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Abstract

Protein S-palmitoylation, the addition of a long-chain fatty acid to target proteins, is among

the most frequent reversible protein modifications in Metazoa, affecting subcellular protein

localization, trafficking and protein-protein interactions. S-palmitoylated proteins are abun-

dant in the neuronal system and are associated with neuronal diseases and cancer. Despite

the importance of this post-translational modification, it has not been thoroughly studied in

the model organism Drosophila melanogaster. Here we present the palmitoylome of Dro-

sophila S2R+ cells, comprising 198 proteins, an estimated 3.5% of expressed genes in

these cells. Comparison of orthologs between mammals and Drosophila suggests that S-

palmitoylated proteins are more conserved between these distant phyla than non-S-palmi-

toylated proteins. To identify putative client proteins and interaction partners of the DHHC

family of protein acyl-transferases (PATs) we established DHHC-BioID, a proximity biotiny-

lation-based method. In S2R+ cells, ectopic expression of the DHHC-PAT dHip14-BioID in

combination with Snap24 or an interaction-deficient Snap24-mutant as a negative control,

resulted in biotinylation of Snap24 but not the Snap24-mutant. DHHC-BioID in S2R+ cells

using 10 different DHHC-PATs as bait identified 520 putative DHHC-PAT interaction part-

ners of which 48 were S-palmitoylated and are therefore putative DHHC-PAT client proteins.

Comparison of putative client protein/DHHC-PAT combinations indicates that CG8314,

CG5196, CG5880 and Patsas have a preference for transmembrane proteins, while S-pal-

mitoylated proteins with the Hip14-interaction motif are most enriched by DHHC-BioID
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variants of approximated and dHip14. Finally, we show that BioID is active in larval and

adult Drosophila and that dHip14-BioID rescues dHip14 mutant flies, indicating that DHHC-

BioID is non-toxic. In summary we provide the first systematic analysis of a Drosophila pal-

mitoylome. We show that DHHC-BioID is sensitive and specific enough to identify DHHC-

PAT client proteins and provide DHHC-PAT assignment for ca. 25% of the S2R+ cell palmi-

toylome, providing a valuable resource. In addition, we establish DHHC-BioID as a useful

concept for the identification of tissue-specific DHHC-PAT interactomes in Drosophila.

Introduction

Protein S-acylation, the attachment of a fatty acid to a cysteine residue of a protein via a thioe-

ster bond, is one of the most abundant reversible post-translational modifications in Metazoa

[1, 2]. Because the fatty acid palmitate is most frequently involved [3–5], protein S-acylation is

often referred to as S-palmitoylation (used here) or just palmitoylation.

Though the functional effects of S-palmitoylation on target proteins are often specific, some

common functions of S-palmitoylation have been identified. For example, S-palmitoylation

of soluble proteins results either in the reversible regulation of their subcellular localization

and trafficking, or in their tight membrane association (reviewed in [6]). In the case of trans-

membrane proteins, S-palmitoylation can affect trafficking, localization to specific membrane

domains, complex formation with other proteins, interplay with other post-translational mod-

ifications and initiation of conformational changes ([7] and reviewed in [8]). Thus, the effects

of S-palmitoylation on target proteins are very diverse; the biological functions of target pro-

teins include iron uptake (transferrin receptor) [9], ER quality control/ER Ca2+ homeostasis

(calnexin) [10] and integrin signaling [11]. Several S-palmitoylated proteins are associated

with diseases such as cancer and neurological diseases [1], suggesting that a better understand-

ing of protein S-palmitoylation and its effects on target protein function is of interest to bio-

medical research.

Most protein S-palmitoylation reactions are catalyzed by the DHHC protein S-acyltransfer-

ase family (DHHC-PATs), while the reverse process (de-acylation) is performed by thioes-

terases. DHHC-PAT enzymes are characterized by four to six transmembrane domains

and the name-giving DHHC (Asp-His-His-Cys) motif in an approximately 50-residue-long

cysteine-rich domain (CRD) [12]. The Saccharomyces cerevisiae genome codes for seven

DHHC-PATs, 15 are found in Caenorhabditis elegans, 24 in most mammals and 22 in Dro-
sophila melanogaster [12–14]. De-acylation is carried out by four thioesterases in mammals

(palmitoyl-protein thioesterase 1 and 2 (PPT1 and PPT2, respectively) and acyl-protein thioes-

terase 1 and 2 (APT1 and APT2) and by three thioesterases in Drosophila (Ppt1, Ppt2 and

Apt1 [14]). While PPT1 and PPT2 act in lysosomes to remove acyl chains from client proteins

during lysosomal degradation [15, 16], APT1 and APT2 are responsible for the dynamic S-pal-

mitoylation/de-palmitoylation cycle at the cytoplasmic membrane [17]. In both, mammals

and insects, the different thioesterases have substrate specificity and cannot substitute each

other [14, 18, 19].

Although mammals and insects have approximately the same number of DHHC-PATs,

there are several DHHC-PATs lacking clear orthology between the two clades [14]. Nine Dro-

sophila DHHC-PAT genes are exclusively expressed in the adult testis, and five of these have

a genomic arrangement indicating recent duplication events [14]. Seven of the other 13

DHHC-PATs are most abundantly expressed in nervous tissue [14]. Hence, S-palmitoylation

seems to play important roles in neurons and the male reproductive organ of Drosophila. In
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González-Sánchez salary was partly funded (he

was NOT employed by the Swedish Research

Council, the grant contained money for salaries

through which J C G S was partially paid) through

the following grant to Robert B. Russel grant:

2018-05882 funder: Swedish Research Council

(VR) URL: https://www.vr.se The funders had no

role in study design, data collection and analysis,

decision to publish, or preparation of the

manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0261543
http://www.denbi.de
http://www.denbi.de
https://www.vr.se
https://www.vr.se


mammals, the highest fraction of S-palmitoylated proteins is found in neuronal tissues [1].

Neither DHHC-PATs expressed specifically in the testis, nor a testis palmitoylome has been

reported in mammals. It is unclear whether this is due to a lack of research or an indication

that S-palmitoylation does not play an important role in the mammalian testis.

Despite the many known S-palmitoylated proteins in mammals (>5000 proteins [1, 2]), not

much is known in invertebrate model organisms [20]. In Drosophila, protein S-palmitoylation

has mostly been studied in the context of specific proteins. For example, it was reported that

the expression of the Drosophila ortholog of the DHHC-PAT Huntingtin-interacting protein

14 (dHip14) is required in the nervous system for survival to adulthood and that it interacts

with SNAP25 and cysteine string protein (CSP) [21, 22]. dHip14 function is also required for

S-palmitoylation and secretion of the short gastrulation (Sog) protein [23]. The DHHC-PAT

approximated (app), which is most similar to human DHHC-PATs DHHC9/DHHC14/

DHHC18, was shown to have DHHC-PAT-dependent and independent functions. app binds

to and localizes Dachs to the apical junctional region of imaginal discs and palmitoylates the

large protocadherin Fat, resulting in repression of Fat function and promoting tissue growth

[24, 25]. Finally, RNAi-mediated knockdown of CG5196, an ER-localized DHHC-PAT similar

to human DHHC6, results in more (and smaller) units of Golgi-ER exit sites as well as an

increased cell size phenotype [26]. A more comprehensive catalogue of S-palmitoylated pro-

teins in Drosophila and its systematic analysis is so far lacking, but would provide a valuable

resource for the community. Furthermore, tools to identify client proteins of DHHC-PATs on

the proteomic scale and in specific tissues are yet to be developed.

To this end, we herein provide a detailed study of the palmitoylome of S2R+ cells and use a

novel, BioID-based approach to identify potential DHHC-PAT interaction partners and puta-

tive client proteins of DHHC-PATs (proteins that are palmitoylated by a given DHHC-PAT).

Materials and methods

Molecular cloning

pENTR-DHHC plasmids were kindly provided by C. Korey [14]. The following plasmids were

obtained from AddGene (AddGene plasmid IDs in parentheses): pcDNA-mcs-BioID2-HA

(#74224), pcDNA-Myc-BioID2-mcs (#74223), pcDNA3_1_MCS-BirA(R118G)-HA (#36047),

pcDNA3_1_Myc-BirA(R118G)-MCS (#35700), pGWvectorBirA(R118G)-HA (#53581) and

pMT-puro (#17923). pUASTattB (GeneBank accession numer EF362409.1) [27] was obtained

from Johannes Bischof, FlyORF, Zürich, Switzerland. pMT-GAL4 was obtained from the Sin-

ning lab (BZH, Heidelberg University, Germany). Restriction endonucleases were obtained

from New England BioLabs, Phusion polymerase for PCR and T4 ligase for DNA-ligation

were from Thermo Scientific. Unless stated otherwise, CaCl2 competent DH5alpha were used

for transformation. Primers were obtained from Biomers.net, Germany, and all clones were

validated by Sanger sequencing (GATC Biotech, Germany).

pUASTattB-mycBioID and pUASTattB-mycBioID2 were generated by amplifying NotI-

mycBioID-XhoI and NotI-mycBioID2-XhoI from pcDNA3_1_Myc-BirA(R118G)-MCS and

pcDNA-Myc-BioID2-mcs, respectively. pUASTattB and PCR-products were NotI/XhoI

digested and products ligated accordingly.

pMT-GW-BioID-HA-puro was generated by digesting pGWvectorBirA(R118G)-HA with

StuI and PmeI to liberate the Gateway Cassette (Invitrogen) together with the BioID-HA frag-

ment. pMT-puro was linearized by digestion with EcoRV and ligated with the pGWvecorBirA

(R118G)-HA digestion products. Ligation products were transformed into ccdB-survival bac-

teria (Invitrogen). Clones harboring pMT-GW-BioID-HA-puro were identified by differential

antibiotic selection and validated by sequencing.
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pMT-DHHC-BioID-HA vectors were generated through LR-clonase-mediated recombina-

tion (Gateway1 Technology, Invitrogen) of pENTR-DHHC plasmids [14] with

pMT-GW-BioID-HA-puro as destination vector according to the manufacturer’s protocol.

pUASTattB-dHip14-BioID-HA was generated by Enhanced Gibson Assembly (New

England BioLabs) of a dHip14 5´UTR PCR product, a dHip14-BioID-HA PCR product, a

dHip14 3´UTR PCR product and linearized pUASTattB. The 5´UTR and the 3´UTR of

dHip14 were PCR amplified from genomic DNA and dHip14-BioID-HA was PCR amplified

from pMT-dHip14-BioID-HA-puro using primers specified in S1 Table.

pMT-FLAG-dSnap24, pMT-FLAG-Snap25-PA and pMT-FLAG-dCSP were generated by

cloning the respective coding regions from cDNA (total RNA from flies or S2R+ cells reverse

transcribed with RevertAid First Strand cDNA Synthesis Kit (Thermo-Fisher) according to

the manufacturer’s protocol), using Xho-FLAG-flanked forward primers and NotI-flanked

reverse primers, respectively (S1 Table), and then ligated in XhoI/NotI-digested pMT-puro.

