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The Golgi-specific zinc finger protein GODZ (palmitoyl acyl-
transferase/DHHC-3) mediates the palmitoylation and post-
translational modification of many protein substrates that reg-
ulate membrane-protein interactions. Here, we show that
GODZ alsomediates Ca2� transport in expressingXenopus lae-
vis oocytes. Two-electrode voltage-clamp, fluorescence, and
45Ca2� isotopic uptake determinations demonstrated voltage-
and concentration-dependent, saturable, and substrate-inhibit-
able Ca2� transport in oocytes expressing GODZ cRNA but not
in oocytes injected with water alone. Moreover, we show that
GODZ-mediated Ca2� transport is regulated by palmitoylation,
as the palmitoyl acyltransferase inhibitor 2-bromopalmitate
or alteration of the acyltransferase DHHC motif (GODZ-
DHHS) diminishedGODZ-mediated Ca2� transport by�80%.
The GODZ mutation V61R abolished Ca2� transport but did
not affect palmitoyl acyltransferase activity. Coexpression of
GODZ-V61RwithGODZ-DHHSrestoredGODZ-DHHS-medi-
ated Ca2� uptake to values observed with wild-type GODZ,
excluding an endogenous effect of palmitoylation.Coexpression
of an independent palmitoyl acyltransferase (HIP14) with the
GODZ-DHHS mutant also rescued Ca2� transport. HIP14 did
not mediate Ca2� transport when expressed alone. Immunocy-
tochemistry studies showed that GODZ andHIP14 co-localized
to the Golgi and the same post-Golgi vesicles, suggesting that
heteropalmitoylationmight play a physiological role in addition
to a biochemical function. We conclude that GODZ encodes a
Ca2� transport protein in addition to its ability to palmitoylate
protein substrates.

Many proteins undergo post-translational palmitoylation,
a process that is important in regulation of membrane-pro-
tein interactions and intracellular protein stability (1, 2).
Protein palmitoylation is determined by the balance of palmi-
toyl acyltransferase and palmitoyl thioesterase activities. Palmi-
toyl acyltransferases are characterized by the presence of a cys-
teine-rich domain with a signature Asp-His-His-Cys (DHHC)
motif (1). Using yeast two-hybrid screening with the SOS

recruitment system, Uemura et al. (3) identified a Golgi-spe-
cific protein with a DHHC zinc finger domain and four pre-
dicted transmembrane regions that they designated as GODZ.
With a similar approach using the �2-subunit of GABAA

3 (a
determinant of subcellular GABAA receptor trafficking) as bait,
Keller et al. (4) isolated GODZ (palmitoyl acyltransferase/
DHHC-3). As reviewed by Keller et al. (4), GODZ has three
closely related paralogs, and all four are members of the cys-
teine-rich domain DHHC superfamily of proteins. GODZ pro-
tein is predominately localized to the Golgi complex but also
traffics to the subplasma membrane region (2, 3). GODZ has
been shown to palmitoylate a variety of proteins, including
transmembrane proteins (3–11). Furthermore, GODZ under-
goes autopalmitoylation, which may be a general feature of this
class of enzymes (4).
Using microarray analysis, we have recently shown that

HIP14 (huntingtin-interacting protein 14) is differentially
expressed in response to changes in extracellular magnesium
(12). Moreover, we used heterologous expression studies
with voltage-clamp determinations and fluorescence mea-
surements to demonstrate that HIP14 protein mediated Mg2�

transport. LikeGODZ,HIP14 possesses an intracellular DHHC
motif that palmitoylates a number of different proteins, includ-
ing itself, by a process of autoacylation (13–15). The transport
activity ofHIP14 ismodulated by the palmitoylation state of the
protein either via autoacylation orGODZ-mediated heteroacy-
lation (12). In the performance of these studies, we noticed that
GODZ diminished the resting transmembrane voltage in
expressing oocytes, as would be expected if it encoded an ionic
transport protein. This observation led us to test the notion that
GODZ might mediate electrolyte transport. GODZ was
expressed in Xenopus oocytes, and two-electrode voltage-
clamp, fluorescence, and 45Ca2� uptake assays were performed
to determine what ionsmay be transported.We confirmed that
GODZ is a transport protein that mediates Ca2� flux in
expressing oocytes. Unlike HIP14, GODZ did not transport
Mg2�, and the expression of GODZ protein was not differen-
tially regulated in response to changes inmagnesium.However,
like HIP14, GODZ-mediated cationic transport activity was
modulated by palmitoylation of the transport protein.We con-
clude that GODZmediatesmembrane Ca2� uptake, so in addi-
tion to its enzymatic functions, it possesses Ca2� transport
activity.
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MATERIALS AND METHODS

