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A Mechanism Regulating G Protein-coupled Receptor
Signaling That Requires Cycles of Protein Palmitoylation and
Depalmitoylation*�
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Background: The functions of palmitate turnover in signal transduction are poorly understood.
Results: Inhibiting palmitate turnover on R7BP redistributed R7BP-R7 RGS complexes from the plasma membrane to endo-
membranes, dissociated them from GIRK channels, and delayed Gi/o deactivation and channel closure.
Conclusion: Palmitate turnover on R7BP promotes GIRK channel deactivation.
Significance: Inhibiting palmitate turnover on R7BP could enhance GIRK activity in neurological disorders.

Reversible attachment and removal of palmitate or other long-
chain fatty acids on proteins has been hypothesized, like phos-
phorylation, to control diverse biological processes. Indeed, palmi-
tate turnover regulates Ras trafficking and signaling. Beyond this
example, however, the functions of palmitate turnover on specific
proteins remain poorly understood. Here, we show that a mecha-
nism regulating G protein-coupled receptor signaling in neuronal
cells requires palmitate turnover. We used hexadecyl fluorophos-
phonate or palmostatin B to inhibit enzymes in the serine hydro-
lase family that depalmitoylate proteins, and we studied R7 regula-
tor of G protein signaling (RGS)-binding protein (R7BP), a
palmitoylated allosteric modulator of R7 RGS proteins that accel-
erate deactivation of Gi/o class G proteins. Depalmitoylation inhi-
bition caused R7BP to redistribute from the plasma membrane to
endomembrane compartments, dissociated R7BP-bound R7 RGS
complexes from Gi/o-gated G protein-regulated inwardly rectifying
K� (GIRK) channels and delayed GIRK channel closure. In con-
trast, targeting R7BP to the plasma membrane with a polybasic
domain and an irreversibly attached lipid instead of palmitate ren-
dered GIRK channel closure insensitive to depalmitoylation inhib-
itors. Palmitate turnover therefore is required for localizing R7BP
to the plasma membrane and facilitating Gi/o deactivation by R7
RGS proteins on GIRK channels. Our findings broaden the scope of
biological processes regulated by palmitate turnover on specific
target proteins. Inhibiting R7BP depalmitoylation may provide a
means of enhancing GIRK activity in neurological disorders.

Palmitoylation (S-palmitoylation or S-acylation) is a post-
translational modification of proteins in which palmitate or
other long-chain fatty acids are attached via thioester linkage to
cysteine residues (1, 2). Hundreds of proteins in eukaryotic
cells, including monomeric and heterotrimeric G proteins, G
protein-coupled receptors, ion channels, regulatory enzymes,
and scaffold proteins are palmitoylated. Palmitoylation has
diverse functions, including anchoring hydrophilic proteins to
membranes, sorting proteins into membrane lipid microdo-
mains, and regulating intracellular protein trafficking, protein-
protein interactions, and degradation. Indeed, palmitoylation
has important roles in several diseases, including cancer, Hun-
tington disease, and neuronal ceroid lipofuscinosis (3– 6).

Unlike other lipid modifications, palmitoylation is reversible
under physiological conditions. Palmitate is attached to proteins
by palmitoyltransferases bearing a conserved Asp-His-His-Cys
(DHHC) motif and removed by acylprotein thioesterases of the
serine hydrolase superfamily (1, 2, 7–10). Being reversible, palmi-
toylation is widely hypothesized, like phosphorylation, to regulate
protein function (1, 11, 12). Indeed, palmitate turnover rates on
proteins range from minutes (e.g. H- and N-Ras (13, 14)) to hours
(e.g. SNAP-25 (15)), and the palmitoylation status of many pro-
teins is altered in response to cell activation (11, 12, 16–20).

Despite such evidence, whether palmitate turnover provides a
regulatory switch that controls protein function remains a central
question. This concept is best supported by studies of palmitoy-
lated Ras isoforms. Inhibiting depalmitoylation with palmostatin
B, a small molecule designed to inhibit acylprotein thioesterase 1
(APT1),3 redistributes H- or N-Ras from the plasma membrane to
endomembrane compartments and blunts growth factor-evoked
activation of Ras on the Golgi apparatus (7). These and other find-
ings have indicated that H/N-Ras is depalmitoylated globally by
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acylprotein thioesterases, repalmitoylated by endomembrane-lo-
calized palmitoyltransferases, and then delivered for anterograde
transport to the plasma membrane (21). A variant of this model in
which palmitoylation occurs both on endomembranes and the
plasma membrane has been suggested by studies of the dynami-
cally palmitoylated postsynaptic scaffold protein PSD-95 (18). Pro-
teomic analysis using alkynyl palmitate analogs and pulse-chase
analysis has confirmed these findings, identifying a subset of enzy-
matically regulated palmitoylated proteins in mouse T-cells,
including Ras family GTPases, subunits of heterotrimeric G pro-
teins (including Gs� and G13�), membrane-associated guanylate
kinases, leucine-rich repeat and PDZ domain (LAP) proteins, and
other cancer-related scaffolding proteins (22).