Mutagenesis of dSnap24 and dSnap25

Site-directed mutagenesis was performed using pMT-FLAG-SNAP24 (SNAP24 P120A) and

pMT-FLAG-SNAP25 (SNAP25 P125A) as templates for amplification with PfuPlus DNA

polymerase (Roboklon) in combination with the respective primers (S1 Table). Primers for

mutagenesis were generated with the help of the Agilent Quickchange design tool. Parental

DNA was digested via incubation with DpnI (New England BioLabs) before transforming the

amplification products into CaCl2 competent DH5alpha. Mutant plasmids were validated by

Sanger sequencing.

Cell culture

The Drosophila S2R+ cell line [28] was obtained from the Teleman lab (DKFZ, Heidelberg,

Germany) and was cultured at 25˚C in Drosophila Schneider’s medium (Invitrogen) supple-

mented with 10% heat-inactivated fetal bovine serum (Gibco) and 1X (100 U/mL) penicillin/

streptomycin (Gibco), unless indicated otherwise.

For transient transfection cells were seeded and after 18 h cells were transfected with plas-

mid DNA using X-tremeGENE HP DNA transfection reagent (Roche), according to the man-

ufacturer’s protocol (for 12-well plate format: 800 μL of 500 000 cells/mL; 500 ng plasmid,

ratio of plasmid to reagent 1:8).

To select for stable transfected cells, cells were cultured in selective medium containing

1 μg/μL Puromycin (Invitrogen) from approximately 5 days after transfection, depending on

cell density.

Protein expression via the metallothionine promoter was induced by supplementing the

growth medium with 0.25 mM CuSO4 (Sigma). For BioID experiments, medium was further

supplemented with 50 μM biotin (Sigma), unless indicated otherwise.

Transfected cells were harvested as follows, unless specified otherwise. 24–72 h after induc-

tion of protein expression cells were washed with phosphate buffered saline (PBS), scraped in a

small volume of PBS, pelleted (6,000 x g, 5 min, 4˚C), resuspended in ice-cold RIPA buffer (50

mM Tris-HCl, pH 7.4, 1% NP-40, 0.25% Na-deoxycholate, 150 mM NaCl; 1 mM EDTA with

protease inhibitor cocktail) and sonicated for 5 min in an ice-cold sonication bath and centri-

fuged (10 000 x g, 5 min, 4˚C) to remove insoluble debris. The supernatant was used immedi-

ately or stored at -80˚C.

PLOS ONE Drosophila melanogaster palmitoylome and DHHC-PAT interactome

PLOS ONE | https://doi.org/10.1371/journal.pone.0261543 August 12, 2022 4 / 24

https://doi.org/10.1371/journal.pone.0261543


Fly maintenance and generation of transgenic flies

Flies were maintained on sucrose instant mashed potato food (13 g/L agar, 49 g/L sucrose, 36

g/L instant mashed potato powder (demeter bio quality), 17 g/L dry yeast, 7.95 mL/L 10%

Nipagen and 2.16 mL/L propionic acid) under a 12 h / 12 h light/dark cycle at 25˚C unless

stated otherwise. CO2 delivered through a CO2-pad stage was used for anesthesia for fly sort-

ing. Biotin supplementation of fly food was achieved by adding the appropriate amount of 164

mM biotin in DMSO to fly food cooled to approximately 45˚C, followed by thorough mixing.

w1118 and w-; elavGAL4/TM6B, Tb were from Juan Navarro (Regensburg University, Ger-

many), w-; elavGAL4 / CyO (Bloomingon #8765) was from Bloomington Stock center, w-; +;
daGAL4 was from Maria Lind Karlberg (Uppsala University, Sweden), w-; If/CyO; neoFRT80B,

Hip142/TM6B, Tb, Sb was derived from Bloomington #39734 [22], w-; If/CyO; MKRS, Sb/
TM6B, Tb, Hu was from Norman Zielke (ZMBH, Heidelberg University, Germany) and flies

with the dHip14 alleles FRT79, dHip14ex11 and dHip14ex12 were from Steven Stowers (Montana

State University, USA). UAS-Dnz1-3xHA flies were obtained from FlyORF [29]. Fly lines w-;

Hip14ex11 / TM6B, Tb, Hu and w-; elavGAL4 / CyO; Hip14ex12 / TM6B, Tb, Hu and w-; elav-
GAL4 / CyO; Hip142 / TM6B, Tb, Hu and w-; UAS-Hip14-BioID / CyO; Hip142 / TM6B, Tb, Hu
and w-; If / CyO; UAS-Dnz1-3xHA, Hip14ex12 / TM6B, Tb, Hu and w-; If / CyO; UAS-Dnz1-
3xHA, Hip14ex12 / TM6B, Tb, Hu were generated by standard fly genetics through crossing and

recombination.

Lines w1118;+;UAST-mycBioID and w1118;+;UAST-mycBioID2 and w1118; UAST-dHip14--
BioID-HA were generated by phi31-mediated site-directed integration [27, 30] by injection of

plasmids pUASTattB-mycBioID and pUASTattb-mycBioID2 into fly line R8622 (Rainbow

Transgenic Flies, Inc, Camarillo, California, USA) carrying the phi31 gene on the X chromo-

some and attP on the third chromosome (3L68A4). pUASTattB-dHip14-BioID-HA was

injected and integrated into fly line RB25709 (Rainbow Transgenic Flies, Inc.) with phi31 on

the X chromosome and attP on the second chromosome (25C6). Injections were done by

Rainbow Transgenic Flies, inc, Camarillo, Californa, USA. phi31 integrase was removed by

crossing male recombinant flies with female w1118 for two generations followed by six genera-

tions of outcrossing female flies with w1118 flies.

BioID in flies

For BioID experiments, the respective parents were allowed to lay eggs on the indicated food

source for 24–48 h at 25˚C. After further 48 h vials were transferred to 30˚C. To prepare sam-

ples for WB, larvae or adult animals, heads, thoraces or abdomen were homogenized in cold

RIPA buffer (50–100 μL per L3 larvae or adult) using a glass homogenizer or for small sample

volumes a plastic micro pestle.

Acyl-RAC assay

Isolation of S-palmitoylated proteins was performed as previously described [31]. Briefly, S2R

+ cells were washed in PBS, scraped, pelleted (2000 x g, 4˚C, 5 min) and resuspended in Buffer

A (25 mM HEPES, 25 mM NaCl, 1 mM EDTA, protease inhibitor cocktail, pH 7.5). After soni-

cation, cell debris was removed by centrifugation (800 x g, 4˚C, 10 min), membranes were

enriched by centrifugation of the resulting supernatant at 16,200 x g for 50 min and 4˚C. The

pelleted membranes were lysed in Buffer A containing 0.5% Triton X-100.

Equal amounts of protein (1 mg for mass spectrometry) were diluted 1:2 with blocking

buffer (100 mM HEPES, pH 7.5, 1 mM EDTA, 2.5% SDS, 2.5% MMTS) at 40˚C for 2 h. Pro-

teins were precipitated at -20˚C for 20 min after addition of three volumes of ice cold acetone.

The pellet was washed with 70% acetone, air dried and resuspended in 300 μL binding buffer
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(100 mM HEPES, 1.0 mM EDTA, 1% SDS, pH 7.5) followed by the addition of 0.03 g Thiopro-

pyl Sepharose 6B beads (GE Healthcare) (washed with binding buffer). Either 2 M NH2OH,

pH 7.5 (+HA samples) or 2 M Tris-HCl, pH 7.5 (-HA samples) was added to a final concentra-

tion of 0.5 M and proteins were allowed to bind at room temperature overnight on a rotator.

Beads were washed 5 times with binding buffer before 20 μL 4x reducing Laemmli buffer were

added. Bound proteins were recovered by incubation at 95˚C for 10 min followed by

SDS-PAGE.

Isolation of biotinylated proteins

Biotinylated proteins from BioID experiments were purified for proteomic analysis with Dyna-

beads MyOne Streptavidin C1 (Invitrogen) as previously described [32]. Briefly, cell lysates in

RIPA buffer (500 μg) were incubated overnight at 4˚C with 50 μL slurry of Dynabeads MyOne

Streptavidin C1 (Invitrogen) and then washed for 10 min on a rotator at room temperature as

follows: twice with washing buffer 1 (2% SDS in ddH2O), twice with washing buffer 2 (0.1%

deoxycholate, 1% Triton X-100, 500 mM NaCl, 1 mM EDTA, and 50 mM HEPES, pH 7.5),

twice with washing buffer 3 (250 mM LiCl, 0.5% NP-40, 0.5% deoxycholate, 1 mM EDTA, and

10 mM Tris, pH 8.1) and twice with washing buffer 4 (50 mM Tris, pH 7.4, and 50 mM NaCl).

Biotinylated proteins were dissociated from beads by incubation with 25 μL elution buffer (10

mM Tris, pH 7.4, 2% SDS, 5% (v/v) β-mercaptoethanol and 2 mM biotin) for 15 min at 98˚C.

Protein identification by mass spectrometry

Eluted material from the beads was separated by 1D SDS-PAGE (NuPage 125 gels, Invitrogen).

Separated proteins were visualized by colloidal Coomassie blue staining. The proteins were

reduced with 60 μL 40 mM dithiothreitol (DTT; Sigma-Aldrich, Taufkirchen, Germany) in 50

mM TEAB, pH 8.5 at 57˚C for 30 min and alkylated with 60 μL 50 mM iodoacetamide (IAA;

Sigma-Aldrich, Taufkirchen, Germany) in 50 mM TEAB, pH 8.5 at 25˚C for 20 min in the

dark. Gel pieces were dehydrated with 60 μL 100% ACN and washed with 60 μL 50 mM

TEAB, pH 8.5. A total of 30 μL 8 ng/μL in 50 mM TEAB trypsin solution (sequencing grade,

Thermo-Fisher, Rockford, USA) was added to the dry gel pieces and incubated for 6 h at 37˚C.

The reaction was quenched by the addition of 20 μL 0.1% trifluoroacetic acid (TFA; Biosolve,

Valkenswaard, Netherlands). The resulting peptides were extracted by two dehydration steps

in 20 μL ACN for 20 min each followed by washing in 30 μL 50 mM TEAB, pH 8.5. The super-

natant from each extraction step was collected and dried in a vacuum concentrator before

LC-MS analysis. Samples were diluted in 15 μL 0.1% TFA, 99.9% water.