Construction of Expression Vectors Encoding GODZ—Hu-
man and mouse GODZ-FLAG cDNA fusion constructs were
obtained from Dr. Alaa El-Husseini (14). Mouse GODZ-
DHHS-FLAG (GODZ-C157S-FLAG mutant) was from Dr.
Bernhard Lüscher (7). The mouse mutant construct GODZ-
V61R-FLAG, in which Val61 was replaced with Arg, was pro-
duced from wild-type GODZ-FLAG using the QuikChange II
XL site-directed mutagenesis kit (Stratagene). Human HIP14-
GFP, corresponding to DHHC-17, and humanHIP14�DHHC-
GFP constructs were gifts from Dr. Alaa El-Husseini (14). The
human truncation mutant HIP14�DHHC-GFP had only the
DHHC motif removed as designed and described by El-Hus-
seini (14).
Sequence Analysis—The GODZ cDNA sequences were de-

termined by standard methods. Protein motifs were identified
using BLASTP and the Swiss-Prot Database. Membrane topol-
ogy was predicted by the SOSUI program based on Kyte-
Doolittle hydrophobicity analysis.
Expression of Mouse GODZ cRNA in Xenopus Oocytes and

Characterization of GODZ-mediated Ca2� Transport—We
used heterologous expression of GODZ in Xenopus laevis
oocytes to show that GODZmediates Ca2� transport.Xenopus
oocytes have the advantage that they express intracellular
mammalian proteins on the surface membrane, making them
available for study. Both GODZ and HIP14 are intracellular
proteins. Moreover, the expression of these proteins is efficient
with high fidelity, so fluxes are readily measured. Thus, oocytes
are ideal cells to study intracellular transporters.
For Xenopus oocyte expression, cRNA was synthesized from

mouse cDNA constructs, linearized, and then transcribed with
T7 polymerase in the presence of m7GpppG cap using the
mMESSAGE MACHINETM T7 kit transcription system for
wild-type GODZ andT3 polymerase with the T3 kit formutant
GODZ-DHHS (Ambion). Preparation of oocytes and injection
with cRNA were as described previously (16). Oocytes were
studied 3–5 days following either water or cRNA injection.
In the majority of experiments, we determined Ca2� uptake

with the use of radioisotopic 45Ca2�. The method of 45Ca2�

uptake was performed as described by Peng et al. (17). Defol-
liculated oocytes were injected with 50 nl of either water or
cRNA. 45Ca2� uptake was assayed 3–5 days after injection of
cRNA. The standard uptake solution contained 100 mM NaCl,
1.0mMMgCl2, 0.5mMCaCl2, and 10mMHepes, pH 7.5. Uptake
was performed at 21 °C for up to 240 min, and oocytes were
washed with 6� ice-cold uptake solution containing 20 mM

MgCl2. The results obtained with single oocytes are presented
as means � S.E. from at least three experiments using 5–10
individual oocytes/data point. Statistical significance was taken
as p � 0.05 (determined with Student’s t test).

In some experiments, we used two-electrode voltage-
clamp assays to determine the expressed currents. Two-elec-
trode voltage-clamp assays were as described previously and
performed at 21 °C (16). In these experiments, we confirmed
that the measured currents were due to Ca2� flux with the
use of epifluorescence microscopy and the Ca2�-responsive
fura-2 fluorescence dye (16). Oocytes were injected with 50 �M

fura-2 acid (Molecular Probes) 20 min prior to experimenta-
tion. The chamber (0.5 ml) was mounted on an inverted Nikon
Diaphot TMD microscope with a fluor 10� objective, and a
current-voltage (I-V) plot was determined. Subsequently, the
oocytes were clamped at �70 mV for fluorescence measure-
ments for the indicated times. Fluorescence was continuously
recorded using a dual excitation wavelength spectrofluorom-
eter (DeltaScan, Photon Technology) with excitation for fura-2
at 340 and 385 nm (chopper speed set at 100 Hz) and emission
at 505 nm. The results are presented as the 340/385 nm ratio,
which reflects the intracellular Ca2� concentration.
Palmitoylation Assay—Palmitoylation assays were per-

formed by previously reported techniques (18). Briefly, COS-7
cellswere transiently transfectedwithGODZ-FLAGorGODZ-
V61R-FLAG with the aid of Lipofectamine 2000 (Invitrogen).
After 24–48 h post-transfection, cells were harvested for FLAG
immunoprecipitation and biotin-BMCC palmitoylation assays.
COS-7 cells were lysed in ice-cold buffer containing 50 mM

Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton, 50 mM N-ethylma-
leimide, one tablet of protease inhibitor (Roche Applied Sci-
ence), and 0.25 mg/ml phenylmethylsulfonyl fluoride. Cell
lysates were rotated at 4 °C for 30 min before the insoluble
material was removed by centrifugation at 14,000 rpm for 15
min. Lysates were incubated with EZviewTM Red anti-FLAG
M2 affinity gel (Sigma) for 60 min at 4 °C with rocking. Follow-
ing immunoprecipitation, beads were incubated three times
with wash buffer (50mMTris, pH 7.4, 5mMEDTA, and 150mM

NaCl containing 1% Triton) to completely remove N-ethylma-
leimide. Subsequently, half of the immunoprecipitations were
treated with 1 M hydroxylamine in lysis buffer for 1 h at room
temperature. The other half of the immunoprecipitations were
added to lysis buffer without hydroxylamine. Subsequently, the
beads were incubated with 0.5 mM biotin-BMCC, pH 6.2, at
4 °C for 1 h to label reactive cysteine residues. Following SDS-
PAGE and transfer to nitrocellulosemembranes, the blots were
reacted with horseradish peroxidase-conjugated streptavidin
to detect biotin-BMCC-labeled proteins (palmitoylated pro-
tein) and anti-FLAG antibody to detect total immunoprecipi-
tated proteins.
Immunofluorescence Confocal Microscopy—Oocytes were

mounted in OCT cryostat medium and flash-frozen in isopen-
tane cooled in liquid nitrogen. Eighteen-�m-thick sections
were cut into frozen oocytes andmounted directly onto Super-
frost Plus slides (Fisher). Sections were fixed in �20 °C metha-
nol and processed for immunohistochemistry using either rab-
bit anti-FLAG or anti-GFP primary antibodies and anti-rabbit
Alexa 568-conjugated secondary antibody.
Mammalian cell immunolocalizations were performed in

COS-7 cells cultured in minimal essential medium supple-
mented with 10% fetal bovine serum, 110 mg/liter sodium
pyruvate, 5 mM L-glutamine, 50 units/ml penicillin, and 50
�g/ml streptomycin in an humidified environment of 5% CO2
and 95% air at 37 °C. The COS-7 cells were transiently trans-
fected with pCI-GODZ-FLAG, pCI-GODZ-DHHS-FLAGmu-
tant, pCI-HIP14-GFP, or pCI-HIP14-DHHC-GFP mutant
using Lipofectamine 2000. Coverslips of cultured COS-7 cells
were fixed at room temperature for 10 min in 2% paraformal-
dehyde. Cells were washed three times with phosphate-buff-
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ered saline containing 0.3% Triton X-100 before each antibody
incubation. Alexa 488- and Alexa 568-conjugated secondary
antibodies were obtained from Molecular Probes. Alexa 350-
conjugated phalloidin (Molecular Probes) was used to stain for
actin in the indicated experiments to aid in delimiting the
peripheral membrane ruffles. All antibody reactions were per-
formed in blocking solution composed of 2% normal goat
serum in phosphate-buffered saline containing 0.3% Triton
X-100 for 1.5 h at room temperature. Following staining, cov-
erslips were thenmounted on slides with Fluoromount-G glyc-
erol-based mounting medium (Southern Biotechnology).
Cell images were taken using a 63� water lens affixed to a

Zeiss LSM 510 Meta microscope and AxioVision (epifluores-
cent) software. Cells were selected from 10–12 fields of view
and used for assessment of co-localization of antibody staining.
Oocyte images were performed using 20� dry lens affixed to a
Zeiss LSM 510 Meta microscope and LSM Meta (confocal)
software.

