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ClipR-59 interacts with Akt and regulates Akt compartmentalization and Glut4 membrane trafficking in a plasma membrane
association-dependent manner. The association of ClipR-59 with plasma membrane is mediated by ClipR-59 palmitoylation at
Cys534 and Cys535. To understand the regulation of ClipR-59 palmitoylation, we have examined all known mammalian DHHC
palmitoyltransferases with respect to their ability to promote ClipR-59 palmitoylation. We found that, among 23 mammalian
DHHC palmitoyltransferases, DHHC17 is the major ClipR-59 palmitoyltransferase, as evidenced by the fact that DHHC17 inter-
acted with ClipR-59 and palmitoylated ClipR-59 at Cys534 and Cys535. By palmitoylating ClipR-59, DHHC17 directly regulates
ClipR-59 plasma membrane association, as ectopic expression of DHHC17 increased whereas silencing of DHHC17 reduced the
levels of ClipR-59 associated with plasma membrane. We have also examined the role of DHHC17 in Akt signaling and found
that silencing of DHHC17 in 3T3-L1 adipocytes decreased the levels of Akt as well as ClipR-59 on the plasma membrane and im-
paired insulin-dependent Glut4 membrane translocation. We suggest that DHHC17 is a ClipR-59 palmitoyltransferase that
modulates ClipR-59 plasma membrane binding, thereby regulating Akt signaling and Glut4 membrane translocation in
adipocytes.

ClipR-59 is a plasma membrane (PM)-associated protein char-
acterized with three ankyrin repeats at the amino terminus,

two putative cytoskeleton-associated protein glycine-rich (CAP-
Gly) domains in the middle, and a membrane binding domain
(MBD) at the carboxyl terminus (1). Recent studies revealed that
ClipR-59 is a modulator of Akt signaling in that ClipR-59 interacts
with active Akt and modulates Akt intracellular compartmental-
ization (2). Moreover, ClipR-59 was also found to interact with
AS160, a Rab GTPase-activating protein that modulates Glut4
membrane translocation (3). In this context, ClipR-59 functions
as a scaffold protein to facilitate AS160 phosphorylation by Akt
and subsequently insulin-dependent Glut4 membrane transloca-
tion (4). Glut4 is the major mediator of insulin-induced glucose
disposal from circulation and has a fundamental role in mainte-
nance of body glucose homeostasis and regulation of peripheral
insulin sensitivity (5, 6). In mice, inactivation of Glut4 in either
muscle or adipocytes causes severe glucose intolerance and he-
patic insulin resistance (7–9). In this regard, ClipR-59 is believed
to play a role in the regulation of body glucose homeostasis and
peripheral insulin sensitivity.

The modulation of the Akt PM association by ClipR-59 re-
quires two functional features of ClipR-59: interaction with Akt
and PM localization. In adipocytes, the form of ClipR-59 defective
in either Akt interaction or PM binding failed to recruit Akt onto
the PM (2). ClipR-59 PM binding is, in part, mediated by palmi-
toylation of cysteine residues at 534 and 535 within the MBD (10).
Therefore, it is believed that modulation of ClipR-59 palmitoyl-
ation may constitute a critical process for ClipR-59 to regulate Akt
signaling.

In eukaryotes, protein palmitoylation at cysteine residues is
catalyzed by DHHC palmitoyltransferase, which is so named be-
cause all palmitoyltransferases consist of an aspartic acid-histi-
dine-histidine-cysteine (DHHC) motif within their catalytic do-
main (11, 12). There are a total of 23 DHHC palmitoyltransferases
in mammals (13). In the present study, we tested the hypothesis
that one or more DHHC proteins among these 23 palmitoyltrans-

ferases may function as ClipR-59 palmitoyltransferase and have
identified DHHC17 as the ClipR-59 palmitoyltransferase. More-
over, we found that, by modulating ClipR-59 palmitoylation,
DHHC17 contributes to the regulation of Akt signaling and insu-
lin-dependent Glut4 membrane translocation.

MATERIALS AND METHODS
Reagents. Insulin, dexamethasone (Dex), 3-isobutyl-1-methylxanthine
(IBMX), hydroxylamine chloride, rabbit anti-syntaxin 4 and DHHC17
antibodies, and mouse monoclonal anti-Flag antibody were from Sigma.
Thiopropyl Sepharose 6B and glutathione-Sepharose 4B were from GE
Healthcare. Methyl methanethiosulfonate (MMTS), rabbit anti-Glut4,
mouse anti-green fluorescent protein (anti-GFP), and anti-glutathione
S-transferase (anti-GST) antibodies were from Thomas Scientific. Mouse
monoclonal antihemagglutinin (anti-HA) antibody was from Covance.
Mouse monoclonal anti-Glut4 antibody (1F8) and rabbit monoclonal
Akt, phospho-Akt, and IRAP antibodies were from Cell Signaling. Rabbit
anti-ClipR-59 antibody has been described previously (2).

Plasmids and virus production. ClipR-59 and its mutants have been
described previously (2). HA-tagged murine DHHC protein expression
vectors and internal HA-tagged Glut4 expression vector were kindly pro-
vided by Masaki Fukata and Samuel W. Cushman, respectively (14). Two
sets of DHHC17 short hairpin RNA (shRNA) were used in this study. One
DHHC17 shRNA was generated according to the published sequence (15,
16), and the other one (TRCN0000137952) was purchased from Sigma.
GST-DHHC17 expression vector pEBG-DHHC17 was generated via in-
serting DHHC17 into the BamHI and NotI sites of pEBG. GFP-MBD was
generated via inserting the MBD domain of ClipR-59 into BglII and XhoI
sites of pEGFP-C1. To generate the expression vector that simultaneously

Received 30 April 2013 Returned for modification 29 May 2013
Accepted 21 August 2013

Published ahead of print 3 September 2013

Address correspondence to Keyong Du, kdu@tuftsmedicalcenter.org.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/MCB.00527-13

November 2013 Volume 33 Number 21 Molecular and Cellular Biology p. 4255–4265 mcb.asm.org 4255

http://dx.doi.org/10.1128/MCB.00527-13
http://mcb.asm.org


expresses shRNA and GFP–ClipR-59, DHHC17 shRNA and luciferase
shRNA were excised from pLKO with NotI and EcoRI sites and the NotI
site was blunted and inserted into the MfeI and NruI sites of pcDNA3.0.
Then, GFP–ClipR-59 fusion cDNA was cloned into the EcoRV and NotI
sites of the resultant shRNA pcDNA3.0 vectors. In this construct, the U6
promoter was in the direction opposite that of the cytomegalovirus
(CMV) promoter of pcDNA3.0. The adenoviruses expressing HA-
DHHC17 and DHHC17 shRNA were generated and purified by the use of
a double-CsCl gradient as described previously (17).

