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Polyglutamine expansions of huntingtin protein are respon-
sible for the Huntington neurological disorder. HIP14 protein
has been shown to interactwith huntingtin.HIP14 and aHIP14-
like protein, HIP14L, with a 69% similarity reside in the Golgi
and possess palmitoyl acyltransferase activity through innate
cysteine-rich domains, DHHC. Here, we used microarray anal-
ysis to show that reduced extracellular magnesium concentra-
tion increases HIP14L mRNA suggesting a role in cellular mag-
nesium metabolism. Because HIP14 was not on the microarray
platform, we used real-time reverse transcriptase-PCR to show
that HIP14 and HIP14L transcripts were up-regulated 3-fold
with low magnesium. Western analysis with a specific HIP14
antibody also showed that endogenousHIP14 protein increased
with diminished magnesium. Furthermore, we demonstrate
that when expressed in Xenopus oocytes, HIP14 and HIP14L
mediate Mg2� uptake that is electrogenic, voltage-dependent,
and saturable with Michaelis constants of 0.87 � 0.02 and
0.74 � 0.07 mM, respectively. Diminished magnesium leads to
an apparent increase in HIP14-green fluorescent protein and
HIP14L-green fluorescent fusion proteins in the Golgi complex
and subplasma membrane post-Golgi vesicles of transfected
epithelial cells. We also show that inhibition of palmitoylation
with 2-bromopalmitate, or deletion of the DHHC motif
HIP14�DHHC, diminishesHIP14-mediatedMg2� transport by
about 50%. Coexpression of an independent protein acyltrans-
ferase, GODZ, with the deletedHIP14�DHHCmutant restored
Mg2� transport to values observed with wild-type HIP14.
Although we did not directly measure palmitoylation of HIP14
in these studies, the data are consistent with a regulatory role of
autopalmitoylation in HIP14-mediated Mg2� transport. We
conclude that the huntingtin interacting protein genes, HIP14
andHIP14L, encodeMg2� transport proteins that are regulated
by their innate palmitoyl acyltransferases thus fulfilling the
characteristics of “chanzymes.”

Huntington disease is a progressive neurodegenerative dis-
order caused by an expansion of theCAG repeat in the hunting-
tin gene that confers an expanded polyglutamine (poly(Q))
stretch in the huntingtin protein (1). The function of the hun-
tingtin protein is unclear but it interacts withmany cytoskeletal
and synaptic vesicle proteins that are essential for exocytosis
and endocytosis (2–5). One of the interacting proteins identi-
fied by the yeast two-hybrid system is huntingtin-interacting
protein 14, HIP14 (1). A related protein, HIP14-like (HIP14L),
which has 69% homology to HIP14, was identified with an in
silico data base search (1). As with huntingtin protein, HIP14
and HIP14L are evolutionary conserved and widely distributed
among tissues. Whereas huntingtin is normally located on
plasma and intracellular membranes and is associated with
cytoplasmic vesicles and different organelles such as the Golgi,
HIP14 appears to be primarily located in the Golgi and post-
Golgi vesicles (2).
The functions of HIP14 are beginning to be clarified. The

HIP14 secondary structure contains five predicted transmem-
brane domains that is reminiscent of a membrane receptor or
transporter and possesses a cytoplasmic DHHC cysteine-rich
domain defined by the Asp-His-His-Cys sequence motif (6).
The DHHC region confers palmitoyl acyltransferase activity
giving it the ability to modify membranes by palmitoylation
(6–8). The presence of palmitate within themembrane protein
affects how it interacts with lipid rafts and other membrane
proteins (7). Palmitoylation by protein acyltransferases and
depalmitoylation by acylprotein thioesterases regulate traffick-
ing between membrane compartments and leading finally to
protein degradation (7). Recently, Yanai et al. (9) reported that
palmitoylation of huntingtin protein by HIP14 is important for
its trafficking and function. Mutant huntingtin results in lower
interaction with HIP14 and reduced palmitoylation that con-
tribute to the formation of protein aggregates and enhanced
neural toxicity.
Magnesium is the second most abundant cation within the

cell and plays an important role inmany intracellular biochem-
ical functions (10). Despite the abundance and importance of
magnesium, little is known about how eucaryotic cells regulate
their magnesium content. Intracellular free Mg2� concentra-
tion is in the order of 0.5 mM that comprises 1–2% of the total
cellular magnesium (11). Accordingly, intracellular Mg2� is
maintained below the concentration predicted from the trans-
membrane electrochemical potential. Intracellular Mg2� con-
centration is finely regulated likely by precise controls of Mg2�

entry, Mg2� efflux, and intracellular Mg2� storage compart-

* This work was supported in part by Canadian Institutes of Health Research
(CIHR) Grant MOP-53288 (to G. A. Q.). The costs of publication of this article
were defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
Section 1734 solely to indicate this fact.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Fig. S1.

1 Supported by studentships from CIHR and the Michael Smith Foundation
for Health Research. To whom correspondence should be addressed: Van-
couver Hospital, Koerner Pavilion, 2211 Wesbrook Mall, Vancouver, British
Columbia V6T 1Z3, Canada. Tel.: 604-822-7156; Fax: 604-822-7897; E-mail:
quamme@interchange.ubc.ca.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 48, pp. 33365–33374, November 28, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

NOVEMBER 28, 2008 • VOLUME 283 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 33365

http://www.jbc.org/cgi/content/full/M801469200/DC1


ments (11).We have shown thatMg2� entry is through specific
and regulated magnesium pathways that are regulated by
intrinsic mechanisms such that culture of cells in media con-
taining lowmagnesium results in up-regulation ofMg2�uptake
into the cells. These data suggest that epithelial cells can sense
the environmental magnesium and through transcription- and
translation-dependent processes modulate Mg2� transport
and maintain magnesium balance.
In an attempt to identify genes underlying cellular changes

resulting from adaptation to low extracellular magnesium, we
used oligonucleotide microarray analysis to screen for magne-
sium-regulated transcripts in epithelial cells (12). One tran-
script, HIP14L, was significantly up-regulated by low extracel-
lular magnesium suggesting that the synthesis was regulated by
changes in cell magnesium. Real-time reverse transcriptase-
PCR showed that both HIP14 and HIP14L transcripts and
Western analysis showed that endogenous HIP14 protein was
responsive to changes inmagnesium concentration. As the pre-
dicted secondary structures of HIP14 and HIP14L amino acid
sequences conformed to prototypic membrane transporters,
the goal of the present study was to see if the encoded HIP14
and HIP14L proteins mediate Mg2� transport. We used both
electrophysiological and fluorescence studies to examineMg2�

