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The neural cell adhesion molecule (NCAM) mediates cell-cell and cell-matrix adhesion. It is broadly expressed in the nervous
system and regulates neurite outgrowth, synaptogenesis, and synaptic plasticity. Previous in vitro studies revealed that palmi-
toylation of NCAM is required for fibroblast growth factor 2 (FGF2)-stimulated neurite outgrowth and identified the zinc finger
DHHC (Asp-His-His-Cys)-containing proteins ZDHHC3 and ZDHHC?7 as specific NCAM-palmitoylating enzymes. Here, we
verified that FGF2 controlled NCAM palmitoylation in vivo and investigated molecular mechanisms regulating NCAM palmi-
toylation by ZDHHC3. Experiments with overexpression and pharmacological inhibition of FGF receptor (FGFR) and Src re-
vealed that these kinases control tyrosine phosphorylation of ZDHHC3 and that ZDHHC3 is phosphorylated by endogenously
expressed FGFR and Src proteins. By site-directed mutagenesis, we found that Tyr18 is an FGFR1-specific ZDHHC3 phosphory-
lation site, while Tyr295 and Tyr297 are specifically phosphorylated by Src kinase in cell-based and cell-free assays. Abrogation
of tyrosine phosphorylation increased ZDHHC3 autopalmitoylation, enhanced interaction with NCAM, and upregulated NCAM
palmitoylation. Expression of ZDHHC3 with tyrosine mutated in cultured hippocampal neurons promoted neurite outgrowth.
Our findings for the first time highlight that FGFR- and Src-mediated tyrosine phosphorylation of ZDHHC3 modulates ZD-
HHC3 enzymatic activity and plays a role in neuronal morphogenesis.

Protein S-palmitoylation is attachment of a 16-carbon fatty
acid to a cysteine residue(s) via a thioester linkage. The reac-
tion is catalyzed by protein acyltransferases (PATs), while the re-
moval of fatty acids from proteins is controlled by specific thioes-
terases. Twenty-three members of the PAT family containing a
conserved Asp-His-His-Cys (DHHC) signature motif (1-5) and
three thioesterases, APT1, APT2 (6),and APT1-like (7), have been
identified to date. The reversibility of palmitoylation confers on
this modification the property to regulate stability, intracellular
trafficking, functional activity, and interactions of the proteins, as
exemplified by the studies on the Ras family of small GTPases (8,
9). Of particular interest is the role of palmitoylation in neuronal
development and synaptic plasticity, where it regulates precise
trafficking and distribution of proteins to specialized compart-
ments on the pre- and postsynaptic sides, including proteins that
mediate neurotransmitter synthesis and release, synaptic vesicle
proteins, neurotransmitter receptors, postsynaptic scaffolds, and
various signaling proteins (10). Palmitoylation of transmembrane
proteins often induces their association with lipid rafts (11), where
many signaling, adhesion, and cytoskeletal molecules are assem-
bled, including those critical for neurite outgrowth (12-15).

One of the palmitoylated neural proteins is a cell adhesion
molecule, neural cell adhesion molecule (NCAM), that plays a key
role in neurite outgrowth, synaptogenesis, and synaptic plasticity
(16, 17). Three cysteines located in the juxtamembrane portion of
transmembrane NCAM isoforms (NCAM140 and NCAMI180)
have been identified as acylation sites (5), where palmitate is the
predominant lipid (18). Several studies revealed that NCAM-me-
diated neurite outgrowth requires NCAM palmitoylation and

translocation to the lipid rafts, where upon the recruitment of Fyn
and Fak kinases, it engenders a signaling cascade leading to neurite
elongation (19, 20). For some signaling cascades known to be
stimulated downstream of NCAM, for instance, the one leading to
extracellular signal-regulated kinase (ERK) phosphorylation, ac-
tivation of the fibroblast growth factor (FGF) receptor (FGFR) is
also required (19, 21, 22). Reciprocally, it was shown that FGF2
application and FGFR signaling stimulate NCAM palmitoylation
in both neuroblastoma cells and primary hippocampal neurons
(18), promoting NCAM raft translocation. Screening of the 23
mammalian PATs (also referred to as ZDHHCs) led to the iden-
tification of ZDHHC3 and ZDHHC?7 as the two closely related
enzymes showing the highest palmitoylating activity toward
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NCAM. In light of these data, it is plausible to expect FGFR sig-
naling to regulate ZDHHC3 and ZDHHC? functions (18). In the
present study, we focused on the molecular mechanisms regulat-
ing activity of ZDHHC3, which represents a more extensively
characterized ZDHHC family member with a proven key regula-
tory role in controlling synaptic functions in the central nervous
system (10, 23, 24).

ZDHHCS3, also known as GODZ (Golgi apparatus-specific
DHHC zinc finger protein), has been shown to palmitoylate
AMPA (25), NMDA (26-28), and GABA, (29) receptors and
hence to control their trafficking at the synapses. In addition,
ZDHHCS3 can palmitoylate a number of proteins involved in
control of neuronal morphogenesis, such as the a6 integrin
subunit (30), Gas and Gaq proteins (31-33), and stathmins 2
and 3 (34). Despite the long list of substrates (10), little is known
regarding the molecular mechanisms regulating the enzymatic ac-
tivity of ZDHHC3. Recently, Jennings and Linder (35) proved that
ZDHHCS3 utilizes a “ping-pong” kinetic mechanism to transfer
palmitate to the target protein, while no regulatory sites on the
ZDHHCS3 protein have yet been discovered. In the present study,
we identified ZDHHCS3 tyrosine residues as specific targets for
FGFRI1 and Src kinases and showed that their replacement re-
sults in increased ZDHHC3 autopalmitoylation levels and up-
regulation of NCAM 180 palmitoylation. We also validated the
physiological relevance of tyrosines by a morphological assay,
which revealed an increase in the total neurite length of cul-
tured hippocampal neurons expressing the tyrosine-mutated ZD-
HHCS3. In addition, we report on tyrosine phosphorylation of
endogenously expressed ZDHHCS3 in the brain and demonstrate
FGF2-mediated increase of NCAM palmitoylation in vivo.

MATERIALS AND METHODS

Antibodies. Rabbit polyclonal anti-ZDHHC3 ab31837 was from Abcam,
rabbit polyclonal anti-Src (sc-18) from Santa Cruz, mouse monoclonal
anti-Src from Cell Signaling (L4A1), mouse monoclonal anti-NCAM
clone OB-11 from Sigma (C9672), rabbit monoclonal anti-GM130 (clone
EP892Y) from Abcam (ab52649), mouse monoclonal antipolyhistidine
clone His-1 from Sigma (H1029), rabbit phospho-FGFR (Tyr653/654)
from Cell Signaling (3471), mouse monoclonal anti-B-tubulin from
Sigma (T5201), rabbit anti-B-tubulin III from Sigma-Aldrich (T2200),
rabbit polyclonal anticalnexin from Enzo Life Sciences (ADI-SPA-860),
mouse monoclonal antihemagglutinin (anti-HA) clone 12CA5 from
Roche (11583816001), polyclonal rabbit anti-HA Y-11 from Santa Cruz
(sc-805), and rabbit polyclonal anti-GABA+y2 subunit (224003) and rab-
bit polyclonal anti-PSD95 (124002) from Synaptic Systems. Goat anti-
mouse (PR31430) and goat anti-rabbit (PR31460) horseradish peroxidase
(HRP)-conjugated antibodies were from Thermo Scientific Pierce, and
Alexa Fluor 568 and 633 goat anti-rabbit IgGs were from Invitrogen
(A11036 and A21071, respectively).

Chemicals from regular commercial sources used in the study. Pro-
tein G-Sepharose (17-0618-01), streptavidin-Sepharose (17-5113-01),
ECL plus (RPN 2133) or ECL prime Western blotting (WB) detection
reagent (RPN2232), and Hyperfilm ECL (GEH28906837) were from GE
Healthcare. Page ruler prestained protein ladder plus (PR26620), nonfat
dried milk powder (EMR180001), and Westran CS 0.45-pm polyvinylidene
difluoride (PVDF) blotting membranes (10485289) were purchased from
Euroclone. The DC protein assay kit (500-0111) was from Bio-Rad. Phospha-
tase inhibitor cocktail 2 for tyrosine protein phosphatases, acid and alkaline
(P5726), and phosphatase inhibitor cocktail 3 for serine/threonine protein
phosphatases and 1-isozymes of alkaline phosphatase (P0044), aprotinin
from bovine lung (A1153), Pefabloc (76307), and leupeptin (L2884) were
from Sigma. The solvents dimethyl sulfoxide (DMSO) and dimethylfor-
mamide (DMF) (D4551) were from Sigma-Aldrich.

The selective Src inhibitor PP2 {4-amino-5-(4-chlorophenyl)-7-(¢-
butyl)pyrazolo[3,4-p]-pyrimidine} (529573) and its negative control,
PP3 (4-amino-7-phenylpyrazolo[3,4-p]pyrimidine) (529574), were from
Calbiochem, and the inhibitor of FGFR autophosphorylation PD 173074
was from Sigma (P2499). All the inhibitors were dissolved in DMSO to
1,000X stock. Palmitic acid-azide was dissolved in DMSO to 1,000X
stock (50 mM), and biotin-alkyne was dissolved in DMF to 100X stock
(4 mM).

Dulbecco’s modified Eagle’s medium (DMEM) (41965062), Opti-
MEM 1 (31985047), fetal bovine serum (FBS) (10270106), penicillin-
streptomycin (PenStrep; 15140122), sodium pyruvate (11360039), tryp-
sin 0.25% EDTA (25200056), phosphate-buffered saline (PBS) (10010056),
neurobasal medium (21103049), basal medium Eagle (BME) (41010-
026), B27 supplement (17504044), and GlutaMax 1 (35050038) were pur-
chased from Life Technologies; 45% D-(+)-glucose solution (G8769),
poly-p-lysine (PDL) hydrobromide (P6407), and poly-L-lysine (PLL) hy-
drobromide (P2636) were from Sigma.