Cell culture and transient transfection. HEK293 and COS-7 cells
were grown in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) with 10% (vol/vol) fetal bovine serum (FBS), 2 mM L-glu-
tamine, 100 U/ml penicillin, and 100 �g/ml streptomycin (Invitrogen).
3T3-L1 preadipocytes were grown in the same DMEM but with 10%
bovine serum instead of FBS. The adipocyte differentiation of 3T3-L1
preadipocytes was as described. Briefly, 3T3-L1 preadipocytes were cul-
tured for 2 additional days after reaching 100% confluence and treated
with differentiation medium (DMEM-high glucose containing 10% FBS,
2.5 �g/ml insulin, 0.5 mM IBMX, 2.5 �M Dex, 2 mM L-glutamine, 100
units/ml penicillin, 100 �g/ml streptomycin) for 4 days. Then the differ-
entiation medium was changed to the regular medium. After 7 days of
differentiation, the adipocytes were used for experiments. When the cells
were infected with viruses, at least 75% of cells were transduced.

Metabolic labeling with [3H]palmitate. The metabolic labeling was
essentially carried out as described previously (10, 18). Briefly, HEK293
cells in a 6-cm-diameter dish cotransfected with Flag-tagged ClipR-59 and
individual DHHC protein expression vectors were incubated with
DMEM supplemented with 0.25 mCi/ml [3H]palmitate (PerkinElmer)
and 5 mg/ml bovine serum albumin (BSA) for 6 h. The total cell lysates
were then prepared and subjected to immunoprecipitation (IP) with anti-
Flag antibody. The anti-Flag immunoprecipitates were separated on SDS-
PAGE. The gel was fixed, treated with Amplify fluorographic reagent (GE
Heathcare), vacuum dried, and exposed to X-ray film (Pierce).

Cell imaging. The cells grown on coverslips were either transfected or
infected with the indicated expression vectors. Then the cells were fixed
and stained with primary antibodies followed by cyanine (Cy)-conjugated
goat anti-mouse or -rabbit secondary antibodies. The fluorescence imag-
ing was captured with confocal microscopy (Olympus).

Subcellular fractionation assay. 3T3-L1 adipocytes, with or without
insulin treatment, were suspended into HES I buffer (0.25 M sucrose, 20
mm Tris [pH 7.6], and 1 mM EDTA plus a protease inhibitor mixture set).
The cells were homogenized by passage through a 23-gauge needle 10
times, and then the homogenates were centrifuged at 19,000 � g for 20
min. To isolate the membrane fraction, the resultant pellets from the
19,000 � g centrifugation were layered on HES II buffer (1.12 M sucrose,
20 mM Tris [pH 7.6], 1 mM EDTA) and centrifuged at 100,000 � g for 60
min. The resulted pellets were designated the nuclear and mitochondrial
fractions. The plasma membrane layers were removed from the sucrose
cushion, suspended into HES I buffer, and centrifuged at 41,000 � g for 20
min. The resultant pellets represented the plasma membrane (PM). To
isolate lipid rafts (or plasma membrane microdomains), the PM were
suspended into HES I buffer supplemented with 1% Triton X-100 and
centrifuged at 14,000 � g for 20 min. The resulted pellets represented lipid
raft. To isolate low-density microsomes (LDM), the resultant supernatant
from the 19,000 � g centrifugation was centrifuged at 175,000 � g for 75
min, and the pellets were collected as LDM. The supernatant from the
175,000 � g centrifugation was saved and designated the cytosol.

For the screening of ClipR-59 palmitoyltransferase, COS-7 or HEK293
cells were cotransfected with Flag-tagged ClipR-59 expression vectors and
individual HA-tagged DHHC protein expression vectors. At 36 to 40 h
posttransfection, the cell membrane was prepared for Western blot anal-
ysis with anti-Flag antibody.

Coimmunoprecipitation (co-IP) assay. HEK293 or COS-7 cells were
cotransfected with Flag–ClipR-59 and HA-DHHC expression vectors
(e.g., pEB-HA-DHHC17). Then total cell lysates were prepared in immu-

noprecipitation buffer (20 mM Tris [pH 7.6], 150 mM NaCl, 0.5 mM
EDTA, 0.5 mM dithiothreitol [DTT], 1% NP-40, 10% glycerol, protease
and phosphatase inhibitors) and incubated overnight with primary anti-
bodies (i.e., anti-Flag M2 affinity gel or anti-HA or anti-GFP antibodies)
followed by 45 to 120 min of incubation with protein A- or G- agarose
(depending on the experiments). Immunoprecipitates bound to agarose
beads were washed and subjected to SDS-PAGE and Western blot
analysis.

Assay of TPC of S-acylated protein. The principle and detailed pro-
cedure of the assay of thiopropyl captivation (TPC) of S-acylated protein
have been described previously (19, 20). Briefly, the cells were lysed into
lysis buffer (20 mM HEPES [pH 7.4], 1 mM EDTA, 1.7% Triton X-100).
The genomic DNA and insoluble fraction were removed by spinning the
cell lysates at 14,000 � g for 10 min. Then the total lysates were diluted
into 2� blocking buffer (200 mM HEPES [pH 7.4], 200 mM NaCl, 2 mM
EDTA, 5% SDS, 2 �l/ml MMTS) and incubated at 42°C for 15 min. After
the total proteins were precipitated with 70% acetone, the precipitated
proteins were resuspended into binding buffer.

GST pulldown assay. Total cell lysates prepared from the cells that
were transfected with GST expression vectors, and the protein expression
vectors indicated in the figure legends were incubated with glutathione
beads in co-IP buffer for 2 to 4 h. Then the beads were washed three times
with co-IP buffer, and the proteins retained on the glutathione beads were
separated on SDS-PAGE and probed with proper antibodies.

Western blotting. After the indicated treatments, cells were washed
twice with PBS and extracted with cell lysis buffer (20 mM Tris [pH 7.6],
150 mM NaCl, 0.5 mM EDTA, 0.5 mM DTT, 10 mM �-glycerophosphate,
10% glycerol, protease inhibitors). For cellular fractionation experiments,
the cellular fractions were directly dissolved into lysis buffer. Equal
amounts of protein were subjected to SDS-PAGE and transferred to ni-
trocellulose membranes (Bio-Rad). After blocking in 5% dry milk, the
membranes were incubated with each primary antibody, followed by in-
cubation with a horseradish peroxidase-conjugated secondary antibody.
The protein bands were visualized using an ECL detection system
(Pierce). The quantification of the Western blot analysis was determined
with Image J software.

Statistical analysis. Means � standard deviations (SD) were calcu-
lated, and statistically significant differences among groups were deter-
mined by one-way analysis of variance followed by post hoc comparisons
or a two-tailed unpaired Student’s t test for comparisons between two
groups, as appropriate. An effect was considered significant when P was
�0.05.