transport in HIP14- and HIP14L-expressing Xenopus laevis
oocytes. Cellular distribution and subcellular localization of
HIP14-GFP2 and HIP14L-GFP were determined by immuno-
fluorescence microscopy in transfected MDCK and COS-7
cells. Furthermore, distribution of the fusion proteins were
evaluated in response to changes in cellular magnesium. Our
data indicates that HIP14 and HIP14L proteins mediate Mg2�

transport and the transcripts are regulated bymagnesium, indi-
cating that they might play a role in control of cellular magne-
sium homeostasis. Furthermore, HIP14-mediatedMg2� trans-
port is regulated by autopalmitoylation through its inherent
palmitoyl acyltransferase activity making this an unique mem-
brane transport system.

MATERIALS AND METHODS

Oligonucleotide Microarray Analysis—Microarray analysis
was performed according to the protocol recommended by
Affymetrix (www.affymetric.com) using MG U74 Bv2 and MG
U74 Cv2 arrays (Affymetrix, Santa Clara, CA) as described pre-
viously (12). DNA fragments representing transcripts that were
up-regulated with low magnesium were selected and priori-
tized according to properties characteristic ofmembrane trans-
port proteins.
Construction of Expression Vectors Encoding HIP14 and

HIP14L—Mouse Hip14L cDNA was purchased from RIKEN
number 2410004E01Rik. Human HIP14-GFP, hHIP14L,
hHIP14�DHHC-GFP, and GODZ-FLAG constructs were gifts
from Dr. Alaa El-Husseini (2). HIP14 and HIP14L constructs
were in the pCI-neo vector.
Sequence Analysis—The HIP14 and HIP14L cDNA

sequences were determined by standard methods. The full-

length amino acid sequences are in the GenBankTM data base
(HIP14 accession human NP_056151, mouse NP_766142 and
HIP14L, also termed HIP14-related or HIP14R, human
BC056152, andmouse NM_028031). Proteinmotifs were iden-
tified using BLASTP and the SWISSPROT data base. Mem-
brane topology was predicted by the SOSUI program based on
Kyte-Doolittle hydrophobicity analysis.
Quantitative Analysis of Hip14 and Hip14L Transcripts by

Real-time Reverse Transcriptase-PCR—Total cell RNA was
extracted by TRIzol (Invitrogen). Genomic DNA contamina-
tion was removed by the DNA-freeTM kit (Ambion) prior to
making first strand cDNA. Standard curves were constructed
by serial dilution of a linear pGEM-Tvector (Promega) contain-
ing the Hip14 and Hip14L genes. The primer set of mouse
Hip14 was: forward, 5�-AGCATGCAGCGGGAGGAGG-3�
and reverse, 5�-CAATGGAGGAGGGTAACA-3� and Hip14L
was forward, 5�-CCGAAATGCTAAGGGAGAA-3� and
reverse, 5�-TCTCTGCTAGGGTGACGAT-3�. PCR products
were quantified continuously with AB7000TM (Applied Biosys-
tems) using SYBRGreenTM fluorescence according to theman-
ufacturer’s instructions. The relative amounts of RNA were
normalized to mouse �-actin transcripts.
Western Blot Analysis of Endogenous Hip14 Protein—Poly-

clonal rabbit HIP14 antibody was generated by Singaraja et al.
(1), commercialized and subsequently purchased from Sigma.
Cells were suspended in lysis buffer (50 mM Tris, pH 8.0, 150
mM NaCl, 1% Triton X-100, 0.1% SDS) containing protease
inhibitors (1 mM phenylmethylsulfonyl fluoride, 2 �g/ml leu-
peptin, 2 �g/ml aprotinin). The homogenates were pelleted at
1,000 rpm (75 � g) for 10 min and the supernatant and pellet
fractions sampled. Protein concentrations were determined
using the Bio-Rad protein assay reagent. SDS-PAGE was per-
formed according to Laemmli (49). For immunoblotting, the
proteins were electrophoretically transferred to polyvinylidene
difluoride membranes (Hybond�, Amersham Biosciences) by
semidry electroblotting for 80 min. Western analysis was per-
formed by incubating the blots with anti-HIP14 antibody over-
night at 4 °C followedby threewasheswith PBS, 0.1%Tween 20,
10min each. The blots were then incubatedwith 1/5,000 horse-
radish peroxidase-conjugated donkey anti-rabbit secondary
(Sigma) antibody for 1 h. After washing three times with PBS/
Tween-20, 10 min each, the blots were visualized with ECL
(Amersham Biosciences) according to the manufacturer’s
instructions. Hip14 protein was normalized to GAPDH pre-
pared from the respective cell preparations. Cell preparations
were incubated with mouse “�-GAPDH antibody (Sigma)
diluted 1/5,000 in PBS, 1% BSA for 2 h and subsequently with
horseradish peroxidase-conjugated goat secondary antibody at
1/10,000 in PBS, 1% BSA for 1 h to quantitate the GAPDH.
Expression of Human HIP14 and HIP14L cRNAs in Xenopus

Oocytes and Characterization of Mg2� Transport—For Xeno-
pus oocyte expression, cRNAwas synthesized fromhHIP14 and
hHIP14L or mHip14L cDNA constructs, linearized and then
transcribed with T7 polymerase in the presence of m7GpppG
cap using the mMESSAGE MACHINETM T7 Kit (Ambion)
transcription system. Preparation of oocytes, injection with
cRNA, and two-electrode voltage-clamp were as previously
described (13). Oocytes were studied 3–5 days following injec-