Lipofectamine 2000 reagent (11668) was from Invitrogen, and
X-tremeGene 9 DNA transfection reagent (06365787001) was from
Roche; Amaxa P3 primary culture 4D-nucleofector 32 RCT (V4XP-3032)
was from Lonza. Vectashield mounting medium with DAPI (4’,6-di-
amidino-2-phenylindole) was from Vector Laboratories (H-1200).

Recombinant cDNA procedures. ZDHHC7 cDNA was subcloned
into pEF-Bos-HA and mouse ZDHHC3 into pEF-Bos-HA or pEGFP (en-
hanced green fluorescent protein)-C1 (kindly provided by M. Fukata); rat
NCAM180 in the pcDNA3 vector was described previously (19). Human
FGFR1 was subcloned into pCMV-His (kindly provided by I. Tomoko,
University of Glasgow). pPCMV5 mouse Src was a gift from Joan Brugge
and Peter Howley (Addgene plasmid 13663). 3X HA and EGFP tags were
at the N terminus of the ZDHHC3 protein, and the His tag was located at
the C terminus of the FGFR1 protein. An NCAM180A construct, in which
the four cysteine residues located in the intracellular domain adjacent to
transmembrane domain were replaced by serines, and an HA-ZDHHC3/
C157S construct abolishing the catalytic activity of the enzyme were de-
scribed previously (19, 34, 36, 37). A plasmid encoding the y2 subunit of
the GABA receptor was kindly provided by Andrea Barberis.

Mouse ZDHHC3 and ZDHHC3-C175S cDNAs were subcloned into
pcDNA3.0 (Invitrogen) to generate their untagged versions. Plasmids en-
coding ZDHHC3 mutants with single- and triple-tyrosine (Y) replace-
ments by phenylalanine (F) were generated with the QuikChange site-
directed mutagenesis kit according to the manufacturer’s instructions
(Stratagene) using the primers listed in Table 1. The same kit was used to
generate catalytically inactive ZDHHC3 mutants by replacing cysteine
(C157) with serine (S). The primers used for mutagenesis are summarized
in Table 1. The new molecules were verified by sequencing. The green
fluorescent protein (GFP)-ZDHHC3/Y18F-Y127F-Y171F-Y295F-Y297F
construct was generated by subcloning the corresponding untagged
ZDHHC3 mutant into the EGFP-CI vector.

Cell cultures. Neuroblastoma N2a cells (CCL-131) and mouse cells
deficient in Src, Yes, and Fyn (SYF ™/~ cells) (CRL 2459) were purchased
from ATCC. They were grown in DMEM containing 10% FBS, 1% peni-
cillin-streptomycin, and 1% sodium pyruvate at 37°C under 5% CO,. For
transient transfection, cells were seeded at low density 12 h before trans-
fection. N2a and SYF '~ cells were transiently transfected with appropri-
ate vectors according to the manufacturer’s instructions using Lipo-
fectamine 2000 or X-tremeGene 9, as indicated. In some experiments,
N2a cells were treated 24 h after transfection with 5 wuM PD173074, 10 uM
PP2, or 10 pM PP3 for 2 h.

Assessment of ZDHHC3 tyrosine phosphorylation. Cell lysates and
immunoprecipitations were performed as previously described (38), with
some modifications. Twenty-four hours after transfection, N2a cells were
washed with ice-cold PBS supplemented with 1 mM Na,VO, and 50 mM
NaF to preserve the protein phosphorylation states and lysed in RIPA
buffer (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
50 mM Tris, pH 8) containing aprotinin (3 wg/ml), leupeptin (1 pg/ml),
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TABLE 1 Primers used for site-directed mutagenesis of ZDHHC3

ZDHHC3 mutant Primer Oligonucleotide sequence® (5'—3")
Y18F For AGCGGAAACCAGAGTTCCTCCAGCCAGAG
Rev CTCTGGCTGGAGGAACTCTGGTTTCCGCT
Y127F For TGGGCAGGTGGTGTTCAAGTGTCCCAAGTG
Rev CACTTGGGACACTTGAACACCACCTGCCCA
Y171F For GAGAACAACCAGAAGTTCTTTGTCCTATTCACA
Rev TGTGAATAGGACAAAGAACTTCTGGTTGTTCTC
Y295F/Y297F For AAGGCAGACCCGTTCCAGTTTGTGGTCTGAGG
Rev CCTCAGACCACAAACTGGAACGGGTCTGCCTT
C157S For GCAAGATGGATCACCACAGTCCTTGGGTCAACAA
Rev TTGTTGACCCAAGGACTGTGGTGATCCATCTTGC
P27A/P30A For AGAGAAGTGTGCCCCAGCTCCCTTCGCTGGTCCTGCGGGA
Rev TCCCGCAGGACCAGCGAAGGGAGCTGGGGCACACTTCTCT

“ Boldface, mutated nucleotides.

pepstatin (1 wg/ml), Pefabloc (0.2 mM), EDTA (2.5 mM), Na fluoride (50
mM), and phosphatase inhibitor cocktails 2 and 3 (1% each). After 20-
min incubation on ice, the lysates were centrifuged for 10 min at 20,000 X
g and the supernatants were collected.

Immediately after lysis, HA-tagged or untagged ZDHHC3 was immu-
noprecipitated from 1,000 pg of the lysates using anti-HA or anti-
ZDHHCS3 (anti-GODZ), respectively. Immune complexes were released
from protein G-Sepharose beads by incubation for 10 min at 100°C in
reducing electrophoresis sample buffer (SB) (4% SDS, 20% glycerol, 120
mM Tris, 0.01% bromophenol blue, pH 7.8, 0.2 M dithiothreitol [DTT],
4% B-mercaptoethanol [BME]) and separated by SDS-PAGE on 12%
acrylamide gels. After transfer to PVDF membranes, they were first incu-
bated with phosphoblocker (5% bovine serum albumin [BSA], 1% PVP-
10, 1% polyethylene glycol [PEG] 3500, 0.2% Tween 20, 2X PBS) and
then probed with 4G10 antibody (1:5,000 in 5% BSA-Tris-buffered saline
with 0.2% Tween 20 [TBST]) to evaluate tyrosine phosphorylation of
ZDHHC3/7. The total amount of HA-tagged ZDHHC3/7 or untagged
ZDHHC3 was analyzed on the same PVDF membrane after stripping by
immunoblotting (IB) with anti-HA or anti-ZDHHC3 antibody, respec-
tively. The phosphorylation levels of different ZDHHC3 mutants or of
ZDHHCS3 after different treatments were measured. The protein expres-
sion level of transfected constructs was documented in extracts by IB of
these molecules. In parallel, the expression of the tubulin housekeeping
gene was determined.

Co-IP experiments. Interaction between ZDHHC3 and NCAM180 or
the y2 subunit of the GABA receptor in N2a cells or Src kinase in SYF ™/~
cells was analyzed by coimmunoprecipitation (co-IP) as described else-
where (36, 39). Interaction between NCAM180 and ZDHHC3 was esti-
mated in N2a cells cotransfected with NCAM180 and untagged wild-type
(wt) ZDHHC3 (ZDHHC3wt) or mutant ZDHHC3 (Y18F-Y127F-Y171F-
Y295F-Y297F, Y127F-Y171F-Y295F-Y297F, Y18F-Y127F-Y171F, and
C157S). ZDHHC3 was enriched by IP (as described above) from N2a cells
lysed in RIPA buffer. Precipitated proteins from immune complexes were
separated by SDS-PAGE on 12% acrylamide gels (see Fig. 6) and trans-
ferred to PVDF membranes. To analyze the levels of immunoprecipitated
ZDHHC3 and NCAM180 that were pulled down, the membranes were
probed with anti-ZDHHC3 and anti-NCAM (lower and upper parts of
the membrane, respectively) antibodies. The expression levels of exoge-
nous NCAM180 and ZDHHC3 were monitored by IB of extracts.

Src-ZDHHCS3 interaction was assessed in a similar manner in
SYF ™/~ cell cotransfection with Src and ZDHHC3wt, ZDHHC3/Y18F-
Y127F-Y171F-Y295F-Y297F, ZDHHC3/C157S, ZDHHC3/P27A-P30A,
ZDHHC3/P27A-P30A-Y295F-Y297F, and ZDHHC3/P27A-P30A-Y18F-

3

Y127F-Y171F-Y295F-Y297F. Interaction of the y2 subunit of the GABA
receptor with wt or Y18F-Y127F-Y171F-Y295F-Y297F ZDHHCS3 trans-
fected in N2a cells was estimated in a similar manner.

Protein bands were captured by chemiluminescent detection using
ImageQuant LAS 4000 (GE Healthcare; 28-9558-10) or on Hyperfilm
ECL with subsequent development with the Curix 60 processing machine
(AGFA).

Palmitoylation assay with radioactive metabolic labeling. Palmi-
toylation of NCAM180 transfected in N2a cells was assessed by radio-
active [*H]palmitate metabolic labeling followed by fluorographic detec-
tion, as described previously (18). To monitor NCAM palmitoylation,
N2a cells cotransfected with NCAM180 and ZDHHC3wt or mutated
ZDHHCS3 forms were first preincubated for 30 min in serum-free DMEM
with fatty acid-free bovine serum albumin (5 mg/ml; Sigma-Aldrich). The
cells were then labeled with 0.25 mCi/ml [*H]palmitate (PerkinElmer) for
4 h in the preincubation medium. After lysis in RIPA buffer, NCAM180
from the cell extracts was immunoprecipitated with mouse anti-NCAM
antibodies (ata 1:100 dilution), and the immune complexes were released
from the beads by incubation in nonreducing SB (62.5 mM Tris-HCl, pH
6.8, containing 20% glycerol, 6% SDS, and 0.002% bromophenol blue).
The radiolabeled polypeptides were analyzed by SDS-PAGE on 10% acryl-
amide gels under nonreducing conditions and visualized by fluorography
using Kodak X-Omat AR film. Expression of NCAM 180 was confirmed by
IB with anti-NCAM antibodies.