Whereas dynamic palmitoylation occurs on select proteins,
many important questions remain because the functional con-
sequences of depalmitoylation are nearly completely unknown.
How widely is palmitate turnover, as distinguished from palmi-
toylation per se, required for function or regulation of specific,
palmitoylated proteins? What mechanisms determine whether
palmitate turnover occurs rapidly or slowly on palmitoylated
proteins? Does regulated palmitate turnover serve as a switch to
control protein function?

To elucidate functions of palmitate turnover in neuronal G
protein-coupled receptor signaling, we have studied the regu-
lator of G-protein signaling 7 (R7 RGS) family (RGS6, -7, -9 –1,
-9 –2, and -11) and its control by R7 RGS-binding protein
(R7BP), a hydrophilic, palmitoylated SNARE-like protein (23).
R7 RGS proteins form obligate heterodimers with G�5 and
function as GTPase-activating proteins that accelerate deacti-
vation of Gi/o class G� subunits (24, 25). When activated allo-
sterically upon association with R7BP, R7 RGS-G�5 complexes
assemble with G protein-regulated inwardly rectifying K�

(GIRK) channels to facilitate Gi/o deactivation and consequent
channel closure (26). Palmitoylation is required for localizing
R7BP to the plasma membrane, whereas palmitoylation block-
ade results in transport of R7BP into the nucleus (27). At steady
state, palmitate turnover occurs rapidly on R7BP, which can be
negatively regulated by Gi/o signaling (28). Accordingly, palmi-
tate turnover on R7BP may provide a mechanism to regulate
GIRK activity evoked by Gi/o-coupled receptors. Here, we have
tested this hypothesis by analyzing the consequences of inhib-
iting the rate-limiting depalmitoylation step of palmitate turn-
over on R7BP trafficking and function. Our studies identify a
novel function for palmitate turnover in neuronal cell signaling.

EXPERIMENTAL PROCEDURES

Vertebrate Animals—All experimental protocols involving
vertebrate animals were approved by the Animal Studies Com-
mittee at Washington University.

Cell Culture and Transfection—Neuro2A cells endogenously
expressing RGS7 and G�5 but not R7BP, Neuro2A cells stably
transfected with FLAG-R7BP, and HEK293T cells were cul-
tured as described previously (28, 29). Cells were transfected
with Lipofectamine 2000 (Invitrogen) according to the suppli-
er’s recommendations. Cells were treated with DMSO, palmo-
statin B (Palm B), hexadecyl fluorophosphonate (HDFP),
and/or cycloheximide (Sigma), in Opti-MEM (Invitrogen) at
37 °C unless otherwise noted. Neuro2A cells stably transfected

with the APT1 knockdown plasmid pLKO.1-APT1 were
selected and maintained under puromycin selection. Hip-
pocampal neurons were isolated from wild type and R7BP�/�

mice as described previously (28). Neurons were cultured for 14
days (days in vitro 14) before drug treatment and electrophysi-
ological recording.

Reagents and Antibodies—The following antibodies were
used: mouse anti-GFP (Abcam); rabbit anti-GFP-Sepharose
beads (Abcam); mouse monoclonal anti-FLAG M2 (Sigma);
mouse anti-FLAG M2 beads (Sigma); mouse anti-GS28 (BD
Transduction Laboratories); goat anti-mouse IR800 and goat
anti-rabbit IR 680 (LI-COR); and AlexaFluor 488-labeled goat
anti-rabbit IgG and AlexaFluor 568-labeled goat anti-mouse
IgG (Invitrogen). Affinity-purified rabbit and chicken poly-
clonal anti-R7BP antibodies have been described previously
(29). Other reagents were as follows: palmostatin B (C. Hed-
berg, Max Planck Institute, Dortmund, Germany); Renilla
luciferase substrate coelenterazine-h (Nanolight Technology);
EDTA-free complete protease inhibitor mixture tablets (Roche
Applied Science); D-2-amino-5-phosphonovalerate and 2,3-
dihydroxy-6-nitro-7-sulfonyl-benzo[f]quinoxaline (Tocris);
tetramethylrhodamine (TAMRA)-azide (Lumiprobe); and
17-octadecynoic acid (17-ODYA) (Cayman Chemical Co.). The
following chemicals were obtained from Sigma: DMSO, cyclo-
heximide, phenylmethylsulfonyl fluoride (PMSF), poly-D-ly-
sine, tris(2-carboxyethyl)phosphine hydrochloride, tris-(ben-
zyltriazolylmethyl)amine, CuSO4, and puromycin.