2 The abbreviations used are: GFP, green fluorescent protein; MDCK, Madin-
Darby canine kidney; TRPM, transient receptor potential melastatin; PBS,
phosphate-buffered saline; TMD, transmembrane domain; GAPDH, glycer-
aldehyde-3-phosphate dehydrogenase.
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tion. Permeability ratios were calculated using the Nernst rela-
tion and apparentKm andVmax values with Eadie-Hofstee anal-
ysis using non-linear regression analysis (12).
Epifluorescence microscopy was used to measure Mg2� flux

into single oocytes using the Mg2�-responsive mag-fura-2 flu-
orescence dye (13). Oocytes were injected with 50 �M mag-
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 (I)-voltage (V) plot determined. Subsequently, they
were clamped at �70 mV for fluorescence measurements for
the indicated times. Fluorescence was continuously recorded
using a dual-excitation wavelength spectrofluorometer (Delta-
scan, Photon Technologies) with excitation for mag-fura-2 at
340 and 385 nm (chopper speed set at 100 Hz), and emission at
505 nm. Results are presented as the 340/385 ratio that reflects
the intracellular Mg2� concentration.
Cell Culture—MDCK and COS-7 epithelial cells were cul-

tured in minimal essential medium supplemented with 10%
fetal bovine serum, 110 mg/liter sodium pyruvate, 5 mM L-glu-
tamine, 50 units/ml penicillin, and 50 �g/ml streptomycin in a
humidified environment of 5% CO2, 95% air at 37 °C. Where
indicated, subconfluent cells were cultured in nominallyMg2�-
free or normal 0.8 mM magnesium media (Stem Cell Technol-
ogies) for 12–16 h prior to harvest or processing for immuno-
chemistry as previously described (13). Other constituents of
the Mg2�-free culture media were similar to the complete
media.
Immunofluorescence Confocal Microscopy—Subcellular

localization ofHIP14 andHIP14Lwere performed by immuno-
fluorescence with transfection of tagged constructs. MDCK
and COS-7 epithelial cells were transiently transfected with
either pCI-HIP14-GFP or pCI-HIP14L-GFP using Lipo-
fectamine 2000 (Invitrogen). Transfections were performed
8–9 h prior to culture in normal or lowmagnesium. Coverslips
of cultured cells were fixed at room temperature for 10 min in
2% paraformaldehyde. Cells were washed three times with
phosphate-buffered saline containing 0.3% Triton X-100
(PBST) before each antibody incubation. The following pri-
mary antibodies were used: GM130 (a cis-Golgimatrix protein)
and Rab5 (GTP-binding protein) that were raised in mouse
(BD Transduction Labs). Alexa 488- and Alexa 568-conju-
gated secondary antibodies were obtained from Molecular
Probes. All antibody reactions were performed in blocking
solution composed of 2% normal goat serum in PBST for
1.5 h at room temperature. Alexa 350-conjugated phalloidin
(Molecular Probes) was used to stain for actin in the indi-
cated experiments to aid in delimiting peripheral membrane
ruffles. Following staining, coverslips were then mounted on
slides with Fluoromount-G glycerol-based mounting media
(Southern Biotechnology).
Oocytes were mounted in OCT cryostat medium and flash

frozen in isopentane cooled in liquid nitrogen. Ten-�m thick
sections were cut through frozen oocytes andmounted directly
onto superfrost plus slides (Fisher Scientific). Sections were
fixed in �20 °C methanol and processed for immunohisto-
chemistry using the GFP primary antibody and anti-rabbit
Alexa 568 secondary antibody.

All epithelial cell images were taken using a �63 water lens
affixed to a Zeiss LSM 510 Meta microscope and AxioVision
(epifluorescent) or LSM 510 Meta (confocal) software. Cells
were selected from 10–12 fields of view and used for assess-
ment of co-localization of antibody staining. Oocytes images
were taken using a�20 dry objective affixed to a Zeiss LSM510
Meta microscope and LSM Image software.

RESULTS

HIP14 and HIP14L AreMagnesium-responsive Genes—With
the knowledge that differential gene expression is involved with
selective control of epithelial cell magnesium conservation, our
strategy was to use microarray analysis to identify cDNAs that
were up-regulated with lowmagnesium (12).We used RNA from
immortalized mouse distal convoluted tubule epithelial cells cul-
tured in media containing normal magnesium concentration or
nominallymagnesium-freemedia for 5hprior toRNAharvest.As
our objective was to identify novel transport proteins, we priori-
tized the differentially expressed candidates according to the pre-
dicted structural properties reported for hypothetical transport-
ers. One of the selected cDNA fragments identified by an increase
in transcriptwasHip14L.ABLASTsearchof theGenBankTMdata
base was performed and another member of this family, HIP14,
was identified. As Hip14 was not on the mouse Affymetrix MG
U74 Bv2 andMGU74Cv2 arrays (Affymetrix) used at the time of
our initial microarray analysis, we first showed that both Hip14
and Hip14L transcripts are regulated by magnesium using real-
time reverse transcriptase-PCR. Hip14 and Hip14L mRNAs sig-
nificantly (p � 0.001) increased 2.9 � 0.3- and 3.0 � 0.2-fold,
respectively, inmousedistal convoluted tubule epithelial cells,n�
6 independent preparations, cultured in low magnesium com-
paredwith normal cells confirming that they are differentially reg-
ulated by magnesium (Fig. 1A). Consonant with the increase in
transcript there was an increase in endogenous Hip14 protein as
determined with Western blotting using a HIP14-specific anti-
body (1). It was evident from the Western blots that the Hip14
protein banddensity increased inMDCKcell cultures in lowmag-
nesiumrelative tonormal cells.Meandensity of theHip14protein
increased 2.5 � 0.5- and 4.5 � 1.0-fold, respectively, in superna-
tant and membrane pellets (Fig. 1B). HIP14 increased 1.9 � 0.3-
and 5.4 � 1.3-fold in COS-7 cells prepared under similar condi-
tions (Fig. 1C).
Hydrophobicity plot using the SOUSI program predicted a

secondary amino acid structure for HIP14 with six predicted
transmembrane domains (TMDs) (Fig. 1D). The structure was
initially predicted to be amembrane receptor or transporter (1).
The DHHC-cysteine-rich domain consensus sequence is
located within the cytoplasmic region between TMD4 and
TMD5. HumanHIP14L has a 69% similarity to HIP14 and pos-
sesses seven predicted TMDs. The cysteine-rich domain is
located betweenTMD5 andTMD6 (Fig. 3A).We speculate that
the first transmembrane region is cleaved on formation of the
mature protein so that theDQHCmotif would be located in the
same position as HIP14.
HIP14 and HIP14L Mediate Mg2� Transport in Expressing

