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The y2 Subunit of GABA , Receptors Is a Substrate for
Palmitoylation by GODZ
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The neurotransmitter GABA activates heteropentameric GABA , receptors, which are composed mostly of «, 3, and y2 subunits. Regu-
lated membrane trafficking and subcellular targeting of GABA, receptors is important for determining the efficacy of GABAergic
inhibitory function. Of special interest is the y2 subunit, which is mostly dispensable for assembly and membrane insertion of functional
receptors but essential for accumulation of GABA , receptors at synapses. In a search for novel receptor trafficking proteins, we have used
the SOS-recruitment system and isolated a Golgi-specific DHHC zinc finger protein (GODZ) as a novel y2 subunit-interacting protein.
GODZ is amember of the superfamily of DHHC cysteine-rich domain (DHHC-CRD) polytopic membrane proteins shown recently in yeast
to represent palmitoyltransferases. GODZ mRNA is found in many tissues; however, in brain the protein is detected in neurons only and
highly concentrated and asymmetrically distributed in the Golgi complex. GODZ interacts with a cysteine-rich 14-amino acid domain
conserved specifically in the large cytoplasmic loop of y1-3 subunits but not in other GABA , receptor subunits. Coexpression of GODZ
and GABA , receptors in heterologous cells results in palmitoylation of the y2 subunit in a cytoplasmic loop domain-dependent manner.
Neuronal GABA, receptors are similarly palmitoylated. Thus, GODZ-mediated palmitoylation represents a novel posttranslational
modification thatis selective for yy subunit-containing GABA , receptor subtypes, a mechanism that is likely to be important for regulated

trafficking of these receptors in the secretory pathway.
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Introduction

Regulated trafficking of neurotransmitter receptors to the plasma
membrane and at synapses is pivotal for functional synaptic plas-
ticity. So far best understood for heteromeric glutamate-gated
ion channels, the stability of these receptors at synapses is dynam-
ically regulated by changes in their subunit composition and
phosphorylation state, which in turn determine interactions with
diverse trafficking proteins (Bredt and Nicoll, 2003). Similar
mechanisms regulate the trafficking of ligand-gated ion channels
operated by the inhibitory neurotransmitter GABA, but the rel-
evant protein factors and mechanisms are still ill-defined (Moss
and Smart, 2001; Kneussel, 2002; Luscher, 2002; Fritschy and
Brunig, 2003). GABA , receptors are heteropentamers of subunits
that belong to several homology subclasses («, B, 7y, 6, €, 0, )
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(Sieghart et al., 1999; Whiting et al., 1999). The postsynaptic
receptor subtypes so far identified in brain invariably contain the
72 subunit, in combination with diverse a and 8 subunits and in
close association with the postsynaptic scaffold protein gephyrin
(Sassoe-Pognetto et al., 2000). In contrast, a8 subunit-
containing receptors appear to be mostly excluded from postsyn-
aptic sites (Nusser et al., 1998; Brickley et al., 1999; Stell et al.,
2003). Importantly, the y2 subunit is essential for postsynaptic
clustering of GABA, receptors during development and at ma-
ture synapses (Essrich et al., 1998; Schweizer et al., 2003). In
addition, the y2 subunit mediates interaction between GABA,
receptors and the microtubule-associated trafficking factor
GABA,, receptor-associated protein (GABARAP) (Wang et al.,
1999; Kneussel et al., 2000; Kittler et al., 2001); however, the
mechanism by which the y2 subunit contributes to clusteringand
postsynaptic localization of GABA 4 receptors is not understood.

Palmitoylation (or thioacylation) of cysteine residues has
emerged recently as a reversible posttranslational modification
involved in regulated trafficking and functional modulation of
diverse membrane proteins and membrane-associated signaling
factors, especially in neurons (for review, see El-Husseini and
Bredt, 2002; Bijlmakers and Marsh, 2003). Identification of en-
zymes that mediate palmitoylation has been hampered by the
existence of nonenzymatic palmitoylation mechanisms and by
the inherent instability and integral association of palmitoyl-
transferases with membranes (Berthiaume and Resh, 1995; Dun-
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phy et al., 1996; for review, see Linder and Deschenes, 2003).
Identification of Erf2 and Akr1 as palmitoyltransferases in yeast,
however, suggests that an aspartate-histidine-histidine-cysteine
(DHHC)-cysteine-rich domain (CRD) shared by these proteins
might serve as a signature sequence for palmitoyltransferases that
is conserved from yeast to mammals (Bartels et al., 1999; Lobo et
al., 2002; Roth et al., 2002).

To gain insight into trafficking of postsynaptic GABA , recep-
tors, we have used the SOS recruitment system (Aronheim and
Karin, 2000) to search for membrane-associated proteins that
interact with the y2 subunit. Here we report an interaction of the
v2 subunit with the Golgi apparatus-specific protein with a
DHHC zinc finger domain (GODZ) (Uemura et al., 2002).
GODZ is shown to act as a neuronal-specific thioacyltransferase
that palmitoylates the cytoplasmic loop domain of the GABA,
receptor y2 subunit. Thus, GODZ represents a first mammalian
palmitoyltransferase that is implicated in regulated trafficking of
postsynaptic GABA , receptors.