Plasmids—Plasmids expressing GFP-tagged R7BP, RFP-
tagged R7BP, split Venus(1–555)-tagged RGS9, and split
Venus(156 –239)-tagged G�5 have been published previously
(26). Sources of other plasmids expressing various proteins
were as follows: GFP-N-Ras and GFP-SNAP25 (M. Linder, Cor-
nell University); RFP-Rab5 (P. Stahl, Washington University);
GABAB receptor subunits 1a and 2 (B. Bettler, University of
Basel, Basel, Switzerland), and GIRK2c (P. Slesinger, Salk Insti-
tute). Plasmids expressing GFP-tagged geranylgeranylated
R7BP and FLAG-tagged geranylgeranylated R7BP were gener-
ated by replacing the wild type R7BP coding sequence for the
C-terminal peptide LCCLVSS with a sequence coding for CLIL.
Plasmids expressing constitutively active and RGS-resistant
Go� was made by replacing coding sequences for Gln-209 to
Leu and Gly-182 to Ser using site-directed mutagenesis. The
mouse APT1 and APT2 cDNAs were inserted into pEGFP-C1
plasmids to express GFP-APT1 and -APT2. The knockdown
targeting sequence in pLKO.1-APT1 for mouse APT1 was
GCATTCCTTCTAACAGGATTA. The control knockdown
targeting sequence in pLKO.1-Luc for luciferase was GCT-
GAGTACTTCGAAATGTCC. Duplex RNAs used to knock
down APT2 were AGCUCCGGACUGUUGUCACACCUGC
and GCAGGUGUGACAACAGUCCGGAGCUUC. All plas-
mids were verified by DNA sequencing.

Fluorescence Confocal Microscopy—Neuro2A cells seeded on
poly-D-lysine (10 �g/ml)-coated coverslips were transfected
with indicated plasmids. At 24 h post-transfection, cells were
treated 4 – 6 h as indicated and fixed with paraformaldehyde
(4%) for 10 min at room temperature. Cells were mounted in
VECTASHIELD mounting medium (Vector Laboratories), and
fluorescence images at different wavelengths were captured
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sequentially on an Olympus FV500 microscope using Fluoro-
view software. Images were adjusted for brightness and con-
trast, assembled as montage, and analyzed using ImageJ
software.

Metabolic Labeling, Immunoprecipitation, and On-Bead
Click Chemistry—Neuro2A cells stably expressing FLAG-R7BP
or transiently expressing GFP-N-Ras and GFP-SNAP25 were
labeled with 25 �M 17-ODYA for 2 and 6 h for GFP-SNAP25 in
DMEM (Invitrogen) supplemented with 5% dialyzed FBS, 0.1
mM sodium pyruvate, and 0.1 mM nonessential amino acids.
Cells were washed with phosphate-buffered saline (PBS) prior
to being chased with media containing 200 �M palmitate in the
presence of either vehicle (DMSO), Palm B, or HDFP for the
indicated periods of time. Cells were then washed and sus-
pended in lysis buffer (PBS supplemented with 2.5 �M PMSF,
1� EDTA-free Complete Protease Inhibitors, and 1% Triton
X-100). Cleared lysates were immunoprecipitated overnight at
4 °C with mouse anti-FLAG beads or rabbit anti-GFP beads.
After three washes with lysis buffer, beads were suspended in
PBS. Click chemistry reaction protocols were adopted from
previous publications (30, 31). Immunoprecipitated samples
were reacted with click chemistry reagents (20 �M TAMRA-
azide, 1 mM tris(2-carboxyethyl)phosphine hydrochloride, 100
�M tris-(benzyltriazolylmethyl)amine, and 1 mM CuSO4) for 1 h
at room temperature with periodic mixing. Reactions were
stopped by addition of reducing SDS-PAGE sample buffer and
boiling for 5 min at 100 °C. Samples were separated by SDS-
PAGE and analyzed by in-gel fluorescence analysis (Typhoon
9400 laser scanner, GE Healthcare) and Western blotting.
Bands of interest were quantified using ImageJ (TAMRA fluo-
rescence) or ImageLab (Western blotting) software under con-
ditions where detection was demonstrated by control experi-
ments to be in the linear range.