Xenopus Oocytes—To determine whether HIP14 and HIP14L
encode functional Mg2� transporters, we prepared the respec-
tive human andmouse cRNAs, injected it intoXenopus oocytes,
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and measured Mg2�-evoked currents using two-microelec-
trode voltage clamp analysis and Mg2� flux using mag-fura-2
fluorescencemethodologies (13). The electrophysiological data
gave evidence for a rheogenic process with inward currents in
HIP14 cRNA-injected oocytes, whereas there were no appre-
ciable currents in control H2O- or total poly(A)�RNA-injected
cells from the same batch of oocytes. Fig. 2A shows mean cur-
rent-voltage (I–V) plots. There was a mean �28 mV shift in
reversal potential with a decade increase inmagnesiumconcen-
tration that approximated the theoretical value predicted by the
Nernst relationship. Similar findings were obtained with
HIP14L-expressing oocytes (Fig. 3B). Expression of GODZ, a
Golgi-specific DHHC zinc finger protein (14), did not elicit or
stimulate Mg2� transport in control oocytes arguing against
the notion that palmitoylation stimulated an endogenousMg2�

transporter (see data presented below). GODZ protein acyl-

transferase is implicated in palmi-
toylation and regulated trafficking
of diverse intracellular receptors
and transporters (15, 16). Among
the inherent properties of all trans-
porters is the property of substrate
saturation. The Mg2�-evoked cur-
rents elicited by HIP14 and HIP14L
were saturable (Figs. 2B and 3C)
demonstrating Michaelis constants
(Km) of 0.87 � 0.02 and 0.74 � 0.07
mM, respectively. The substrate
affinities of both transporters were
commensurate with the physiologi-
cal concentration of intracellular
ionized Mg2� of about 0.5 mM (10).
Mag-fura-2 fluorescence determi-
nations confirmed that the observed
currents were due to Mg2� influx
(Fig. 2C). External magnesium
increased the emission ratio of 340/
385 excitation following voltage-
clamp at �70 mV in HIP14 cRNA-
injected oocytes but not control
water-injected cells. Similar find-
ings were observed using HIP14L-
expressing oocytes (Fig. 3D). The
electrophysiological experiments
demonstrated that Mn2� elicited
currents in HIP14- and HIP14L-ex-
pressing oocytes (supplemental Fig.
S1A). This was also evident using
fluorescence measurement (Figs.
2D and 3E). Mn2�-quenched mag-
fura-2 fluorescence in expressing
oocytes, as expected if HIP14 and
HIP14L mediated Mn2� transport.
These studies clearly indicate that
HIP14 and HIP14L mediate Mg2�

transport in expressing oocytes.
Immunofluorescence using a
HIP14-GFP and HIP14L-GFP con-

structs and anti-GFP antibody shows predominantly surface
localization of HIP14 andHIP14L fusion proteins in expressing
oocytes, whereas there was no staining in control, water-in-
jected oocytes (Figs. 2E and 3F).

The second property of most transporters is substrate selec-
tivity. Accordingly, a variety of extracellular divalent cations
were used to determine the selectivity of the expressed HIP14
and HIP14L channels. HIP14 was relatively selective for Mg2�

at concentrations normally seen in the cytoplasm (Fig. 4A). As
indicated by the reversal potential ratios, HIP14 transported
Sr2� and Ni2� and to a lesser extent Mn2�, Ba2�, Zn2�, and
Fe2� (Fig. 4A). Co2� and Ca2� were not transported by HIP14.
The only differences in cation selectivity between HIP14 and
HIP14L was with Cu2� and Fe2�; HIP14 did not mediate Cu2�

transport but transported Fe2�, whereas HIP14L was permea-
ble to Cu2� not Fe2� (Fig. 4A). In the experiments shown, cur-

FIGURE 1. Increased endogenous Hip14 transcript and Hip14 protein expression with low magnesium.
A, quantitative analysis of Hip14 transcript in MDCK cells by real-time reverse transcriptase-PCR. The expression
levels of the Hip14 mRNA were normalized with those of the �-actin transcript that was measured on the same
DNA. The indicated values are mean � S.E. obtained from separate cell preparations. B, Western blotting of
endogenous Hip14 protein in MDCK cells cultured in normal (Normal Mg2�) and low magnesium (Low Mg2�)
media. Hip14 protein was determined in supernatant (S) and pellet (P) fractions. Shown is a representative blot,
one of four performed on different cell preparations. C, summary of the mean band density increases with low
magnesium relative to those cultured with normal concentrations of magnesium. The mean density increased
2.5- and 4.5-fold, respectively, in supernatant and membrane pellets with low magnesium. D, predicted sec-
ondary structure of mouse Hip14. HIP14 resembles a typical membrane transporter and possesses a palmitoyl
acyltransferase motif (DHHC).
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rents were corrected for changes in membrane resistance
caused by the respective divalent cation using values fromH2O-
injected oocytes (Fig. 4A). On balance, HIP14- and HIP14L-
mediated cation transport was relatively selective for Mg2� in
the physiological concentrations normally observed within the
cell, the other divalent cations are not normally present at 0.2
mM concentrations.

Finally, a general property of transporters is the ability to be
inhibited by related but not transported substrates.We tested if
the non-transported cations, Co2� and Ca2�, would inhibit
HIP14-mediated Mg2� currents. Relatively large concentra-
tions of 0.2 mM Co2� and 5.0 mM Ca2� were tested in the pres-
ence of 2.0 mM MgCl2 (Fig. 4B). Ca2� completely inhibited
Mg2� currents, whereas Co2� did not inhibit transport as

reflected by the change in reversal
potential for Mg2�. On balance,
these data indicate that HIP14-me-
diated transport demonstrates satu-
ration, selectivity, and the ability to
be differentially inhibited by other
divalent cations.
Changes in Extracellular Magne-