Nanoflow LC-MS2 analysis was performed with an Ultimate 3000 liquid chromatography

system directly coupled to an Orbitrap Elite mass spectrometer (both Thermo Fisher, Bremen,

Germany). Samples were delivered to an in-house packed analytical column (inner diameter

75 μm x 20 cm; CS—Chromatographie Service GmbH, Langerwehe, Germany) filled with

1.9 μm ReprosilPur-AQ 120 C18 material (Dr. Maisch, Ammerbuch-Entringen, Germany).

Solvent A was 0.1% formic acid (FA; ProteoChem, Denver, CO, USA) and 1% ACN (Biosolve)

in H2O (Bisolve). Solvent B was composed of 0.1% FA (ProteoChem), 10% H2O (Biosolve)

and 89.9% ACN (Biosolve). Samples were loaded onto the analytical column for 20 min with

3% solvent B at a flow rate of 550 nL/min. Peptide separation was carried out with a 100 min

linear gradient (3–23% solvent B) and a 20 min linear gradient (23–38% solvent B) with a

reduced flow rate of 300 nL/min. The mass spectrometer was operated in data-dependent

acquisition mode, automatically switching between MS and MS2. MS spectra (m/z 400–1600)

were acquired in the Orbitrap at 60 000 (m/z 400) resolution. Fragmentation in the HCD cell

was performed for up to 15 precursors, and the MS2 spectra were acquired.
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Western blotting

Protein content in cell culture lysates and eluates from biotin/streptavidin or acyl-RAC medi-

ated protein purification was determined by the BCA assay (Pierce, Thermofisher Scientific)

and mixed with 4x reducing Laemmli buffer to yield the indicated protein amounts in 1x

Laemmli buffer. Unless stated otherwise, samples were boiled for 5 min. Proteins were then

separated by SDS-PAGE gel electrophoresis (BioRad) and blotted onto PVDF membranes.

Antibodies were prepared in blocking buffer (PBS-T in 5% BSA) as follows: mouse polyclonal

anti-myc (serum from the lab); mouse monoclonal anti-HA (1:10 000; Thermo-Fisher

#26183); mouse or rabbit monoclonal anti-FLAG (1:10 000; Thermo-Fisher #14-6681-82 and

#701629). Quantitative immunodetection of tagged proteins and biotinylated proteins was car-

ried out using a LI-COR infrared imager after incubation with the following antibodies/

reagents: Goat anti-Mouse IgG (1:10 000; LI-COR #925–68020 IRDye 680LT Goat anti-Mouse

IgG); Goat anti-Rabbit IgG (1:10 000; LI-COR # 926–68021 IRDye 680LT Goat anti-Mouse

IgG), fluorescent Streptavidin 1:10 000; LI-COR IRDye1 800CW Streptavidin.

Data quantification and statistics

The raw mass spectrometry data were processed with MaxQuant [33]. The resulting protein

intensities were normalized by the median difference between each sample and the negative

controls. The log fold-changes and the respective significance of the change were calculated

using proDA version 0.1.0 [34]. Unlike alternative methods that rely on imputation to handle

missing values, proDA provides a principled statistical test and is better able to control the

false discovery rate. proDA calculates a dropout curve for each protein intensity and combines

it with empirical Bayesian priors to determine if the observed pattern of observed and missing

values and the corresponding mean difference could be simply due to chance.

Relative promiscuous biotinylation in myc-BioID experiments was estimated by integrating

streptavidin signals in each lane normalized to the expression of BioID or BioID2. In co-over-

expression experiments, relative biotinylation signals of FLAG-dSNAP24/25/25� and CSP

detected via Western blot were quantified as follows: biotinylation raw signals were normal-

ized to the relative expression of the correspondent DHHC-PAT-BioID and expression of the

FLAG-tagged protein. To calculate fold-changes of biotinylation the normalized biotinylation

signal of the sample was divided by the normalized biotinylation of the negative control sample

(only DHHC-BioID expression but no FLAG-tagged protein expression). Ratios were then

normalized by the values calculated in S2R+ cells not expressing any of the DHHC-PAT-

BioID. One-way ANOVA (GraphPad Prism Version 5.0 for Windows/Mac OS, GraphPad

Software, San Diego, California, USA) was used for statistical analyses.

Bioinformatic data analysis

Protein identifiers, sequences, descriptions, and gene names were obtained from UniProt [35].

The DRSC Integrative Ortholog Prediction Tool (DIOPT) was used to determine mammalian

orthologs for the Drosophila proteins by searching against human, mouse and rat proteomes

and selecting only those orthologs with the highest confidence [36]. The SwissPalm database

was used to determine the S-palmitoylation state of mammalian proteins [2, 37]. Mammalian

proteins reported as S-palmitoylated by at least one targeted study, or by two different experi-

mental techniques were additionally classified as high confidence. S-palmitoylation was pre-

dicted using the program CSS-Palm 4.0 with high threshold [38]. Functional enrichment

analyses of Gene Ontology (GO) terms were performed using Fisher’s Exact test and False Dis-

covery Rate (FDR) for multiple testing correction, through the PANTHER overrepresentation

tool [39, 40].
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Results and discussion

Drosophila S2R+ cells express at least 198 S-palmitoylated proteins

Extensive proteomic data exist on the S-palmitoylation status of mammalian cell lines and tis-

sues [1, 2], however, very little is known about the degree of protein S-palmitoylation in Dro-

sophila. Here, we used acyl-resin assisted capture (acyl-RAC) [31] and LC-MS/MS to purify

and identify potentially S-palmitoylated proteins from the membrane fraction of S2R+ cells.

To deal with missing data in negative controls, a result of affinity purification, we applied a

novel method that uses the overall dropout probability for each intensity and empirical Bayes-

ian priors to calculate a principled statistical test [34].

We initially identified 1188 different proteins by mass spectrometry (S1 Data), then filtered

for those significantly enriched by acyl-RAC (proteins with a fold change (FC) equal to or

above 2 and a false discover rate (FDR) below 0.1), removed proteins lacking cysteine residues,

and excluded six proteins considered to be false positives, e.g. enzymes with thioester bonds

known to not play a role in S-palmitoylation in the sense of the here investigated reversible

protein lipidation. This resulted in 198 proteins that we considered S-palmitoylated, of which

51 were highly enriched by acyl-RAC (FC > = 20) and thus additionally labelled as high confi-

dence (HC) S-palmitoylated proteins (Fig 1A, S1 Data).

Next, we compared our S2R+ cell palmitoylome to that of Drosophila instar L2 larvae [20].

Of the 159 S-palmitoylated proteins in larvae, 61 overlapped with 30% of the 198 S-palmitoy-

lated proteins in S2R+ cells. 21 larval S-palmitoylated proteins overlapped with 2% of the 990

proteins that were not significantly S-palmitoylated in S2R+ cells (Fig 1B). This comparison

may indicate that only a very small fraction of proteins that are not significantly S-palmitoy-

lated in S2R+ cells are likely to be S-palmitoylated in another tissue. However, the identifica-

tion of more S-palmitoylated proteins in S2R+ cells (198 proteins) than in larvae (159

proteins) was unexpected. Whole larvae are more complex than S2R+ cells and would be

expected to contain a more diverse palmitoylome than the cell line. The difference is most

likely due to technical reasons; we used acyl-RAC, whereas Strassburger et al. used acyl/biotin

exchange (ABE) [41] for enrichment and purification of S-palmitoylated proteins. As ABE

requires many precipitation and resolubilization steps it is more prone to loss of proteins than

acyl-RAC. Also the data analysis strategies were different; we used MaxQuant for protein iden-

tification and label-free quantification while MuDPIT [41] was used by Strassburger et al [20],

which may further contribute to differences in peptide detection, protein identification and

protein quantification. Additionally, a mix of different tissues, as in whole larval homogenates

may result in the dilution of tissue-specific S-palmitoylated proteins below the limit of detec-

tion so that only palmitoylated proteins that are expressed in several tissues or at high enough

levels in a single tissue can be detected. Finally, a recent study showed that acyl-RAC and ABI

do seem to have biases for certain types of palmitoylated proteins, explaining the unexpectedly

low overlap between palmitoylomes obtained from similar samples using either method [42].

In conclusion, we identified 198 S-palmitoylated proteins, of which we classified 51 as high

confidence S-palmitoylated proteins. Furthermore, 61 S-palmitoylated proteins identified by

Strassburger et al. [20] (larval palmitoylome) and us (S2R+ cells) represent the currently best-

supported set of S-palmitoylated proteins in Drosophila (S2 Table).

Palmitoylated proteins are overrepresented in orthologs of Drosophila and

mammals

We used multiple approaches to assess the degree of conservation in protein S-palmitoylation

between Drosophila and mammals. While the fraction of genes encoding for S-palmitoylated
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proteins in mammals is approximately 10–14% [1], our initial estimation in Drosophila is

clearly lower: if we consider that S2R+ cells express 5885 genes on average as reported previ-

ously [43], the 198 proteins we determined as being S-palmitoylated represent only 3.4%.

However, because technical limitations in proteomics are greater than for transcriptomics, this

is likely an underestimate. Also, S2R+ cells may not be the cell type with the most diverse pal-

mitoylome; in Drosophila, neuronal tissue and testes may yield higher numbers of S-palmitoy-

lated proteins as the expression of several DHHC-PATs is most abundant in these tissues [14].

To estimate the percentage of palmitoylated proteins on the whole-body level in Drosophila,

we determined the ratio between Drosophila proteins with S-palmitoylated mammalian ortho-

logs and all Drosophila orthologs of mammalian proteins (Fig 1C; S3 Table). This number,

17.1%, is clearly higher than 10–14% palmitoylated proteins in the full mammalian proteome.

Fig 1. Drosophila S2R+ cell palmitoylome evaluation. (A) Acyl-RAC dataset subjected to different filtering to identify proteins that are unlikely to be

palmitoylated ("non-palmitoylated", FDR> = 0.1 or FC< 2), palmitoylated proteins with "normal" confidence ("NC", FDR< 0.1 and FC< 20 and FC> =

2), palmitoylated proteins with "high" confidence ("HC", FDR<0.1 and FC> = 20). (B) Overlap of our acyl-RAC dataset, consisting of the S2R

+ palmitoylome proteins (normal and high confidence) and proteins not considered to be palmitoylated, with the larval palmitoylome from Strassburger

et al 2019 [20]. (C) Barplots indicate the fraction (%) of proteins that have a mammalian ortholog (left), that have a mammalian ortholog that is

palmitoylated (center) and that have a mammalian ortholog that is palmitoylated with “high” confidence (right) in each of the protein sets defined above.

