculated along with p-values (based 
on Fisher’s exact test) [25]. The Panther analysis reports cellular com-
ponents in different groups based on relatedness, and within each group, 
there is a hierarchy from the most specific cellular component in the 
group to less specific components with decreasing fold-enrichment 
(Fig. S1A). We excluded those cellular component groups deemed 
irrelevant for cardiac myocytes, and those cellular components relevant 
for cardiac myocytes but with fold-enrichment <5. This information is 
listed in Fig. S1B. For each of the remaining cellular component groups, 
we chose the broadest level in the hierarchy where fold-enrichment was 
>5. These data are presented in Fig. 3A. The protein list is in on-line 
Table S5. 

This cellular component analysis shows that the functional roles of 
cardiac palmitoylome can be divided into three categories. The first 
category is ‘universal roles’ shared between cardiac and non-cardiac 
palmitoylomes. These include organization of membrane micro-
domains (plasma membrane raft, tetraspanin-enriched microdomain, 
inner leaflet of the plasma membrane where signaling molecules, e.g. 
heterotrimeric G proteins, bind), cell-substrate and cell-cell adhesion 
junctions, vesicular trafficking, and organization of mitochondrial pro-
tein complexes in the outer and inner membranes and in the inter- 
membrane space. The second category is ‘striated muscle-related 
roles’. These are proteins involved in the organization and function of 
t-tubules and costameres (the dystrophin-glycoprotein complex and the 
integrin-vinculin-talin complex [26]). These two cellular components 
are specific for striated muscles, i.e. skeletal and cardiac muscles. The 
third category is ‘cardiac-specific role’, and includes proteins involved in 
the organization and function of intercalated disc (‘ICD’, including 
components of desmosomal and adherens junctions [21,22], Cx43, and 
Nav1.5 [11]). ICD is a subcellular domain specific for the myocardial 
syncytium, where adjacent myocytes are mechanically linked through 
desmosomal and adherens junctions and action potentials are propa-
gated between myocytes through the gap junctional channels. 

The cellular component analysis tells us where the palmitoylated 
proteins are in myocytes. A complementary analysis, ‘protein class’, tells 
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us what they are. Out of the 454 proteins, 265 were mapped to 18 protein 
classes (Fig. 3B, and protein list in Table S5). In terms of the protein 
abundance among the classes, the top five are: metabolic interconver-
sion enzymes (31%), channels/transporters (11%), membrane traffic 
proteins (11%), protein-binding activity modulators (11%), and protein 
modifying enzymes (9%). 

3.4. Identifying DHHC enzymes expressed in the heart 

How is the degree of protein palmitoylation regulated in the heart? 
To answer this question, we need to know which of the 23 palmitoy-
lating (DHHC) enzymes are expressed in cardiac myocytes. A previous 
study has quantified mRNAs of DHHC genes in the rat heart [19]. 
However, proteins are direct operators of enzymatic function, and 
mRNA levels may not be linearly related to the protein levels. Table S6 
lists the twenty four DHHC antibodies we have tested. We focused on the 
so-called ‘Prestige Abs’ developed by the Human Protein Atlas project 
(https://www.proteinatlas.org). DHHC19 Ab was from a difference 
source because no Prestige Ab was available. There was no commercial 
Ab targeting DHHC23 at the time of our experiments. 

All the DHHC Abs were raised against antigens ‘Ag’ derived from 
human DHHC proteins. Our analysis showed that except three, all the 
other antigens are 90–100% conserved in orthologs across the 3 animal 
species included in this study: mouse, rat and dog. Antigens for DHHC3, 
DHHC16, and DHHC19 are 72–86% conserved in orthologs of the 3 
species (Table S6). 

We first tested whether the DHHC Abs can detect their targets 
encoded by mouse cDNAs expressed in COS-7 cells. These mouse DHHC 
enzymes are tagged with hemagglutinin ‘HA’ epitope, allowing us to use 
HA mAb immunoblot as positive control. Untrasnfected COS-7 cells 
served as negative control. Fig. 4 summarizes our findings. A DHHC Ab 

was deemed ‘validated’ if it detected the same band(s) as in HA mAb 
immunoblot (e.g. DHHC2 Ab). Because COS-7 cells are expected to ex-
press native DHHC enzymes that could be detected by DHHC Abs in 
untransfected cells, those Abs that detected bands in both transfected 
and untransfected cells with higher intensity in the former (e.g. DHHC5 
Ab) were also deemed ‘validated’. A total of thirteen DHHC Abs were 
validated for their ability in detecting targets expressed in COS-7 cells 
(highlighted by yellow shading in Fig. 4, and so marked in Table S6). 