RESULTS

Characterization of the Predicted GODZ Protein—The full-
lengthGODZ cDNA encodes a protein of 229 amino acids car-
rying a DHHC zinc finger domain (3). Mouse GODZ shares
97% similarity with human GODZ (palmitoyl acyltransferase/
DHHC-3). Hydrophobicity plots using the SOSUI program
predicted a secondary amino acid structure with four predicted
transmembrane domains (TMDs) conforming to a prototypical
membrane receptor/transporter (Fig. 1A). The DHHC consen-
sus sequence is located within the cytoplasmic region between
TMD2 and TMD3. The GODZ transcript has a wide tissue
distribution, being relatively rich in brain tissue (3).
GODZ Mediates Ca2� Transport in Expressing Xenopus

Oocytes—To determine whether GODZ encodes a functional
Ca2� transporter, we prepared cRNA, injected it into Xenopus
oocytes, and measured Ca2� uptakes using 45Ca2� measure-
ments. 45Ca2� uptake was linear for up to 1.0 h in oocytes
expressing GODZ cRNA (Fig. 1B). There was no detectable
45Ca2� uptake in control water-injected oocytes (Fig. 1B).
Among the inherent properties of all transporters is the prop-
erty of substrate saturation (17). The 45Ca2� uptake was satu-
rable, demonstrating a Michaelis constant (Km) of 0.17 � 0.01
mM (Fig. 1C). Immunofluorescence using a GODZ-FLAG con-
struct and anti-FLAG antibody showed predominantly surface
localization of the GODZ fusion protein in GODZ-FLAG-ex-
pressing oocytes, whereas there were no staining in control
water-injected oocytes (Fig. 1D).

We next performed a number of experiments to characterize
GODZ-mediated Ca2� transport. Using voltage-clamp tech-
niques, we first showed that the Ca2�-induced currents mea-
sured were dependent on the external Ca2� concentration
(supplemental Fig. S1A). In addition to Ca2�, GODZmediated
Sr2� and Ba2� but notMg2� ions (supplemental Fig. S1B). The
other palmitoyl acyltransferases that we have previously stud-
ied, HIP14 and HIP14L, transported Mg2� in addition to a
number of divalent cations, but they did not mediate Ca2�

transport (12). Thus, we thought it prudent to further test the
ability of GODZ tomediateMg2� flux (supplemental Fig. S1B).
Expressed GODZ did not mediate Mg2� transport as deter-

mined by voltage-clamp assay (supplemental Fig. S1C, upper
panel) or fluorescence analysis using the Mg2�-selective dye
mag-fura-2 (supplemental Fig. S1C, lower panel). A general
property of transporters is the ability to be inhibited by related
substrates. We tested if a number of cations would inhibit
GODZ-mediated 45Ca2� influx. Mn2�, La3�, Ba2�, and Sr2�

significantly inhibited GODZ-mediated 45Ca2� influx, but
Mg2� did not (supplemental Fig. S1D). Sodium-coupled Ca2�

transport has been demonstrated in many cells. Removal of
external Na� did not significantly affect GODZ-mediatedCa2�

currents as determined by two-electrode voltage-clamp assay
(supplemental Fig. S1D). Ca2�/H� exchange has also been
demonstrated in some cells. 45Ca2� uptake did not appear to be
coupled to H�, as acid pH inhibited influx rather than stimu-
lated uptake (supplemental Fig. S1E). Finally, GODZ-mediated
Ca2� transport was not inhibited by the calcium channel
blocker nifedipine (supplemental Fig. S1F). Together, these
data indicate that GODZ mediates voltage-dependent Ca2�

transport that is not coupled to external Na� orH� but is influ-
enced by the external pH. Furthermore, GODZ mediates the
transport of some other divalent cations but not Mg2� ions. As
expectedwith amembrane transporter, GODZ-mediatedCa2�

transport is inhibited by some divalent cations.
Palmitoyl Acyltransferase Modulates GODZ-mediated Ca2�

Transport—It was of interest that GODZ demonstrates pro-
tein acyltransferase activity, and metabolic labeling studies
showed that GODZ itself was palmitoylated through its
innate DHHC domain (3, 6). GODZ contains 11 cysteine resi-
dues in the predicted cytoplasmic loop region that are highly
conserved andmight function as palmitoylation sites. As palmi-
toylation has been shown to influence the function of a number
of diverse transporters, we tested the notion that palmitoyla-
tion might influence GODZ-mediated Ca2� transport (4, 5,
18–24). To determine whether the protein acyltransferase
modulates transport function, we performed two types of
experiments. First, we used the specific antagonist 2-bromo-
palmitate to block palmitoylation and determined the effect on
GODZ-mediated Ca2� transport (6). Treatment of GODZ-ex-
pressing oocytes with 75 �M 2-bromopalmitate for 3 h dimin-
ished Ca2� transport by�80% as determined by 45Ca2� uptake
measurements (Fig. 2A). Second, we obtained an analogous
Asp-His-His-Ser (DHHS) mutant form of GODZ (GODZ-
DHHS-FLAG) that lacked palmitoylation activity (6). Ca2�

transport was decreased by 80% in mutant GODZ-DHHS-ex-
pressing cells relative to wild-type GODZ-expressing oocytes,
again using 45Ca2� uptake determinations (Fig. 2A). The resid-
ual Ca2� transport observed with the DHHC deletion was sim-
ilar to that observed with maximal 2-bromopalmitate inhibi-
tion. Furthermore, the residual Ca2� transport observed with
GODZ-DHHS was not significantly inhibited by 2-bromo-
palmitate, indicating that both approaches, inhibition and dele-
tion, have the same effect (data not shown). The GODZ-
DHHS-FLAG construct localized to the surface membrane of
the oocyte (Fig. 2B). Taken together, these data suggest that
palmitoylation activates GODZ-mediated Ca2� transport.

It could be argued that heterologous expression of palmitoyl
acyltransferase might activate endogenous oocyte Ca2� trans-
port. To test this notion, we synthesized a GODZ mutant with
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FIGURE 1. GODZ-mediates Ca2� transport. A, predicted secondary structure of mouse GODZ. GODZ resembles a typical membrane transporter with four
TMDs and possesses a palmitoyl acyltransferase motif (indicated by DHHC) between TMD2 and TMD3. The transmembrane mutation site of the GODZ-V61R
construct is indicated in boldface. B, 45Ca2� uptake in oocytes expressing GODZ cRNA as a function of time. Oocytes were incubated with 0.5 mM

45CaCl2 for the
indicated times. Values are means � S.E. for 5–16 individual oocytes from three different preparations. C, summary of concentration-dependent Ca2�-evoked
currents in GODZ-expressing oocytes. Oocytes were incubated with the indicated concentrations of Ca2� for 1.0 h. The Michaelis constant determined by
nonlinear regression analysis was 0.17 � 0.01 mM. Values are means � S.E. for 5–18 individual oocytes from three different preparations. D, surface expression
of GODZ-FLAG protein in X. laevis oocytes as determined by immunofluorescence. Left panel, GODZ-FLAG-injected oocyte treated with anti-FLAG antibody
showing intense surface staining; right panel, control water-injected oocyte tested with anti-FLAG antibody.
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a V61R amino acid replacement within a predicted transmem-
brane region highly conserved among the known species (Fig.
1A). The rational is that this region would perform a significant
if not essential function inmembrane transport. Substitution of
a polar amino acid for a neutral one would be expected to have
functional consequences. GODZ-V61R did not mediate Ca2�

transport (Fig. 2A) even though it was expressed on the oocyte
surface membrane (Fig. 2C) but retained palmitoyl acyltrans-
ferase activity (Fig. 2D). This indicates that the Val61 site in
wild-typeGODZ is essential for the ability of GODZ tomediate
Ca2� transport. There is no similarity in the transmembrane
regions of GODZ compared with theMg2� transporters HIP14
and HIP14L, which do not mediate Ca2� transport. Accord-
ingly, theCa2� uptake observed in GODZ-expressing oocytes
is the result of the ability of GODZ to mediate Ca2� trans-

port rather than to activate endoge-
nous transport proteins. Moreover,
GODZ-V61R with its palmitoyl
acyltransferase activity was capable
of restoring GODZ-DHHS-medi-
atedCa2� transport (Fig. 2A). These
observations support the idea that
GODZ-mediated Ca2� transport is
influenced by palmitoylation.
In support of this conclusion,

overexpression of wild-type HIP14,
an independent acyltransferase that
does not transport Ca2�, with mu-
tant GODZ-DHHS stimulated 45Ca2�
uptake to levels not unlike those
observed for wild-type GODZ alone
(Fig. 2A). It should be noted that
HIP14 was overexpressed in these
oocytes. HIP14 (DHHC-17) and
GODZ (DHHC-3) are distinctive
acyltransferases with distinctive
substrates (3, 4, 13). However, they
may palmitoylate multiple sub-
strates if overexpressed within cells
(25, 26). Moreover, overexpression
may bypass acyltransferase regula-
tors, which otherwise ensure palmi-
toylation by a selected DHHC pro-
tein (26). As HIP14 alone did not
stimulateCa2� transport in oocytes,
it is apparent that palmitoylation
was not a general endogenous ef-
fect but required the heterologous
expression of HIP14 protein (12).
Truncated HIP14 lacking the
DHHC motif (HIP14�DHHC) did
not rescue GODZ-DHHS-mediated
Ca2� transport. This further sup-
ports the notion that native oocytes
do not possess endogenous protein
acyltransferase that is capable of
palmitoylation of the GODZ pro-
tein. Additionally, 2-bromopalmi-