The palmitoylation status of the mammalian orthologs was obtained from the SwissPalm database. (D) Barplot that shows the fraction (%) of proteins

predicted to be palmitoylated by CSS-Palm in each of the protein sets.

https://doi.org/10.1371/journal.pone.0261543.g001
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That S-palmitoylated proteins are enriched within the group of Drosophila/mammalian ortho-

logs indicates a higher degree of evolutionary conservation of S-palmitoylated proteins. This is

expected, as S-palmitoylated proteins perform many essential cellular functions [44, 45]. How-

ever, 17.1% could also be an overestimation, as not each palmitoylated protein in mammals

needs to be palmitoylated in Drosophila. However, determining the overlap of palmitoylated

proteins between mammalian and Drosophila will require a much more detailed Drosophila

palmitoylome that covers the same tissues as the mammalian palmitoylomes.

We did similar ortholog searches for the proteins in the three subsets from our acyl-RAC

experiment, as defined above (palmitoylated, palmitoylated with high confidence, and non-

palmitoylated). As expected, the percentage of proteins with S-palmitoylated mammalian

orthologs is much higher within the S2R+ palmitoylome (56.5% and 62.7%, in the palmitoy-

lome sets with normal and high confidence, respectively) than in the complete proteome, thus

supporting the validity of our experiment to recover real palmitoylated proteins (Fig 1C).

Interestingly, 62.6% of non-palmitoylated proteins from the acyl-RAC dataset were also found

to have mammalian S-palmitoylated orthologs; this could be an indication that there are likely

proteins that are less frequently palmitoylated in S2R+ cells than in other cell types and tissues.

Overall, we suggest that the proportion of S-palmitoylated proteins in Drosophila is similar

to that in mammals (10–14%) as the current proportion estimate for Drosophila ranges from

3.5% between 17.1%.

Prediction of protein S-palmitoylation in Drosophila using CSS-Palm may

yield a high false-positive rate

As S-palmitoylation prediction programs are trained on available data that are biased towards

mammals and currently lack sites from insects, it is not clear how reliable they are in Drosoph-

ila. However, the high apparent conservation between Drosophila and mammalian S-palmi-

toylated proteins suggests that they might nevertheless be applicable to insects. We thus

applied CSS-Palm [38] to three groups within the acyl-RAC dataset: non-palmitoylated, S-pal-

mitoylated (NC) and S-palmitoylated (HC), and in the Drosophila reference proteome for

comparison. Surprisingly, 49% of proteins in the Drosophila reference proteome have at least

one predicted site (Fig 1D), which is more than 10 times higher than the percentage we extrap-

olated from our palmitoylome dataset (3.5%), and 3 times higher than when using mammalian

orthologs as a reference (17.1%). Within the acyl-RAC dataset, 44.5% of the 990 non-palmitoy-

lated proteins and about 75% (74.8% and 78.4% of the normal confidence and high confidence

S-palmitoylated proteins, respectively) are predicted to be S-palmitoylated. Hence, CSS-Palm

seems to be able to predict these proteins in Drosophila. However, because a very high number

of proteins predicted have very low experimental support (low FC in acyl-RAC) compared to a

low number of predicted S-palmitoylated proteins with good experimental support (high FC,

S1 Fig), it can be assumed that the false-positive rate is very high, unless experimental methods

fail to identify a very large fraction of S-palmitoylated proteins.

Palmitoylated proteins in S2R+ cells are enriched for subcellular

membrane compartments involved in vesiclular transport

We performed a Gene Ontology (GO) term enrichment analysis to obtain a functional profile

of the S2R+ cells palmitoylome (most significant terms in Fig 2, full list in S4 Table). In the cel-

lular component category, “endomembrane system” and "intrinsic component of the mem-

brane" were the most significantly overrepresented terms, which can be interpreted as a

confirmation of the general methodology, as membrane fractions of S2R+ cells were used as

input for acyl-RAC. However, other enriched terms that point to particular endomembrane
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system components such as the plasma membrane, Golgi apparatus, endoplasmic reticulum,

cytoplasmic vesicles, or organelle membranes in general, are in agreement with the known

common compartments of S-palmitoylated proteins (membrane compartments in general and

the ER/Golgi to cytoplasmic membrane system but excluding the nuclear and mitochondrial

membranes) [12], and with the recently reported function of protein sorting for export from

the Golgi apparatus [7].

Regarding their function, enrichment in the biological process and molecular function

ontologies revealed that the palmitoylome of S2R+ cells mostly comprises proteins with locali-

zation and transporter activities, such as proteins involved in vesicle-mediated transport (e.g.
SNARE proteins Bet1, Sec20 or Snap24), or transporter proteins that directly enable the move-

ment of ions and molecules across membranes (e.g. Indy, JhI-21 or Nh3). Additional enriched

functions include cell communication and signaling, particularly represented by the presence

of the heterotrimetric G-protein alpha subunits Galphai, Galphao, Galphas, Galphaq and cta

(GO cellular component: heterotrimetic G-protein complex, and GO molecular functions: G-

protein beta/gamma-subunit complex binding). Cycles of S-palmitoylation and de-acylation

have previously been shown to regulate G protein-coupled receptor (GPCR) signaling activa-

tion and deactivation in a mammalian cell line [46] in a manner akin to the S-palmitoylation-

dependent regulation of H- and N-Ras-subcellular localization and signaling [47]. The biologi-

cal process "protein S-palmitoylation" and the molecular function "protein-cysteine S-palmi-

toylatransferase activity" were also enriched, owing to the fact that of the 22 Drosophila

Fig 2. Most significantly enriched GO terms in the Drosophila S2R+ cell palmitoylome proteins. Each bar represents the enrichment

score (-log10(FDR p-value) of a GO term in the dataset and they are separated in three main categories: cellular component (black),

biological process (dark grey) and molecular function (light grey). These terms were manually selected to be the most representative and

avoiding redundancy. Full list can be found in S4 Table.

https://doi.org/10.1371/journal.pone.0261543.g002
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DHHC-PATs, nine were identified in the acyl-RAC dataset, of which seven were considered

part of the S2R+ cell palmitoylome (Dnz1, GABPI, CG1407, CG5196, CG8314, CG34449/

dZDHHC8 and dHip14) (S1 Data).

In conclusion, our data yielded the expected GO-term enrichments of S-palmitoylated pro-

teins: membranes, endosomal/Golgi localization and transport, and S-palmitoylation. The

dynamic S-palmitoylation of GPCR signaling proteins described in mammals might also be

important in insects. This is interesting, as the GPCR repertoire of invertebrates and verte-

brates varies considerably, suggesting an origin of G-protein S-palmitoylation prior to the for-

mation of the major GPCR superfamilies found in mammals [48].

DHHC-BioID is specific enough to identify DHHC-PAT substrates

With the palmitoylome of S2R+ cells at hand, our next aim was to establish a method to iden-

tify potential substrates of DHHC-PATs. We used our S2R+ cell line as a starting point and

explored the use of DHHC-PAT-BioID in combination with UAS/GAL4-dependent cell-spe-

cific expression in the fruit fly [49] as a means to acquire cell-specific DHHC-PAT interac-

tomes. After optimizing BioID in S2R+ cells, larvae and adult flies (S1 Appendix), we

proceeded to test whether DHHC-PAT-BioID constituted a feasible method to identify

client proteins of DHHC-PATs. To this end we chose the well-characterized Drosophila

DHHC-PAT Huntingtin-interacting protein 14 (dHip14). dHip14 is the ortholog of the mam-

malian HIP14 protein with which it shares the client proteins cysteine string protein (CSP)

and Snap25 [21, 22]. In addition, HIP14 is the only known DHHC-PAT for which a conserved

recognition motif in its client proteins has been identified (-[VIAP]-[VIT]-X-X-Q-P-) and

which recognition is mediated by ANK repeats in the N-terminal cytoplasmic arm of HIP14

[50]. Importantly, the mutation of a proline to an alanine residue prevents the interaction of

client proteins with HIP14 and thereby their S-palmitoylation [50].

To study the specificity of DHHC-BioID, we co-overexpressed dHip14-BioID or two unre-

lated DHHC-PATs, CG5620-BioID and CG6618-BioID, with N-terminally FLAG-tag-fused

wt Snap25 (FLAG-Snap25) or the proline mutant (FLAG-Snap25�). Using Western blot and

streptavidin probes to detect protein biotinylation we found a considerable increase in biotiny-

lation of a protein with the relative molecular mass of dSnap25 in cells expressing dHip14-

BioID and FLAG-dSnap25, but not in cells expressing dHip14-BioID and FLAG-dSnap25� or

in cells expressing any of the other two DHHC-PAT-BioID fusion proteins in combination

with FLAG-dSnap25 (Fig 3A–3C for quantified data). Increased biotinylation was taken as evi-

dence of successful DHHC-PAT-BioID expression and activity, while anti-FLAG antibodies

were used to identify FLAG-tagged proteins and to confirm comparable expression levels of

FLAG-Snap25 and FLAG-Snap25�.

To further explore the specificity of the system, we extended the analysis to 10 selected

DHHC-PATs localized in various organelles, excluding the remaining 12 DHHC-PATs which

show highly testis- or ovary-specific expression patterns [14, 52]. Thus, DHHC-BioID con-

structs were generated for, CG6017 (dHip14), CG8314, CG5196, CG5880, CG6618 (Patsas),

CG5620 (app), CG17257 (GABPI), CG1407, CG4676 and CG6627 (Dnz1) and co-overex-

pressed either with FLAG-dSnap24 (a ubiquitously expressed SNAP25-homolog, FlyBase.org

and [53]) or FLAG-dSnap25 (Fig 3D and 3F and S3 Fig). Expression of the DHHC-PAT-BioID

fusion proteins alone served as the respective negative control to judge the pattern of protein

biotinylation of each DHHC-PAT-BioID construct when the FLAG-tagged client proteins

were not co-overexpressed (Fig 3D and 3E). dSnap24 has not been described as a dHip14-

BioID substrate, but it shares a high degree of sequence similarity with dSnap25, including the

Hip14-interaction motif (Fig 3A). Quantification of signals at the respective molecular masses
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of dSnap24 and dSnap25 revealed that three DHHC-PATs resulted in consistently increased

biotinylation (CG1407, Hip14 and Dnz1) (Fig 3D and 3F). We also observed a reproducible

interaction of the non-enzymatic DHHC-PAT GABPI with dSnap24. As CG1407, Dnz1 and

GABPI lack the ANK repeat domain that is necessary for the interaction of a DHHC-PAT

with the Hip14 interaction motif, the biotinyation of these proteins is likely independent of

this motif. To test this, we chose Dnz1-BioID as its putative interaction with dSnap24 and

dSnap25 seemed the most robust. As expected, co-expression of Dnz1-BioID with either,

dSnap25, or the Hip14 interaction motif mutant dSnap25�, resulted in a biotinylation signal of

either protein´s apparent molecular weight (S2 Fig).