Fig. 4 shows that in the cases of DHHC2, DHHC9, DHHC18, 
DHHC20, and DHHC22, a single DHHC cDNA produced multiple bands 
in immunoblots. There are precedents in the literature [19,27]. This 
prompted us to search the protein database of National Center for 
Biotechnology Information (NCBI). Each of the DHHC enzymes has 
multiple isoforms. Our search results on human DHHC isoforms are 
summarized in Table S7, and amino acid sequence alignments are re-
ported in on-line Supplement. These results indicate that the mouse 
cDNAs expressed in COS-7 cells can be alternatively spliced, producing 
multiple proteoforms. 

We then used the thirteen validated DHHC Abs to probe whole tissue 
lysates prepared from human, dog and rat hearts. We used ‘Ag pre- 
adsorption’ to help us distinguish authentic DHHC bands (band intensity 
diminished by Ag pre-adsorption) from non-specific bands in immuno-
blots. BLAST of the Ag sequences against the NCBI protein database 
confirmed that they are all specific for their target DHHC proteins. Fig. 5 
depicts three examples of authenticating immunoblot bands detected by 
DHHC Abs. Fig. S2 summarizes the Ag pre-adsorption tests of all thirteen 
DHHC Abs. In total, we detected eleven DHHC enzymes expressed in the 
heart: DHHC1, DHHC2, DHHC4, DHHC5, DHHC7, DHHC8, DHHC9, 
DHHC17, DHHC18, DHHC20, and DHHC21. 

Fig. 4. Testing the ability of DHHC antibodies in detecting their targets in immunoblots. Mouse cDNAs encoding DHHC1 - DHHC22 (also known as zDHHC with not 
identical numbering, noted in parentheses), with a hemagglutinin (HA) epitope tag, were transfected into COS-7 cells. Untransfected COS-7 cells served as negative 
control. Whole cell lysates were fractionated by SDS-PAGE and the PVDF membranes were probed with DHHC rabbit antibodies. The PVDF membranes were stripped 
and reprobed with HA mouse antibody. Shown are immunoblot images of DHHC rabbit and HA mouse antibodies side-by-side, with ‘-’ and ‘+’ above noting 
untransfected and transfected cell samples. Size marker bands are shown next to the left most panels, with sticks of the same colors shown left to the other panels. 
Yellow and black shadings denote ‘validated’ and ‘not validated’ DHHC antibodies, respectively, for immunoblot detection. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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3.5. Challenges in using DHHC antibodies to quantify native enzymes in 
hearts 

We further tested the usefulness of the DHHC Abs in studying DHHC 
enzyme remodeling in normal and diseased hearts. We used an animal 
model of chronic hypertension with hypertrophy (spontaneously hy-
pertensive rat, SHR) [28]. Six young SHR (2–4 months of age) and six 
old SHR (22–24 months of age) were compared. Young SHR animals are 
relatively healthy with mild myocardial hypertrophy relative to age- 
matched normotensive Wistar Kyoto rats (heart-to-body weight ratio, 
in g/kg: 4.42 ± 0.20, n = 14, vs 3.56 ± 0.34, n = 12, p = 0.03). Old SHR 
developed severe myocardial hypertrophy (heart-to-body weight ratio 
5.75 ± 0.42, n = 16, p = 0.02 vs young SHR), and often exhibited overt 
signs of heart failure (left atrial thrombosis, increased interstitial fibrosis 
[29]). We also compared human non-failing donor hearts (n = 6) and 
end-stage failing hearts (n = 6, 3 ischemic and 3 non-ischemic, patient 
data in on-line Supplement). Whole tissue lysates were prepared and 
fractionated by SDS-PAGE, along with positive controls of COS-7 cells. 

Fig. 6A depicts immunoblot images. Authenticated bands, based on 
Fig. 5 and S2, are marked by red dotted boxes and were included in 
densitometry quantification. The band intensities were corrected for 
minor loading variations revealed by Coomassie blue stain of the gels 
(Fig. 6B), and normalized by the mean value of band intensities from 
controls of the same immunoblots, i.e. young SHR for the SHR hearts and 
non-failing for the human hearts. Densitometry quantification and sta-
tistical analysis are shown in Fig. 6C. 

3.6. Challenges and suggestions on how to move forward 

Fig. 6A illustrates the challenge in using validated DHHC Abs to 
address a new question: whether or how DHHC enzymes are remodeled 
in diseased hearts? DHHC enzymes may exist in multiple proteoforms 
due to alternative RNA splicing (Table S7) and post-translational 

modifications [30]. Some DHHC enzymes may dimerize or oligo-
merize with altered enzymatic activity [31]. These events may serve the 
purpose of diversifying the DHHC enzyme repertoire, so that protein 
products from the 23 DHHC genes in human can fulfill the function of S- 
palmitoylating ~4600 human proteins [7]. These events, in addition to 
alterations in DHHC gene transcription, protein distribution and 
degradation, may all be subject to remodeling in diseased hearts, and 
DHHC remodeling may be species- and etiology-dependent. To fully 
characterize DHHC proteoforms in the heart requires ‘top-down’ pro-
teomics, that analyzes intact proteins instead of peptide fragments in 
conventional ‘bottom-up’ proteomics [32]. The field of top-down pro-
teomics has made major stride in recent years in instrumentation and 
methodology. However, it requires protein purification and works best 
for proteins <30 kDa in size. 