Densitometric analysis of fluorograms was performed with Gel-Pro
Analyzer version 3.1 software (Media Cybernetics). For every ZDHHC3
mutant, palmitoylation levels of NCAM180 were given, after normaliza-
tion to the expression level, as a relative value in comparison to NCAM 180
palmitoylation obtained by ZDHHC3wt, which was set to 100%.

Phosphorylation of endogenous ZDHHC3 from the mouse brain.
For the immunoprecipitation of endogenous ZDHHC3, whole brains of
2- to 3-month-old male C57BL6] mice were used. The mice were injected
subcutaneously (s.c.) with approximately 100 pl of 12.5-pg/ml FGF2
(Sigma) or an equal volume of vehicle, 0.1% BSA in PBS. After 2 h, the
mice were euthanized by cervical dislocation. All animal treatments were
approved by the Italian Committee on Animal Health and Care. The
brains were extracted into preoxygenated ice-cold dissection artificial ce-
rebrospinal fluid (ACSF) containing 2.5 mM KCl, 1.25 mM NaH,PO,, 24
mM NaHCO;, 1.5 mM MgSO,, 2 mM CaCl,, 25 mM glucose, and 250
mM sucrose; briefly dried on filter paper; quick-frozen in liquid nitrogen;
and stored at —80°C. Then, the brain tissue was homogenized in HEPES
buffer (10 mM HEPES, pH 7.4, 5 mM EGTA, 1 mM EDTA, and 0.32 M
sucrose) containing phenylmethylsulfonyl fluoride (PMSF) (1 mM; Carl
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Roth); leupeptin, chymostatin, antipain, and pepstatin (0.25 g/ml each;
Carl Roth); and phosphatase inhibitor cocktails 2 and 3 (1% each; Sigma-
Aldrich). The homogenate was centrifuged, and the pellet was dissolved in
lysis buffer (150 mM NaCl, 50 mM Tris, 5 mM EDTA, pH 7.4) containing
PMSF, leupeptin, chymostatin, antipain, pepstatin, and phosphatase in-
hibitor cocktails 2 and 3. From this lysate, 50 pl was set aside as an input
sample. ZDHHC3 was immunoprecipitated from the samples by incuba-
tion with 10 pl anti-GODZ antibody (anti-ZDHHC3; Abcam) overnight
at 4°C, followed by incubation with protein A-Sepharose (Sigma; P3391)
for 2 h at 4°C. After washing with RIPA or lysis buffer containing PMSF,
leupeptin, chymostatin, antipain, pepstatin, and phosphatase inhibitor
cocktails 2 and 3, the immune complexes were released from the beads by
incubation with 50 .l electrophoresis sample buffer (62.5 mM Tris, pH
6.8, 6% SDS, 20% glycerol, 0.1% bromophenol blue) at 50°C for 20 min
and subjected to SDS-PAGE (12% acrylamide gels). The proteins were
transferred to nitrocellulose blotting membranes (Amersham; Protran Pre-
mium) and probed either with antiphosphotyrosine antibody clone 4G10
(Millipore; 1:500 in 5% BSA-TBST) or anti-GODZ antibody (Abcam; 1:1,000
in 5% milk-TBST). For quantification, the input samples were probed with
the same antibodies. All the membranes were detected with SuperSignal West
Femto maximum sensitivity substrate (Thermo Fisher Scientific) on a Fusion
SL advanced MP device (Peqlab).

Palmitoylation of endogenous NCAM using the ABE procedure. In
vivo palmitoylation of NCAM140 and -180 was performed using acyl-
biotin exchange (ABE), as previously described (40). In brief, freshly re-
sected mouse brains without the cerebellum were frozen in liquid nitro-
gen and stored at —80°C before use. After homogenization in buffer
containing 10 mM HEPES, 1 mM EDTA, 5 mM EGTA, 320 mM sucrose,
1 mM PMSF, and protease inhibitors (0.25 wg/ml antipain, 0.25 pg/ml
chymostatin, 0.25 pg/ml leupeptin, 0.25 pg/ml pepstatin), free thiol
groups were blocked with 10 mM N-ethylmaleimide (NEM). To cleave
thioester-linked palmitoyl moieties, 0.5 M hydroxylamine was applied,
followed by labeling of newly exposed free thiol groups with 0.75 mM
HPDP-biotin (ThermoScientific). Finally, the biotinylated proteins were
purified, using streptavidin-agarose affinity chromatography, and visualized
by Western blotting using anti-NCAM antibody (18). Samples without hy-
droxylamine treatment were used as a control for nonspecific biotin binding.

Palmitoylation assay using click reaction. Autopalmitoylation of
ZDHHCS3 transfected in N2a cells was monitored by nonradioactive click
chemistry, which is becoming an attractive alternative to the radioactive
method (41-45). Here, we applied a Click-iT assay (ThermoFisher Scien-
tific) according to the manufacturer’s instructions with some modifica-
tions, followed by enrichment of the palmitoylated protein pool and de-
tection of the proteins of interest (ZDHHCS3 and calnexin) by IB (see Fig.
$4 in the supplemental material). To assess the autopalmitoylation of
different ZDHHC3 mutants, proteins were metabolically labeled for 4 h
with 50 wM palmitic acid-azide 24 h after transfection. The cells were
lysed in high-SDS lysis buffer (50 mM Tris, pH 8.0, 1% SDS) containing
leupeptin (1 pg/ml), Pefabloc (0.2 mM), and EDTA (2.5 mM). After 20-
min incubation on ice, the cell lysates were sonicated twice for 10 s each time
to break the DNA, vortexed for 5 min in a cold room (4°C), and centrifuged
for 10 min at 20,000 X g. The cleared supernatants were collected, and the
click reaction was carried out following the protocol provided (http://tools
lifetechnologies.com/content/sfs/manuals/mp10276.pdf) with some modi-
fications. Briefly, 200 g (maximum, 50 pl) of lysates (brought to the same
concentration) were reacted with 4 mM biotin-alkyne by Cu(I)-catalyzed
azide-alkyne cycloaddition (CuAAC) using a Click-iT protein reaction
buffer kit to target palmitic acid-azide of metabolically labeled proteins
with biotin (see Fig. S4 in the supplemental material). After methanol-
chloroform precipitation, the proteins were dissolved in 350 .l of RIPA
buffer containing leupeptin, EDTA, and Pefabloc at the concentrations
indicated above and solubilized by sonication three times for 10 s each
time. After solubilization, the palmitoylated proteins were enriched with
streptavidin-Sepharose beads from 250 .l of the obtained lysates and
separated under reducing conditions by SDS-PAGE on 12% acrylamide
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gels. Palmitoylated ZDHHC3 was monitored by IB with anti-ZDHHC3
antibodies. The same membrane was probed with anticalnexin antibody
(used as an internal positive control for the palmitoylation reaction). The
total amount of ZDHHCS3 or calnexin in the lysates obtained after the
Click-iT reaction was evaluated by IB of 10 or 20 pl of extracts with
specific antibodies.

In vitro kinase assay. Recombinant active human glutathione S-trans-
ferase (GST)-Src was from Sigma (S1076). Radioactive [y->>PJATP was
from Hartmann Analytic (SRF301). ATP lithium salt was from Boehr-
inger Mannheim GmbH. ZDHHC3 was immunoaffinity purified from
N2a cells. After 4 washes with 1 ml RIPA buffer (20 mM Tris, pH 7.4, 150
mM NaCl, 10 mM EDTA, 10 mM iodoacetamide, 0.1% SDS, 1% Triton
X-100, 1% deoxycholic acid) containing PMSF (1 mM; Carl Roth), leu-
peptin, chymostatin, antipain, pepstatin (2.5 wg/ml each; Carl Roth), and
phosphatase inhibitor cocktails 2 and 3 (1% each; Sigma-Aldrich), the
beads were additionally washed with 1 ml of kinase dilution buffer (5 mM
MOPS [morpholinepropanesulfonic acid], pH 7.2, 2.5 mM glycerol
2-phosphate, 4 mM MgCl,, 2.5 mM MnCl,, I mM EGTA, 0.4 mM EDTA,
0.05mM DTT, and 50 ng/pl BSA). The resulting beads with immobilized
ZDHHCS3 were used as a substrate in an in vitro kinase assay with 10 ng
active GST-Src in kinase dilution buffer supplemented with 250 uM ATP
and 1 wCi [y->*P]ATP. The kinase reaction was carried out in a 25-l final
volume at 30°C for 15 min. The reaction was stopped by adding 8 .l 4X
Laemmli buffer (0.25 M Tris-HCI, pH 6.8, 4% [mass/vol] SDS, 4 mM
EDTA, 0.25% [mass/vol] bromophenol blue, 20% {-mercaptoethanol,
40% glycerol), and samples were heated to 96°C for 5 min. The protein
samples were separated on a 7.5 to 22.5% polyacrylamide gradient gel.
Radioactivity incorporated into the substrates was quantified by phos-
phorimaging using a FLA9000 (Fuji).

Immunocytochemistry and confocal imaging. Subcellular localiza-
tion of GFP-tagged ZDHHC3wt and ZDHHC3/Y18F-Y127F-Y171F-
Y295F-Y297F transfected into N2a cells was analyzed by confocal imaging
after immune staining against the Golgi apparatus marker GM130. Im-
munocytochemical labeling was performed as previously described (46)
with some modifications.