Fig 3. Validation of DHHC-BioID system using a known interaction. (A) Alignment of several orthologues and paralogues of SNAP25 in the region

flanking dHip recognition motif [51]. Red: conserved Proline essential for the interaction with Hip14 and mutated to Alanine in dSNAP25� (P125A, 25�).

(B) Western Blot representative of co-overexpression of CG6017 (dHip14, used as positive control) or CG5620 (App) or CG6618 (Patsas) as BioID fusion

proteins with either FLAG-dSNAp25 wt (25) or FLAG-dSNAP25 P125A (25�). Note that biotinylation signal of the band relative to FLAG-SNAP25 is not

present in the mutant (25�), indicative of specific interaction with the enzyme fused with BioID, as quantified in (C). (D, E) Western Blots representative of

co-overexpression of FLAG-dSNAP24 (24) or dSNAP25 (25) with a subset of 10 different DHHC-BioID. Relative biotinylation of the substrates was

quantified in (F). (B, D, E) Representative blots are shown. FLAG-dSNAP24/25/25� were detected using an anti-FLAG primary antibody (upper panel) and

biotin was detected using a Streptavidin probe (lower panel). Biotinylation and FLAG-tagged proteins were detected on the same blot membrane using two

different fluorophores on a Li-Cor Odyssey. (C, F) Quantification of dSNAP relative biotinylation signal, normalized by the signal of the respective dSNAP

in wt S2R+ cells, was estimated according to material and methods. Results from three independent experiments are shown as means +/- standard

deviations. Asterisks (�) or section signs (§) indicate statistically significant differences in relative biotinylation of dSNAP25 or dSNAP24 respectively in the

negative control (S2R+) using a one-way ANOVA with Dunnett’s multiple comparison test (� and § P<0.05; �� and §§ P<0.01).

https://doi.org/10.1371/journal.pone.0261543.g003
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From these results we conclude that DHHC-PAT-BioID is specific enough to recognize the

interaction of dHip14 and dSnap25 even in overexpression conditions, which usually have the

tendency of enhancing non-specific interactions. Putative interactions of CG1407, Dnz1 and

GABPI with dSnap24/dSnap25 could be due to real interactions or just very close proximity of

these proteins during e.g. vesicular transport.

dHip14-BioID is sensitive enough to detect endogenous dSnap24 and dCSP

Finally, we wanted to know whether DHHC-PAT-BioID was sensitive enough to detect

endogenous levels of DHHC-PAT interaction partners. To do this, we expressed dHip14-

BioID in S2R+ cells, then affinity purified the biotinylated proteins with streptavidin beads

and identified these proteins by mass spectrometry. S2R+ cells exposed to the same treatment

but not expressing DHHC-BioID were used as a negative control. We found dSnap24 and

dCSP among the proteins recovered from dHip14-BioID expressing S2R+ cells (S2 Data).

dSnap24 was robustly identified in all three dHip14-BioID samples and absent in two out of

three control samples, while dCSP was only detected in one of three dHip14-BioID samples.

The lower recovery of dCSP was in agreement with our co-overexpression experiments, in

which biotinylation of dCSP co-overexpressed with dHip14-BioID was also markedly weaker

than biotinylation of dSnap24 or dSnap25, even if expressed at similar levels (S2 Fig). Never-

theless, in this initial dHip14-BioID proteomic dataset (S2 Data), we also found several pro-

teins (e.g. Golgin-245, Golgin-84, Sec24AB, Sec24CD and Ergic-53) associated with the Golgi

apparatus location of dHip14 [14] and vesicle transport. Whether or not they are valid client

proteins or interaction partners cannot be judged at this point, as other DHHC-BioID datasets

would be required to estimate specificity.

Taken together, the recovery of the endogenous dHip14 client proteins, dSnap24 and dCSP

shows that DHHC-PAT-BioID is sensitive enough to detect endogenous interaction partners

of DHHC-PATs.

Dnz1 does not rescue Hip14 mutant flies

As we retrieved Dnz1 as a novel interaction partner of dSnap24 and dSnap25 (by western blot;

Fig 3, S3 Fig) and dSnap24 and dCSP (by proteomics; S2 and S3 Data), we asked whether this

interaction could rescue lethality of Hip14 mutants. In dHip14 mutant flies failure of dCSP-S-

palmitoylation and hence membrane association has been identified as the cause of lethality;

expression of dCSP fused to the transmembrane domain of neuronal synaptobrevin rescues

pharate adult lethality of dHip14-mutant flies [22]. We thus reasoned that if Dnz1 interacts

with and palmitoylates dCSP in a dHip14-independent manner, overexpression of Dnz1 in

neurons should rescue pharate lethality of dHip14 mutant flies. To test this, we crossed mutant

dHip14 flies carrying UAS-Dnz1 or UAS-dHip14-BioID (w-; If/CyO; UAS-Dnz1-3xHA, dHi-
p14ex12/TM6B, Tb, Hu or respectively w-; UAS-dHip14-BioID/CyO; dHip142/TM6B, Tb, Hu)

with mutant dHip14 flies carrying the elavGAL4 driver for neuronal expression (w-; elavGAL4/
CyO; Hip142/TM6B, Tb, Hu). Flies cultured at 25˚C were rescued by neuronal expression of

dHip14-BioID but not by neuronal expression of Dnz1 (Table 1). These results show that even

though Dnz1 and dHip14 both interact with Snap24, dHip14 is required for S-palmitoylation

of dCSP. As Dnz1 and dHip14 reside in different subcellular compartments (endoplasmic

reticulum and Golgi apparatus, respectively [14]), it is likely that they do not have complemen-

tary functions. However, the exact function of Dnz1, in the context of its interaction with

dCSP, is not clear. At this stage, our results only allow us to draw the conclusion that Dnz1 on

its own is not able to palmitoylate dCSP in fly neuronal tissue.
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DHHC-PAT-BioID identifies 180 putative DHHC-PAT interaction

partners in S2R+ cells

With the proof of principle showing that DHHC-PAT-BioID is specific and sensitive enough

to identify endogenous interaction partners of DHHC-PATs, we wanted to investigate the

interactomes and putative client spectra of the aforementioned 10 DHHC-PATs in S2R+ cells.

Thus, we carried out two independent experiments, each experiment consisting of three bio-

logical replicates per DHHC-PAT-BioID. In total, we identified 2162 proteins of which 487

proteins were enriched in at least one DHHC-PAT-BioID sample (FDR<0.1, FC> = 2)

compared with the negative control (S2R+ cells transfected with empty vector) (S3 Data).

These were subdivided in 193 proteins that reproducibly interacted with at least one common

DHHC-PATs in both experiments (high-confidence DHHC-PAT interactors) and 294 non-

reproducible putative interactors (low-confidence DHHC-PAT interactors) (Fig 4A).

When compared to our previously established palmitoylome, we found that 25% of the palmi-

toylated proteins in S2R+ cells could be assigned to at least one DHHC-PAT; this suggests that

DHHC-BioID is missing the interactions of three-quarters of palmitoylated proteins with

their DHHC-PATs. Probable reasons could be: (1) only 10 out of the 13 non-testis-specific

DHHC-PAT genes in Drosophila were investigated here; (2) of each of these, only one splice

variant was used, whereas several genes are known to produce two or more differentially

spliced products (S4 Fig); (3) DHHC-PAT interactions with their client proteins are transient

and biotinylation efficiency of BioID used under the conditions described here may be limited

to recovery of endogenous proteins that are abundant or undergo several cycles of S-palmitoy-

lation/de-palmitoylation, increasing their chances to be labeled with a biotin.

Our main aim was to explore the potential of using proximity biotinylation for the identifi-

cation of DHHC-PAT interactors. We find that this technique is suitable for the analysis of

individual substrate candidates when ectopically expressing DHHC-BioID. This method may

eventually permit the conclusive identification of specific DHHC-PAT interactions in Dro-

sophila adult or larval tissues.

DHHC-PAT-BioID interactors: S-palmitoylated substrates or neighboring

proteins?

Since DHHC-PAT-BioID will not only recover client proteins that are S-palmitoylated by the

DHHC-PAT under investigation, but also any other neighboring, accessory or co-localized

Table 1. Rescue of dHip14 mutant flies using neuronal expression of Dnz1 or Hip14-BioID.

parental crosses pupae adults

total non-Tb pupae eclosed non-Tb pupae total adults scored rescued flies

dHip14-BioID 53 47 588 47

elavGAL4 / CyO; Hip14ex12 / TM6B, Tb, Hu
x

UAS-Hip14-BioID / CyO; Hip142 / TM6B, Tb, Hu
Dnz1 258 0 586 0

elavGAL4 / CyO; Hip14ex11 / TM6B, Tb, Hu
x

If / CyO; UAS-Dnz1-3xHA, Hip14ex12 / TM6B, Tb, Hu
elavGAL4 / CyO; Hip142 / TM6B, Tb, Hu 673 0 1247 0

x

If / CyO; UAS-Dnz1-3xHA, Hip14ex12 / TM6B, Tb, Hu

https://doi.org/10.1371/journal.pone.0261543.t001
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Fig 4. DHHC-PAT interactomes. (A) Venn diagram showing the overlap between the NC and HC fractions of the Drosophila

palmitoylome of S2R+ cells and the DHHC-PAT-BioID interactome, which is also divided in low and high confidence interactors,

depending on whether they were determined by one experiment alone or by both; (B) number of proteins (interactors) enriched by

DHHC-PAT-BioID over the control. (C-G) percentage of DHHC-PAT-BioID interactors that (C) are palmitoylated, (D) are

transmembrane proteins, (E) are palmitoylated transmembrane proteins, (F) contain the Hip14 interaction motif and (G) contain the
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protein within the 10 nm labeling distance of BioID [32], a significant challenge is to distin-

guish real client proteins of the DHHC-PAT from other interaction partners or neighbors that

are not functionally relevant. Analyses of yeast and mammalian DHHC-PAT/client proteins

have shown that most client proteins are unlikely to be S-palmitoylated by more than 4–6 dif-

ferent DHHC-PATs [54, 55]. In addition, in yeast, most of the seven DHHC-PATs can be

knocked out without adverse effects, indicating that there is a large degree of redundancy

between different DHHC-PATs [54]. To test whether the average number of DHHC-PATs

that can palmitoylate the same protein could be derived from our dataset we checked whether

the fraction of palmitoylated proteins that interact with a given number of DHHC-PATs

peaked a specific number of DHHC-PATs. However, no such effect could be observed and no

endogenous threshold could be derived from the dataset itself (S5 Fig). However, filtering for

proteins that have a certain maximum number of DHHC-PAT-interactions will allow the

identification of DHHC-PATs that actually have different substrate spectra. Of course, there

might be protein/DHHC-PAT interactions that do occur with all DHHC-PATs, e.g. accessory

proteins/enzymes, trafficking proteins, etc. So, to give a more complete picture, we present

results from both approaches, i.e. a dataset to which no threshold for the number of

DHHC-PAT interactions was applied, and a dataset in which a maximum of six DHHC-PAT-

interactions (the maximum number of different DHHC-PATs known to palmitoylate the

same protein in mammals [54, 55]) was allowed (Fig 4B–4G).