Materials and Methods

Yeast two-hybrid screening and plasmid construction. The SOS recruit-
ment—yeast two-hybrid system (CytoTrap, Stratagene, La Jolla, CA) was
used to search for 2 subunit-interacting proteins using the protocol
provided by Stratagene. An initial bait construct, cloned into the pSos
vector and containing the entire large cytoplasmic loop of the y2 subunit,
conferred constitutive growth to yeast cells independent of a prey protein
and was therefore not suitable for library screening (data not shown). In
contrast, amino acids 361-404 of the mature y2 subunit cloned into pSos
conferred no prey protein-independent growth and was used to screen
an 8- to 12-week-old male mouse brain cDNA library in the pMyr vector
(Stratagene). A single strongly positive clone was isolated containing a
2.2 kb insert including the C-terminal 288-amino acids of the GODZ
open reading frame (ORF) but lacking the N-terminal 11-amino acids.
Full-length GODZ was constructed by fusion of overlapping PCR frag-
ments derived from this isolate and a mouse expressed sequence tag
(EST) (GenBank accession number BE286385). This GODZ partial
¢DNA and the zinc finger DHHC domain-containing protein
(ZDHHC?7) cDNA (GenBank accession number BC013467) were ob-
tained from the LM.A.G.E. Consortium (Huntsville, AL) (Strausberg et
al., 1999). The composite full-length ORF of GODZ was flanked by an
in-frame stop codon upstream of the 5'-most AUG, indicating that the
corresponding methionine represented the N terminus. The primary
sequence of GODZ thus predicts a protein of 299 amino acids. GODZ
and ZDHHC7 ¢cDNAs and PCR-generated deletion constructs were in-
serted into pMyr and tested for interaction with PCR-generated bait
fragments in pSos using the standard protocol (Stratagene). The tem-
plates used for PCR amplification of GABA, receptor subunit intracel-
lular loops were as follows: y1 (rat cDNA; gift from R. Olsen, University
of California Los Angeles; unpublished data); y2 [mouse cDNA (Con-
nolly et al., 1999)]; y3 [mouse cDNA (Baer et al., 1999)]; a1, B2 [rat
cDNAs (Malherbe et al., 1990)]; @2, B3 [rat cDNAs (Benson et al.,
1998)]. Fusion constructs of GODZ and green fluorescent protein (GFP)
[GFP-GODZ and GFP-GODZAC (amino acids 1-240)] were generated
by insertion of PCR-generated GODZ ¢DNA into pEGFP-N (Clontech,
Paolo Alto, CA). Fusion constructs of GODZ and the FLAG epitope
(FLAG-GODZ) were generated by insertion of PCR-generated GODZ
fragments into pPCMV-Tag 2B (Stratagene). Expression constructs for a1
and B2 subunits (Malherbe et al., 1990) contained the cDNAs in pcDNA1
(Invitrogen, Carlsbad, CA), and those for the a2 and 33 subunits con-
tained the cDNAs in pBC12/CMV (Benson et al., 1998). Expression vec-
tors for 9E10 epitope-tagged y2S subunit [ “F'?42] (Connolly et al.,
1999) contained the cDNAs in either pRK5 or pEGFP-N (substituting for
the EGFP cDNA). Construction of the chimeric subunit containing the
a2 cytoplasmic loop region in the “®'y2 subunit backbone involved
several steps. Briefly, the nucleotide sequences flanking the cytoplasmic
loop region (amino acids 318 and 404) of the mature y2S polypeptide in
PEGFP-N were subjected to site-directed mutagenesis to introduce silent
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Eco01091 and EcoNI restriction sites flanking the cytoplasmic loop. The
a2 subunit 85-amino acid cytoplasmic loop region (NYFTKR...
SVSKID) was amplified by PCR using EcoNI and Eco0109] restriction site
containing primers 5'-TAT CCT AGC ATA GGC TGT CGA TTT TGC
TGA CAC-3" and 5'-AAG GGA CCC TTA ATT ACT TCA CGA AAA
GAG G-3', respectively, and the a2 subunit cDNA (Benson et al., 1998)
as a template. The Eco0109I-EcoNI PCR fragment of the modified y2
¢DNA (amino acids 318—404 of the mature y2 subunit) was then re-
placed with the Eco01091-EcoNI PCR fragment containing the 85-amino
acid a2 polypeptide indicated above. All constructs were verified by se-
quencing and Western blot analysis after transfection into human em-
bryonic kidney (HEK 293T) cells.

Structure prediction of ZDHHC-CRD proteins. The transmembrane
topology of GODZ was evaluated using TMpred (http://www.ch.embnet.
org/software/TMPRED_form.html), a structure prediction algorithm
based on the statistical analysis of TMbase, a database of naturally occur-
ring transmembrane proteins (Hofmann and Stoffel, 1993). Virtually
identical results were obtained with several other structure prediction
programs.

Cell culture and transfection. Cultures of cortical neurons were gener-
ated from embryonic day 14.5 mouse embryos, as described (Essrich et
al., 1998). HEK 293T cells were obtained from ATCC (Manassas, VA)
and maintained in DMEM (Invitrogen) supplemented with 10% fetal
calf serum at 37°C in 5% CO,. For colocalization assays, cells were seeded
onto ethanol-washed, poly-L-lysine-coated coverslips, transfected with a
mixture of GFP-GODZ or GFP-GODZAZ and GABA , receptor subunit
c¢DNAs (4 ug each), respectively, using calcium phosphate coprecipita-
tion (Chen and Okayama, 1987), and analyzed 44-48 hr later. For
palmitoylation assays, cells were seeded onto standard 10 cm dishes,
transfected with mixtures of expression vectors for GFP-GODZ, FLAG-
GODZ, al, B2, and (9E‘0’y2 subunits (12 ug each), as indicated in Re-
sults and in the Figure legends, and analyzed 3840 hr later.

In situ hybridization. Cryostat sections (14 um) from mouse brain
were mounted on poly-p-lysine-coated coverslips and hybridized with a
[?>S]-labeled RNA probe complementary to the GODZ 3’ untranslated
region. The plasmid template for in vitro transcription contained the
entire GODZ ¢DNA including 1.4 kb of 3" untranslated region cloned
into a derivative of pBluescript SK+ (Stratagene) that had GC-rich se-
quences in the polylinker deleted. For probe preparation the plasmid was
linearized at a Hind III site ~400 bp from the 3’ end of the cDNA and
transcribed with T7 polymerase such that the transcript contained the
noncoding strand corresponding to the 3" untranslated region of GODZ.
In vitro transcription with [ 35S]UTP, hybridization (65°C), washes (final
high stringency wash at 72°C) of sections, and autoradiography were
done as described (Crawley et al., 1997).

Generation of GODZ antiserum. A rabbit antiserum was raised against
a C-terminal peptide of GODZ (CTPDQGKADPYQYVV) (Quality
Bioresources Inc., Seguin, TX). The N-terminal cysteine was added to
enable coupling of the peptide via keyhole limpet hemocyanin (Harlow
and Lane, 1988). The antiserum was affinity purified using the immuno-
genic peptide coupled to Thiopropol Sepharose 6B (Amersham Bio-
sciences, Piscataway, NJ) according to the manufacturer’s specifications.
The resin was transferred to a column and washed with 10 vol of 0.1 m
glycine, pH 2.5, followed by 10 vol of 150 mm NaCl, 50 mm Tris-HCI, pH
8.8, and 10 vol of buffer A (150 mm NaCl, 50 mm Tris-HCl, pH 7.5). The
antiserum was diluted into buffer A and incubated with the affinity resin
in batch overnight at 4°C. The resin was transferred to a column and
washed with 10 vol of buffer A followed by 10 vol of 500 mm NaCl, 50 mm
Tris-HCI, pH 7.5. Bound antibodies were eluted with 5 vol of 0.1 M
glycine, pH 2.5, followed by 5 vol of the same buffer at pH 11.5. Fractions
were neutralized with 1 m Tris-HCI, pH 8, and the peak protein fractions
(Bradford assay) were pooled and dialyzed against PBS.

Preparation of protein extracts and immunoblotting. Brain membranes
were purified as described (Benke et al., 1996). Transfected cells and
cultured cortical neurons were scraped into PBS, washed twice with PBS
by centrifugation, and resuspended in 10 mwm Tris-HCI, pH 8.0, 150 mm
NaCl, 0.5% deoxycholate, 0.05% phosphatidylcholine, 1 mm benzami-
dine, 100 pg/ml bacitracin, 1 ug/ml pepstatin A, 1 ug/ml leupeptin, 0.5
mMm PMSF, sonicated briefly, and extracted on ice for 10—15 min. Extracts
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were cleared by centrifugation (10,000 X g, 5 min) and subsequently used
for either immunoprecipitation or immunoblotting. For immunoblot-
ting, proteins on gels were transferred to nitrocellulose using a semidry
blotter (Bio-Rad, Hercules, CA), and the membrane was blocked with
5% nonfat dry milk in TBST (10 mm Tris-HCI, pH 8.0, 150 mm NaCl,
0.5% Tween 20) and incubated overnight at 4°C with primary antibodies
[rabbit anti-GODZ, 1:500; monoclonal antibody (mAb) anti-FLAG,
1:1000 (Sigma, St. Louis, MO); rabbit anti-myc, 1:1000 (Medical and
Biological Laboratories, Woburn, MA); mAb 9E10, 1:1000, or affinity-
purified guinea pig anti y2 subunit (Benke et al., 1996)] in 5% dry milk/
TBST. For peptide competition experiments, the anti-GODZ antiserum
was preincubated with GODZ-immunizing peptide (10 ug/ml) in 5%
dry milk/TBST for 1 hr before addition to the immunoblot. The mem-
brane was washed with 20 mm Tris-HCI, pH 7.5, 60 mm NaCl, 2 mm
EDTA, 0.4% SDS, 0.4% Triton X-100, 0.4% deoxycholate, and TBST,
reblocked for 30 min at room temperature, incubated as appropriate
with donkey anti-rabbit, donkey anti-guinea pig, or sheep anti-mouse
antibody conjugated to horseradish peroxidase (1:5000 in dry milk/
TBST, 2 hr room temperature), and washed again. Antibody complexes
were detected using ECL Plus (Amersham Biosciences).