tate inhibited the stimulation of transport by HIP14 in GODZ-
DHHS-expressing oocytes again to transport rates similar to
those observed with wild-type GODZ plus 2-bromopalmitate.
These studies strongly argue for a role of the GODZ palmitoyl
acyltransferase inmodulatingGODZ-mediatedCa2� transport
function through autoacylation. Finally, coexpression of wild-
type HIP14 with wild-type GODZ in the oocytes did not stim-
ulate Ca2� transport rates above those observed for GODZ
alone (Fig. 2A). This suggests that heterologously expressed
GODZ is normally fully activated (autoacylated), so regulation
of transport function involves deacylation.
Immunolocalization of GODZ and HIP14 Proteins—GODZ

protein is thought to be localized to the Golgi complex and
post-Golgi vesicles involved with protein sorting and recycling
to the Golgi (3, 4, 7). We and others (12–14) have also shown

FIGURE 2. Palmitoyl acyltransferase modulates GODZ-mediated Ca2� transport. Where indicated, oocytes
were injected with wild-type GODZ, GODZ-DHHS, mutant GODZ-V61R, wild-type HIP14, or HIP14�DHHC
cRNA. Also where indicated, expressing oocytes were treated with and without 75 �M 2-bromopalmitate (2BrP)
for 3 h prior to experimentation. A, summary of 45Ca2� uptake rates. The methods used were those described
in the legend to Fig. 1B. The results were normalized to wild-type GODZ and are represented as means � S.E. for
n 	 12 oocytes. *, p � 0.01, from determinations with wild-type GODZ-expressing oocytes. B, left panel, surface
expression of GODZ-DHHS mutant protein in cRNA-injected X. laevis oocytes as determined by immunofluo-
rescence; right panel, absence of GODZ-DHHS expression in water-injected oocytes. C, left panel, surface
expression of GODZ-V61R protein in oocytes as determined by immunofluorescence; right panel, absence of
GODZ-V61R expression in water-injected oocytes. D, mutant GODZ-V61R retains the palmitoyl acyltransferase
function as indicated by biotin-BMCC bands in the presence of hydroxylamine (HAM). Gels are representative
of three independent experiments.
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that HIP14 localizes to Golgi and post-Golgi subplasma mem-
brane vesicles. This led us to determine whether GODZ and
HIP14 proteins are localized to similar regions within the cell.
COS-7 cells were transfected with GODZ-FLAG and HIP14-
GFP constructs, and the fusion proteins were localized by
immunofluorescence. The predominate amounts of GODZ-
FLAG and HIP14-GFP proteins were localized to the Golgi
complex (Fig. 3A). However, both proteins were also present in
post-Golgi vesicles, as shown in the inset at higher magnifica-
tion in Fig. 3B. Themerged images show thatGODZ-FLAGand
HIP14-GFP localized to the same post-Golgi vesicle popula-
tion. Both GODZ-FLAG and HIP14-GFP proteins were also
evident in vesicles located just below the plasma membrane
(Fig. 3C).

DISCUSSION

Our evidence given here indicates that heterologously
expressed GODZ is a Ca2� transporter. GODZ-mediated Ca2�

transport exhibits many properties characteristic of other

known Ca2� channels when ex-
pressed in X. laevis oocytes (17).
GODZ-mediated Ca2� transport is
driven by the electrochemical gradi-
ent for Ca2�. There is no evidence
for coupling of Ca2� uptake to other
ions or to metabolic energy. Al-
though GODZ-mediated Ca2�

transport is electrogenic and volt-
age-dependent, stringent determi-
nations of single channel activity by
patch-clamp studies are required to
determine whether it is a facilitated
transporter or a typical channel
(17). GODZ-mediated Ca2� uptake
also demonstrates the property of
substrate saturation. Under the
conditions used here, the affinity
constant Km is on the order of 170
�M.This value is considerably above
the normal intracellular Ca2� con-
centrations of �0.1 �M. However
the initial transport rates were not
determined, and the Km value
obtained for uptake experiments
over 60 min may deviate from those
measured with initial kinetics.
Again, this has also been observed
with other Ca2� transport studies
using oocytes (17). Like other Ca2�

transporters, GODZ shows higher
activity at a pH of 7.40 relative to an
acidic pH of 6.0 (17). GODZ medi-
ates the transport of a number of
divalent cations in addition to Ca2�,
but it does not transportMg2�. Also
similar to many Ca2� channels is
the observation that GODZ-medi-
ated Ca2� transport is inhibited by a

number of other divalent metal cations such as La3�. In sum-
mary, the GODZ-mediated Ca2� transport observed here was
voltage-dependent, saturable, pH-sensitive, and inhibited by a
number of alkali earth metals.
In addition, our evidence indicates that GODZ-mediated