sium Lead to Subcellular Redistri-
bution of HIP14-GFP and HIP14L-
GFP Proteins—Normally HIP14
protein is localized to the Golgi and
post-Golgi vesicles involved with
protein sorting and recycling to the
Golgi (9). Our studies confirm these
earlier observations. The HIP14-
GFP fusion protein colocalizes with
the Golgi marker, GM130, in
MDCK (Fig. 5A) and COS-7 (sup-
plemental Fig. S1A) cells cultured in
normalmagnesium. There was little
HIP14-GFP protein in the post-
Golgi vesicles of normal MDCK
cells (Fig. 5B)). However, it was evi-
dent in subplasma membrane vesi-
cles of the COS-7 cells (supplemen-
tal Fig. S1). Cells cultured in low
magnesiummedia demonstrated an
apparent increase in HIP14-GFP in
the Golgi complex commensurate
with the increase in HIP14 tran-
script in Mg2�-restricted MDCK
(Fig. 5C) and COS-7 (supplemental
Fig. S1) cells. Moreover, there was
also a significant increase in HIP14-
GFP protein present in post-Golgi
vesicles that was evident even with
MDCK cells. The protein appears to
be located just below the plasma
membrane as outlined at higher
magnification with phalloidin (Fig.
5D). It should be noted that these
were transfected cells so the appar-
ent increase in HIP14-GFP protein

with low magnesium represents post-transcriptional changes.
Post-transcriptional and post-translational modifications
would be expected to result in prolongation of message,
increased protein synthesis, and retention of mature protein.
The post-Golgi vesicles did not colocalize with Rab5, a marker
of early or recycling endosomes, in cells maintained in either
normal or lowmagnesiummedia (Fig. 5,E and F). This supports
the notion thatHIP14 does not traffic to the plasmamembrane.
Note the appreciable increase in subplasma membrane HIP14-
GFP protein in magnesium-restricted cells in this figure (Fig.
5F). There was no change in GFP protein in cells transfected
with GFP alone (Fig. 5, G and H). In summary, these observa-
tions confirm that HIP14 protein normally resides in the Golgi
and post-Golgi subplasma membrane vesicles and with low

FIGURE 2. Functional characterization of HIP14. A, current-voltage (I–V) relationships obtained from linear
voltage steps in the presence of Mg2�-free solutions or those containing the indicated concentrations of
MgCl2. Oocytes were clamped at a holding potential of �15 mV and then stepped from �150 to �25 mV in
25-mV increments for 2 s at each of the concentrations indicated. Shown are average I–V curves obtained from
control H2O-injected (n � 3) or Hip14-expressing (n � �3) oocytes. Note the positive shift in reversal potential
from increments in Mg2� concentration. Values are mean � S.E. of observations measured at the end of each
voltage sweep for the respective Mg2� concentration. B, summary of concentration-dependent Mg2�-evoked
currents in HIP14-expressing oocytes using a holding potential of �125 mV. Mean � S.E. values are those given
in B. The mean Michaelis constant was 0.87 mM. C, Mg2� flux into HIP14-expressing oocytes. Mag-fura-2
fluorescence ratios were measured in control and HIP14-expressing oocytes, at resting potentials, in solutions
consisting of nominally magnesium-free solutions and then with 2.0 mM MgCl2 and subsequently voltage-
clamped at a holding potential of �70 mV, where indicated. Mg2� fluxes were determined with fluorescence
using the Mg2�-sensitive dye, mag-fura-2. Where indicated 75 �M 2-bromopalmitate (2BrP) was added 3 h prior
to experimentation. D, HIP14 mediates Mn2� transport in expressing oocytes. Oocytes were initially voltage-
clamped at �70 mV in the presence of Mn2�, a cation that quenches mag-fura-2 fluorescence at both 340 and
385 nm. Results are mean of tracings performed with 3 different oocyte preparations. E, surface expression of
HIP14-GFP protein in X. laevis oocytes determined with immunofluorescence. Left panel, HIP14-GFP-injected
oocyte treated with GFP antibody showing intense surface staining. The measured current for this oocyte was
0.18 �A with 2.0 mM external MgCl2 concentration clamped at �70 mV. Right panel, control water-injected
oocytes tested with GFP antibody.
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magnesium there occurs an increase in both Golgi and sub-
membrane vesicle HIP14 protein.
Similar results were observed with localization and redistri-

bution of the HIP14L-GFP fusion protein expressed in MDCK
cells (Fig. 6). HIP14L-GFP is predominately found in the Golgi
complex. Magnesium restriction leads to an apparent increase
inGolgi HIP14L-GFP protein and an increase or recruitment of
protein to the subplasmamembrane vesicles. These regions did
not conform to early endosomes as would be expected of pro-
teins that are cycling on and off the plasma membrane.

Palmitoyl Acyltransferase Modu-
lates HIP14-mediated Mg2� Trans-
port—It was of interest that HIP14
demonstrates protein acyltrans-
ferase activity, and metabolic label-
ing studies showed that HIP14 itself
is palmitoylated through its innate
DHHC domain (8). HIP14 and
HIP14L contain 11 cysteine resi-
dues in the predicted cytoplasmic
loop region that are highly con-
served and might function as
palmitoylation sites. Accordingly,
palmitoylation might influence
HIP14-mediated Mg2� transport.
To determine whether protein acyl-
transferase is necessary for trans-
port function, we performed two
types of experiments. First, we used
the specific inhibitor, 2-bromo-
palmitate, to block palmitoylation
and determined its effects on
HIP14-mediated Mg2� transport
(2). Treatment of HIP14-expressing
oocytes with 75 �M 2-bromopalmi-
tate for 3 h diminished Mg2� trans-
port by about 60% as measured with
two independent methodologies,
voltage-clamp experiments (Fig.
7A) and fluorescence studies (Fig.
7B). The inhibitor, 2-bromopalmi-
tate, did not have any effect on con-
trol H2O-injected oocytes nor did it
have any influence on the function
of other expressed Mg2� transport-
ers such as MagT1 (12) and NIPA1
(13) (data not shown). Maximal
concentrations of 2-bromopalmi-
tate also inhibited HIP14L-medi-
ated Mg2� transport by about 50%
(Fig. 3D). Second, we created a trun-
cated form of HIP14 that is lacking
the DHHC domain (HIP14�DHHC)
and fails to catalyze palmitoylation
of its metabolic substrates (2).
Mg2� transport was decreased in
the order of 50% in mutant
HIP14�DHHC-expressing cells rel-

ative to wild-type HIP14-expressing oocytes, again using both
voltage-clamp experiments (Fig. 7A) and fluorescence studies
(Fig. 7B). The HIP14�DHHC-tagged construct localized to the
surface membrane of the oocyte (Fig. 7C). The residual Mg2�

transport observed with DHHC deletion was similar to that
observedwithmaximal inhibitionwith 2-bromopalmitate. Fur-
thermore, the residual Mg2� transport observed with
HIP14�DHHC was not significantly inhibited by 2-bromo-
palmitate indicating that both approaches, inhibition and dele-
tion, have the same effect (Fig. 7,A andB). Taken together these