Metabolic labeling and immunoprecipitation. For palmitoylation assays
in HEK 293T cells, ~38—40 hr after transfection, cells were washed once
with PBS and then preincubated for 30 min in DMEM with 2% dialyzed
fetal calf serum (Invitrogen) followed by incubation with 0.8—1 mCi/ml
[H]palmitic acid (PerkinElmer Life Science Products, Boston, MA) for
4-5 hr. For metabolic labeling of neurons, the original culture medium
was supplemented with 0.8 —1 mCi/ml [ *H]palmitic acid, and the culture
was incubated for 4-5 hr. Protein extracts were prepared as described
above. For immunoprecipitations, batches of anti-FLAG, anti-y2, and
anti-a1 affinity resins were generated with rabbit anti-FLAG antiserum
(Sigma), guinea pig anti-y2 antiserum, or rabbit anti-al antiserum, re-
spectively, via cross-linking to Protein A agarose beads (Sigma) (Harlow
and Lane, 1988). Protein samples subjected to immunoprecipitation
were incubated with antibody-coated beads corresponding to ~2-3 ug
of purified anti-FLAG antiserum, 2—3 ul of anti-y2 or anti-a1 antiserum,
or equivalent amounts of preimmune serum or control IgG, for 3—4 hr at
4°C. After incubation, the beads were collected by centrifugation at
2500 X g for 2 min and washed three times for 15 min at 4°C in wash
buffer (50 mm Tris-HCI, pH 7.5, 150 mm NaCl, 0.2% Triton X-100, 0.1%
deoxycholate, 2 mm EDTA, 0.02% NaNj, 1 ug/ml pepstatin A, 1 pug/ml
leupeptin, 0.5 mm PMSF), followed by a 10 min wash at 4°C in PBS to
remove residual Triton X-100. The proteins were eluted from the beads
by incubation with 30 ul of 2X SDS sample buffer (2% SDS, 20 mm
Tris-HCI, pH 6.8, 2 mm DTT, 20% glycerol, 0.2% bromophenol blue) for
10 min at 65°C. The samples were then split into two aliquots and ana-
lyzed by SDS-PAGE on duplicate gels, with the first gel containing 20% of
each sample used for immunoblotting and the second gel containing the
rest of the samples processed for fluorography. Fluorography of
[°H]palmitate-labeled proteins was performed using EN’HANCE
(PerkinElmer Life Science Products) according to the manufacturer’s
specifications. Exposures on film (—80°C; Kodak XAR) ranged from 7 d
(HEK 293T cell assays) to 6 weeks (neuron cultures).

Immunohistochemistry and quantitation of colocalization assays. Cells
used for immunofluorescence studies were washed three times in PBS,
fixed in 4% paraformaldehyde for 12 min, and permeabilized for 4 min
with 0.15% saponin in PBS containing 10% donkey serum. After a brief
wash in PBS, cells were incubated with primary antibody overnight at 4°C
using the following dilutions: mAb 9E10 (1:1000), gephyrin mAb 7a
(1:100; Alexis Biochemicals, San Diego, CA), guinea pig anti-a2 [1:700
(Fritschy and Mohler, 1995)], mAb anti-Golgi 58 kDa (1:100; Sigma),
mAb anti-FLAG (1:100; Sigma). For detection of primary antibodies,
AlexaFluoro 488-conjugated goat anti-mouse (Molecular Probes, Eu-
gene, OR), Cy3 donkey anti-mouse or Cy3 donkey anti-rabbit (Jackson
ImmunoResearch, West Grove, PA) were used as appropriate. Similarly,
cryostat sections cut from fresh-frozen rat brains were mounted onto
gelatinized slides, fixed in 2% paraformaldehyde for 90 sec, and incu-
bated in the primary and secondary antibodies in PBS containing 2—-5%
normal serum. Confocal images were captured with a laser-scanning
microscope (Olympus Fluoview 300). Epifluorescence images of cul-
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tured neurons were captured using an ORCA-100 cooled CCD camera
on a Zeiss Axiophot 2 microscope using Openlab software (Improvision
Inc., Lexington, MA). For semiquantitative analysis of colocalization as-
says (see Fig. 2), the cells in images collected from two independent
experiments performed under identical conditions that showed coex-
pression of both the ©F!942 subunit and GFP-GODZ (or GFP-
GODZAX) were counted and visually inspected to determine the per-
centage of cells that showed colocalization.

Ultrastructural localization. For pre-embedding immunohistochemis-
try, rats were anesthetized with ketamine (100 mg/kg) and xylazine (5
mg/kg) and perfused with saline followed by 4% paraformaldehyde,
0.05% glutaraldehyde in phosphate buffer. The brain was excised form
the skull, postfixed in the same fixative (90 min), and cut into 70 wm
tangential sections on a vibratome. The sections were cryoprotected in
30% sucrose and frozen and thawed to enhance antibody penetration.
Free-floating sections in PBS were incubated with primary (1:50) and
secondary (goat anti-rabbit conjugated to biotin, 1:250; Vector, Burlin-
game, CA) antibodies and treated with 3,3'-diaminobenzidine, and the
reaction product was silver intensified and gold toned as described
(Sassoe-Pognetto et al., 1994). Finally, the sections were postfixed with
1% osmium tetroxide in 0.1 M cacodylate buffer, dehydrated in acetone, and
embedded in Epon 812. Ultrathin sections were stained with uranyl acetate
and lead citrate and observed in a Philips electron microscope 410.

Results

Isolation of GODZ as a GABA , receptor y2 subunit-
interacting membrane protein

The y2 subunit has emerged as a major determinant of proper
trafficking and subcellular targeting of GABA , receptors. To gain
further insight into trafficking mechanisms of GABA , receptors,
we used the SOS protein recruitment—yeast two-hybrid system to
isolate novel y2 subunit-interacting proteins from a mouse brain
cDNA library (see Materials and Methods). Using the C-terminal
half of the putative intracellular loop region of the y2 subunit as
a bait, we isolated a mouse cDNA described recently as GODZ
(Uemura et al., 2002) and also known as ZDHHC3 [Human
Gene Nomenclature Data Base (Wain et al., 2002)].