RESULTS
Palmitoylation of ClipR-59 is required for ClipR-59 to promote
Akt PM association. ClipR-59 PM binding is mediated by palmi-
toylation at Cys533 and Cys534 (10). To assess the role of
ClipR-59 palmitoylation in Akt PM recruitment, we substituted
both Cys534 and Cys535 with alanine residues. First, we examined
subcellular localization of the resulted palmitoylation-defective
ClipR-59 mutant (designated C2A2–ClipR-59) in HEK293 cells.
As shown in Fig. 1a, C2A2–ClipR-59 exhibited a reduced PM as-
sociation compared with wild-type ClipR-59 as previously re-
ported (10).

To determine the impact of C2A2–ClipR-59 on Akt PM asso-
ciation, HEK293 cells transiently transfected with either wild-type
or C2A2–ClipR-59 were stimulated with 10 nM insulin for 30
min. Then the PM was prepared for Western blot analysis with
anti-phospho-Akt and Akt antibodies. Cells transiently trans-
fected with an empty vector were used as controls. As shown in
Fig. 1b, insulin treatment increased the PM levels of phospho-Akt
and Akt, respectively (panels i and ii, compare lanes 1 and 2).
Ectopic expression of ClipR-59 further increased the levels of
phospho-Akt and Akt in PM (Fig. 1b, panels i and ii, compare
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lanes 1 and 3) as previously reported in a study demonstrating that
ClipR-59 interacts with active Akt and promotes active Akt on PM
(2). However, expression of C2A2–ClipR-59 had no such effect
(Fig. 1b, panel i, compare lanes 1 and 5) and appeared to cause a
decrease in the levels of Akt associated with PM following insulin
stimulation (compare lanes 2 and 6 in panels i and ii). Expression
of C2A2–ClipR-59 had no impact on Akt expression, as compa-
rable levels of Akt in total cellular homogenates were observed in
all samples (Fig. 1b, panel vi). We also examined the level of
ClipR-59 on PM. While wild-type ClipR-59 is abundant in PM,
only a minimal amount of C2A2–ClipR-59 was detected in the PM
fraction (Fig. 1b, panel iii, compare lanes 3 and 4 and lanes 5 and
6), in agreement with the view that ClipR-59 palmitoylation is
required for ClipR-59 PM association. The changes in the levels of
Akt and ClipR-59 in PM were not the result of sample variations,
as comparable levels of syntaxin 4 (Stx4) (Fig. 1b, panel iv), whose
membrane association is not regulated, and of total cellular Flag–
ClipR-59 (panel v) were observed in each sample. Quantitative
analysis of the Western blot shown in Fig. 1b is presented in Fig. 1c
and d, which clearly show that C2A2–ClipR-59 lacks the ability to

promote Akt PM association. Taken together, these data demon-
strate that ClipR-59 palmitoylation is essential for ClipR-59 PM
localization and for ClipR-59 to promote Akt PM association.

DHHC17 mediates ClipR-59 palmitoylation. Following the
demonstration that ClipR-59 palmitoylation is required for
ClipR-59 to regulate Akt PM association, we next attempted to
identify the potential ClipR-59 palmitoyltransferase. Since cys-
teine palmitoylation is catalyzed by DHHC palmitoyltransferase
in eukaryotes (11), we reasoned that one or more of mammalian
DHHC proteins might be responsible for ClipR-59 palmitoyl-
ation. Because ClipR-59 palmitoylation is required for ClipR-59
PM association (Fig. 1; see also reference 10), one could expect
that a DHHC protein that promotes ClipR-59 palmitoylation
would increase the amount of ClipR-59 associated with PM. With
this in mind, we assessed each of the 23 mammalian DHHC
palmitoyltransferases with respect to their ability to modulate the
association of ClipR-59 with PM in both HEK293 and COS-7
cells. As shown in Fig. 2a, although individual DHHC proteins
affected the amount of ClipR-59 associated with PM to different
degrees, DHHC13 and -17 (DHHC13 is DHHC22 in reference 14)
were particularly effective, as they increased the amount of
ClipR-59 associated with PM by more than 10-fold compared
with the control (lane 0).

To determine whether the increased ClipR-59 PM association
shown by DHHC proteins is indeed related to palmitoylation of
ClipR-59, metabolic labeling experiments using ClipR-59 with
[3H]palmitate in the presence or absence of exogenously ex-
pressed DHHC proteins in HEK293 cells were performed. As
shown in Fig. 2b, forcing expression of either DHHC17 or
DHHC13 increased the incorporation of [3H]palmitate in
ClipR-59 (top panel) without altering ClipR-59 expression (mid-
dle panel), arguing that promotion of ClipR-59 PM association by
DHHC17 or DHHC13 is directly correlated with their ability to
promote ClipR-59 palmitoylation.

Next, palmitoylation of ClipR-59 was assessed by assaying
thiopropyl captivation (TPC) of S-palmitoylated protein in the
presence or absence of exogenously expressed DHHC17 or
DHHC13. As shown in Fig. 2c, ClipR-59 was captured by thiopro-
pyl beads following only hydroxylamine (HyA) treatment and not
NaCl treatment (panel i, compare lane 1 and 2), further demon-
strating that ClipR-59 is a palmitoylated protein. Forcing expres-
sion of either DHHC17 or DHHC13 increased the amount of
ClipR-59 captured with thiopropyl beads under conditions of hy-
droxylamine treatment (Fig. 2c, panel i, compare lanes 2, 4, and
6), providing additional evidence that DHHC17 and DHHC13
promote ClipR-59 palmitoylation. In these experiments, the pal-
mitoylation of DHHC17 and DHHC13 was also examined. As
expected, both DHHC17 and DHHC13 were palmitoylated, as
both proteins were captured by thiopropyl beads under condi-
tions of hydroxylamine treatment (Fig. 2c, panel iii, lanes 4 and 6).
Expression of DHHC17 or -13 had no appreciable impact on
ClipR-59 expression, as comparable levels of Flag–ClipR-59 were
detected in the samples (Fig. 2c, panel ii).

The data presented above suggest that DHHC17 and DHHC13
are likely ClipR-59 palmitoyltransferases. To further examine this,
we next evaluated ClipR-59 palmitoylation with different doses of
DHHC13 and DHHC17. As shown in Fig. 3a, DHHC17 promoted
ClipR-59 palmitoylation in a dose-dependent manner (panel i,
lanes 7 to 12) whereas DHHC13 had no appreciable impact on
ClipR-59 palmitoylation until it reached the highest dose used in