Little is currently known about different DHHC-PAT substrate specificities. According to

two studies mammalian and yeast DHHC-PATs can be grouped according to their preference

for soluble proteins and for integral membrane proteins [56, 57]. On the other hand, a high-

throughput study in yeast reported that substrates of DHHC-PATs are possibly better grouped

by the relative position of the cysteine residue that is S-palmitoylated (N-terminal, C-terminal

or in respect to transmembrane domains) [54]. In our DHHC-PAT-interactome we found a

certain bias of CG8314, CG5196, CG5880 and Patsas towards proteins with transmembrane

domains (TMD); almost 40% of all of their interactors (both S-palmitoylated and non-S-pal-

mitoylated proteins) had at least one TMD and around 80% of their S-palmitoylated interac-

tors were TMD proteins (Fig 4D and 4E). For most other DHHC-PATs, the fraction of S-

palmitoylated transmembrane substrates was around 50–60%, with the exception of CG6618

(approximated), which was markedly lower (30%).

To further investigate substrate specificities of DHHC-PATs, we checked for each

DHHC-PAT in our study the fraction of proteins with the Hip14 interaction motif [50]. It ran-

ged from 7% to 20% in different DHHC-PATs (Fig 4F). Furthermore, we observed an interest-

ing correlation when considering S-palmitoylated substrates exclusively. Those DHHC-PATs

that had the highest fraction of transmembrane proteins among their S-palmitoylated sub-

strates also had the lowest fraction of S-palmitoylated substrates with the Hip14 interaction

motif (0% in most cases) and vice versa, with the DHHC-PATs approximated and Hip14

showing the highest ratios (Fig 4E and 4G). This broad subdivision of DHHC-PATs into two

groups according to their substrate preferences was confirmed by clustering analyses (S6 Fig).

These results and our co-expression experiments with Snap24, Snap25 and dCSP (Fig 3) show

that even though Patsas and Hip14 both contain ANK repeats in their N-terminal cytoplasmic

domains, only Hip14 interacts with its substrates via the Hip14 interaction motif. This is also

in agreement with the observation that the two proteins are more distantly related than their

Hip14 interaction motif and are palmitoylated. (B-G) ‘all interactors’ refers to proteins that are significantly enriched in the respective

DHHC-PAT-BioID cell line over control cells; ‘<7 DHHC-PATs refers’ to interactors that are significantly enriched in the respective

DHHC-PAT-BioID cell line over control cells and are not enriched in seven or more other DHHC-PAT-BioID cell lines.

https://doi.org/10.1371/journal.pone.0261543.g004
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mammalian counterparts (DHHC13/HIP14-like and ZDHHC17/HIP14) [14]. Conversely, we

confirmed in the case of Dnz1, a DHHC-PAT that showed an interaction with Snap24/Snap25

in our DHHC-BioID assay but lacks ANK repeats, that this interaction is not via the Hip14-in-

teraction motif (S2 Fig). In addition, we also found that GABPI is among the DHHC-PATs

with a broader range of interactors (Fig 4B), which may be indicating a role as a substrate-pre-

senter rather than a palmitoyl-transferase [51].

Conclusions

With our work we markedly increased the number of experimentally identified palmitoylated

proteins in Drosophila and give a first detailed comparison between Drosophila and mamma-

lian palmitoylomes, as well as highlight certain conserved functions, such as GPCR/G-protein

signaling, where both groups are apparently similar in palmitoylation despite substantial dif-

ferences elsewhere.

We also established DHHC-BioID as a novel method to identify proteins interacting with

DHHC-PATs. This approach shows promise to also work in a tissue specific manner in Dro-

sophila, and when combined with palmitoylome data increases the chance to identify real cli-

ent proteins for DHHC-PATs on the proteomic level.

Supporting information

S1 Fig. Relation between predicted palmitoylation and experimental support. Variation of

the total number of proteins in the Acyl-RAC dataset (1188 proteins in total) and the fraction

of those predicted to be palmitoylated by CSS-Palm with increasing FC and FDR cut-offs. (A)

Bars represent the total number of proteins with an FC > = the value indicated in the x axis.

(B) Bars represent the total number of proteins with an FDR< = the value indicated in the x

axis. In (C) and (D) bars represent the fraction of proteins that are predicted as palmitoylated

regarding the totals indicated in the barplots above.

(TIF)

S2 Fig. Co-overexpression of dHip14-BioID, Patsas-BioID and Dnz1-BioID with FLAG-

tagged Snap25 (25) or the FLAG-tagged Snap25 P/A mutant (25�). (A). Full blots with rect-

angles indicating the sections used for panel (A) are shown for the anti-FLAG antibody (B)

and streptavidin (C).

(TIF)

S3 Fig. Co-overexpression of the subset of 10 different DHHC-PAT-BioID in combination

with dSnap24 (24), dSnap25 (25) and dCSP (CSP). (A, B) Representative blots are shown.

FLAG-dSNAP24/25/CSP were detected using an anti-FLAG primary antibody (upper panel)

and biotin was detected using a Streptavidin probe (lower panel). (C) original blot relative to

panel A. (D) original blot relative to panel B. (C, D) Boxed areas indicate the cropped region in

the corresponding panels. Biotinylation and FLAG-tagged proteins were detected on the same

blot membrane using two different fluorophores on a Li-Cor Odyssey.

(TIF)

S4 Fig. General overview of domain organization of Drosophila DHHC-PATs and their

splicing-derived isoforms. Amino acid sequences were obtained from UniProt.org, UniProt

IDs are shown; cyan boxes = trans membrane domains; blue boxes = cystein rich domain

(CRD) with DHHC/DHHS site indicated by a flag; red boxes = ankyrin repeats; N-termini are

on the left hand side; except for dZDHHC8 (CG34448) all DHHC-PATs are shown at the

same scale. Asterisks indicate DHHC-PATs recovered by acyl-RAC, red asterisks = normal/

high confidence group, green asterisks = below threshold for palmitoylation but identified by
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mass spectrometry.

(TIF)

S5 Fig. Analysis of the relation between fraction of palmitoylated and number of

DHHC-PAT interactions. Absolute and relative number of proteins (y-axis) that are interact-

ing with a given number of DHHC-PATs (y-axis; Nr of DHHC-PAT interactions). The num-

ber of DHHC-PAT interactions as a threshold (A-C) or fixed number of interations (D-F).

Number of proteins as absolute numbers (A and D) or as (B, C, D, and E). Comparison of per-

centages of palmitoylated proteins that were determined with ‘normal confidence’ or with

‘high confidence’ (C and D).

(TIF)

S6 Fig. Cluster analysis of DHHC-PATs. (A) Hierarchical cluster map of DHHC-PATs (x

axis) on the basis of whether they interact (blue cells) or not (white cells) with each putative

interactor (proteins that at least interact with one DHHC-PAT). (B) Hierarchical clustering of

the Pearson correlation coefficients between each DHHC-PAT pair determined from their

interactors spectra. (C-D) Same two plots but determined considering only interactions with

proteins that were experimentally defined to be S-palmitoylated. Two broad groups are consis-

tently defined in all plots, although the hierarchy within them is not equally consistent. The

first group comprises enzymes CG8314, CG5196, CG5880 and Patsas, and the second one,

GabPi, app, Hip14, Dnz1, CG1407, CG4676. Plots were made using the clustermap function of

the Seaborn library for Python.

(TIF)

S1 Raw image. Original blot images used for Fig 3.

(TIF)

S1 Table. Primers for molecular cloning.

(DOCX)

S2 Table. Best-supported palmitoylated proteins in Drosophila. Putative palmitoylated pro-

teins identified both by acyl-RAC in S2R+ cells (this study) and by ABE in Drosophila larvae

(Strassburger et al 2019).

(DOCX)

S3 Table. Assessment of the conservation of Drosophila palmitoylated proteins in mam-

mals. Fraction of Drosophila proteins with mammalian orthologs, and known palmitoylated

mammalian orthologs under two confidence levels.

(DOCX)

S4 Table. Complete GO enrichment analysis results of the D. melanogaster S2R+ cell pal-

mitoylome proteins. Overrepresented GO terms associated to the 198 S-palmitoylated pro-

teins were determined with Fisher’s exact tests, using the whole D. melanogaster’s proteome as

reference. FDR correction was applied to Fisher’s test P-values to adjust for multiple testing.

GO terms were considered significantly enriched if FDR adjusted P-value < 0.05. GO terms

are separated in the three main ontologies (cellular component, biological process and molecu-

lar function) and sorted by their FDR adjusted P-value.

(DOCX)

S1 Appendix. Supplementary results. Optimization of experimental conditions for the use of

BioID in Drosophila S2R+ cells.

(DOCX)
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S1 Data. Full Acyl-RAC experiment and Drosophila S2R+ cell palmitoylome protein lists.

Excel file comprised of two tables, each in a different sheet. The fist table includes the 1988 pro-

teins identified in the Acyl-RAC experiment. The second table contains the 198 proteins

deemed as palmitoylated and different annotations including: GO terms, presence of Hip14

binding motif, number of transmembrane domains, palmitoylation status in the Instar L2 lar-

vae palmitoylome, (palmitoylated) orthologs in mammals, as well as DHHC-PAT interactors

identified in our BioID experiment.

(XLSX)

S2 Data. Mass-spec data from dHip14-BioID expressing S2R+ cells. Initial test to check if

endogenous levels of known substrate proteins (dSnap24 and dCSP) of dHip14 can be detected

by DHHC-PAT-BioID.

(XLSX)

S3 Data. Combined results of two BioID experiments using 10 Drosophila DHHC-PATs.