GODZ contains a DHHC-CRD domain (also known as zf-
DHHC or NEW1) (Bohm et al., 1997; Mesilaty-Gross et al., 1999;
Putilina et al., 1999; Bateman et al., 2002) and is predicted to
represent a 299-amino acid integral membrane protein with cy-
toplasmic N and C termini and four putative transmembrane
regions (Fig. 1A). BLAST (basic local alignment search tool)
searches of the mouse EST database revealed three closely related
GODZ paralogs. All four proteins are part of the superfamily of
DHHC-CRD proteins, which in the human and mouse genome
databases are represented currently with ~23 family members
each. The mouse paralog most closely related to GODZ is known
as ZDHHC?7 in the database and is 99% identical to the sertoli cell
gene with a zinc finger domain (SERZ)-f (Chaudhary and Skin-
ner, 2002), the rat ortholog of ZDHHCY (Fig. 1 B). GODZ shares
70% similarity and 61% identity with ZDHHC7 and is more
distantly related to two other ZDHHC-CRD protein family
members identified by the ESTs RIKEN1700030J15 and
ZDHHC21, which exhibit 52 and 39% similarity with GODZ,
respectively (Fig. 1B). Orthologs for mouse GODZ, ZDHHC?7,
and ZDHHC21 are also present in the human genome database,
but a human ¢cDNA corresponding to the ESTs RIKEN1700030]15
has not been identified so far. TMpred analyses of all four putative
proteins revealed the same predicted transmembrane topologies, ex-
cept that the N-terminal putative cytoplasmic domain of ZDHHC21
was truncated.

Further sequence comparison of GODZ with sequences in the
public database suggested that the GODZ gene includes at least
two alternative exons (Fig. 1A). A first alternative exon of 17
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RIKEN1700030315 278 SERHD L -----=
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Figure 1.  Proposed transmembrane topology of GODZ and deduced amino acid sequence of

GODZ with other family members. 4, Transmembrane topology of GODZ as predicted by TMpred
(see Materials and Methods). Putative membrane-spanning regions (black boxes), the DHHC-
CRD domain (open box), and the positions of alternative exons (see Results) are indicated. B,
Alignment of mouse GODZ/ZDHH(3, SERZ-B/ZDHHC7, RIKEN clone 1700030J15, and ZDHHC21.
Identical and similar amino acids are shaded in black and gray, respectively. Membrane-
spanning regions are underlined, and the DHHC-CRD domain is boxed with a dashed line. *,
Putative PKC phosphorylation site; **, putative glycosylation site; \/, positions of alternative
exons.

amino acids was found in a mouse EST (GenBank accession
number BE286385) mapped to the putative cytoplasmic region
between transmembrane regions two and three. A second alter-
native exon of 29 amino acids was found in a human cDNA clone
(GenBank accession number AF247703) and mapped to the pu-
tative loop between transmembrane regions three and four (Fig.
1). On the basis of estimates by RT-PCR analyses and the rate at
which these exons are found in ESTs, both alternatively spliced
exons seem to represent minor isoforms of GODZ only (data not
shown).

Interaction of GODZ with 2 subunit-containing GABA ,
receptors expressed in heterologous cells

To test whether the y2 subunit of GABA, receptors and GODZ
can interact in mammalian cells, we compared their cellular dis-
tribution after transfection into HEK 293T cells. Myc epitope-
tagged y2S subunit transfected alone was able to reach the plasma
membrane (Fig. 2A), consistent with previous results (Connolly
et al., 1999). In contrast, GODZ fused to GFP (GFP-GODZ) was
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typically concentrated in a large intracellular aggregate that has
been suggested previously to represent the Golgi complex (Ue-
mura et al., 2002), regardless of whether it was expressed alone
(data not shown) or together with the y2 subunit (Fig. 2C). On
cotransfection of the two proteins, the amount of y2 subunit that
reached the plasma membrane was greatly reduced, and the pro-
tein was instead trapped intracellularly and colocalized with
GODZ (Fig. 2B,C) (81% of cells expressing both proteins
showed overt colocalization). To test whether GODZ could in-
teract with the y2 subunits in cells that express functional recep-
tors, we cotransfected 233 “¥19y28 receptors with GEP-GODZ
(Fig. 2). Interestingly, under these conditions the 2 subunit
reached the cell surface despite coexpression of GFP-GODZ, and
no intracellular trapping of the y2 subunit was observed (Fig.
2D,G,]). Instead, a significant fraction of cells (55% of cells; n =
2 experiments) showed some GFP-GODZ closely associated with
the plasma membrane, where it partially colocalized with immu-
noreactivity for the y2 subunit (Fig. 2 E, F). Interestingly, some of
these cells lacked a signal for GFP-GODZ in the presumed Golgi
complex altogether and instead showed more abundant GFP-
GODZ and colocalization with GABA , receptors near the plasma
membrane (Fig. 2G-I). No significant (<12%) colocalization
between GFP-GODZ fluorescence and GABA,, receptor immu-
noreactivity was seen when the y2 subunit was stained under live
cell conditions (Fig. 2J-L), indicating that colocalization seen at
the membrane of permeabilized cells (Fig. 2 F,I) was limited to a
cell compartment beneath the plasma membrane and that GFP-
GODZ was not inserted into the plasma membrane. In agree-
ment with exclusively intracellular localization of GODZ, epitope
tagging of GODZ in the putative extracellular loop did not allow
immunodetection of the protein by live labeling of transfected
cells (data not shown).

Because GFP-GODZ showed similar distribution when trans-
fected into HEK 293T cells in the presence and absence of GABA
receptors (data not shown), colocalization of the two proteins
observed in the subplasma membrane compartment might be
merely fortuitous. We therefore tested several GODZ deletion
constructs for altered cellular distribution and for colocalization
with GABA, receptors. Interestingly, a C-terminally truncated
GODZ construct fused to GFP (GFP-GODZAC) showed a
unique patchy distribution in the cytoplasmic compartment of
transfected HEK 293T cells and resulted in greatly increased in-
tracellular y2 subunit immunoreactivity in cells cotransfected
with a283 “1942S receptors (Fig. 2 M—0). Colocalization of the
v2 subunit and GFP-GODZAC was evident to a variable degree
in 94% of doubly transfected cells (n = 2 experiments). Intracel-
lular trapping of the y2 subunit by GFP-GODZAC confirms in-
teraction between the two types of proteins in mammalian cells.
Membrane localization of GABA , receptors composed of a2 and
B3 subunits was not affected by cotransfected GFP-GODZAC
(Fig. 2 P-R), and none of the cotransfected cells in two indepen-
dent experiments showed colocalization between the a2 subunit
and GFP-GODZAC. The data suggest that GFP-GODZ interacts
with GABA, receptors in a y2 subunit-dependent manner.