A day before transfection, N2a cells were plated at low density (15,000
cells per well) on 12-mm sterile coverslips coated with PLL (0.1 mg/ml) in
a 24-well plate. The cells were transfected with the indicated plasmids
(with 0.2 pg of DNA in total) using X-tremeGene 9. Twenty-four hours
later, the cells were washed gently with PBS and fixed with 4% formalde-
hyde in PBS for 20 min. After abundant washes, the cells were permeab-
ilized with 0.1% Triton X-100 and blocked with 2% BSA for 20 min.
Following blocking, the cells were incubated overnight at 4°C with anti-
GM130 (1:100) antibodies resuspended in 5% goat serum-PBS. For visu-
alization, Alexa Fluor 633 (1:200) was used. The cells were embedded in
Vectashield mounting medium with DAPI, and the images were acquired on
aLeica SP5 inverted microscope with a 63X oil objective. DAPI was excited by
a405-nm diode (for UV), GFP was excited with the 488-nm line of an argon
laser, and Alexa Fluor 633 with a helium-neon 633-nm laser.

Neurite outgrowth. Neurite outgrowth was performed as described
previously (47), with minor modifications.

Hippocampal neurons (for morphometric analysis) were prepared
from Charles River (wt) embryonic day 18 (E18) rat embryos. Pregnant
females were purchased from Charles River (Calco, Italy). All procedures
involving animals and their care were carried out in accordance with the
guidelines established by the European Community Council (directive
2010/63/EU of 22 September 2010) and were approved by the Italian
Ministry of Health. The rats were maintained under standard laboratory
conditions (12-h light/dark cycle, 21 * 1°C, and 40 to 70% humidity),
with food and water provided ad libitum.

Immediately after preparation, hippocampal neurons were tran-
siently transfected before plating by electroporation using Amaxa P3
primary culture 4D-Nucleofector 32 RCT according to the manufac-
turer’s instructions (http://bio.lonza.com/fileadmin/groups/marketing
/Downloads/Protocols/Generated/Optimized_Protocol_318.pdf)  with
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minor modifications. Briefly, 250,000 cells per group after trypsin dis-
sociation, as described above, were aliquoted into 15-ml tubes and
centrifuged at 800 rpm for 5 min, and the cell pellet was mixed with
4D-Nucleofector solution (16.4 pl of Nucleofector solution and 3.6 .l
of supplement) containing 0.6 pg of total DNA. Then, the cell mixture
was transferred into Nucleocuvette vessels and electroporated using
the EM 110 program (high-efficacy transfection for rat hippocampal
neurons). All the cells were cotransfected with untagged ZDHHC3wt,
ZDHHC3/Y18F-Y127F-Y171F-Y295F-Y297F, or pcDNA3.1 vector and
EGFP expression vector. Immediately after electroporation, the cells were
diluted in preequilibrated attachment BME medium supplemented with
10% EBS, 0.3% glucose, 1% sodium pyruvate, and 1% HEPES and plated
at a low density of 40,000 cells per 18-mm coverslip coated with PDL (0.1
mg/ml) in a 12-well plate. Three hours after plating, 3/4 of the medium
was replaced with fresh preequilibrated neurobasal medium supple-
mented with 0.6% glucose, 1% GlutaMax, 0.9% PenStrep, and 2.8% B27.
Cultures were maintained at 37°C in a humidified incubator gassed with
5% CO,.

On day in vitro 2 (DIV2), the cells were briefly washed with PBS and
fixed with 4% formaldehyde in PBS. After blocking and permeabilization
as described above, the cells were incubated with anti-B-tubulin IIT (1:
200) for 1.5 h and then stained with Alexa Fluor 568-conjugated second-
ary antibody for 1 h. Images were acquired on an Olympus BX51 upright
fluorescence microscope with a 20X air objective using Neurolucida soft-
ware. From each coverslip, several images were acquired using a UV filter
(excitation with a 355- to 375-nm band-pass filter; emission with a 400- to
480-nm band-pass filter) for DAPI nucleus visualization, a fluorescein
isothiocyanate (FITC) (GFP) filter (excitation with a 457- to 507-nm
band-pass filter; emission with a 490- to 570-nm band-pass filter) for cells
transfected with EGFP, and a TRITC filter (excitation with a 520- to
560-nm band-pass filter; emission with a 540- to 640-nm band-pass filter)
for B-tubulin III staining to visualize the neuronal protrusions. The chan-
nels were merged using Image] software, and images of B-tubulin III
staining of transfected EGFP-positive neurons were used for measure-
ments. The neuron protrusions, longer than the cell bodies, were traced
using a Neuron] plug-in. Cells dead before fixation, with a pycnotic or
fragmented nucleus (identified by DAPI), and cells with damaged neurites
were excluded from the morphometric analysis. The length of the longest
neurite, the total length of the neurites, and the number of primary den-
drites of a single neuron were analyzed. In total, there were 358, 347, and
270 cells analyzed for control (pcDNA3.1) and experimental ZDHHC3wt
and ZDHHC3/Y18F-Y127F-Y171F-Y295F-Y297F groups, respectively.
For each of 4 transfections, 2 coverslips per group were analyzed. For each
coverslip, the mean values for the total length of neurites and length of the
longest neurite (in micrometers) and the number of neurites were calcu-
lated; the mean values within a transfection for a certain group were cal-
culated as an average between coverslips and then normalized to the con-
trol group, set to 100%.

Statistical analysis. For statistical evaluation of all experiments and
the graphical representation of the data (except where indicated), Sigma-
Plot 11.0 software was used. The means and standard errors of the mean
(SEM) were reported for each experimental group. The values in bio-
chemical experiments were normalized beforehand to the control group
within a single experiment. Since the control and experimental groups in
a single experiment were from the same cell passage (in biochemical ex-
periments) or from cells prepared from the same animal (in the case of
hippocampal neurons used for morphometric analysis), we used repeat-
ed-measures (RM) or paired tests to determine statistical significance. To
analyze Western blot data for FGF2-mediated ZDHHC3 phosphorylation
in N2a cells, as well as the level of NCAM palmitoylation in vivo, normal-
ization by the sum of the replicate method was applied (48). Statistical
significance was determined by two-tailed unpaired Student’s ¢ test (for
two groups) or by one-way RM analysis of variance (ANOVA) followed by
Holm-Sidak comparison, or, if a normality distribution Shapiro-Wilk test
failed, we used one-way ANOVA on ranks followed by Student-Newman-
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Keuls comparison. Differences were considered statistically significant at
a P value of <0.05.

RESULTS

FGFR1 signaling induces ZDHHC3 tyrosine phosphorylation.
We previously identified ZDHHC3 and ZDHHC?7 as PATs for
NCAM140 and -180 (18). This knowledge, together with the ob-
servation that FGF2 application affects NCAM palmitoylation,
prompted us to investigate whether ZDHHC3 could be a direct
target of FGFR signaling. Because FGFRs are tyrosine kinases, we
hypothesized that ZDHHC3’s enzymatic activity might be regu-
lated by tyrosine phosphorylation. By in silico analysis of the
amino acid sequence of ZDHHC3, we found five tyrosine residues
facing the cytoplasm, two located upstream, and three down-
stream of the DHHC catalytic domain (Fig. 1A). To test for
FGFR1-mediated ZDHHC3 phosphorylation, we cotransfected
histidine-tagged FGFR1 with HA-tagged ZDHHC3 in N2a cells.
No FGF2 was added, because transfected FGFR1 was activated
through self-dimerization and subsequent autophosphorylation
(49). Then, we immunoprecipitated ZDHHC3 with anti-HA an-
tibody and performed IB with 4G10 antibody directed against
phosphorylated tyrosines. Overexpression of FGFR1 induced
strong tyrosine phosphorylation of recombinant ZDHHCS3,
readily detected on short-time exposures of the blots (Fig. 1B,
right). Similar results were obtained with ZDHHC?7, while no
ZDHHC3/7 tyrosine phosphorylation was detected in the absence
of FGFR1 under these conditions (Fig. 1B, left). However, on
long-time exposures, we observed a mild but unequivocal tyrosine
phosphorylation signal for ZDHHCS3, suggesting that endoge-
nous kinases could transfer phosphates to tyrosines present in
ZDHHCS3. To rule out the possibility that tyrosines of the tri-
ple-HA tag would contribute to the tyrosine phosphorylation
signal, we excised it and repeated the experiment using anti-
ZDHHCS3 antibody. To estimate the phosphorylation level of en-
riched ZDHHCS3, we calculated the ratio of the tyrosine phos-
phorylation signal (4G10) to the total protein level assessed by
reincubation of the membrane with anti-ZDHHCS3 antibodies af-
ter stripping. As shown in Fig. 1C, untagged ZDHHCS3 (used in all
subsequent experiments) also appeared to be tyrosine phosphor-
ylated by endogenous kinases. Notably, in the presence of cotrans-
fected FGFR1, untagged ZDHHC3 showed a remarkable increase
in tyrosine phosphorylation (Fig. 1C) that was abolished by the
FGFRI blocker PD173074 (see Fig. S1 in the supplemental mate-
rial). We then analyzed whether activation of endogenously ex-
pressed FGFR would enhance ZDHHC3 phosphorylation under
conditions previously used to demonstrate that ZDHHCS3 is a
palmitoyltransferase responsible for NCAM palmitoylation (18).
N2a cells transfected with the wild-type ZDHHC3 were treated
with 50 ng/ml of FGF2 for 2 h, followed by analysis of ZDHHC3
phosphorylation by immunoblotting with 4G10 antibodies. As
shown in Fig. 1D and E, FGF2 induced a significant increase in
ZDHHCS3 tyrosine phosphorylation to 118.7% = 3.4% (P =
0.0003; n = 6) in comparison to the untreated control.