FIG 1 ClipR-59 palmitoylation at Cys534 and Cys535 is required for ClipR-59
to regulate Akt membrane association. (a) Cellular localization of wild-type
and palmitoylation-defective C2A2–ClipR-59. HEK293 cells were transiently
transfected with Flag-tagged ClipR-59 expression vectors and stained with
mouse anti-Flag monoclonal antibody followed by Cy2-conjugated secondary
antibodies. (b) The impact of palmitoylation-defective ClipR-59 on Akt PM
association. HEK293 cells were transiently transfected with either empty vec-
tor or with Flag-tagged ClipR-59 or C2A2–ClipR-59. PM fractions were pre-
pared after the cells were treated with 10 nM insulin (Ins) and subjected to
Western blot analysis with anti-phospho-Akt (i), anti-Akt (ii), anti-Flag (iii,
for detecting ClipR-59), or anti-syntaxin 4 (iv) (Stx4) antibodies. The total
cellular levels of Flag–ClipR-59 (v) and Akt (vi) are also shown. These exper-
iments were repeated three times, and data from one representative experi-
ment are shown. WT, wild type. (c and d) Quantitative presentation of the
levels of pAkt and Akt as described for panel b, respectively. The levels of Akt or
pAkt were set to a value of 1 in the cells expressing empty vectors without
insulin treatment (In�) after normalization to the syntaxin 4 level. Bar graphs
show means � SD (n � 3).
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these experiments (panel i, lanes 1 to 6). The difference between
DHHC13 and DHHC17 in promoting ClipR-59 palmitoylation
observed here was not a result of the differential levels of expres-
sion of DHHC13 and DHHC17, as DHHC13 appeared to express
at a higher level than DHHC17 did (Fig. 3a, panel iii). In these
experiments, we also assessed the autopalmitoylation of DHHC13
and DHHC17. The autopalmitoylation of each protein exhibited a
dose-dependent increase (Fig. 3a, panel ii) in agreement with the
view that DHHC17 autopalmitoylation is higher overall than that
of DHHC13 (panel ii, compare lanes 2 to 6 with lanes 8 to 12). The
autopalmitoylation of a DHHC protein is related to the DHHC
protein palmitoyltransferase activity (21, 22). The higher level of
DHHC17 autopalmitoylation likely reflects the notion that
DHHC17 is a more active palmitoyltransferase. The reason for
this is not clear at present but could be that DHHC13 contains a
DQHC motif instead of the common DHHC motif in the DHHC
protein catalytic domain (12). The quantified results of ClipR-59
palmitoylation under conditions of either DHHC13 or DHHC17
expression are presented in Fig. 3b, which clearly shows the differ-
ences between DHHC13 and DHHC17 with respect to their abil-
ities to promote ClipR-59 palmitoylation.

Next, we carried out a coimmunoprecipitation assay with the
lysates of HEK293 cells transiently cotransfected with Flag–
ClipR-59 expression vector and HA-tagged DHHC17 or
DHHC13 expression vectors to examine the interaction of

ClipR-59 with DHHC13 and DHHC17. As shown in Fig. 3c, both
DHHC17 and DHHC13 were recovered from the anti-Flag im-
munoprecipitates of HEK293 cell lysates that express Flag–
ClipR-59 but not from those of the one without Flag–ClipR-59
expression (top panel, lanes 5 and 6 for DHHC17 and lanes 7 and
8 for DHHC13), indicating that both DHHC17 and DHHC13 are
capable of interacting with ClipR-59. In these experiments, we
also examined the association of ClipR-59 with DHHC7 and
DHHC15. No DHHC7 was recovered from anti-Flag immuno-
precipitates (Fig. 3c, top panel, lanes 1 and 2), and only a marginal
amount of DHHC15 was seen in the anti-Flag immunoprecipi-
tates (lanes 3 and 4). Quantitative analysis revealed that the
amount of DHHC17 associated with anti-Flag–ClipR-59 beads
was about 4.5-fold of the input level, whereas that of DHHC13 was
about 2.0-fold, indicating that DHHC17 has the higher binding
affinity for ClipR-59. When an enzyme catalyzes a reaction, it
requires the enzyme to bind its substrate. The higher activity to
promote ClipR-59 palmitoylation and the higher binding affinity
for ClipR-59 argue that DHHC17 is likely the major ClipR-59
palmitoyltransferase in cells.

To determine whether DHHC17 mediates ClipR-59 palmi-
toylation at Cys534 and Cys535, the ability of DHHC17 to palmi-
toylate C2A2–ClipR-59 was assessed. As expected, while promot-
ing wild-type ClipR-59 palmitoylation, DHHC17 had no impact
on palmitoylation of C2A2–ClipR-59 (Fig. 3d, top panel, compare

FIG 2 DHHC17 and DHHC13 mediate ClipR-59 palmitoylation. (a) The PM fractions were isolated from HEK293 and COS-7 cells that were cotransfected with
equal amounts (0.5 �g) of Flag-tagged ClipR-59 and individual HA-tagged DHHC expression vectors and analyzed by Western blotting with anti-Flag antibody.
The relative levels of Flag–ClipR-59 in membrane fractions from two independent experiments are presented. The levels of ClipR-59 at the membrane under
control conditions were set at 1 (lane 0). (b) In vivo labeling of ClipR-59 with [3H]palmitate in the presence of different DHHC proteins. The experiments were
carried out as described for panel a, except that the cells were incubated with [3H]palmitate overnight. Flag-tagged ClipR-59 was immunoprecipitated and
exposed to X-ray film (top panel). The cellular levels of exogenously expressed ClipR-59 and HA-DHHC proteins are shown in middle and bottom panels,
respectively. (c) Thiopropyl captivation assay (TPC assay) of ClipR-59 palmitoylation using S-acylated protein. HEK293 cells were transiently transfected as
described for panel a, and TPC was performed as described in Materials and Methods. The proteins captured by thiopropyl beads were analyzed by Western
blotting with anti-Flag antibody (i, detecting palmitoylated ClipR-59 [Pal-ClipR-59]) or anti-HA antibody (iii, detecting palmitoylated DHHC proteins). Panels
ii and iv show the input levels of Flag–ClipR-59 and HA-DHHC proteins, respectively. HyA, hydroxylamine chloride; IB, immunoblot. The minus sign indicates
that the samples were treated with sodium chloride.
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lanes 4 and 6), demonstrating that DHHC17 specifically palmi-
toylates ClipR-59 at Cys534 and Cys535.

MBD of ClipR-59 mediates the interaction between ClipR-59
and DHHC17. To further evaluate the association of ClipR-59
with DHHC17, a series of ClipR-59 deletion mutants were gener-
ated (Fig. 4a) and the affinity of each mutant to interact with
DHHC17 was assessed in a coimmunoprecipitation assay. As
shown in Fig. 4b, removal of either the ankyrin repeats or CAP-
Gly domains had no impact on the interaction between DHHC17
and ClipR-59, suggesting that the ankyrin repeats and CAP-Gly
domains are not required for the interaction between ClipR-59
and DHHC17. On the other hand, the mutants that lack MBD
exhibited no detectable interaction with DHHC17 (Fig. 4c, top
panel, compare lane 4 with lanes 6, 7, and 8), indicating that MBD
of ClipR-59 mediates the association of ClipR-59 with DHHC17.
In agreement with this view, removal of the first 90 amino acid
residues had no impact on the interaction between ClipR-59 and
DHHC17 (Fig. 4c, top panel, compare lanes 4 and 5). As addi-
tional studies, we also examined the interaction of ClipR-59 with
DHHC13 and DHHC21. No interaction between DHHC21 and
ClipR-59 was observed (Fig. 4c, top panel, compare lanes 3 and 4).
Again, DHHC13 showed the lower affinity to interact with
ClipR-59 (Fig. 4c, top panel, compare lanes 2 and 4). The differ-
ential interactions of ClipR-59 and its mutants with DHHC pro-
teins were not a result of sample variations, as comparable levels
of ClipR-59 and its mutants and DHHC proteins were detected
in each sample (Fig. 4b and c, middle and bottom panels).