To test directly whether GABA, receptors and GODZ can
exist as a complex in mammalian cells, we studied the biochem-
ical association of these two proteins after transfection in HEK
293T cells (Fig. 3). Solubilized extracts of cells cotransfected with
v2 subunit and FLAG-GODZ were immunoprecipitated with an
antibody against the y2 subunit. Western blot analyses of immu-
noprecipitates with a-FLAG-Ab revealed efficient coimmuno-
precipitation of FLAG-tagged GODZ with the y2 subunit. In
addition, immunopurification of FLAG-GODZ using FLAG an-
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Figure 2.  GFP-tagged GODZ partly colocalizes and interacts with 2 subunit-containing
GABA, receptors in transfected HEK 293T cells. A—C, HEK 293T cells were transfected with the
(91012 subunit alone ( A) or together with GFP-GODZ (B, () and fixed and permeabilized. The
2 subunit was stained with mAb 9E10 and secondary antibody (red); colocalization with
GFP-GODZ (green) is shown in yellow. Note the reduced expression of the -y2 subunit in the
plasma membrane and the increased intracellular localization of the y2 subunit after expres-
sion of GFP-GODZ. D—L, HEK 293T cells were cotransfected with o233 5”2 receptors and
GFP-GODZ and processed as above ( D-/) orincubated while alive and the receptors aggregated
with mAb 9E10 and secondary antibody (J/—L). The -y2 subunit visualized with mAb 9E10 ( D-L)
is shown in red, GFP-GODZ (£, F, H, I, K, L) is shown in green, and the merged panels (F, /)
illustrate colocalization (yellow) or the lack thereof (L). Note the variable subcellular localiza-
tion of GFP-GODZ. M—R, HEK 293T cells were cotransfected with GFP-GODZAC and either
283512 (M-0) or 233 receptors (P—R). The cells were fixed, permeabilized, and
processed for immunofluorescence using mAb 9E10 or anti-cx2 antiserum to visualize the -y2
(M, 0) and 2 subunit (P, R), respectively, in red. GFP-GODZAC is shown in green. Note the
localization of GFP-GODZACto intracellular compartments (V, @), accompanied by intracellular
accumulation of the +y2 subunit (M, 0). In contrast, no such intracellular localization is seen for
the a2 subunitwhen a2 33 subunits are cotransfected with GFP-GODZACin the absence of the
-2 subunit (P-R). Images represent single optical sections. Arrows indicate colocalization.
Scale bar, 5 wm.
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Figure3. The 2 subunitand GODZ froma complexin transfected HEK 293T cells. To directly

test whether GABA, receptors and GODZ can exist in a complex in mammalian cells, we immu-
noprecipitated the -y2 subunit from extracts of HEK 293T cells cotransfected with vectors en-
coding the y2 subunit and FLAG-GODZ. A, Western blot analyses of 2 subunitimmunoprecipi-
tates revealed efficient copurification of GODZ. B, Conversely, immunopurification of FLAG-
GODZ from the same extracts revealed coimmunoprecipitation of the -y2 subunit, confirming
that the two proteins can existina complex when overexpressed in HEK 293T cells. Note that the
weak unspecific band seen in both the FLAG immunoprecipitate and the IgG control lane (B,
bottom panel) runs at 50 kDa just above the ~y2 subunit. Results shown are representative of
three (A4) and five ( B) successful experiments, respectively.

tiserum and Western blot analysis of the precipitate with an an-
tibody directed against the N terminus of the y2 subunit revealed
coimmunoprecipitation of the y2 subunit. Thus, consistent with
yeast two-hybrid interaction tests and colocalization assays, the
v2 subunit and GODZ can exist in a stable complex in HEK 293T
cells (Fig. 3).

Specific association of the 2 subunit with a subset of GODZ
family proteins

To examine the sequence specificity of interaction between
ZDHHC-CRD family proteins and different GABA, receptor
subunits, we used the yeast two-hybrid system (Fig. 4A). Yeast
cells expressing the y2 subunit bait, together with ZDHHC7 as a
prey protein, grew on selective media as efficiently as cells coex-
pressing the y2 subunit bait and GODZ. Very weak and probably
insignificant growth was observed when the y2 subunit bait was
tested with ZDHHC21, and no evidence for interaction was
found with the ZDHHC-CRD protein encoded by EST
RIKEN1700030J15. Thus, the function of the proteins encoded
by ZDHHC21 and EST RIKEN1700030]15 appears to be unre-
lated to GABA , receptors.

GODZ interacts with a 14-amino acid cysteine-rich domain
that is conserved in y1-3 subunits
Next we tested yeast two-hybrid bait proteins encoding the major
cytoplasmic loop domains of diverse GABA, receptor subunits
for interaction with GODZ and ZDHHC?7. Yeast expressing the
v1 or 3 subunit-derived baits together with either GODZ or
ZDHHC7 grew as well as cells expressing GODZ together with
the y2 subunit-derived bait. In contrast, no growth was detected
when baits containing a1, a2, 82, or 33 subunit cytoplasmic loop
sequences were tested with GODZ or ZDHHCY as prey proteins
(Fig.4A). Other minor GABA , receptor subunits were not tested
but are unlikely to interact with GODZ or ZDHHC7 because,
similar to @ and B subunits, they lack homology to the GODZ
binding sites identified in the y2 subunit (see below).

The yeast system was further used to map the protein interac-
tion domains in GODZ and in the y2 subunit (Fig. 4 B, C). Trun-
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Figure 4. Characterization of y2 subunit and GODZ interaction domains. A, Various GABA,

receptor subunit constructs, each of which contains a portion of its major intracellular loop,
were tested as baits for interaction with full-length GODZ and ZDHH(7, respectively. The GODZ
interaction domain within the 2 subunit, and homologous regions within the y1 and -y3
subunits, are boxed. Note that although the amino acid sequences in the bait construct are
100% conserved between rat and mouse cDNAs in the case of the y2 and y3 subunits, the y1
bait sequence is representative of the rat -y1 subunit only. B, Deletion constructs of the -y2
intracellular loop were used as baits in the yeast two-hybrid system to map the GODZ binding
domain. All constructs were tested in combination with full-length GODZ as a prey. The
GABARAP binding domain in the 2 subunit sequence (Wang et al., 1999) is shown to be
located C terminal of the GODZ minimal binding domain. ¢, Various truncations of GODZ cDNA
were tested as prey in the yeast two-hybrid system to determine the y2 interaction domain. All
constructs were tested in combination with the original y2 subunit bait (amino acids 361- 404
of y25). The original GODZ partial cDNA isolated in the yeast two-hybrid screen is indicated with
an asterisk. The strength of interaction s indicated by a semiquantitative scale of colony growth
with ++, +, and — indicating strong, weak, and no growth, respectively. The minimal
binding domains in the y2 cytoplasmic loop for GODZ and GABARAP (B), the putative trans-
membrane regions (M1-M4), and the DHHC-CRD domain of GODZ ( () are indicated.

cation of the putative N- and C-terminal cytoplasmic domains of
GODZ did not interfere with binding. In contrast, further reach-
ing deletions that disrupted the N- or C-terminal transmembrane
domains or internal deletions that included the DHHC-CRD do-
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Figure 5.  GODZ antiserum recognizes recombinant and native GODZ in vitro and in vivo. A,
Immunoblot of extracts prepared from HEK 293T cells transfected with FLAG-GODZ (lanes 1, 2),
untransfected HEK 293T cells (lane 3), and brain membranes (lane 4) were visualized using
aFLAG (lane 1) or aGODZ (lanes 2—4), respectively. The arrows at ~31 kDa indicate the
mobility of endogenous GODZ and FLAG-GODZ. B, Inmunoblot of extracts prepared from brain
membranes (lanes 1, 2) developed with either GODZ antiserum (lane 1) or GODZ antiserum that
was preadsorbed with the immunizing peptide antigen (lane 2). , FLAG-GODZ was transfected
into HEK 293T cells and stained with an antibody directed against the FLAG epitope tag (green)
or with the GODZ antiserum (red). Results shown are representative of at least three similar
experiments each.

main were incompatible with interaction with the y2 subunit.
The data suggest that the transmembrane and DHHC domains
are critically important for the structural integrity of GODZ and
for its interaction with the y2 subunit. We similarly used the
CytoTrap system to test serial deletions of the y2 subunit bait
construct for interaction with GODZ. A 14-amino acid sequence
(aa 368-381) of the y2S subunit that is conserved in all three vy
subunits, but absent in other GABA, receptor subunits, was
found to be sufficient for interaction with GODZ.