To further confirm the role of endogenous FGFR signaling in
ZDHHCS3 tyrosine phosphorylation, we tested whether the spe-
cific FGFR inhibitor PD173074 and the Src (which is a down-
stream effector of FGFR) inhibitor PP2 reduce the level of
ZDHHCS3 tyrosine phosphorylation. N2a cells were transfected
with ZDHHC3wt ¢cDNA and treated with 5 puM PD173074 or
10 wM PP2 for 2 h. The inactive PP2 analogue PP3 was used as
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FIG 1 FGFRI induces ZDHHC3 tyrosine phosphorylation in N2a cells. (A) Topology of ZDHHC3. DHHC indicates the conserved catalytic cysteine-rich
domain. Putative tyrosine phosphorylation sites (Y) facing the cytoplasm and their positions are shown in red. (B) HA-tagged ZDHHC3 and ZDHHC7 were
transfected in N2a cells alone or together with His-tagged FGFR1, immunoprecipitated with anti-HA antibodies, and analyzed by IB with antiphosphotyrosine
(4G10) or anti-HA antibody. Expression (exp.) of FGFR1 was confirmed by IB. Molecular masses (in kilodaltons) are shown on the left. (C) After transfection
of N2a cells, untagged ZDHHC3 was immunoprecipitated with anti-ZDHHC3 antibody and analyzed by IB with antiphosphotyrosine (4G10) or anti-ZDHHC3
antibody. Expression of FGFR1 was confirmed by IB. Expression of tubulin was used as an internal control. Molecular masses (in kilodaltons) are shown on the
left. Black arrow, phosphorylated ZDHHC3; red arrow, light chains of immunoglobulin G (IgG; used for IP). (D) N2a cells expressing untagged ZDHHC3 were
treated with 50 ng/ml of FGF2 or vehicle for 1 h, followed by IB analysis with antiphosphotyrosine (4G10) or anti-ZDHHCS3 antibody. (E) Statistical evaluation
of FGF2-mediated ZDHHC3 phosphorylation. The bars represent means plus SEM. Dots represent values obtained in individual experiments. ***, P = 0.0003

(n=6).

a negative control. The ZDHHCS3 tyrosine phosphorylation level for
untreated cells was set to 1. As shown in Fig. 2A and C, PD173074
significantly (P = 0.046) reduced the level of ZDHHC3 tyrosine
phosphorylation to 0.64 = 0.06. Interestingly, PP2 application re-
sulted in an even more considerable reduction of tyrosine phosphor-
ylation (0.46 = 0.05; P = 0.001) (Fig. 2B and C). Coapplication of
PD173074 and PP2 displayed a cumulative effect on ZDHHC3
tyrosine phosphorylation (Fig. 2A and C).

Interestingly, overexpression of Src kinase raised the level of
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+

ZDHHC3wt tyrosine phosphorylation by 22.05- 3.54-fold,
confirming the data obtained with PP2 treatment. However, the in-
tensities of the detected bands always displayed greater phosphoryla-
tion of ZDHHC3 by FGFR1 than by Src kinase, as is evident in Fig.
2D, lanes 3 and 4, and E. Taken together, these data show that
ZDHHC3wt contains regulatory tyrosine residues that can be phos-
phorylated upon activation of FGFR and/or Src signaling.
ZDHHCS3 is phosphorylated by FGFR1 and Src at tyrosine
residues 18, 295, and 297. To identify which of five putative ty-
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FIG 2 ZDHHCS3 tyrosine phosphorylation is regulated by both FGFR and Src kinases. (A) N2a cells were transfected with ZDHHC3 and treated for 2 h with the
FGEFR inhibitor PD173074 (5 uM) alone or together with the Src inhibitor PP2 (10 wM). An inactive analogue of PP2 (PP3) (10 wM) was used as a negative
control. Tyrosine phosphorylation of immunoprecipitated ZDHHC3 was assessed by IB with 4G10 antibody. (B) ZDHHCS3 tyrosine phosphorylation after 2-h
application of PP2 (10 uM) or PP3 (10 pM). (C) Statistical evaluation of ZDHHC3 tyrosine phosphorylation calculated as the 4G10/DHHC3 ratio shown in
panels A and B. The bars represent means plus SEM. ¥, P = 0.046; **, P = 0.001; ***, P < 0.001 in comparison to the ZDHHC3wt untreated control group,
normalized to 1; n = 4. (D) Tyrosine phosphorylation of ZDHHC3wt or the Y18F-Y127F-Y171F-Y295F-Y297F mutant expressed alone or together with Src or
FGFRI. (E) Statistical evaluation of ZDHHC3wt tyrosine phosphorylation as shown in panel D. **, P = 0.006. Also shown is a comparison to the ZDHHC3wt-
plus-FGFR1 group (#, P = 0.013; n = 3). (C and E) One-way RM ANOVA with the Holm-Sidak post hoc test was used to compare the groups. Dots represent

values obtained in individual experiments.

rosines present in the ZDHHC3 cytoplasmic domain are sub-
strates of FGFR1 and which are substrates of Src kinase, we
performed site-directed mutagenesis, replacing tyrosines with
phenylalanines. We first replaced all potential tyrosine phosphor-
ylation sites, creating the ZDHHC3/Y18F-Y127F-Y171F-Y295F-
Y297F mutant, and tested its ability to respond to FGFR1 or Src
kinase in comparison with ZDHHC3wt. For that, ZDHHC3wt
and ZDHHC3/Y18F-Y127F-Y171F-Y295F-Y297F were trans-
fected into N2a cells alone or cotransfected with FGFR1 or Src. As
shown in Fig. 2D, ZDHHC3/Y18F-Y127F-Y171F-Y295F-Y297F
could not be tyrosine phosphorylated by FGFR1 or by Src,

7

indicating that their target sites had been removed (Fig. 2D,
lanes 6 to 8).

In order to identify the specific tyrosines responding to FGFR1
versus Src, we mutated single tyrosine sites, obtaining the ZDHHC3/
Y18F, ZDHHC3/Y127F, ZDHHC3/Y171F, and ZDHHC3/Y295F-
Y295F mutants. First, we expressed the mutants alone and evalu-
ated the basal levels of tyrosine phosphorylation. As shown in
Fig. 3A and B, phosphorylation of the ZDHHC3/Y18F and
ZDHHC3/Y295F-297F mutants was dramatically reduced to
0.078 = 0.031 and 0.119 = 0.023, respectively, from the
ZDHHC3wt level (n = 4; P < 0.05), while mutation of Y127
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FIG 3 Tyrosine phosphorylation of ZDHHCS3 single-tyrosine mutants. Shown is tyrosine phosphorylation of immunoprecipitated ZDHHC3wt or the single-
tyrosine mutants ZDHHC3/Y18F, ZDHHC3/Y127F, ZDHHC3/Y295F-Y297F, and ZDHHC3/Y171F expressed alone (A and B) or coexpressed with FGFR1 (C
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phosphorylation was calculated as for Fig. 1. The bars represent means plus SEM. ¥, P < 0.05 (B); *, P < 0.05 (D); **, P = 0.001 (F) in comparison to ZDHHC3wt.
For statistical comparisons, RM ANOVA on ranks followed by the Student-Newman-Keuls method (n = 4) (B) or one-way RM ANOVA with the Holm-Sidak
post hoc test (n = 3) (D and F) was used. Dots (B, D, and F) represent values obtained in individual experiments.

and Y171 had no effect on ZDHHC3 phosphorylation (0.982 =
0.053 and 1.195 * 0.129, respectively). Next, we analyzed ty-
rosine phosphorylation of ZDHHC3 single mutants cotrans-
fected with either FGFR1 (Fig. 3C and D) or Src (Fig. 3E and F).
We found that mutation of Y18 caused a significant (P = 0.041)
decrease of FGFR1-induced ZDHHC3 phosphorylation (to
0.295 = 0.017 from the ZDHHC3wt level; n = 3), while Src-
mediated phosphorylation was highly reduced in the
ZDHHC3/Y295F-Y297F mutant (0.126 *= 0.059) compared
with ZDHHC3wt (P = 0.001).

To investigate the roles of individual tyrosine sites in more
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detail, we generated the following mutants: ZDHHC3/Y127F-
Y171F-Y295F-Y297F, ZDHHC3/Y18F-Y171F-Y295F-Y297F,
ZDHHC3/Y18F-Y127F-Y295F-Y297F, and ZDHHC3/Y18F-Y127F-
Y171F carrying nonmutated Y18, Y127, Y171, or Y295 and Y297
residues, respectively. Phosphorylation analysis of the newly
generated ZDHHC3 mutants in N2a cells showed that a single
remaining tyrosine site was not sufficient to rescue the basal
level of tyrosine phosphorylation, as shown in Fig. 4A. To test
whether FGFR1-mediated signaling and Src can target a differ-
ent phosphorylation site(s) within ZDHHC3, N2a cells ex-
pressing triple mutants were cotransfected with FGFR1 (Fig. 4B
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and C) or Src (Fig. 4D and E). Upon FGFR1 overexpression, cantly more phosphorylated than the other triple mutants (P <
ZDHHC3/Y127F-Y171F-Y295F-Y297F and ZDHHC3/Y18F- 0.001; n = 4 or 5). Upon Src overexpression, only ZDHHC3/
Y127F-Y171F showed mild phosphorylation compared with Y18F-Y127F-Y171F showed increased tyrosine phosphoryla-
ZDHHC3wt, where the mutant with intact Y18 was signifi- tion in comparison with the other mutants (P < 0.001;n = 3 or
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4), suggesting Y295 and Y297 are preferential phosphorylation
sites for Src.