To determine whether the presence of the MBD of ClipR-59 is

sufficient to mediate the interaction between ClipR-59 and
DHHC17, a vector that expresses MBD-GFP fusion peptide was
generated (Fig. 5a). Then a GST pulldown assay was carried out
with the lysates from COS-7 cells that transiently transfected with
GST-DHHC17 and GFP–ClipR-59 or GFP-MBD expression vec-
tors. As shown in Fig. 5b, GFP-MBD exhibited a level of binding
activity comparable to that seen with GST-DHHC17 (top panel,
lanes 2 and 4). This binding was specific, as no ClipR-59 was found
on GST beads (Fig. 5b, top panel, lanes 1, 3, and 5) and no GFP
itself was found on GST-DHHC17 beads (compare lanes 5 and 6).
These different observations are not a result of sample variations,
as comparable levels of GFP fusion proteins (Fig. 5b, middle
panel) and GST fusion proteins (bottom panel) were detected in
each sample.

As a complementary approach, we also carried out a coimmu-
noprecipitation assay with anti-GFP antibody and with the lysates
of COS-7 cells that transiently transfected with GFP-MBD and
HA-DHHC17. As shown in Fig. 5c, HA-DHHC17 was readily
detected in anti-GFP immunoprecipitates from the lysates of
COS-7 cells that transiently transfected with GFP–ClipR-59 and
HA-DHHC17 or with GFP-MBD and HA-DHHC17 but not with
GFP and HA-DHHC17 (top panel, compare lanes 1, 2, and 3). The
middle panel shows the cellular levels of HA-DHHC17, and the
bottom panel shows the GFP fusion proteins in GFP immunopre-
cipitates. Together, these data demonstrate that MBD of ClipR-59
is sufficient to mediate the interaction between ClipR-59 and
DHHC17.

In early studies, MBD was suggested to be the sole determinant

FIG 3 DHHC17 palmitoylates ClipR-59 with high activity. (a) Differential levels of palmitoylation of ClipR-59 by DHHC13 and DHHC17. HEK293 cells were
transiently transfected with Flag–ClipR-59 using the indicated amount of HA-DHHC13 or DHHC17. At 36 h posttransfection, the total cell lysates were prepared
for TPC assays. The thiopropyl beads with captured proteins were subjected to Western blot analysis with anti-Flag (i) and anti-HA (ii), respectively. The input
levels of HA-DHHC proteins and ClipR-59 are shown in panels iii and iv, respectively. This experiment was repeated three times, and data from one represen-
tative experiment are shown. (b) Densitometry analysis of Western blot data shown in panel a from three independent experiments. The level of ClipR-59
palmitoylation with coexpression of DHHC proteins was set to a value of 1 after normalization to total cellular Flag–ClipR-59. Bars show means � SD (n � 3).
(c) Coimmunoprecipitation assay showing that DHHC17 has a higher affinity for interaction with ClipR-59. HEK293 cells were transiently cotransfected with
Flag–ClipR-59 and the indicated HA-tagged DHHC expression vectors. At 36 h posttransfection, cell lysates were prepared and subjected to immunoprecipita-
tion (IP) with anti-Flag antibody, and the presence of HA-tagged DHHC proteins in the anti-Flag immunoprecipitates was assessed by Western blotting (top
panel). Input levels of individual DHHC proteins (middle panel) and Flag–ClipR-59 (bottom panel) are shown. The ratios of DHHC protein in anti-Flag
immunoprecipitates and inputs are shown below the top panel. (d) TPC assay showing that DHHC17 promotes ClipR-59 palmitoylation at Cys534 and Cys535.
The experiments were carried out as described for Fig. 2c, except that Flag-C2A2–ClipR-59 was also used. HyA, hydroxylamine chloride.
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of ClipR-59 subcellular localization (10). To verify this, we com-
pared the cellular localization of GFP-MBD with that of HA-
tagged ClipR-59 in COS-7 cells. As shown in Fig. 5d, GFP-MBD
exhibited cellular localization that was almost identical to that
seen with HA-ClipR-59 (red). Overall, these results indicate that
MBD of ClipR-59 is the important determinant for DHHC17–
lipR-59 interactions. Both palmitoylated cysteine residues
(Cys534 and Cys535) of ClipR-59 are within the MBD. Thus, the
finding that ClipR-59 MBD mediates the association of ClipR-59
with DHHC17 supports the view of DHHC17 being a regulator of
ClipR-59 palmitoylation.

DHHC17 modulates ClipR-59 PM association. Palmitoyl-
ation of ClipR-59 by DHHC17 implies that DHHC17 could mod-
ulate ClipR-59 subcellular localization. To test this, GFP-tagged
ClipR-59 was cotransfected into COS-7 with a DHHC17 shRNA
that has been shown to suppress DHHC17 expression (16). Then
the cells were stained with anti-DHHC17-specific antibody, and
the cellular localizations of GFP–ClipR-59 and DHHC17 (red)
were visualized with fluorescence microscopy. As shown in Fig.
6a, altered ClipR-59 cellular localization (green), namely, a re-
duced level of ClipR-59 on the cell borders (membranes), was
observed in the cells in which DHHC17 staining was absent (in-

dicated by white arrows) compared with the ones that were posi-
tive for DHHC17 staining. The cells that were negative for
DHHC17 staining represented the cells that expressed DHHC17
shRNA.

To further examine the impact of DHHC17 knockdown on
ClipR-59 PM association, we also used another DHHC17 shRNA
(TRCN0000137952). To ensure that both DHHC17 shRNA and
GFP–ClipR-59 are expressed in the same cells, we constructed an
expression vector that simultaneously expresses this DHHC17
shRNA and GFP–ClipR-59 (see Materials and Methods). Then we
examined ClipR-59 subcellular localization when these vectors
were introduced into COS-7 cells. As shown in Fig. 6b, compared
with that in cells simultaneously expressing the luciferase shRNA
and GFP–ClipR-59, an apparently decreased level of ClipR-59 on
PM was observed in the DHHC17 shRNA- and GFP–ClipR-59-
expressing cells (compare top and bottom panels), supporting the
notion that DHHC17 promotes ClipR-59 membrane transloca-
tion.