Regional distribution, neuron-specific expression, and Golgi-
specific localization of GODZ in brain

As atool to analyze further the expression and function of GODZ
in brain, we raised and characterized an antiserum against a
GODZ C-terminal peptide that is absent in the other members of
this gene family. Western blot analysis of FLAG-GODZ expressed
in HEK 293T cells revealed a double band with an electrophoretic
mobility corresponding to a molecular mass of ~31 kDa, which is
similar in size to that predicted by cDNA cloning (M, 34.0 kDa)
(Fig. 5A). The same doublet of bands was detected with affinity-
purified «GODZ, and recognition of the protein was sensitive to
competition with peptide antigen (Fig. 5A,B). Endogenous
GODZ protein in HEK 293T cells was below levels detectable by
Western blot (Fig. 5A), although low levels of GODZ mRNA were
detectable in these cells by RT-PCR (data not shown). In contrast,
native GODZ was detected readily in brain membranes as a single
band that comigrated with the upper band of the doublet seen in
HEK 293T cell extracts. The two bands of GODZ seen in HEK
293T cells were seen with the antibodies directed against both the
N- and C-terminal epitopes of FLAG-GODZ and therefore likely
represent different posttranslationally modified forms of GODZ.
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Figure 6.

complex. Go, Golgi; syn, symmetric synapse. Scale bars: B-£, 5 wm; F, 0.25 wm.

Finally, we confirmed the specificity of the antiserum by immu-
nofluorescence staining of FLAG-GODZ overexpressed in trans-
fected HEK 293T cells (Fig. 5B). Immunoreactivity of «GODZ
and epitope tag-directed fluorescence of FLAG-GODZ showed
perfect concordance, indicating that the antiserum was capable of
specifically recognizing native GODZ in cultured cells.

GODZ mRNA is broadly expressed in many tissues and espe-
cially abundant in brain (Uemura et al., 2002) (data not shown).
To determine its expression in the CNS and in neurons, we first
analyzed its distribution in mouse brain sections by in situ hy-
bridization (Fig. 6A). GODZ mRNA was detected in all major
brain regions, with an expression pattern similar to that of the y2
subunit (Wisden et al., 1992). Moreover, the expression pattern
was characteristic for the expression of neuronal-specific genes,
being most abundant in areas of high neural cell density, includ-
ing the cerebellar granule cell layer, the pyramidal cell layer of the
hippocampus, and the granule cell layer of the dentate gyrus. We
next analyzed the cellular expression of GODZ protein in brain
sections and cultured neurons (Fig. 6 B-F). As suggested by the in

GODZ is specifically expressed in neurons and localized to the periphery of the Golgi apparatus. 4, Spatial expression
of GODZ mRNA in brain was addressed by in situ hybridization of parasagittal brain sections using radiolabeled probes directed to
the 3" untranslated region of the GODZ mRNA. GODZ transcripts are broadly distributed throughout all major brain areas but most
concentrated in structures rich in neural cell bodies. B, Confocal image of a rat brain section showing a cerebellar neuron (deep
nuclei) double labeled for GODZ (red) and gephyrin (green). (—E, Primary cultured cortical neuron double labeled for GODZ (C, red)
and Golgi 58 kDa (D, green). Colocalization is shown in yellow (£). Note that immunoreactivity for Golgi 58 kDa appears not
entirely limited to the Golgi complex. £, Pre-embedding immunocytochemistry of GODZ in the hippocampal pyramidal layer. The
immunoreaction end product was silver intensified and gold toned and is detected selectively at the periphery of the Golgi
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situ hybridization results, GODZ immu-
noreactivity was detected only in neurons
(Fig. 6 B) (data not shown). Similar to the
expression of transfected FLAG-GODZ in
HEK 293T cells, neural GODZ was found
concentrated in an intracellular compart-
ment reminiscent of the Golgi complex. No
colocalization was found with immunoreac-
tivity for postsynaptic marker gephyrin
(mAb 7a), however, indicating that GODZ
was absent from inhibitory synapses. Local-
ization of GODZ to the Golgi was confirmed
by colocalization of «aGODZ immunoreac-
tivity with Golgi 58 kDa (Fig. 6C-E). Finally,
ultrastructural analysis of brain sections by
pre-embedding  immunohistochemistry
showed that GODZ immunoreactivity was
most concentrated at one face of the Golgi
complex where membrane proteins are be-
lieved to be sorted into transport vesicles
(Fig. 6F). Together, the data suggest that
GODZ functions in the secretory pathway of
v2 subunit-containing GABA, receptors.
Interestingly, in contrast to the colocaliza-
tion seen in HEK 293T cells, we found no
evidence for colocalization of GODZ and
GABA, receptors in neurons (data not
shown). Although GABA, receptors must
pass through the Golgi complex along their
way to the plasma membrane, they are not
known to normally accumulate in this traf-
ficking compartment. In agreement, the two
proteins could not be coprecipitated from
neuron cultures and brain despite numerous
attempts. The data suggest that the two pro-
teins do not normally form a stable complex.
Instead GABA, receptors and GODZ might
interact transiently as typically observed for
enzymes and their substrate(s) (see
Discussion).

GODZ acts as a thioacyltransferase of

2 subunit-containing

GABA, receptors
An important clue about the function of GODZ was provided by
the recent characterization of the yeast DHHC-CRD proteins
Erf2 and Akrl as palmitoyltransferases that thioacylate cysteine
residues in target proteins (Bartels et al., 1999; Lobo et al., 2002;
Roth et al., 2002). GODZ lacks significant homology with Erf2p
and Akrlp outside the CRD-DHHC domain; however, it has
been proposed that all ZDHHC proteins might encode palmi-
toyltransferases. Interestingly, the cytoplasmic loop domains of
v1-3 subunits each contain five conserved cysteine residues, four
of which are contained within the GODZ binding domain (Fig.
4A). To test whether GODZ can palmitoylate the y2 subunit,
HEK 293T cells were transfected with FLAG-GODZ and the 2
subunit and then metabolically labeled with [*H]palmitic acid.
The y2 subunit was immunopurified and subjected to PAGE
followed by Western blot and fluorography. Fluorography of im-
munopurified y2 subunit revealed two [*H]-labeled bands cor-
responding in size to the y2 subunit and coimmunoprecipitated
FLAG-GODZ that were specifically precipitated with the y2 an-
tiserum but not with control IgG (Fig. 7A, B) (see also below).
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Moreover, labeling of both of these pro-
teins was sensitive to hydroxylamine treat-
ment, suggesting that labeling by
[°H]palmitate involved thioacylation of
cysteine residues (Fig. 7C) (Bernstein et
al., 2004; Drisdel and Green, 2004). Acyla-
tion of the 2 subunit with [*H]palmitic
acid was also detected when FLAG-GODZ
was cotransfected with 182192 re-
ceptors and was dependent on cotrans-
fected FLAG-GODZ (Fig. 7D). No labeled
bands corresponding in size to al or (32
subunits were detected, consistent with
the absence of cysteine residues in the pre-
sumed cytoplasmic portion of these sub-
units and confirming that thioacetylation
is specific for the y2 subunit; however, a
second labeled protein species that copre-
cipitated with the 2 subunit and corre-
sponded in size to GODZ suggested that
GODZ was palmitoylated itself, either as a
target of another molecule of GODZ or as
a long-lived palmitoylated reaction inter-
mediate of GODZ. To confirm that this
[*H]-labeled band of 31 kDa in Figure 7, A
and D, corresponds to GODZ, HEK 293T
cells were cotransfected with the y2 sub-
unit and GFP-GODZ and labeled with
[°H]palmitic acid (Fig. 7E). In addition to
the [ *H]-labeled 2 subunit, fluorography
of immunoprecipitates revealed two new
[°H]-labeled protein species that matched
in size to GFP-GODZ and a GFP-GODZ
degradation product, whereas the band
matching in size to FLAG-GODZ had dis-
appeared (Fig. 7E,F). These data confirm
that the [*H]-labeled protein that copuri-
fied with GABA, receptors represents
palmitoylated GODZ.