FIGURE 3. Characterization of HIP14L. A, predicted secondary structure of mouse HIP14L. HIP14L possesses a
palmitoyl acyltransferase motif (DQHC). B, current-voltage (I–V) relationships obtained from linear voltage
steps in the presence of Mg2�-free solutions or those containing the indicated concentrations of MgCl2.
Oocytes were clamped as described in the legend to Fig. 1B. Shown are average I–V curves obtained from
control H2O-injected (n � 3) or HIP14L-expressing (n 	 3) oocytes. C, summary of concentration-dependent
Mg2�-evoked currents in HIP14L-expressing oocytes using a holding potential of �125 mV. Mean � S.E. values
are those given in Fig. 2B. The Michaelis constant determined with non-linear regression analysis was 0.87 mM.
D, Mg2� flux into HIP14L-expressing oocytes. Mag-fura-2 fluorescence ratios were measured in control and
HIP14L-expressing oocytes, at resting potentials, in solutions consisting of nominally magnesium-free solu-
tions and then with 2.0 mM MgCl2 with interruption and subsequently voltage-clamped at a holding potential
of �70 mV, where indicated. Where indicated, 75 �M 2-bromopalmitate (2BrP) was added 3 h prior to experi-
mentation. E, HIP14L mediates Mn2� transport in expressing oocytes. Oocytes were initially voltage-clamped
at �70 mV in the presence of Mn2�, a cation that quenches mag-fura-2 fluorescence at 340 nm. Note, the
intensity determined at 340 nm diminished in HIP14L expressing cells but not water-injected control oocytes.
Results are mean of tracings performed with 3 different oocyte preparations. F, surface expression of HIP14L-
GFP protein in X. laevis oocytes determined with immunofluorescence. Left panel, HIP14L-GFP-injected oocyte
treated with GFP antibody showing intense surface staining. Right panel, control water-injected oocytes tested
with GFP antibody.
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data suggest that palmitoylation activates HIP14-mediated
Mg2� transport. In support of this conclusion, coexpression of
GODZ, an independent acyltransferase, with the mutated
HIP14�DHHC stimulated Mg2� uptake to levels not unlike
those observed for the wild-type HIP14 alone (Fig. 7, A and B).
GODZwas present on the surface ofGODZ-expressing oocytes
(Fig. 7C). GODZ alone did not stimulate Mg2� transport in
oocytes indicating that palmitoylation did not have a general
effect but required theHIP14 protein (Fig. 7,A andB). It further
supports that native oocytes donot possess endogenous protein
acyltransferase that is able to palmitate HIP14 protein. Addi-
tionally, 2-bromopalmitate inhibited the stimulation of trans-
port by GODZ in HIP14�DHHC-expressing oocytes, again to
transport rates similar to that observed with wild-type HIP14
plus 2-bromopalmitate (Fig. 7,A and B). These studies strongly
argue for a role of the HIP14 palmitoyl acyltransferase in mod-
ulating HIP14-mediated Mg2� transport function through a
process of autoacylation. Finally, coexpression of wild-type
HIP14withGODZ in the oocytes did not stimulateMg2� trans-
port above rates observed forHIP14 alone (Fig. 7,A andB). This
suggests that heterologous expressed HIP14 and HIP14L were
normally fully activated (autoacylated) so that regulation of
transport function involves deacylation.

DISCUSSION

The evidence given here indicates that HIP14 and HIP14L
mediateMg2� transport and the data ofHuang andDucker and
their respective colleagues (2, 6) indicates that these proteins

mediate acylpalmitoylation of a
number of proteins including them-
selves through a process of auto-
palmitoylation. The evidence that
HIP14 and HIP14L are magnesium
transporters is persuasive. First,
expression of HIP14 and HIP14L
in Xenopus oocytes produces
Mg2�-evoked currents with chan-
nel-like properties as measured
with voltage-clamp conditions.
The reversal potential shifts to the
right with a magnitude of 28 mV as
predicted by the Nernst relation-
ship with decade increases in
magnesium concentration. Mg2�

currents are concentration-de-
pendent, saturable, reversible, and
inhibitable as would be expected of
a channel-like transporter. Second,
HIP14 and HIP14L mediate Mg2�

flux as determined by fluorescence
with theMg2�-sensitivemag-fura-2
dye. Accordingly, the currents
measured with two-electrode volt-
age-clamp are formed by the move-
ment of Mg2� ions. Third, Hip14
and Hip14L transcripts and Hip14
protein are quantitatively altered
with changes in Mg2� concentra-

tion, consonant with our initial paradigm that Mg2� transport
is regulated by transcriptional processes responsive to Mg2�

concentration (12). Fourth, we demonstrate that post-transla-
tional Golgi HIP14 and HIP14L protein trafficking to the sub-
plasma membrane region is increased with diminished extra-
cellular Mg2� as would be expected of a magnesium-regulated
transporter. It has been convincingly demonstrated, using an in
vivo [3H]palmitoyl-CoA incorporation assay, thatHIP14palmi-
toylates a number of substrates such as SNAP-25, PSD-95,
GAD65, synaptotagmin 1, and huntingtin (2). In confirmation,
Varner et al. (17) applied high-performance liquid chromatog-
raphy to measure in vivo palmitoylation using peptides that
mimic distinct palmitoylation motifs. They showed that HIP14
is a palmitoyl acyltransferase with a preference for the farnesyl-
dependent palmitoylation motif found in H- and N-RAS (6).
More recently, Yanai et al. (9) reported that HIP14 palmitoy-
lates huntingtin, which is essential for huntingtin trafficking
and function. Moreover, HIP14, itself is palmitoylated by het-
ero- and homo-palmitoylation (8). Thus it is clear that the
DHHC sequence of HIP14 has enzymatic functions in addition
to mediatingMg2� transport. Accordingly, HIP14 and HIP14L
are “chanzymes,” proteins that demonstrate fused channel and
enzyme activities (18).
Until the present studies, chanzymes were represented only

in the transient receptor potential melastatin (TRPM) family of
transporters. TRPM2 principally mediates Ca2� transport and
TRPM6 and TRPM7 transport Ca2� andMg2� and other diva-
lent cations (19, 20). TheTRPM2 channel has C-terminal ADP-