To determine whether the decreased ClipR-59 PM association
by DHHC17 shRNA is related to ClipR-59 palmitoylation and to
verify that DHHC17 shRNA expression reduces ClipR-59 PM as-
sociation, we next prepared total cell lysates, lipid rafts (or the

FIG 4 ClipR-59 MBD mediates the interaction between ClipR-59 and DHHC17-I. (a) Schematic presentation of ClipR-59 mutants used in the following
experiments. The individual domains of ClipR-59 are indicated. Ank, ankyrin repeats; CAP-Gly, cytoplasmic linker glycine-rich domain; MBD, membrane
binding domain. (b) Coimmunoprecipitation assay of lysates from HEK293 cells transiently expressed HA-DHHC17 and Flag-Clip-59 or mutants to show that
ClipR-59 MBD mediates the interaction of ClipR-59 with DHHC17. Top panel, the presence of Flag–ClipR-59 (ClipR) and its mutants in HA-DHHC protein
immunoprecipitates. Middle panel, the input levels of Flag–ClipR-59 and its mutants. Bottom panel, immunoprecipitated HA-DHHC proteins. WCL, whole-cell
lysates. (c) The same as panel b, except that different ClipR-59 mutants were used. The ratios of ClipR-59 in anti-HA-DHHC immunoprecipitates and the input
are shown in the bottom of top panel.
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plasma membrane microdomain), and the PM fraction from
COS-7 cells as described in the Fig. 6b legend and examined the
levels of ClipR-59 palmitoylation, ClipR-59 in lipid rafts, and Akt
on PM, respectively. We examined ClipR-59 in lipid rafts because
a previous study suggested that the palmitoylation of ClipR-59
also targeted ClipR-59 into lipid rafts (10). Compared with that in
luciferase shRNA-expressing cells, the levels of ClipR-59 palmi-
toylation in DHHC17 shRNA-expressing cells decreased by more
than 70% (Fig. 6c, panel i, and d, left), with a corresponding re-
duction of the level of ClipR-59 in lipid rafts (Fig. 6c, panel ii,
compare lanes 1 and 2; Fig. 6d, center left). Moreover, in agree-
ment with the notion that ClipR-59 modulates Akt PM associa-
tion, the level of Akt in PM was reduced in the cells that expressed
DHHC17 shRNA (Fig. 6c, panel iv, compare lanes 1 and 2; Fig. 6d,
center right). The DHHC17 shRNA was effective in suppressing
DHHC17 expression, as a reduction of the DHHC17 protein level
of more than 75% was seen in DHHC17 shRNA-expressing cells
(Fig. 6c, panel vi, compare lanes 1 and 2; Fig. 6d, right). The dif-
ferences in palmitoylated ClipR-59 and membrane-associated
ClipR-59 and Akt between the cells expressing luciferase shRNA
and DHHC17 shRNA were not a result of sample variations, as

comparable levels of ClipR-59 (Fig. 6c, panel iii) and Akt (panel v)
were observed. In the same setting, we examined the impact
of forcing HA-DHHC17 protein expression on ClipR-59 mem-
brane localization. In these experiments, exogenously expressed
DHHC17 was detected with anti-HA antibody. In agreement with
the notion that DHHC17 promotes ClipR-59 membrane localiza-
tion, the density of GFP fluorescence on the cell surface was in-
creased in HA-DHHC17-expressing cells (Fig. 6e, compare panel
i and iv). DHHC17 expression is shown in panel ii. Collectively,
these results demonstrate that DHHC17 promoted ClipR-59 pal-
mitoylation, thereby modulating the PM association of ClipR-59
and Akt.

DHHC17 regulates insulin-dependent Glut4 membrane
translocation in adipocytes. ClipR-59, in its membrane associa-
tion-dependent manner, modulates Glut4 membrane transloca-
tion (2). Regulation of ClipR-59 membrane localization by
DHHC17 implies that DHHC17 could modulate Glut4 mem-
brane translocation. To test this, 3T3-L1 adipocytes were trans-
duced with adenoviral vectors that express GFP (as a control) or
HA-DHHC17. After these cells were serum starved overnight and
treated with 10 nM insulin for 30 min, the PM fraction was pre-

FIG 5 ClipR-59 MBD mediates the interaction between ClipR-59 and DHHC17-II. (a) Schematic presentation of ClipR-59 and MBD GFP fusion proteins. The
individual domains of ClipR-59 are indicated. Ank, ankyrin repeats. CAP-Gly, cytoplasmic linker glycine-rich domain. MBD, membrane binding domain. (b)
COS-7 cells were cotransfected with GST-DHHC17 (D17) and the indicated GFP–ClipR-59 expression vectors. GST-DHHC17 was then isolated with GST beads
from total cell lysates and the proteins associated with GST beads were analyzed by Western blotting with anti-GFP antibody (top). The cellular levels of
GFP–ClipR-59 and GST fusion proteins are shown in the middle panel and bottom panel, respectively. (c) Coimmunoprecipitation assay of COS-7 lysates
expressing HA-DHHC7 and GFP fusion proteins. Top panel: Western blot of anti-GFP immunoprecipitates with anti-HA antibody to detect HA-DHHC17.
Middle panel: the cellular level of HA-DHHC17. Bottom panel: Western blot of anti-GFP immunoprecipitates with anti-GFP antibody. The positions of IgG light
chain (IgG-L), IgG heavy chain (IgG-H), GFP-MBD, GFP–ClipR-59, and GFP are indicated in the bottom panel. (d) Fluorescence images of COS-7 cells
transfected with HA-ClipR-59 and GFP-MBD expression vectors and stained with anti-HA antibody followed by Cy3-conjugated monkey anti-mouse IgG. Two
representative cell images are shown.
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pared to assess the levels of Glut4 and IRAP, the major cargos of
Glut4 vesicles in PM. As shown in Fig. 7a, the amounts of both
Glut4 and IRAP in PM fractions were induced by insulin, as ex-
pected (panel i and ii, compare lanes 1 and 2). Forcing expression
of DHHC17 resulted in a further increase in the level of Glut4 and
IRPA in PM under basal conditions (Fig. 7a, panel i and ii, respec-
tively, compare lanes 1 and 3) and insulin-stimulated conditions
(panel i and ii, compare lanes 2 and 4).