To verify that palmitoylation of the y2
subunit depends on the presence of the
GODZ interaction domain, we con-
structed a chimeric construct in which the
cytoplasmic loop domain between TM3
and TM4 of the y2 subunit was replaced
with corresponding sequences from the a2
subunit. This y2/«2 chimeric construct of
the y2 subunit was cotransfected with
a1B2 subunits and GODZ into HEK 293T
cells, the cells were metabolically labeled
with [ *H]palmitate, and the extracts were
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Figure7.  The 2 subunit cytoplasmic loop is a substrate for palmitoylation by GODZ. A~C, Recombinant “'®y2 subunit and

FLAG-GODZ were cotransfected and expressed in HEK 293T cells, metabolically labeled with [3H]palmitic acid for 45 hr, immu-
noprecipitated with anti-y2 antiserum or IgG control serum, and subjected to SDS-PAGE and fluorography (A), Western blot
analysis using mAb 9E10 (B), or hydroxylamine treatment before fluorography (). D, Recombinant c:1B5'%+2 receptors
together with FLAG-GODZ (lanes 1, 3) or alone (lanes 2, 4) were cotransfected and expressed in HEK 293T cells, metabolically
labeled with [ *H]palmitic acid for 45 hr, immunoprecipitated with anti-2 antiserum or lgG control serum, subjected to
SDS-PAGE and fluorography (top panel), or visualized by Wester blot with mAb 9E10 (bottom panel). £, F, Recombinant *€'%2
and either GFP-GODZ (lane 1) or FLAG-GODZ (lane 2) were cotransfected and expressed in HEK 293T cells, metabolically labeled
with [*H]palmitic acid for 45 hr, and immunoprecipitated with anti-2 antiserum. The sample was divided, subjected to
SDS-PAGE, and processed for fluorography (£) and Western blot analysis using «GODZ antiserum (F), respectively. The faster-
migrating GFP-GODZ species is likely to represent a degradation product of the full-length product. G, FLAG-GODZ was cotrans-
fected with recombinant o132 subunits and *5'0y2 (lane 1), empty vector (pRKS, lane 2), or a ®F'®y2/e2 chimeric construct
(lane 3; see Materials and Methods) into HEK 293T cells. The cells were metabolically labeled with [ *H]palmitic acid, immuno-
precipitated with anti-y2 antiserum, and fractions of the sample were processed for fluorography (top panel) and Western blot
(bottom panel) using an anti-myc antiserum, respectively. H, Cultured cortical neurons were metabolically labeled with
[*H]palmitic acid. GABA, receptors were immunoprecipitated with anti-ac1 antiserum or IgG control serum and processed for
fluorography (top panel) and Western blot (bottom panel) using anti-~2 antiserum as in G. Results shown are representative of
two to three similar experiments each.

subject to immunoprecipitation using a y2 subunit-specific
antiserum. Although the y2 subunit was readily palmitoylated
by GODZ, the chimeric construct was not, as expected (Fig.
7G). This experiment confirms that GODZ-mediated palmi-
toylation of the y2 subunit requires the y2 subunit cytoplas-
mic domain.

GABA , receptors are palmitoylated in neurons

GODZ immunoreactivity in brain has been selectively detected in
neurons. To test whether GODZ might palmitoylate native GABA ,
receptors in vivo, we metabolically labeled cortical cultures with
[*H]palmitate. Similar to GABA , receptors purified from brain ex-

tracts (Benke et al., 1996), GABA, receptors immunoprecipitated
from cultured neurons with an a1 subunit-specific antiserum re-
vealed multiple bands ranging in size between 43 and 50 kDa that
reacted with y2 antibody, probably representing posttranslational
modifications of the y2 subunit. Fluorography of immunopurified
GABA, receptors isolated from these neurons readily revealed a
[°H]-labeled protein band that corresponded in size to a subset of
the y2 subunit species detected by immunoblotting. In addition, a
second more slowly migrating band (~62 kDa) was detected that
might represent a so far unidentified GABA, receptor-associated
protein that is subject to palmitoylation. Thus, the y2 subunit is
palmitoylated in neurons.
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Discussion

Our search for trafficking proteins that specifically associate with
the y2 subunit has identified GODZ as a palmitoyltransferase of
GABA, receptors. In HEK 293T cells, palmitoylation of the y2
subunit is dependent on cotransfection of GODZ. Palmitoylation
of the y2 subunit was similarly detected in neurons. Moreover,
the regional and neuron-specific expression pattern of GODZ in
brain is reminiscent of that of the 2 subunit. The data are con-
sistent with GODZ being involved in palmitoylation of GABA,
receptors in vivo.

The 2 subunit contains five cysteine residues in the putative
cytoplasmic loop region that are conserved in all three y subunits
and might function as palmitoylation sites. Four of these cys-
teines map to the minimal GODZ interaction site, which is highly
conserved in all three vy subunits. In contrast, the putative cyto-
plasmic domains of «, 3, 8, and 7 subunits are devoid of cysteine
residues, suggesting that palmitoylation represents a posttransla-
tional modification that is specific for GABA, receptor subtypes
that are preferentially found at postsynaptic sites. The cytoplas-
mic domains of €, 6, and p subunits contain between two and six
cysteine residues; however, the position and flanking sequences
are different from those in the -y subunits, and their subcellular
distribution has not been analyzed.

Preliminary analyses of y2 subunit constructs containing sin-
gle mutated cysteines indicate that GODZ-mediated palmitoyl-
ation of the y2 subunit occurs at more than one residue (C. A.
Keller and B. Liischer, unpublished observations). Detailed map-
ping of palmitoylation sites is complicated, however, by the no-
tion that substitution of cysteine residues by other amino acids
can affect interaction of GODZ with its substrate even if the cys-
teines are not normally palmitoylated. Reduced palmitoylation of
a construct with mutated cysteine residues is therefore not suffi-
cient to unambiguously identify the palmitoylated residue(s).
However, while this manuscript was under review, we learned of
a report by Rathenberg et al. (2004) who also demonstrated pal-
mitoylation of the 2 subunit in neurons. In addition, they
showed that cysteine to alanine substitutions in the cytoplasmic
loop region of the 2 subunit interfere with trafficking of this
subunit to the plasma membrane of transfected neurons and,
probably as a consequence, to a deficit in postsynaptic clustering.
Together the data suggest that palmitoylation of the y2 subunit
by GODZ might play a role in membrane trafficking of postsyn-
aptic GABA , receptor subtypes.