In summary, these data indicate that tyrosines 295 and 297 are
specific substrates of Src and tyrosine 18 is the major target for
FGFR1-mediated signaling, while tyrosines 127 and 171 respond
to neither FGFR1 nor Src kinase (Fig. 4F shows the scheme). The
moderate activation of phosphorylation observed in ZDHHC3/
Y18F (Fig. 3C) and ZDHHC3/Y18F-Y127F-Y171F (Fig. 4B) upon
FGFR1 overexpression suggests that other FGFR1 downstream
effectors may also target tyrosines 295 and 297.

Phosphorylation-deficient ZDHHC3 palmitoylates NCAM180
with higher efficiency than the wt form. Taking into account that
FGFR signaling is involved in NCAM palmitoylation (18), we
asked whether tyrosine phosphorylation could play a role in reg-
ulating ZDHHC3 enzymatic activity toward NCAM. For that pur-
pose, we carried out [*H]palmitate labeling of NCAM180 in the
presence of ZDHHC3wt or its ZDHHCS3 tyrosine-defective mu-
tants: ZDHHC3/Y127F-Y171F-Y295F-Y297F (i.e., Y18 intact),
ZDHHC3/Y18F-Y127F-Y171F (i.e., Y295 and Y297 intact), and
ZDHHC3/Y18F-Y127F-Y171F-Y295F-Y297F. As a negative con-
trol, we used a catalytically inactive dominant-negative C157S
mutant of ZDHHCS3. In accordance with our previous findings,
NCAM palmitoylation was increased by overexpression of
ZDHHC3wt (18) but not by a catalytically inactive ZDHHC3 mu-
tant (25) (Fig. 5A and B). The tyrosine-defective ZDHHC3/
Y127F-Y171F-Y295F-Y297F mutant (with intact Y18 represent-
ing a preferential phosphorylation site for FGFR1) (Fig. 4B)
further increased NCAM palmitoylation, while ZDHHC3/Y18F-
Y127F-Y171F (containing Y295 and Y297 and preferentially
phosphorylated upon Src overexpression) (Fig. 4D) possessed the
same enzymatic activity as ZDHHC3wt (Fig. 5B). Interestingly,
the full tyrosine mutant ZDHHC3/Y18F-Y127F-Y171F-Y295F-
Y297F also showed an increased level of palmitoylation compared
to ZDHHC3wt, although to a lesser extent than the mutant with
intact Y18. These data demonstrate that Y295 and Y297 negatively
regulate ZDHHCS3 catalytic activity toward its substrate, NCAM,
whereas Y18 may facilitate palmitoylation. This suggests that ty-
rosine phosphorylation of ZDHHC3 by Src can retard NCAM
palmitoylation, while FGFR1 may promote it.

Enhanced substrate palmitoylation could result from enzyme
translocation within the cell, as was demonstrated for PSD-95
PAT-ZDHHC2 (50-52). To ascertain that tyrosine replacement
would not result in cellular mislocalization of the ZDHHC3 en-
zyme, we generated a GFP-tagged version of ZDHHC3/Y18F-
Y127F-Y171F-Y295F-Y297F and analyzed the localization of the
mutant in N2a cells by confocal microscopy. GFP-ZDHHC3/
Y18F-Y127F-Y171F-Y295F-Y297F remained in the Golgi com-
partment and was colocalized with the Golgi marker GM130 (see
Fig. S2 in the supplemental material).

FGF2 treatment enhances NCAM palmitoylation in vivo.
Having demonstrated that stimulation of FGFR with FGF2 pro-
motes tyrosine phosphorylation of ZDHHCS3 (Fig. 1D and E) and
facilitates NCAM palmitoylation in vitro (18), we next determined
whether NCAM palmitoylation is regulated by FGF2-FGEFR sig-
naling in vivo and also analyzed the possible role of ZDHHC3
phosphorylation in this process. For that, FGF2 was injected s.c.
into the brains of C57BL6] mice, followed by palmitoylation anal-
ysis of endogenous NCAMs using ABE chemistry. This technique
does not require metabolic labeling of cells or tissues and therefore
permits identification of palmitoylation of proteins in their native
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surroundings. The ABE technique is based on the cleavage of thio-
ester linkages between cysteines and palmitates by hydroxylamine
(NH,OH). Cleavage of the thioester link allows the specific incor-
poration of a biotinylated analogue of palmitate (HPDP-biotin)
into the newly available thiol group and permits detection of
biotinylated palmitate analogues by Western blotting. Using this
approach, we could demonstrate in vivo palmitoylation of endog-
enous NCAM 140 and -180 in mouse brain (Fig. 5C). FGF2 treat-
ment significantly increased the palmitoylation levels of both en-
dogenous NCAM140 and NCAM180 by 12.8% = 1.3% (n = 4)
and 37.3% = 1.3%, respectively (Fig. 5D). The effect of FGF2 was
specific to NCAM, since the level of PSD95 palmitoylation was not
changed (Fig. 5C). Also, the general level of the palmitoylated
brain proteins assayed by silver staining was not altered after FGF2
treatment (see Fig. S3 in the supplemental material).

To assess whether FGF2 induces ZDHHC3 tyrosine phosphor-
ylation in vivo, brain lysates from FGF2-injected mice were sub-
jected to IP using anti-ZDHHCS3 antibodies, followed by IB with
antiphosphotyrosine antibody (4G10). This experiment con-
firmed tyrosine phosphorylation of ZDHHCS3 in vivo (Fig. 5E).
Interestingly, while FGF2 treatment failed to increase tyrosine
phosphorylation of ZDHHC3 monomers, it promoted tyrosine
phosphorylation of ZDHHC3 dimers, very reproducibly revealed
as complexes of about 60 kDa (Fig. 5E). It has been previously
demonstrated that ZDHHC3 can form homodimers and that
dimerization can be involved in the regulation of DHHC func-
tions (53). Our results suggest possible interplay between activity-
dependent DHHC3 phosphorylation and dimerization. This is an
interesting observation that will be followed up in future studies.
In summary, in vivo administration of FGF2 stimulated an in-
crease in NCAM palmitoylation that was accompanied by in-
creased phosphorylation of endogenous ZDHHC3, suggesting
that dynamic ZDHHC phosphorylation could represent a novel
mechanism regulating DHHC activity, not only in a recombinant
system (Fig. 1) but also in vivo.

Y295 and Y297 replacement raises ZDHHC3 autopalmitoy-
lation and enhances its interaction with NCAM. A common fea-
ture of ZDHHC PATs is autopalmitoylation, a step preceding
palmitate transfer to target proteins (35). We asked whether the
higher efficiency in palmitoylating NCAM acquired by the ty-
rosine-deficient mutant correlates with a higher degree of self-
palmitoylation. To evaluate palmitic acid uptake by the different
ZDHHC3 molecules, we used the nonradioactive Click-iT
method, with some modifications (see Materials and Methods and
Fig. S4 in the supplemental material). By this approach, palmitoy-
lated ZDHHC3wt enriched by streptavidin-Sepharose pulldown
was readily detected by anti-ZDHHC3 antibodies (Fig. 6A, lanes 3,
4, and 8). No bands were visible in the samples purified with
streptavidin if palmitic acid-azide or biotin-alkyne were replaced
by vehicle (Fig. 6A, lanes 1 and 2). Introduction of the dominant-
negative mutation C157S abolished the autoacylation property in
both ZDHHC3wt and the ZDHHC3/Y18F-Y127F-Y171F-Y295F-
Y297F mutant (Fig. 6A, lanes 10 and 11). Since calnexin is palmi-
toylated by ZDHHC6 but not ZDHHCS3 (54), we assayed calnexin
palmitoylation by staining the same blots with anticalnexin anti-
bodies and used this signal as an internal control. Next, we ana-
lyzed the degree of ZDHHC3 autopalmitoylation, quantified rel-
ative to the total amount of proteins recovered after the Click-iT
procedure, and found that the absence of all five tyrosines (in
ZDHHC3/Y18F-Y127F-Y171F-Y295F-Y297F) increased auto-
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FIG 5 Palmitoylation of NCAM180 by ZDHHC3wt versus phosphorylation-deficient mutants and role of FGFR activation in NCAM palmitoylation and
ZDHHC3 phosphorylation in vivo. (A) N2a cells were cotransfected with NCAM180 and ZDHHC3wt, its dominant-negative mutant C157S, or phosphoryla-
tion-deficient mutants; labeled with [*H]palmitate; and subjected to immunoprecipitation with anti-NCAM antibody, followed by SDS-PAGE and fluorogra-
phy. (B) The intensity of the NCAM180 [*H]palmitate labeling was assessed by densitometry of fluorograms relative to protein levels estimated by immuno-
blotting. The value for cells transfected with ZDHHC3wt was set to 100%. The bars represent means plus SEM (n = 3 or 4). The statistically significant difference
between ZDHHC3wt and ZDHHC3/C157S (P = 0.022), ZDHHC3/Y127F-Y171F-Y295F-Y297F (P = 0.001), or ZDHHC3/Y18F-Y127F-Y171F-Y295F-Y297F
(P = 0.046) is indicated (¥, P < 0.05; **, P < 0.01), as well as that between ZDHHC3/Y127F-Y171F-Y295F-Y297F and ZDHHC3/Y18F-Y127F-Y171F-Y295F-
Y297F (#, P = 0.035) (one-way RM ANOVA with Holm-Sidak post hoc test). (C) Representative ABE analysis of NCAM palmitoylation in mouse brain treated
with vehicle/FGF2, followed by SDS-PAGE and Western blotting. The samples without hydroxylamine (— HA) functioned as a negative control for specific
palmitoyl biotinylation. Shown is a representative blot from at least three independent experiments. (D) Statistical evaluation of NCAM140 and NCAM180
palmitoylation. Injection of FGF2 increases palmitoylation of endogenous NCAM140 and NCAM180 by 12.8% * 1.3% (n = 4) and by 37.3% * 1.3% (n = 3),
respectively. The bars represent means plus SEM. ***, P < 0.001. (E) Representative blots showing tyrosine phosphorylation (left) and expression (right) of
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palmitoylation of the enzyme 1.926- = 0.106-fold (P < 0.001;
n = 11) (Fig. 6A, lanes 7 and 9, and C). We next analyzed the
ZDHHC3/Y127F-Y171F-Y295F-Y297F and ZDHHC3/Y18F-
Y127F-Y171F mutants, aiming to dissect the respective roles of
Y18 or Y295 and Y297 for ZDHHC3 autopalmitoylation. We ob-
served that palmitate uptake by ZDHHC3/Y127-Y171F-Y295F-
Y297F, with the only Y18 intact, was significantly higher (n = 4;
P < 0.001) than palmitate uptake by ZDHHC3wt, reaching the
levels of the full ZDHHCS3 tyrosine mutant autopalmitoylation
(Fig. 6A, lane 5, and C). Conversely, palmitate uptake by the
ZDHHC3/Y18F-Y127F-Y171F mutant (n = 4) was comparable
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to the levels of ZDHHC3wt autopalmitoylation (Fig. 6A, lane 6,
and C). These data suggest that tyrosines 295 and 297 have an
inhibitory effect on ZDHHC3 autopalmitoylation, since their mu-
tation clearly favored ZDHHC3 autopalmitoylation. Restoring
only tyrosine 18 had no influence on ZDHHC3 autopalmitoyla-
tion, indicating that phosphorylation of this residue is not directly
involved in regulation of ZDHHC3 autopalmitoylation.
Although enzyme-substrate complexes are usually character-
ized by a short half-life, we aimed to explore whether the higher
degree of autopalmitoylation of the full tyrosine mutant would
result in a higher binding affinity of ZDHHCS3 to its substrate,
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NCAM. To answer this question, we applied co-IP analysis. First,
we found that NCAM 180 coexpressed in N2a cells with ZDHHC3
is pulled down together with it, suggesting an interaction between
the enzyme and its substrate. The observed binding was not an in
vitro artifact, as shown by lack of NCAM coimmunoprecipitated
with ZDHHCS3 from the mixture of two lysates derived from
cells independently transfected with either ZDHHC3 or NCAM
(see Fig. S5 in the supplemental material). Then, we compared the
amount of NCAMI180 coimmunoprecipitated with either
ZDHHC3wt or the ZDHHC3/Y18F-Y127F-Y171F-Y295F-Y297F
mutant, calculated in relation to the amount of ZDHHC3 in IP
and the NCAM expression level. We found that ZDHHC3/Y18F-
Y127F-Y171F-Y295F-Y297F pulls down 5.016 = 0.804 times
more NCAM180 than ZDHHC3wt does (n = 8; P < 0.001) (Fig.
6B and D). The catalytic-defective ZDHHC3/C157S mutant, used
as a negative control, failed to coimmunoprecipitate NCAM180,
confirming the requirement of autopalmitoylation for interac-
tion. Analogously, interaction between ZDHHC3 and palmitoy-
lation-deficient NCAM 180 (NCAM180A) was almost completely
abolished (Fig. 6B, right). Similarly to the full tyrosine mutant, the
ZDHHC3/Y127-Y171F-Y295F-Y297F mutant with intact Y18,
but not the ZDHHC3/Y18F-Y127F-Y171F mutant with intact
Y295 and Y297, had a tendency toward a higher degree of interac-
tion with NCAM180 than ZDHHC3wt. In summary, these data
show that tyrosines 295 and 297 represent a negative regulator of
autopalmitoylation, as well as interaction of ZDHHC3 with its
substrate, NCAM180, which is in agreement with their involve-
ment in the regulation of ZDHHC3 enzymatic activity toward
NCAM (Fig. 5).