Ca2� transport is modulated by palmitoylation. The DHHC
domain of GODZpalmitoylates a number of substrates, includ-
ing GODZ itself, through a process of autoacylation (3, 6, 7).
Many cation transporters such as Na�, K�, and Ca2� channels
are known to be activated by palmitoylation (19–24). Alterna-
tively, palmitoylation has been implicated in sorting and traf-
ficking of other transport and receptor proteins (27–29). Our
studies show that DHHC activity and palmitoylation are
required for maximal Ca2� transport mediated by GODZ. This
conclusion is supported by the observation that 2-bromopalmi-
tate, an inhibitor of palmitoyl acyltransferase, diminished wild-
type GODZ-mediated Ca2� transport by �80%. The surface
expression of GODZwas similar before and after 3 h of incuba-
tion with 2-bromopalmitate. In addition, expression of GODZ-

FIGURE 3. Subcellular localization of GODZ and HIP14 proteins. Shown is the immunofluorescence staining
of GODZ-FLAG and HIP14-GFP fusion proteins in transiently expressing COS-7 cells. A, Golgi localization of
GODZ. The merged image is shown. B, presence of GODZ-FLAG and HIP14-GFP in Golgi and post-Golgi vesicles.
Images are 4� magnifications of the boxed areas in A. C, subplasma membrane location of post-Golgi GODZ-
FLAG and HIP14-GFP in cells stained with phalloidin to mark the plasma membrane ruffles. Images are 4�
magnifications of the boxed areas in A. Note the evident subplasma membrane localization of both GODZ and
HIP14 proteins in this region of normal cells.
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DHHS demonstrated diminished transport without changes in
surface GODZ-DHHS protein. Of note is the observation that
palmitoylation is not necessary for basal transport, as �20% of
Ca2� transport remained even with maximal 2-bromopalmi-
tate inhibition or expression of acyltransferase-inactivated
GODZ-DHHS. The two together were not additive, leaving
�20% residual Ca2� transport that presumably is the basal
transport in the absence of any palmitoylation. In addition, the
GODZ-V61R mutant, which did not transport Ca2� but
retained palmitoyl acyltransferase activity, restored GODZ-
DHHS-mediated Ca2� transport. These observations support
the notion that GODZ-mediated Ca2� transport is influenced
by its innate palmitoyl acyltransferase. In accordance with this
notion, overexpression with the independent palmitoyl acyl-
transferase HIP14 did not stimulate wild-type GODZ-medi-
ated Ca2� transport, suggesting that heterologously expressed
GODZ is normally fully acylated by its innate palmitoyl acyl-
transferase in expressing oocytes. However, overexpression of
HIP14 restoredGODZ-DHHS-mediatedCa2� transport to val-
ues observed for wild-type GODZ. This overexpressed HIP14-
rescued GODZ-mediated Ca2� transport was sensitive to
2-bromopalmitate inhibition. The HIP14�DHHC truncation
mutant was not effective in restoring GODZ-DHHS-mediated
Ca2� transport. These data strongly establish a regulatory role
for palmitoylation in GODZ-mediated transport. The evidence
is that regulation of GODZ-mediated transport occurs at the
depalmitoylation step rather than the palmitoylation step, i.e.
GODZ is normally fully palmitoylated in expressing oocytes.
This is in keeping with the notion that acylation of cysteine-
containing proteins is spontaneous and driven by local acyl-
CoAconcentrations (2). Palmitate cycling is normally regulated
at the depalmitoylation step by acyl-protein thioesterases (1, 2).
Further studies are required to determinewhether thismodel is
also applicable to mammalian cells.
These conclusions are reminiscent of our observations with