Excel file containing the combined total of 2162 proteins and columns detailing the analyzed

results (p-value, FDR adjusted p-value, fold change, and the number of samples (sample

count) where a peptide for a given DHHC-PAT-BioID/protein interaction was identified by

mass-spec) for each of the 10 DHHC-PAT, in each of the two experiments. Each of the two

experiments was comprised of three (in some cases five) samples (three consecutively, not in

parallel, repeated cell-culture experiments). Additional columns, summarize the number and

identity of those interactions we estimated to be significant, as well as the palmitoylation status

of the proteins according to our Acyl-RAC results, the larvae palmitoylome, mammalian

ortholog palmitoylation and predicted palmitoylation.

(XLSX)
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Jürgen Fritsch, Simon Anders, Christoph Metzendorf.

PLOS ONE Drosophila melanogaster palmitoylome and DHHC-PAT interactome

PLOS ONE | https://doi.org/10.1371/journal.pone.0261543 August 12, 2022 20 / 24

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261543.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261543.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261543.s015
https://doi.org/10.1371/journal.pone.0261543


Supervision: Jürgen Fritsch, Simon Anders, Robert B. Russell, Christoph Metzendorf.

Visualization: Elena Porcellato, Juan Carlos González-Sánchez.
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Navarro, Robert B. Russell, Christoph Metzendorf.

References
1. Sanders SS, Martin DDO, Butland SL, Lavallée-Adam M, Calzolari D, Kay C, et al. Curation of the Mam-

malian Palmitoylome Indicates a Pivotal Role for Palmitoylation in Diseases and Disorders of the Ner-

vous System and Cancers. Ben-Tal N, editor. PLoS Comput Biol. Public Library of Science; 2015; 11:

e1004405. https://doi.org/10.1371/journal.pcbi.1004405 PMID: 26275289

2. Blanc M, David F, Abrami L, Migliozzi D, Armand F, Bürgi J, et al. SwissPalm: Protein Palmitoylation

database. F1000Res. 2015; 4: 261. https://doi.org/10.12688/f1000research.6464.1 PMID: 26339475

3. Greaves J, Munro KR, Davidson SC, Riviere M, Wojno J, Smith TK, et al. Molecular basis of fatty acid

selectivity in the zDHHC family of S-acyltransferases revealed by click chemistry. Proc Natl Acad Sci

USA. National Academy of Sciences; 2017; 114: E1365–E1374. https://doi.org/10.1073/pnas.

1612254114 PMID: 28167757

4. Lemonidis K, Werno MW, Greaves J, Diez-Ardanuy C, Sanchez-Perez MC, Salaun C, et al. The

zDHHC family of S-acyltransferases. Biochem Soc Trans. Portland Press Limited; 2015; 43: 217–221.

https://doi.org/10.1042/BST20140270 PMID: 25849920

5. Muszbek L, Haramura G, Cluette-Brown JE, Van Cott EM, Laposata M. The pool of fatty acids cova-

lently bound to platelet proteins by thioester linkages can be altered by exogenously supplied fatty

acids. Lipids. 1999; 34 Suppl: S331–7. https://doi.org/10.1007/BF02562334 PMID: 10419194

6. Aicart-Ramos C, Valero RA, Rodriguez-Crespo I. Protein palmitoylation and subcellular trafficking. Bio-

chim Biophys Acta. 2011; 1808: 2981–2994. https://doi.org/10.1016/j.bbamem.2011.07.009 PMID:

21819967

7. Ernst AM, Syed SA, Zaki O, Bottanelli F, Zheng H, Hacke M, et al. S-Palmitoylation Sorts Membrane

Cargo for Anterograde Transport in the Golgi. Dev Cell. 2018; 47: 479–493.e7. https://doi.org/10.1016/j.

devcel.2018.10.024 PMID: 30458139

8. Blaskovic S, Blanc M, van der Goot FG. What does S-palmitoylation do to membrane proteins? FEBS

J. 2013; 280: 2766–2774. https://doi.org/10.1111/febs.12263 PMID: 23551889

9. Alvarez E, Gironès N, Davis RJ. Inhibition of the receptor-mediated endocytosis of diferric transferrin is

associated with the covalent modification of the transferrin receptor with palmitic acid. J Biol Chem.

1990; 265: 16644–16655. PMID: 2398066

10. Lynes EM, Raturi A, Shenkman M, Ortiz Sandoval C, Yap MC, Wu J, et al. Palmitoylation is the switch

that assigns calnexin to quality control or ER Ca2+ signaling. J Cell Sci. The Company of Biologists Ltd;

2013; 126: 3893–3903. https://doi.org/10.1242/jcs.125856 PMID: 23843619

11. Berditchevski F, Odintsova E, Sawada S, Gilbert E. Expression of the palmitoylation-deficient CD151

weakens the association of alpha 3 beta 1 integrin with the tetraspanin-enriched microdomains and

affects integrin-dependent signaling. J Biol Chem. American Society for Biochemistry and Molecular

Biology; 2002; 277: 36991–37000. https://doi.org/10.1074/jbc.M205265200 PMID: 12110679

12. Zaballa M-E, van der Goot FG. The molecular era of protein S-acylation: spotlight on structure, mecha-

nisms, and dynamics. Crit Rev Biochem Mol Biol. Taylor & Francis; 2018; 53: 420–451. https://doi.org/

10.1080/10409238.2018.1488804 PMID: 29999430

13. Edmonds MJ, Morgan A. A systematic analysis of protein palmitoylation in Caenorhabditis elegans.

BMC Genomics. 2014; 15: 841. https://doi.org/10.1186/1471-2164-15-841 PMID: 25277130

14. Bannan BA, Van Etten J, Kohler JA, Tsoi Y, Hansen NM, Sigmon S, et al. The Drosophila protein palmi-

toylome: characterizing palmitoyl-thioesterases and DHHC palmitoyl-transferases. Fly (Austin). 2008;

2: 198–214. https://doi.org/10.4161/fly.6621 PMID: 18719403

15. Verkruyse LA, Hofmann SL. Lysosomal targeting of palmitoyl-protein thioesterase. J Biol Chem. 1996;

271: 15831–15836. https://doi.org/10.1074/jbc.271.26.15831 PMID: 8663305

16. Hellsten E, Vesa J, Olkkonen VM, Jalanko A, Peltonen L. Human palmitoyl protein thioesterase: evi-

dence for lysosomal targeting of the enzyme and disturbed cellular routing in infantile neuronal ceroid

lipofuscinosis. EMBO J. European Molecular Biology Organization; 1996; 15: 5240–5245. PMID:

8895569

PLOS ONE Drosophila melanogaster palmitoylome and DHHC-PAT interactome

PLOS ONE | https://doi.org/10.1371/journal.pone.0261543 August 12, 2022 21 / 24

https://doi.org/10.1371/journal.pcbi.1004405
http://www.ncbi.nlm.nih.gov/pubmed/26275289
https://doi.org/10.12688/f1000research.6464.1
http://www.ncbi.nlm.nih.gov/pubmed/26339475
https://doi.org/10.1073/pnas.1612254114
https://doi.org/10.1073/pnas.1612254114
http://www.ncbi.nlm.nih.gov/pubmed/28167757
https://doi.org/10.1042/BST20140270
http://www.ncbi.nlm.nih.gov/pubmed/25849920
https://doi.org/10.1007/BF02562334
http://www.ncbi.nlm.nih.gov/pubmed/10419194
https://doi.org/10.1016/j.bbamem.2011.07.009
http://www.ncbi.nlm.nih.gov/pubmed/21819967
https://doi.org/10.1016/j.devcel.2018.10.024
https://doi.org/10.1016/j.devcel.2018.10.024
http://www.ncbi.nlm.nih.gov/pubmed/30458139
https://doi.org/10.1111/febs.12263
http://www.ncbi.nlm.nih.gov/pubmed/23551889
http://www.ncbi.nlm.nih.gov/pubmed/2398066
https://doi.org/10.1242/jcs.125856
http://www.ncbi.nlm.nih.gov/pubmed/23843619
https://doi.org/10.1074/jbc.M205265200
http://www.ncbi.nlm.nih.gov/pubmed/12110679
https://doi.org/10.1080/10409238.2018.1488804
https://doi.org/10.1080/10409238.2018.1488804
http://www.ncbi.nlm.nih.gov/pubmed/29999430
https://doi.org/10.1186/1471-2164-15-841
http://www.ncbi.nlm.nih.gov/pubmed/25277130
https://doi.org/10.4161/fly.6621
http://www.ncbi.nlm.nih.gov/pubmed/18719403
https://doi.org/10.1074/jbc.271.26.15831
http://www.ncbi.nlm.nih.gov/pubmed/8663305
http://www.ncbi.nlm.nih.gov/pubmed/8895569
https://doi.org/10.1371/journal.pone.0261543


17. Kong E, Peng S, Chandra G, Sarkar C, Zhang Z, Bagh MB, et al. Dynamic palmitoylation links cytosol-

membrane shuttling of acyl-protein thioesterase-1 and acyl-protein thioesterase-2 with that of proto-

oncogene H-ras product and growth-associated protein-43. J Biol Chem. 2013; 288: 9112–9125.

https://doi.org/10.1074/jbc.M112.421073 PMID: 23396970

18. Tian L, McClafferty H, Knaus H-G, Ruth P, Shipston MJ. Distinct acyl protein transferases and thioes-

terases control surface expression of calcium-activated potassium channels. J Biol Chem. 2012; 287:

14718–14725. https://doi.org/10.1074/jbc.M111.335547 PMID: 22399288

19. Soyombo AA, Hofmann SL. Molecular cloning and expression of palmitoyl-protein thioesterase 2

(PPT2), a homolog of lysosomal palmitoyl-protein thioesterase with a distinct substrate specificity. J

Biol Chem. 1997; 272: 27456–27463. https://doi.org/10.1074/jbc.272.43.27456 PMID: 9341199

20. Strassburger K, Kang E, Teleman AA. Drosophila ZDHHC8 palmitoylates scribble and Ras64B and

controls growth and viability. van der Goot FG, editor. PLoS ONE. 2019; 14: e0198149. https://doi.org/

10.1371/journal.pone.0198149 PMID: 30735487

21. Stowers RS, Isacoff EY. Drosophila huntingtin-interacting protein 14 is a presynaptic protein required

for photoreceptor synaptic transmission and expression of the palmitoylated proteins synaptosome-

associated protein 25 and cysteine string protein. J Neurosci. 2007; 27: 12874–12883. https://doi.org/

10.1523/JNEUROSCI.2464-07.2007 PMID: 18032660

22. Ohyama T, Verstreken P, Ly CV, Rosenmund T, Rajan A, Tien A-C, et al. Huntingtin-interacting protein

14, a palmitoyl transferase required for exocytosis and targeting of CSP to synaptic vesicles. J Cell Biol.