Next, we examined the levels of phospho-Akt in PM. As shown
in Fig. 7a, compared with GFP expression, DHHC17 expression in
3T3-L1 adipocytes increased the amount of Akt in the PM fraction
under both basal conditions (panel iii, compare lanes 1 and 3) and
insulin-treated conditions (panel iii, compare lanes 2 and 4). The
impact of DHHC17 on Akt is specific to the PM Akt, as no changes
of total cellular phospho-Akt levels were observed (Fig. 7a, panel
iv). The observed changes in Glut4 and Akt in the PM fraction

FIG 6 DHHC17 regulates ClipR-59 cellular localization. (a) COS-7 cells were transiently cotransfected with GFP–ClipR-59 expression vectors plus either
luciferase shRNA (control) or DHHC17 shRNA. At 36 h posttransfection, the cells were fixed and stained with anti-DHHC17 antibody followed by Cy3-
conjugated monkey anti-rabbit IgG antibodies. Data from two representative cells from each group of stained cells are shown. The arrows indicate the cells that
lack DHHC17 staining. The brightness of the images was increased to highlight the absence of DHHC7 staining. (b) COS-7 cells were transiently cotransfected
with expression vectors that simultaneously express GFP–ClipR-59 and either luciferase (Luc) shRNA (control) or DHHC17 shRNA. At 36 h posttransfection,
the cells were fixed and the fluorescence images were captured using confocal fluorescence microscopy. Data from two representative cells from each group are
shown. (c) TPC assay and subcellular fractionation assay of COS-7 cells used as described for panel b to show the levels of ClipR-59 palmitoylation (i) and of
ClipR-59 in lipid rafts (LR) (ii) and in total cell lysates (iii) and the levels of Akt in PM (iv) and in total cell lysates (v) and of DHHC17 in total cell lysates (vi).
These experiments were repeated three times with similar results, and data from one representative experiment are shown. (d) Densitometry analysis of
palmitoylated ClipR-59, ClipR-59 and Akt in PM, and DHHC17 in total cell lysates from three independent experiments. The levels of each protein in control
cells were set to a value of 1 after normalization to total cellular Akt. The bars show means � SD (n � 3). (e) COS-7 cells were transiently cotransfected with
GFP–ClipR-59 plus either empty vector (i, ii, and iii) or HA-DHHC17 expression vector (iv, v, and vi). At 36 h posttransfection, the cells were fixed and stained
with anti-monoclonal-HA antibody followed by Cy3-conjugated monkey anti-mouse IgG antibody. Data from two representative cells from each group of
stained cells are shown. Cells that lacked anti-HA staining are indicated by arrows.
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were not a result of the effect of DHHC17 on ClipR-59 expression
or sample variations, as comparable levels of syntaxin 4 in PM
(Fig. 7a, panel v) and total cellular Glut4 (panel vi), IRAP (panel
vii), and Akt (panel viii) were seen in each sample.

In these experiments, DHHC17 was sufficiently expressed (Fig.
7a, panel ix, compare lanes 1 and 3 or 2 and 4), and that expression
was accompanied by increased ClipR-59 PM association (panel x,
compare lanes 1 and 3 and lanes 2 and 4) and a decreased amount
of ClipR-59 in cytosol (panel xi) without altering the total cellular
level of ClipR-59 (panel xii), in agreement with the notion that
DHHC17 promotes ClipR-59 palmitoylation and thereby PM as-
sociation.

Next, 3T3-L1 adipocytes were transduced with adenoviral vec-
tors that express a luciferase shRNA (as a control) or a DHHC17
shRNA, and the levels of Glut4, IRAP, and phospho-Akt in the PM
fraction were examined. As shown in Fig. 7b, the expression of
DHHC17 shRNA resulted in a marked decrease in the PM levels of
Glut4 (panel i), IRAP (panel ii), and phospho-Akt (panel iii) but
not in that of syntaxin 4 (panel v) under insulin-stimulated con-
ditions, without altering the total cellular Glut4 (panel vi), IRAP
(panel viii), phospho-Akt (panel iv), and Akt (panel viii) levels.

To determine whether the reduction of Glut4 and phospho-
Akt levels in PM mediated by DHHC17 shRNA expression was

related to the change in the ClipR-59 level in PM, the levels of
ClipR-59 in PM were also examined. Consistent with the preced-
ing observation (Fig. 6), expression of DHHC17 shRNA decreased
the amount of ClipR-59 in PM (Fig. 7b, panel x, compare lanes 1
and 3 and lanes 2 and 4), with reciprocal changes in the cytosol
(panel xi), without an alteration of total cellular ClipR-59 levels
(panel xii). As expected, DHHC17 shRNA was effective in sup-
pressing DHHC17 expression, as diminution of DHHC17 expres-
sion by more than 75% was observed in DHHC17 shRNA-ex-
pressing cells (Fig. 7b, panel ix, compare lanes 1 and 3 and lanes 2
and 4). Taken altogether, these data demonstrate that DHHC17,
via its ability to modulate ClipR-59 PM association, regulates Akt
PM association and Glu4 membrane translocation.

To further examine the impact of DHHC17 on Glut4 mem-
brane translocation, we next assessed DHHC17 with respect to
Glut4 membrane translocation with a HA-tagged Glut4 reporter.
In the HA-Glut4 reporter, the HA epitope is inserted into the first
exofacial loop of Glut4 (23). When the cells expressing HA-Glut4
were stained with anti-HA antibody under nonpermeabilized
conditions, membrane-localized HA-Glut4, which is around the
cell surface as a ring, thereby measuring the level of Glut4 on PM,
was specifically detected. Specifically, HA-Glut4 was cointro-
duced either with GFP or with DHHC17 or DHHC17 shRNA into

FIG 7 DHHC17 expression regulates Glut4 membrane translocation and Akt membrane association. (a) Fully differentiated 3T3-L1 adipocytes were transduced
with GFP (control)- and DHHC17-expressing adenoviral vectors. The PM fractions were prepared after the cells were treated with 10 nM insulin for 30 min for
Western blot analysis with anti-Glut4 (i), anti-IRAP (ii), anti-pAkt (iii), anti-syntaxin 4 (Stx4) (v), and anti-ClipR-59 (x) antibodies, respectively. The total
cellular levels of pAkt (iv), Glut4 (vi), IRAP (vii), Akt (viii), DHHC17 (ix), and ClipR-59 in the cytosol fraction (xi) and total cell lysates (xii) are also shown. These
experiments were repeated four times with similar results, and data from one representative experiment are shown. (b) The experiments were carried out
essentially as described for panel a, except that the cells were transduced with adenoviral vectors expressing luciferase shRNA (Luc) and DHHC17 shRNA,
respectively. These experiments were repeated three times with similar results, and data from one representative experiment are shown. Luc, luciferase. (c) The
quantitative analysis of the levels of Glut4, IRAP, and pAkt in PM data shown in panel a. In these analyses, the levels of each protein were set to a value of 1 in the
cells that express GFP without insulin treatments after normalization to syntaxin 4 in PM. Bars show means � SD (n � 3). In all cases, P was � 0.05. Ade,
adenoviral expression vector. (d) The same as panel c, except that the analyses are from panel b. Luc, luciferase; D17, DHHC17. (e) Immunocytochemistry of
3T3-L1 adipocytes cotransduced with adenoviral vector expressing HA-Glut4 along with that expressing GFP (control) (i), DHHC17 (ii), and DHHC17 shRNA
(iii), respectively, with anti-HA antibody. The ratio of HA-Glut4-expressing adenoviral vectors and GFP-expressing adenoviral vectors was 5:1 to optimize
HA-Glut4 expression in GFP-expressing cells. The cells were serum starved, treated with or without 10 nM insulin for 30 min, and immunostained with anti-HA
antibody under nonpermeabilized conditions followed by Cy3-conjugated anti-mouse IgG antibody (red) and visualized with fluorescence microscopy. (f) Red
fluorescence density in panel e after normalization to green fluorescence. Bar graphs show means � SD (n � 9 cells). In all cases, P was �0.05.
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3T3-L1 adipocytes via adenoviral gene transfer. After treatment
with or without 10 nM insulin for 30 min, these cells were stained
with anti-HA antibody under nonpermeabilized conditions. As
shown in Fig. 7e, in control (GFP-expressing) adipocytes, mar-
ginal HA staining was detected without insulin treatment, and the
density of the staining was increased about 5 times following in-
sulin stimulation (Fig. 7e, panels i and ii, and f), indicative of
insulin-dependent Glut4 membrane translocation. In the pres-
ence of DHHC17, significant membrane staining was observed
(Fig. 7e, compare panels i and iii; Fig. 7f). Insulin stimulation
further increased the level of HA staining, which was about 3 times
more than that in control cells (Fig. 7e, compare panels ii and iv;
Fig. 7f). In DHHC17 shRNA-expressing adipocytes, a markedly
decreased level of Glut4 PM staining was observed under both
basal and insulin-treated conditions (Fig. 7e, panels v and vi, and
f) compared with that in the control cells (Fig. 7e, panels i and ii),
suggesting that expression of DHHC17 shRNA suppressed Glut4
membrane translocation. It is noted that all of the adenoviral vec-
tors used express GFP, which marked the transduced cells and the
level of adenoviral vectors in each cell. As shown in Fig. 7e, all of
the cells expressed comparable levels of GFP (compare panels ia,
iia, iiia, and iva and panels va and via), an indication that these
cells were equally transduced with adenoviruses. All together,
these results demonstrate that DHHC17 is involved in Glut4
membrane translocation.