FIGURE 4. Cation selectivity and inhibition of HIP14- and HIP14L-mediated Mg2� currents expressed in
Xenopus oocytes. A, summary of substrate specificity of HIP14 and HIP14L following application of Ca2�, 2.0
mM, and other test cations, 0.2 mM, in the absence of external Mg2�. Oocytes were clamped at a holding
potential of �15 mV and then stepped from �150 to �25 mV in 25-mV increments for 2 s for each of the
cations. Values are mean � S.E. for the permeability ratios measured at the end of each voltage sweep for the
respective divalent cation. B, inhibition of Mg2�-evoked currents in HIP14-expressing oocytes with 5.0 mM

Ca2� or 0.2 mM Co2� in the presence of external 2.0 mM Mg2�. Results are mean � S.E. based on the changes in
the Erev for the respective study. The inhibitor, either CaCl2 or CoCl2 was added with MgCl2 and the voltage
clamp was performed about 5 min later.
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ribose pyrophosphatase and TRPM6 andTRPM7 have an atyp-
ical protein a-kinase fused to the TRPM channel regions (21–
25). With the observation that HIP14 and HIP14L mediate
Mg2� transport and demonstrate protein acyltransferase activ-
ity, the present study extends this list of known chanzymes.
Proteins with dual functions may be more common than oth-
erwise appreciated.

Palmitoylation (or thioacylation) of cysteine residues has
emerged recently as a reversible post-translational modifica-
tion involved in regulated trafficking and functional modu-
lation of membrane proteins. Palmitoylation is a relatively
common phenomenon within the cell and plays a prominent
role for subcellular localization and regulation of acyltrans-
ferases and thioesterases and their cognate substrates that
cycle on and off membranes (7, 26). As reviewed by Linder

FIGURE 5. Subcellular redistribution of HIP14-GFP fusion protein in
response to magnesium. Immunofluorescence staining of HIP14-GFP fusion
protein of transiently expressing MDCK epithelial cells. A, Golgi localization of
HIP14-GFP. Cells were cultured in media containing the normal magnesium
concentration, fixed, and incubated with GFP antibody (HIP14-GFP) and the
Golgi marker, GM130 (GM130). The merged image demonstrates HIP14-GFP
and GM130 colocalization (Merge). A phaloidin overlay of the merged image
shows the surface membrane (Phaloidin). B, there was very little submem-
brane HIP14 protein in MDCK cells cultured in normal magnesium media. The
image is of A digitally enlarged 4 times with each of the respective stains.
C, Golgi localization of HIP14-GFP in cells cultured in low magnesium media.
Cells were fixed and incubated with GFP antibody (HIP14-GFP), GM130,
(GM130), GFP and GM130 merged (Merge), and phaloidin (Phaloidin). Note,
the increase in Golgi HIP14-GFP and the evident appearance of subplasma
membrane HIP14-GFP protein. D, submembrane location of post-Golgi
HIP14-GFP protein with low magnesium. The image is of C digitally enlarged
4 times with each of the respective stains. Note, the predominant submem-
brane localization of post-Golgi HIP14-GFP protein. E, absence of HIP14-GFP
protein in early recycling endosomes supporting the notion that HIP14 pro-
tein does not traffic to the plasma membrane. MDCK cells were cultured in
normal media with normal magnesium concentration. The images comprise
HIP14-GFP staining (HIP14-GFP), Rab5 (Rab5), HIP14-GFP and Rab5 merged
image (Merge), and the phaloidin overlay image (Phaloidin). F, absence of
HIP14-GFP protein in early recycling endosomes. MDCK cells were cultured in
media with low magnesium. HIP14-GFP staining (HIP14-GFP), Rab5 (Rab5),
merged image (Merge), and the phaloidin overlay image (Phaloidin) are
shown. G, control MDCK cells transfected with GFP alone. H, magnesium-
restricted MDCK cells transfected with GFP alone. Changes in magnesium
concentration do not alter GFP distribution. All images are representative in
excess of 30 cells for each condition.

FIGURE 6. Subcellular redistribution of HIP14L-GFP fusion protein in
response to magnesium. Immunofluorescence staining of HIP14L-GFP
fusion protein of transiently expressing MDCK epithelial cells. A, Golgi local-
ization of HIP14L-GFP. Cells were cultured in media containing normal mag-
nesium concentration, fixed, and incubated with GFP antibody (HIP14L-GFP)
and the Golgi marker, GM130 (GM130). The merged image demonstrates
HIP14L-GFP and GM130 colocalization (Merge). A phaloidin overlay of the
merged image shows the surface membrane (Phaloidin). B, there was very
little submembrane HIP14L protein in MDCK cells cultured in normal magne-
sium media. The image is of A digitally enlarged 4 times with each of the
respective stains. C, Golgi localization of HIP14L-GFP in cells cultured in low
magnesium media. Cells were fixed and incubated with GFP antibody
(HIP14L-GFP), GM130 (GM130), GFP and GM130 merged (Merge), and phaloi-
din (Phaloidin). Note, the increase in Golgi HIP14L-GFP and the evident
appearance of subplasma membrane HIP14L-GFP protein. D, submembrane
location of post-Golgi HIP14L-GFP protein with low magnesium. The image is
of C digitally enlarged 4 times with each of the respective stains. Note, the
predominant submembrane localization of post-Golgi HIP14L-GFP protein.
E, absence of HIP14L-GFP protein in early recycling endosomes supporting
the notion that the HIP14L protein does not traffic to the plasma membrane.
MDCK cells were cultured in normal media with normal magnesium concen-
tration. The images comprise HIP14L-GFP staining (HIP14L-GFP), Rab5 (Rab5),
HIP14L-GFP and Rab5 merged image (Merge), and the phaloidin overlay
image (Phaloidin). F, absence of HIP14L-GFP protein in early recycling endo-
somes. MDCK cells were cultured in media with low magnesium. HIP14L-GFP
staining (HIP14L-GFP), Rab5 (indicated as Rab5), merged image (Merge), and
the phaloidin overlay image (Phaloidin) are shown. G, control MDCK cells
transfected with GFP alone. H, magnesium-restricted MDCK cells transfected
with GFP alone. Changes in magnesium concentration do not alter GFP dis-
tribution. All images are representative in excess of 30 cells for each
condition.
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and Dechenes (7), palmitate exerts its effects primarily
through interactions with lipid bilayers. In this context,
HIP14 palmitoylates huntingtin and protects it from forming
aggregates thus performing an essential function in protein
trafficking (2).