Rockefeller University Press; 2007; 179: 1481–1496. https://doi.org/10.1083/jcb.200710061 PMID:

18158335

23. Kang K-H, Bier E. dHIP14-dependent palmitoylation promotes secretion of the BMP antagonist Sog.

Dev Biol. 2010; 346: 1–10. https://doi.org/10.1016/j.ydbio.2010.06.024 PMID: 20599894

24. Matakatsu H, Blair SS. The DHHC palmitoyltransferase approximated regulates Fat signaling and

Dachs localization and activity. Curr Biol. 2008; 18: 1390–1395. https://doi.org/10.1016/j.cub.2008.07.

067 PMID: 18804377

25. Matakatsu H, Blair SS, Fehon RG. The palmitoyltransferase Approximated promotes growth via the

Hippo pathway by palmitoylation of Fat. J Cell Biol. Rockefeller University Press; 2017; 216: 265–277.

https://doi.org/10.1083/jcb.201609094 PMID: 28031421

26. Kondylis V, Tang Y, Fuchs F, Boutros M, Rabouille C. Identification of ER proteins involved in the func-

tional organisation of the early secretory pathway in Drosophila cells by a targeted RNAi screen. PLoS

ONE. Public Library of Science; 2011; 6: e17173. https://doi.org/10.1371/journal.pone.0017173 PMID:

21383842

27. Bischof J, Maeda RK, Hediger M, Karch F, Basler K. An optimized transgenesis system for Drosophila

using germ-line-specific phiC31 integrases. Proc Natl Acad Sci USA. National Acad Sciences; 2007;

104: 3312–3317. https://doi.org/10.1073/pnas.0611511104 PMID: 17360644

28. Yanagawa S, Lee JS, Ishimoto A. Identification and characterization of a novel line of Drosophila

Schneider S2 cells that respond to wingless signaling. J Biol Chem. 1998; 273: 32353–32359. https://

doi.org/10.1074/jbc.273.48.32353 PMID: 9822716

29. Bischof J, Björklund M, Furger E, Schertel C, Taipale J, Basler K. A versatile platform for creating a

comprehensive UAS-ORFeome library in Drosophila. Development. Oxford University Press for The

Company of Biologists Limited; 2013; 140: 2434–2442. https://doi.org/10.1242/dev.088757 PMID:

23637332

30. Bateman JR, Lee AM, Wu C-T. Site-specific transformation of Drosophila via phiC31 integrase-medi-

ated cassette exchange. Genetics. Genetics; 2006; 173: 769–777. https://doi.org/10.1534/genetics.

106.056945 PMID: 16547094

31. Forrester MT, Hess DT, Thompson JW, Hultman R, Moseley MA, Stamler JS, et al. Site-specific analy-

sis of protein S-acylation by resin-assisted capture. J Lipid Res. American Society for Biochemistry and

Molecular Biology; 2011; 52: 393–398. https://doi.org/10.1194/jlr.D011106 PMID: 21044946

32. Roux KJ, Kim DI, Raida M, Burke B. A promiscuous biotin ligase fusion protein identifies proximal and

interacting proteins in mammalian cells. J Cell Biol. 2012; 196: 801–810. https://doi.org/10.1083/jcb.

201112098 PMID: 22412018

33. Cox J, Mann M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass

accuracies and proteome-wide protein quantification. Nat Biotechnol. Nature Publishing Group; 2008;

26: 1367–1372. https://doi.org/10.1038/nbt.1511 PMID: 19029910

34. Ahlmann-Eltze C, Anders S. proDA: Probabilistic Dropout Analysis for Identifying Differentially Abun-

dant Proteins in Label-Free Mass Spectrometry. bioRxiv. Cold Spring Harbor Laboratory; 2019. https://

doi.org/10.1101/661496

35. Consortium UniProt. UniProt: a worldwide hub of protein knowledge. Nucleic Acids Res. 2019; 47:

D506–D515. https://doi.org/10.1093/nar/gky1049 PMID: 30395287

PLOS ONE Drosophila melanogaster palmitoylome and DHHC-PAT interactome

PLOS ONE | https://doi.org/10.1371/journal.pone.0261543 August 12, 2022 22 / 24

https://doi.org/10.1074/jbc.M112.421073
http://www.ncbi.nlm.nih.gov/pubmed/23396970
https://doi.org/10.1074/jbc.M111.335547
http://www.ncbi.nlm.nih.gov/pubmed/22399288
https://doi.org/10.1074/jbc.272.43.27456
http://www.ncbi.nlm.nih.gov/pubmed/9341199
https://doi.org/10.1371/journal.pone.0198149
https://doi.org/10.1371/journal.pone.0198149
http://www.ncbi.nlm.nih.gov/pubmed/30735487
https://doi.org/10.1523/JNEUROSCI.2464-07.2007
https://doi.org/10.1523/JNEUROSCI.2464-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/18032660
https://doi.org/10.1083/jcb.200710061
http://www.ncbi.nlm.nih.gov/pubmed/18158335
https://doi.org/10.1016/j.ydbio.2010.06.024
http://www.ncbi.nlm.nih.gov/pubmed/20599894
https://doi.org/10.1016/j.cub.2008.07.067
https://doi.org/10.1016/j.cub.2008.07.067
http://www.ncbi.nlm.nih.gov/pubmed/18804377
https://doi.org/10.1083/jcb.201609094
http://www.ncbi.nlm.nih.gov/pubmed/28031421
https://doi.org/10.1371/journal.pone.0017173
http://www.ncbi.nlm.nih.gov/pubmed/21383842
https://doi.org/10.1073/pnas.0611511104
http://www.ncbi.nlm.nih.gov/pubmed/17360644
https://doi.org/10.1074/jbc.273.48.32353
https://doi.org/10.1074/jbc.273.48.32353
http://www.ncbi.nlm.nih.gov/pubmed/9822716
https://doi.org/10.1242/dev.088757
http://www.ncbi.nlm.nih.gov/pubmed/23637332
https://doi.org/10.1534/genetics.106.056945
https://doi.org/10.1534/genetics.106.056945
http://www.ncbi.nlm.nih.gov/pubmed/16547094
https://doi.org/10.1194/jlr.D011106
http://www.ncbi.nlm.nih.gov/pubmed/21044946
https://doi.org/10.1083/jcb.201112098
https://doi.org/10.1083/jcb.201112098
http://www.ncbi.nlm.nih.gov/pubmed/22412018
https://doi.org/10.1038/nbt.1511
http://www.ncbi.nlm.nih.gov/pubmed/19029910
https://doi.org/10.1101/661496
https://doi.org/10.1101/661496
https://doi.org/10.1093/nar/gky1049
http://www.ncbi.nlm.nih.gov/pubmed/30395287
https://doi.org/10.1371/journal.pone.0261543


36. Hu Y, Flockhart I, Vinayagam A, Bergwitz C, Berger B, Perrimon N, et al. An integrative approach to

ortholog prediction for disease-focused and other functional studies. BMC Bioinformatics. BioMed Cen-

tral; 2011; 12: 357–16. https://doi.org/10.1186/1471-2105-12-357 PMID: 21880147

37. Blanc M, David FPA, van der Goot FG. SwissPalm 2: Protein S-Palmitoylation Database. Methods Mol

Biol. New York, NY: Springer New York; 2019; 2009: 203–214. https://doi.org/10.1007/978-1-4939-

9532-5_16 PMID: 31152406

38. Ren J, Wen L, Gao X, Jin C, Xue Y, Yao X. CSS-Palm 2.0: an updated software for palmitoylation sites

prediction. Protein Eng Des Sel. 2008; 21: 639–644. https://doi.org/10.1093/protein/gzn039 PMID:

18753194

39. The Gene Ontology Consortium. The Gene Ontology Resource: 20 years and still GOing strong.

Nucleic Acids Res. 2019; 47: D330–D338. https://doi.org/10.1093/nar/gky1055 PMID: 30395331

40. Mi H, Muruganujan A, Ebert D, Huang X, Thomas PD. PANTHER version 14: more genomes, a new

PANTHER GO-slim and improvements in enrichment analysis tools. Nucleic Acids Res. 2019; 47:

D419–D426. https://doi.org/10.1093/nar/gky1038 PMID: 30407594

41. Wan J, Roth AF, Bailey AO, Davis NG. Palmitoylated proteins: purification and identification. Nat Protoc.

Nature Publishing Group; 2007; 2: 1573–1584. https://doi.org/10.1038/nprot.2007.225 PMID: 17585299

42. Sood R, Carrington B, Bishop K, Jones M, Rissone A, Candotti F, et al. Efficient methods for targeted

mutagenesis in zebrafish using zinc-finger nucleases: data from targeting of nine genes using CompoZr

or CoDA ZFNs. Wen Z, editor. PLoS ONE. Public Library of Science; 2013; 8: e57239. https://doi.org/

10.1371/journal.pone.0057239 PMID: 23451191

43. Cherbas L, Willingham A, Zhang D, Yang L, Zou Y, Eads BD, et al. The transcriptional diversity of 25

Drosophila cell lines. Genome Res. Cold Spring Harbor Lab; 2011; 21: 301–314. https://doi.org/10.

1101/gr.112961.110 PMID: 21177962

44. Charollais J, van der Goot FG. Palmitoylation of membrane proteins (Review). Mol Membr Biol. 2009;

26: 55–66. https://doi.org/10.1080/09687680802620369 PMID: 19085289

45. Resh MD. Fatty acylation of proteins: The long and the short of it. Prog Lipid Res. 2016; 63: 120–131.

https://doi.org/10.1016/j.plipres.2016.05.002 PMID: 27233110

46. Jia L, Chisari M, Maktabi MH, Sobieski C, Zhou H, Konopko AM, et al. A mechanism regulating G pro-

tein-coupled receptor signaling that requires cycles of protein palmitoylation and depalmitoylation. J Biol

Chem. American Society for Biochemistry and Molecular Biology; 2014; 289: 6249–6257. https://doi.

org/10.1074/jbc.M113.531475 PMID: 24385443

47. Dekker FJ, Rocks O, Vartak N, Menninger S, Hedberg C, Balamurugan R, et al. Small-molecule inhibi-

tion of APT1 affects Ras localization and signaling. Nat Chem Biol. Nature Publishing Group; 2010; 6:

449–456. https://doi.org/10.1038/nchembio.362 PMID: 20418879

48. Nordström KJV, Sällman Almén M, Edstam MM, Fredriksson R, Schiöth HB. Independent HHsearch,
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