Role of Src kinase in ZDHHC3 phosphorylation. In our ex-
periments, we observed that Src controls tyrosine phosphoryla-
tion of ZDHHCS3. In view of the evidence that Src kinase can
interact with its substrates (55-57), we hypothesized that it can
interact with ZDHHCS3. Since N2a cells express Src endogenously,
we verified our hypothesis using a mouse embryonic fibroblast
(MEF) line (also called SYE™/7) that is deficient in the three most
prominent members of the Src family kinases (Src, Fyn, and Yes).
SYF™'~ cells were transfected with ZDHHC3 alone or together
with Src for 24 h and lysed, and the protein extracts obtained were
subjected to IP with anti-ZDHHCS3 antibodies. The collected im-
munocomplexes were then analyzed by IB with antibodies di-
rected against Src. We observed that Src cotransfected with
ZDHHC3 was coimmunoprecipitated together with ZDHHC3,
suggesting an interaction between the proteins (Fig. 7A). Interac-
tion specificity was confirmed by coimmunoprecipitation exper-
iments performed with mixed lysates from cells separately trans-
fected with ZDHHC3 and Src (see Fig. S6 in the supplemental
material).

Since Src kinase phosphorylates ZDHHC3 at tyrosines 295 and
297, which turned out to regulate the enzymatic activity of the
PAT negatively, we asked next whether interaction with Src is
disrupted by tyrosine mutations in ZDHHC3 or by mutation in
the ZDHHC3 catalytic site. The Y18F-Y127F-Y171F-Y295F-
Y297F and C157S ZDHHCS3 forms were able to pull down Src,
suggesting that neither tyrosine phosphorylation nor palmitate
uptake at cysteine 157 is a prerequisite for the Src-ZDHHCS3 in-
teraction (Fig. 7A and B). To directly verify the role of Src in
ZDHHCS3 phosphorylation, we performed a radioactive in vitro
kinase assay using purified Src proteins. As shown in Fig. 7C, Src
kinase successfully transferred radioactively labeled phosphate to
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ZDHHC3wt, ZDHHC3/Y18F-Y127F-Y171F, and ZDHHC3/
C1578, while it failed to phosphorylate ZDHHC3/Y127F-Y171F-
Y295F-Y297F and ZDHHC3/Y18F-Y127F-Y171F-Y295F-Y297F
mutants. These results confirm that Y295 and Y297 represent the
specific direct targets of Src.

The Src SH3 domain is known to be involved in interactions
with substrate proteins, and such interaction might involve the
PXXP consensus sequence within the substrate (58). Analyses of
the ZDHHC3 sequence revealed the presence of two prolines in
positions 27 and 30 within the PPFP sequence close to its N
terminus. To verify the role of the PPFP sequence as a putative
Src binding domain, we changed prolines 27 and 30 into
alanines, generating the following mutants: ZDHHC3/P27A-
P30A, ZDHHC3/P27A-P30A-Y295F-Y297F, and ZDHHC3/P27A-
P30A-Y18F-Y127F-Y171F-Y295F-Y297F. To assay whether the
new mutants would lose the ability to interact with Src, we per-
formed co-IP experiments following the same procedure de-
scribed above for C157S and ZDHHC3s with tyrosine mutated. As
shown in Fig. 7D, mutation of the PPFP sequence to APFA did not
abolish Src-ZDHHCS3 interaction, suggesting that other sites can
be involved in enzyme-substrate interaction in the case of Src-
mediated ZDHHC3 phosphorylation (23).

Tyrosine phosphorylation of ZDHHC3 is involved in regula-
tion of neurite outgrowth. Palmitoylation of NCAM provides
association of NCAM with lipid rafts and thus stimulates the neu-
rite outgrowth of cultured hippocampal neurons. Since replace-
ment of tyrosines 295 and 297 of ZDHHCS3 increases autopalmi-
toylation of ZDHHC3 and stimulates its palmitoylating activity
toward NCAM (Fig. 5), we asked whether mutant ZDHHC3 could
influence neuronal morphogenesis. To answer this question, we
analyzed the total length of neurites, the number of primary neu-
rites, and the length of the longest (major) neurite in DIV2 hip-
pocampal neurons transfected with ZDHHC3wt or the full ty-
rosine mutant (ZDHHC3/Y18F-Y127F-Y171F-Y295F-Y297F).
Neurons at day 2 in vitro were identified by staining with the
neuronal marker B-tubulin III (Fig. 8A). Transfected neurons
were identified by cotransfection with a vector encoding EGFP. As
a baseline control, we used neurons cotransfected with EGFP and
an empty pcDNA3.0 vector. The mean values in wt and tyrosine
mutant ZDHHC3-transfected groups within each transfection
were normalized using the mean values in the control group (set
to 100%). We found that overexpression of the tyrosine mutant
ZDHHC3/Y18F-Y127F-Y171F-Y295F-Y297F caused a statisti-
cally significant (n = 4; P = 0.027) 28.4% = 7.1% increase in the
total length of neurites compared to the baseline control group
(with a mean total neurite length of 162 = 14 wm), as well as
relative to the ZDHHC3wt group (P = 0.022) (Fig. 8B). The
increase in the total neurite length was mainly due to the in-
crease in the number of neurites, which was significantly (P =
0.006 and P = 0.011) higher in ZDHHC3/Y18F-Y127F-Y171F-
Y295F-Y297F-transfected neurons (118.73% = 4.81%) than in
ZDHHC3wt-transfected cells (95.73% = 2.79%) or control neu-
rons (100%) (Fig. 8C). There was also a slight tendency toward an
increase in the length of the longest neurite in the ZDHHC3/
Y18F-Y127F-Y171F-Y295F-Y297F group, but it was not signifi-
cant (Fig. 8D).

DISCUSSION

In this study, we uncovered a mechanism of ZDHHC3 regula-
tion through its tyrosine phosphorylation by either receptor or
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nonreceptor tyrosine kinases. First, we identified tyrosine 18 of
ZDHHCS3 as the major target of FGFR1 signaling and tyrosines
295 and 297 as specific substrates for the Src kinase. Second, we
demonstrated that the replacement of tyrosines 295 and 297 with
phenylalanines led to enhanced ZDHHC3 autopalmitoylation,
stronger ZDHHC3-NCAM interaction, and upregulation of
ZDHHC3-mediated NCAM palmitoylation. Third, we found that
abrogation of ZDHHC3 tyrosine phosphorylation stimulated
neurite outgrowth of hippocampal neurons.