HIP14 (12). Using a number of independent approaches, we
showed that HIP14 also possesses innate protein acyltrans-
ferase activity, mediating the transport of Mg2� cations. HIP14
and GODZ are distinctive transporters; HIP14 does not sup-
port Ca2� transport, and GODZ does not mediate Mg2�

uptake. However, they both possess a cytoplasmic DHHC
motif. Similar to GODZ-mediated Ca2� transport, HIP14-elic-
itedMg2� uptake is inhibited by�50%with 2-bromopalmitate.
Expression of mutant HIP14�DHHC, a truncated form lacking
the DHHCmotif, supported�50%Mg2� transport activity rel-
ative to wild-type HIP14. Coexpression of wild-type GODZ
with the HIP14�DHHC mutant restored Mg2� transport to
levels observed with wild-type HIP14. Accordingly, although
HIP14 and GODZ are unique cationic transporters, they are
apparently able to cross-palmitoylate each other and influence
the respective channel functions.
GODZ and HIP14 proteins are located in the same subcellu-

lar regions. Both are predominately Golgi proteins (2, 7). How-
ever, a small amount of GODZ and HIP14 proteins is found in
post-Golgi vesicles (3, 4, 12). Our images show that GODZ and
HIP14 are present in the cytoplasmic and subplasma mem-
brane vesicles of normal cells. We have shown previously that
magnesium depletion results in an increase in the HIP14 tran-

script and protein in mammalian cells (12). Moreover, there is
an evident trafficking of HIP14 protein to the subplasmamem-
brane region. As HIP14 is a Mg2� transporter, the increase in
HIP14 trafficking to the subplasma membrane might be an
appropriate response in getting the protein to its active site. In
light of these observations, GODZ might also be regulated by
yet-to-be identified influences that affect transcription/transla-
tion mechanisms and post-translational subcellular protein
distribution.
The presence of GODZ and HIP14 proteins in the Golgi

complex and post-Golgi vesicles likely has functional implica-
tions. As with other acyltransferases, they may function in the
Golgi to regulate protein retention and release and trafficking
between endosomes and the Golgi (1). However, significant
amounts of GODZ and HIP14 proteins are also found in post-
Golgi vesicles located within the cytoplasmic and subplasma
membrane regions of the cell (3, 5, 6, 11, 12, 14). It is thought
that post-Golgi acyltransferases may also be involved with pro-
tein sorting, scaffolding, and membrane recycling (1, 2). The
subcellular site for palmitoylation of membrane proteins has
remained elusive. It is not a priori that acyltransferases act at
one site; palmitoylation/depalmitoylation might regulate pro-
teins along the full axis from the endoplasmic reticulum
through the Golgi complex to the plasma membrane (27–30).
As with the enzymatic motif, the function of the channel
sequence is unclear. Intracellular organelles contain variable
amounts of Ca2� andMg2� that are important in signaling and
catalysis, so it is likely there are dedicated Ca2� and Mg2�

transporters for each step.Why the combined functions of acyl-
transferase and cation channels?We speculate that the channel
protein portion traffics to the post-Golgi and subplasma mem-
brane regions, where acyltransferase provides an important if
not an essential biochemical function. In this scenario, the
channel sequence plays the role of a chaperone for GODZ and
HIP14 acyltransferases to move from the Golgi to post-Golgi
vesicles. Further studies are required to clarify the relation of
the separate functions of transport and acyltransferase
activities.
SERZ-� (Sertoli cell gene with zinc finger domain-�) or

SERZ1 (DHHC-7 or ZDHHC-7) is a closely related paralog
of GODZ, with 61% amino acid similarity between the two
protein acyltransferases (31). The predicted secondary struc-
ture of SERZ-� is similar to that of GODZ, with four TMDs
and a DHHC motif between TMD2 and TMD3. As with
GODZ, the SERZ-� transcript is widely distributed among
tissues, with GODZmRNA being relatively higher in brain and
SERZ-� mRNA higher in kidney (31). Fang et al. (7) showed
that SERZ-� and GODZ palmitoylate �2-subunit-containing
GABAA. As SERZ-� and GODZ exhibit similar expression pat-
terns and substrate specificity, these workers suggested possi-
ble in vivo functional redundancy (7). Moreover, Fang et al.
demonstrated that SERZ-� forms heteromultimers with
GODZ after coexpression in heterologous cells. The common
properties of GODZ and SERZ-� suggest that they might have
common functions, including the ability to mediate Ca2�

transport.
In summary, we have shown that GODZ mediates Ca2�

transport when expressed in Xenopus oocytes. Furthermore,
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palmitoylation/depalmitoylation modulates GODZ-mediated
Ca2� transport function. The role of these transporters in Ca2�

physiology is unknown, and the function of the innate acyl-
transferase deserves further efforts by researchers in the palmi-
toylation field.
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