The first identification of DHHC-CRD proteins as palmitoyl-
transferases is based on genetic and biochemical analyses of the
yeast proteins Akrl and Erf2p/Erf4p. Mutations in the DHHC-
CRD domains in Akrl and Erf2 disrupt palmitoylation by these
proteins (Bartels et al., 1999; Lobo et al., 2002; Roth et al., 2002).
Similarly, in-frame deletion of the center portion of GODZ con-
taining the DHHC-CRD domain abolished interaction with the
v2 subunit and suggests that the DHHC-CRD domain serves as a
signature feature of a diverse class of palmitoyltransferases. Sim-
ilar to Erf2 and Akrl, GODZ is subject to self-palmitoylation,
suggesting this is a general feature of this class of enzymes.

Attempts at biochemical characterization and cloning of
palmitoyltransferases has been hampered by their integral asso-
ciation with membranes and because of their inherent instability
in vitro (Berthiaume and Resh, 1995; Dunphy et al., 1996, 2000).
In agreement, native and recombinant GODZ was found to co-
purify with membranes. Furthermore, immunocomplexes of
GODZ and GABA, receptors exhibited an unusually short half-
life of only a couple of hours in vitro, and not surprisingly, GODZ
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was unable to associate with purified 2 subunit bait proteins in
pull-down assays (data not shown). Thus, the association seen
between GODZ and GABA , receptors likely reflects the transient
interaction of a typical enzyme with one of its substrates. Inter-
action of GODZ with the y2 subunit in the SOS recruitment—
yeast two-hybrid system was dependent on the functional integ-
rity of all four putative transmembrane domains of GODZ, which
suggests that this interaction could not be detected by a standard
yeast two-hybrid system that requires interaction of bait and prey
proteins in the nucleus.

GODZ immunoreactivity is confined to the Golgi complex,
where GABA, receptors do not normally accumulate. Not sur-
prisingly, no colocalization of GODZ and GABA , receptors was
detected in neurons, and no stable complex could be immuno-
precipitated from neuron or brain extracts. In contrast, signifi-
cant colocalization was evident, and stable immunocomplexes
were isolated from transfected HEK 293T cells, suggesting the
accumulation of an unusually long-lived reaction intermediate in
these cells. Interestingly, the yeast palmitoyltransferase Erf2p co-
purifies with a second factor Erf4p that is part of the same com-
plex and also essential for palmitoyltransferase activity, although
it does not exhibit enzyme activity on its own and lacks the
DHHC signature sequence (Lobo et al., 2002). By analogy, we
hypothesize that GODZ exists in a complex with another so far
unidentified subunit that is essential for maximal processivity of
this enzyme. In the absence of this other protein (i.e., in HEK
293T cells), the reaction might proceed more slowly, allowing
detection of a reaction intermediate that does not normally accu-
mulate, such as the complex between GODZ and the y2 subunit
observed in HEK 293T cells. In agreement, no GABA, receptor
immunoreactivity is normally detected in the Golgi complex of
neurons, although these receptors must traffic through the Golgi
before reaching the plasma membrane.

Palmitoylation represents a novel posttranslational modifica-
tion of GABA, receptors and is known as a reversible modifica-
tion involved in regulated trafficking and functional modulation
of diverse proteins, especially in neurons (for review, see El-
Husseini and Bredt, 2002; Patterson, 2002; Bijlmakers and
Marsh, 2003; Linder and Deschenes, 2003). Neural proteins that
are subject to palmitoylation are structurally and functionally
diverse and include both peripheral membrane-associated pro-
teins that depend on lipid modification for membrane associa-
tion and bona fide integral membrane proteins with one or sev-
eral transmembrane domains. Similar to the y2 subunit, other
multipass transmembrane proteins are typically palmitoylated at
cysteines in proximity to the last transmembrane domain. Exam-
ples include diverse G-protein-coupled receptors and the GluR6
subunit of kainite receptors (O’Dowd et al., 1989; Papac et al.,
1992; Pickering et al., 1995; Moffett et al., 1996; for review, see
Qanbar and Bouvier, 2003). Single-pass transmembrane proteins
such as the synaptic vesicle proteins synaptotagmin (Chapman et
al., 1996) and synaptobrevin (Gonzalo et al., 1999) are similarly
palmitoylated in the cytosolic domain near the transmembrane
domain. These proteins do not reveal an obvious consensus se-
quence for palmitoylation, however, suggesting that they are
palmitoylated by distinct members of the DHHC family of
palmitoyltransferases.

The mammalian genome contains at least 23 members of the
DHHC family of proteins. GODZ is representative of a small
subfamily of these DHHC proteins that contain four putative
transmembrane regions and relatively short N- and C-terminal
extensions, similar to Erf2p (Li et al., 2002; Lobo et al., 2002).
Yeast two-hybrid assays indicate that only two of the four GODZ



5890 - J. Neurosci., June 30, 2004 - 24(26):5881-5891

paralogs interact with the vy subunits in yeast two-hybrid tests.
This finding might indicate that other than GODZ, only
ZDHHCY7 can thioacylate the y2 subunit. Nevertheless, it cannot
be excluded that vy subunits are substrates for palmitoylation by
several DHHC proteins, including SERZ-B or other DHHC-
CRD proteins that are more distantly related to GODZ. In addi-
tion, the degree of palmitoylation is likely to be regulated by
specific palmitoylthioesterases. A first cytosolic enzyme impli-
cated in noncatabolic deacylation of a subset of palmitoylated
proteins is known as acylprotein thioesterase 1 (APT1) (Sugi-
moto et al., 1996) or lysophospholipase I (Lyso PLA I) (Wang et
al,, 1997). Two additional protein palmitoylthioesterases
(PPT1/2) involved in lysosomal and therefore catabolic depalmi-
toylation have also been described (Camp et al., 1994; Soyombo
and Hofmann, 1997; for review, see Linder and Deschenes, 2003).

The different GODZ orthologs exhibit highest sequence sim-
ilarity in the putative cytoplasmic region that contains the
DHHC-CRD domain (96.3% similarity between GODZ and
ZDHHC7; 58.8% similarity between GODZ and ZDHHC21) but
only low homology at their N and C termini (47.7 and 53.0%
similarity of N and C termini, respectively, between GODZ and
ZDHHCY7; 13.6 and 39.4% similarity of N and C termini, respec-
tively, between GODZ and ZDHHC21). The putative transmem-
brane domains show intermediate levels of conservation (Fig. 1).
Thus, although the central domain including the DHHC-CRD
domain is highly conserved among GODZ and its paralogs and
essential for interaction with the y2 subunit, the variable N and C
termini are likely to influence subcellular localization or substrate
selectivity, or both.

The data presented here further support the pivotal role of vy
subunits in trafficking of GABA, receptors. On the basis of the
preferential localization of GODZ to one face of the Golgi, we
favor a model whereby GODZ-mediated palmitoylation contrib-
utes to exocytosis of GABA , receptors or determines the stability
and mobility of receptors in the membrane, rather than endo-
plasmic reticulum (ER) to Golgi or intra-Golgi transport. Con-
sistent with this interpretation, no colocalization was detected
between ER-resident marker proteins and GODZ in primary cul-
tured neurons (data not shown). We speculate that GODZ-
mediated palmitoylation contributes to sorting of GABA , recep-
tors to distinct trafficking vesicles, possibly in concert with other
vesicle-specific factors; however, a role for GODZ in endocytic
trafficking and recycling of y subunit-containing receptors can
currently not be excluded. Future experiments will help to resolve
these issues.
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