TheDHHCdomain ofHIP14 palmitoylates a number of sub-
strates including HIP14 itself through a process of autoacyla-
tion (8). Our findings show that inhibition of palmitoyl
acyltransferase or deletion of the DHHC motif diminishes
HIP14-mediated Mg2� transport. The mechanism is unclear
but palmitoylation may directly facilitate transport activity or
palmitoylation may be required for appropriate HIP14 protein
insertion into the plasmamembrane.Many cation transporters
such as Na�, K�, and Ca2� channels are known to be activated
by palmitoylation (26–32). Alternatively, palmitoylation has
been implicated in sorting and trafficking of other transport
and receptor proteins (9, 33–35). Although we did not directly
measure palmitoylation of HIP14 in these studies, we used two
approaches to implicate protein palmitoylation; inhibitionwith
the specific analogue, 2-bromopalmitate, and deletion of the
zinc finger DHHC cysteine-rich motif (2, 9, 15). Our studies
show that DHHC activity and palmitoylation are required for
maximal Mg2� transport mediated by HIP14 and our evidence
supports the notion that palmitoylation directly enhances
Mg2� transport. This conclusion is supported by the observa-
tion that 2-bromopalmitate, an inhibitor of palmitoyl transfer-
ase, diminishesMg2� transport by about 50% in the presence of
normal amounts of wild-type HIP14 protein. Second, HIP14
DHHCdeletion decreases transport without changes in surface
HIP14 protein. Of note is the observation that palmitoylation is
not necessary for basal transport. 2-Bromopalmitate and
DHHC deletion decrease Mg2� transport by similar amounts;
the two together were not additive, leaving residual Mg2�

transport that presumably is the basal transport in the absence
of palmitoylation. Second, GODZ does not stimulate wild-type
HIP14-mediated transport suggesting that the heterologously
expressed HIP14 is normally fully acylated by its innate palmi-
toyl acyltransferase in oocytes. Accordingly, regulation of
HIP14-mediated transport occurs at the depalmitoylation step
rather than the palmitoylation step. This is in keeping with the
notion that acylation of cysteinyl-containing proteins is spon-
taneous and driven by local acyl-CoA concentrations (7).
Palmitate cycling is regulated at the depalmitoylation step by
acylprotein thioesterases. Further studies are required to deter-
mine whether this model is also applicable to mammalian cells.
The potential implications of HIP14-mediated cation trans-

port are numerous. HIP14 was first identified by its association
with huntingtin protein in a yeast two-hybrid assay (1). Hun-
tingtin is a large protein that has widespread tissue distribution
where it is found in many subcellular organelles including
nuclear and perinuclear regions, Golgi complex, mitochondria,
microtubules, endosomes, clathrin-coated and non-coated ves-
icles, and plasmamembrane (3, 5, 35–40). Huntingtin has been
implicated in numerous cellular processes such as transcrip-
tional regulation, mitochondria energetics, structural scaffold-
ing, vesicle trafficking, endocytosis, and dentrite formation (38,
40–43). A mutation in the huntingtin gene results in an
expanded polyglutamine tract in the encoded protein underly-
ing the neuropathology ofHuntington disease. Huntington dis-
ease is a dominant, progressive neurodegenerative disorder
characterized by cognitive deficits, choreic involuntary move-
ments, and mood disturbances. The underlying mechanism by
which expanded mutant huntingtin triggers these effects is

FIGURE 7. Protein acyltransferase modulates HIP14-mediated Mg2�

transport. Where indicated, oocytes were injected with wild-type HIP14
cRNA (HIP14), HIP14 with DHHC deletion cRNA (HIP14�DHHC), or/and GODZ
cRNA (GODZ). Where indicated, expressing oocytes were treated with and
without 75 �M 2-bromopalmitate for 3 h prior to experimentation. A, sum-
mary of Mg2�-evoked currents determined with voltage-clamp experiments.
Currents were measured with 2.0 mM MgCl2 at a holding potential of 125 mV
according to the parameters given in Fig. 1B. Results are normalized to wild-
type HIP14 and represented as mean � S.E. for n � 50, 9, 19, 3, 21, 5, 4, and 5
oocytes, respectively. *, indicates significance, p � 0.05, compared with wild-
type HIP14. B, Mg2� flux, determined by the slope of the mag-fura-2 fluores-
cence 340/385 ratio change at �70 mV voltage clamp. Results were normal-
ized to wild-type HIP14 observations. Intracellular Mg2� concentration
changes were measured with 2.0 mM external MgCl2 according to the meth-
ods given in the legend to Fig. 1D. Results are means of 8 oocytes. * indicates
significance, p � 0.05, compared with wild-type HIP14. C, surface expression
of HIP14DDHHC-GFP (HIP14�DHHC) protein in X. laevis oocytes determined
with immunofluorescence. D, surface expression of GODZ-FLAG (GODZ) pro-
tein in oocytes.
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unknown. Relevant to the present findings is the observation
that huntingtin has been implicated in cellular iron acquisition
and utilization (36, 44–47). Huntington patients often demon-
strate abnormalities of iron homeostasis including decreased
serum ferritin, increased brain ferritin, increased transferritin
receptor, and decreased iron-requiring enzymes (46–48).
Given the pleiotropic nature of huntingtin functions it is
unlikely that altered cation transport is the sole cause of the
Huntington disorder but a clearer picture ofHIP14 andHIP14L
physiology should increase our understanding of the disease
progression.
In summary, we have shown that HIP14 and HIP14L

expressed in oocytes mediate Mg2� transport, which is regu-
lated by its own palmitoyl acyltransferase. Accordingly, HIP14
and HIP14L are characteristic of chanzymes, proteins combin-
ing transport and enzymatic functions.
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