There are other limitations in our experiments that impact data 
interpretation. Because our starting materials were membrane-enriched 
fractions, our results might be biased toward membraned cellular 
components. The RAC enrichment procedure was based on the as-
sumptions that all free thiol groups had been protected, and all S-pal-
mitoylated sites had been cleaved by HxA. Neither assumption can be 
independently verified. 

Our proteomic experiments did not identify S-palmitoylation sites in 
the cardiac palmitoylome, while studies have suggested that palmitoy-
lation of different Cys side chains can exert differential functional im-
pacts [23]. To resolve this issue requires a targeted approach: when 
proteins of interest are identified where changes in their S-palmitoyla-
tion are linked to physiological or pathological consequences, one can 
predict putative S-palmitoylation sites (e.g. CSS-Palm, GPS-Palm), 
mutate the Cys side chain(s) at single or combined sites, quantify 
resulting changes in the degree of S-palmitoylation, and investigate the 
functional impacts. The alternative approach is top-down proteomics 
discussed above [32], that requires protein purification as the first step 
and thus is suitable after proteins of interest have been identified. 

Fig. 5. Using antibody pre-adsorption by antigen (Ag) to authenticate immunoblot bands from cardiac whole tissue lysates detected by DHHC antibodies. Equal 
amounts of whole tissue lysates from human, dog and rat hearts were loaded into two sets of lanes separated by a size marker (SM) lane. Whole cell lysates from COS- 
7 expressing mouse DHHC protein and untransfected cells (‘+’ and ‘-’ respectively) were included as references. The proteins were fractionated by SDS-PAGE and 
blotted to PVDF membranes. The PVDF membranes were cut along the SM lane. The left portion was probed with DHHC Ab (100× dilution). The right portion was 
probed with the same DHHC Ab (100× dilution) preincubated with Ag (20× dilution) for 1 h at room temperature with rotation. The procedures of primary and 
secondary Ab incubation and ECL detection were carried out side-by-side to ensure that no untoward variations between the ‘Ab’ and ‘Ab+Ag’ immunoblots were 
introduced during these procedures. Proteins remaining in the gels were stained with Coomassie blue to ensure even loading between Ab and Ab+Ag lanes (lower 
row). Immunoblot bands whose intensities were diminished by Ag pre-adsorption represent proteins carrying the Ag sequences and thus are authenticated as DHHC 
bands, highlighted by red dotted rectangles. Dotted vertical lines denote the boundaries between the Ab and Ab+Ag portions. For DHHC1 and DHHC15, images of the 
COS-7 ‘+’ and ‘-’ lanes were from a different brightness/contrast setting (noted by dashed borders) to make them better match the images of the other lanes. A 
summary of authenticated immunoblot bands detected by DHHC antibodies is presented in Fig. S2. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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Finally, an integral part of studying DHHC enzymes in cardiac 
myocytes is to identify their ‘territories’: DHHC enzymes are integral 
membrane proteins; their substrates need to traffic to where the en-
zymes are for palmitoylation [33–35]. Although the distribution pat-
terns of DHHC enzymes have been reported for fibroblast-like cells, 
cardiac myocytes with their tightly organized sarcomeres and well- 
defined sarcolemma components require their own investigation. We 
have validated twelve DHHC Abs for immunofluorescence (IF) detection 
of their targets (Table S6). To authenticate these IF signals requires Ab- 
free detection of DHHC enzymes expressed in myocytes. This is 
achievable by using viral vectors to express fluorescent protein (FP) 
tagged DHHC enzymes in myocytes and use fluorescence microscopy to 
monitor their distribution pattern. 

3.7. Summary 

We provide the following resources for investigators interested in 
studying protein S-palmitoylation and its regulation in the heart: pal-
mitoylome data repository and analysis, proteins found in a composite 
cardiac palmitoylome and their classification (Tables S1-S5), twenty 
four commercial DHHC antibodies tested and those validated for 
immunoblot and immunofluorescence detection, along with homology 
of antigen sequences in human, mouse, rat and dog orthologs (Table S6), 
and information about splice variants in DHHC enzymes (Table S7). We 
also discuss challenges encountered in these experiments, and suggest 
tools that should be developed to overcome the challenges. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.yjmcc.2021.02.007. 
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