DISCUSSION

ClipR-59 modulates Akt cellular compartmentalization (2). This
activity of ClipR-59 depends on ClipR-59 palmitoylation at
Cys534/535 (Fig. 1). In eukaryotes, protein palmitoylation at cys-
teine residue is catalyzed by a family of DHHC protein palmitoyl-
transferases characterized by sharing a common DHHC motif.
There are 23 DHHC palmitoyltransferases in the mouse genome.
We thus examined the ability of each of the 23 DHHC palmitoyl-
transferases to promote ClipR-59 palmitoylation and found that
both DHHC13 and DHHC17 were capable of palmitolylating
ClipR-59 at the highest amplitude (Fig. 2).

Among mammalian DHHC proteins, DHHC13 and DHHC17
are closely related palmitoyltransferases, as they share high se-
quence homology (76% sequence identity) and have identical
functional domains, including 5 ankyrin repeats, a DHHC motif,
and 6 transmembrane domains (24, 25). In this regard, the finding
that both DHHC13 and DHHC17 promote ClipR-59 palmitoyl-
ation is not merely coincidence. Instead, it emphasizes the effec-
tiveness of our screening procedure to identify ClipR-59 palmi-
toyltransferase.

While both DHHC13 and DHHC17 were capable of promot-
ing ClipR-59 palmitoylation, DHHC17 appeared more active in
palmitoylating ClipR-59 with a high affinity to bind ClipR-59 (Fig.
3). This led us to the conclusion that DHHC17 is likely the major
ClipR-59 palmitoyltransferase in vivo. Therefore, our studies were
primarily focused on DHHC17. In an attempt to understand the
interaction between ClipR-59 and DHHC17, we created a panel of
ClipR-59 mutants and found that MBD of ClipR-59 mediates the
interaction between ClipR-59 and DHHC17 (Fig. 4). ClipR-59
MBD is the sole determinant for ClipR-59 targeting to the PM
(Fig. 5; see also references 1 and 10). Thus, the finding that
ClipR-59 MBD mediates DHHC17–lipR-59 interaction is consis-
tent with this notion.

Since our initial study showed that exogenous expression of

DHHC17 increased ClipR-59 PM association (Fig. 2), we next
examined the impact of DHHC17 shRNA on ClipR-59 PM asso-
ciation. In both COS-7 cells (Fig. 6) and 3T3-L1 adipocytes (Fig.
7), expression of DHHC17 shRNA reduced the level of ClipR-59
associated with PM, providing compelling evidence that
DHHC17 is a ClipR-59 palmitoyltransferase. In this study, we
found that DHHC17 is localized in the Golgi compartment as
previously described (26). This implies that ClipR-59 undergoes
palmitoylation in the Golgi compartment, in agreement with the
notion that the Golgi compartment is a major site where protein
palmitoylation occurs (27).

ClipR-59, by recruiting phospho (active)-Akt to the PM, pro-
motes Glut4 membrane translocation (2). Because ClipR-59 re-
cruitment of Akt to the PM requires ClipR-59 PM association
mediated by palmitoylation (Fig. 1), we anticipated that DHHC17
would influence Akt PM association and Glut4 membrane trans-
location. Supporting this notion, we found that expression of
DHHC17 shRNA diminished whereas expression of DHHC17
cDNA increased the PM-associated Akt following insulin stimu-
lation (Fig. 7). Furthermore, the fact that DHHC17 affects the
level of pAkt in PM but not that of total cellular phospho-Akt (Fig.
7a and b) emphasizes the notion that DHHC17 modulates Akt PM
association via regulation of ClipR-59 PM association.

The regulation of Akt PM association by DHHC17 via promot-
ing ClipR-59 palmitoylation is apparently important for insulin-
dependent Glut4 membrane translocation, as expression of
DHHC17 shRNA reduced whereas that of DHHC17 cDNA in-
creased the level of Glut4 on PM in 3T3-L1 adipocytes (Fig. 7).

In mammals, the regulation of blood glucose levels is achieved,
in part, through insulin-dependent Glut4 translocation to the PM
in adipocytes and muscle cells. Impaired insulin-dependent Glut4
membrane translocation is the primary cause of hyperglycemia,
the primary clinical symptom of type II diabetes mellitus. The
finding that DHHC17 modulates insulin-dependent Glut4 mem-
brane translocation argues that DHHC17 is potentially involved
in diabetes. Recently, DHHC17 was found to regulate beta cell
survival and insulin secretion (28). Accordingly, it was proposed
that DHHC17 is a diabetes candidate gene. Our finding that
DHHC17 is involved in Glut4 membrane translocation further
emphasizes this notion.

It is also noteworthy that ClipR-59 is potentially involved in
the regulation of tumor necrosis factor alpha (TNF-�) signaling
(29) and neuronal innervations (30). Thus, in the future it would
be interesting to know whether DHHC17 could also modulate
TNF-� signaling and neuron growth.

In summary, we have identified DHHC17 as a ClipR-59 palmi-
toyltransferase and demonstrated that DHHC17 modulates insu-
lin-dependent Glut4 membrane translocation. These results sug-
gest that DHHC17 expression or activity would be important for
preventing the development of type II diabetes. Further studies of
DHHC17 knockout mice will provide more evidence for this no-
tion.
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