In silico analysis of ZDHHC3 and ZDHHC?7 cytoplasmic do-
mains revealed the presence of several recognition sites for
known tyrosine and serine/threonine kinases (http://www.hprd
.org/PhosphoMotif_finder). Due to the critical importance of
FGF2-induced receptor tyrosine kinase (FGFR) for ZDHHC3 ac-
tivity (18), we focused on analysis of tyrosine phosphorylation and
performed experiments with cotransfection of FGFR1 and ZDHHC3
in N2a cells. We observed strong tyrosine phosphorylation of
ZDHHCS3 and the closely related paralog ZDHHC?7. Because ty-
rosines present in the HA-tagged version of ZDHHC3 could be
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phosphorylated by FGFRI (see Fig. S7 in the supplemental mate-
rial), we had to perform all further analysis using the untagged
version of ZDHHC3.

Since ZDHHC3 could be tyrosine phosphorylated by exoge-
nous FGFR1, we expected that endogenous kinases would also
target ZDHHCS3. By using FGF2, the FGFR inhibitor PD173074,
and the Src family member inhibitor PP2, we have shown that
ZDHHC3 can be phosphorylated by endogenously expressed
FGEFR and Src family proteins. Notably, the observed cumulative
effects of PD173074 and PP2 suggested that FGFR and Src might
mediate ZDHHC3 phosphorylation independently. Accordingly,
mutating all five tyrosines into phenylalanines fully prevented
ZDHHCS3 tyrosine phosphorylation, even under conditions of
strong forced expression of FGFR1 or Src.

Single-site mutagenesis allowed us to identify tyrosines 295
and 297 as specific targets of Src and tyrosine 18 as a major target
of FGFR1 signaling. However, since Src is a part of the signaling
cascade activated by FGFRs (55, 57, 59, 60), we hypothesized that
the mild tyrosine phosphorylation detected for tyrosines 295 and
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number of culture preparations/transfections was 4; the number of coverslips was 8 (2 per transfection); and the total numbers of neurons analyzed were 358, 347, and
270 for the first, second, and third groups, respectively. Dots represent values obtained in individual experiments.

297 in the presence of exogenous FGFR1 of the ZDHHC3/Y18F
mutant might be due to induced activation of endogenous Src.
Interestingly, analysis of the ZDHHC3 mutants with only intact
tyrosine 18 (ZDHHC3/Y127F-Y171F-Y295F-Y297F) or tyrosines
295 and 297 (ZDHHC3/Y18F-Y127F-Y171F) showed no appar-
ent tyrosine phosphorylation by endogenous kinases, suggesting
the requirement for both sites for this. Phosphorylation of
ZDHHCS3 could be carried out by downstream effectors of FGFR
and Src or directly by these kinases. By performing an in vitro
kinase assay, we confirmed that Src directly phosphorylates
ZDHHCS3 at tyrosines 295 and 297. Since Src localizes to the
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plasma membrane and cytoplasmic compartments, we hypoth-
esize that phosphorylation of ZDHHC3 occurs at the Golgi
compartment, where the PAT resides. Furthermore, ZDHHC3
has been detected in the post-Golgi compartment and NCAM
associates with trans-Golgi network (TGN)-derived organelles,
which may come very close to the plasma membrane (61, 62).
Hence, FGFR can “meet” and tyrosine phosphorylate intracel-
lular ZDHHC3 during trafficking by recycling endosomes to the
TGN, which in turn may affect palmitoylation of NCAM. In
agreement with the hypothesis of direct phosphorylation of ZD-
HHCS3 by Src/FGFR, we found that Src interacts with ZDHHC3.
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Interestingly, the interplay between this tyrosine kinase and PAT
could be bidirectional. Recently, it was shown that ablation of
ZDHHC3 diminishes integrin a6- and P4-dependent p-Src
(Y416) activation, a process involved in cancer cell motility and
invasion. This reduction was presumably the consequence of ac-
celerated degradation of nonpalmitoylated a6 and 34, which are
both ZDHHCS3 substrates (30).

Incorporation of [*H]palmitic acid is a reliable technique to
estimate protein palmitoylation (63), and it was originally used to
identify ZDHHCS3 as a specific PAT for NCAM 140 and -180 (18).
We applied this technique to study the role of tyrosine phosphor-
ylation in ZDHHCS3 catalytic activity toward NCAM180. We
found that when tyrosines Y295 and Y297 were mutated either in
ZDHHC3/Y127F-Y171F-Y295F-Y297F or in the total tyrosine
mutant, NCAM palmitoylation was significantly increased (Fig.
5). In combination with our finding that Y18 is preferentially
phosphorylated upon FGFRI1 overexpression while Y295 and
Y297 represent a target for Src (Fig. 4), this suggests that phos-
phorylation of Y295 and Y297 by Src has an inhibitory effect on
enzymatic ZDHHCS3 activity toward its substrate (a “switch off”
effect), while FGFR1-mediated phosphorylation of Y18 can over-
come such inhibition (a “switch on” effect). This model fits well
with our previous observation that FGF2-FGFR signaling upregu-
lates NCAM palmitoylation in cultured cells (18). Moreover, the
results of the present study demonstrate that FGF2-FGFR signal-
ing facilitates ZDHHC3 tyrosine phosphorylation and triggers
NCAM palmitoylation in vivo, demonstrating the physiological
relevance of regulated ZDHHC3 phosphorylation.

It has been reported that FGFR can modulate Src activity and that
such modulation largely depends on the cell type and the phase of the
cell cycle, as well as on the duration of FGF exposure to the cell (64—
68). Thus, interplay between FGFR-mediated Src-independent phos-
phorylation of ZDHHCS3 (switch on) and Src-mediated phosphory-
lation of Y295/297 (switch off) could represent a molecular
mechanism responsible for the fine-tuning of ZDHHC3 activity.

Autoacylation is a feature of multiple ZDHHC enzymes (69—
71), and recent studies have shown that autopalmitoylated
ZDHHC3 and ZDHHC?2 represent an intermediate reaction state
for palmitate transfer to the target protein (35). The identification
of regulatory tyrosines on ZDHHC3 led us to investigate whether
tyrosine phosphorylation could influence autopalmitoylation.
Using the nonradioactive Click-iT method, we observed upregu-
lated autopalmitoylation of ZDHHC3/Y127F-Y171F-Y295F-
Y297F (with intact Y18 only) but not of ZDHHC3/Y18F-Y127F-
Y171F (with Y295 and Y297 intact), suggesting that tyrosine
phosphorylation, in particular at tyrosines 295 and 297, is an im-
portant regulator of ZDHHC3 autopalmitoylation. As intermedi-
ate reaction products, the increased number of autopalmitoylated
ZDHHC3 molecules may derive from an increased rate of palmi-
tate uptake or a reduced rate of acyl moiety delivery to the sub-
strate, suggesting a role for tyrosines 295 and 297 in regulating one
of these two steps. Several reports have shown that the interaction
between ZDHHCs and their target proteins is dependent on
ZDHHC autopalmitoylation (25, 26, 39, 51, 72, 73). In agreement
with these data, we observed that the catalytically inactive
ZDHHC3/C157S mutant was unable to interact with NCAM,
while the ZDHHC3 with five tyrosines mutated had an enhanced
ability to interact with NCAM. Presumably, mutation of cytoplas-
mic tyrosines increased the binding affinity of ZDHHCS3 to its
substrate in general, since a similar result was observed for another
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substrate of this PAT-y2 subunit of the GABA receptor (39) (see
Fig. S8 in the supplemental material). Previous work has shown
that substrate phosphorylation is a means to regulate the palmi-
toylation levels of ZDHHC substrate proteins (74, 75). We report
here, for the first time, that tyrosine phosphorylation of a PAT isa
means to regulate its enzymatic activity.

By analyzing neurite outgrowth in cultured hippocampal neu-
rons, we demonstrated the physiological role of ZDHHC3 ty-
rosine phosphorylation in neuronal development. By transfection
of ZDHHC3wt or its tyrosine mutant in developing neurons, we
found that mutation of all the cytoplasmic ZDHHCS3 tyrosines
caused a significant increase in the total length of the neurites, and
this effect was mainly mediated by the increase in the number of
neurites. Since NCAM palmitoylation induced by ZDHHC3 (18)
was shown to be critical for both NCAM- and FGF2-mediated
neurite outgrowth (18, 19), this observation is in agreement with
the higher palmitoylating activity of the ZDHHCS3 tyrosine mu-
tant toward NCAM180.

Taken together, the results of the present study illustrate the dif-
ferent regulatory roles of tyrosines in the control of ZDHHC3 enzy-
matic activity, with Y295/297 as a switch off and Y18 as a switch on
regulator. This can represent a potential molecular mechanism for
the fine-tuning of ZDHHC3 enzymatic activity, depending on the cell
type and/or upstream signaling (i.e., FGFR1 or Src). Considering the
broad variety of ZDHHCS3 substrates and their functional diversity,
the regulatory role of tyrosines revealed in this work might not be
important just for neuritogenesis. Involvement of ZDHHC3 in the
palmitoylation of neurotransmitter receptors (25, 26, 29, 39) assumes
the possibility of modulating inhibitory/excitatory synaptic transmis-
sion and synaptic plasticity through control of ZDHHC3 tyrosine
phosphorylation. Moreover, due to the assumed association of hu-
man ZDHHC3 with tumorigenesis (30, 76), regulation of its activity
by kinase-dependent tyrosine phosphorylation could be important in
controlling cancer progression.
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