Electrophysiology—Patch clamp recordings were performed
in whole-cell mode using an Axopatch 200B amplifier (Molec-
ular Devices) at room temperature. Experiments were con-
ducted with cultured hippocampal neurons 11–13 days after
plating, as described previously (26, 32), and in transfected
Neuro2A cells. Primary neurons and Neuro2A cells were trans-
ferred from culture medium to an extracellular recording solu-
tion containing (in mM) the following : 138 NaCl, 4 KCl, 2
CaCl2, 1 MgCl2, 10 glucose, 10 HEPES, 0.001 2,3-dihydroxy-6-
nitro-7-sulfonyl-benzo[f]quinoxaline, 0.01 D-2-amino-5-phos-
phonovalerate, and 0.01 SR-95531 (gabazine) or 0.01 bicucull-
ine at pH 7.25. Patch pipettes (4 – 6 megohms) were filled with
a solution containing (in mM) the following: 115 K� gluconate,
20 KCl, 2 EGTA, 10 HEPES, 2 Mg2�-ATP, and 0.3 Na-GTP at
pH 7.25. Cells were clamped at �70 mV, and access resistance
(8 –12 megohms) was not compensated. GIRK currents were
evoked by GABAB receptor activation with baclofen (50 �M).
GIRK current was recorded in high K� solution with the fol-
lowing composition (in mM): 84 NaCl, 60 KCl, 2 CaCl2, 1
MgCl2, 10 glucose, 10 HEPES, 0.001 2,3-dihydroxy-6-nitro-7-
sulfonyl-benzo[f]quinoxaline, 0.01 D-2-amino-5-phosphon-
ovalerate, and 0.01 SR-95531 at pH 7.25. In these conditions,
driving force on K� yielded inward current at the holding
potential of �70 mV. Solutions and drugs were applied with a
multibarrel, gravity-driven local perfusion system. The esti-

mated solution exchange times were 120 � 14 ms (10 –90% rise
time), measured by the change in junction currents at the tip of
an open patch pipette. Where indicated, plasmids expressing
GFP-tagged wild type R7BP or R7BP-GG were transfected into
Neuro2A cells 24 h before electrophysiology experiments. Data
acquisition and analysis were performed with pCLAMP 9.2
software (Molecular Devices). Data were processed with
Microsoft Excel and presented as mean � S.E. Statistical differ-
ences were determined using Student’s two-tailed unpaired t
test. Offset decay times were measured using standard expo-
nential fitting functions. Data plotting, statistical analysis, and
figure preparations were completed with Prism 5.01 software
(GraphPad), and Adobe Photoshop.

Bioluminescence Resonance Energy Transfer (BRET)—Mea-
surement of BRET in intact cells between GIRK2c-Rluc8 and
split Venus-tagged R7–RGS–G�5 complexes was performed as
described previously (26). As indicated, cells also were
co-transfected with a plasmid expressing FLAG-tagged R7BP.
The results are expressed as means � S.E. Statistical compari-
sons between groups were done using Student’s t test.

Activity-based Labeling of APT1 and APT2—Neuro2A cells
were transfected with plasmids expressing GFP, GFP-APT1, or
GFP-APT2, lysed by sonication, treated 30 min with or without
reversible APT1- and APT2-selective inhibitors (compounds
21 and 1, 10 �M each(33)), and probed with an activity-depen-
dent fluorescent probe (PEGylated rhodamine-labeled fluor-
phosphonate) for 10 min at room temperature (33). Activity-
dependent labeling of GFP-APT1 or -APT2 resolved by
SDS-PAGE was quantified by fluorescence scanning normal-
ized to the level of expressed protein determined by quantita-
tive immunoblotting (LI-COR).

RESULTS

Inhibition of Palmitate Turnover on R7BP—Because our
prior studies showed that R7BP undergoes palmitate turnover
(28), we investigated the functions of this process by using Palm
B or HDFP to inhibit APT1 and other enzymes in the serine
hydrolase family that mediate protein depalmitoylation (9, 22,
34). Because HDFP and Palm B are globally acting irreversible
inhibitors of depalmitoylation, and Palm B can covalently mod-
ify proteins in addition to serine hydrolases (9), the experiments
described below employed extensive controls to determine the
specificity of effects observed.

First, we used established methods (20, 31) to measure the
depalmitoylation rate of FLAG-tagged R7BP expressed stably at
physiological levels with endogenous RGS7-G�5 complexes in
neuroblastoma (Neuro2A) cells (29). Control, Palm B-, or
HDFP-treated cells were pulse-labeled with the palmitate ana-
log 17-ODYA, chased with conventional palmitate, and lysed at
various time points. After immunoprecipitation, 17-ODYA-la-
beled proteins were conjugated with an azide-linked fluores-
cent dye (TAMRA) by using click chemistry. TAMRA-labeled
FLAG-R7BP was quantified relative to total FLAG-R7BP.
TAMRA labeling of FLAG-R7BP during the chase indicated the
rate and extent of depalmitoylation in cells.

The results indicated that FLAG-R7BP is depalmitoylated by
mechanisms sensitive to Palm B or HDFP (Fig. 1). In control
cells, FLAG-R7BP was depalmitoylated �70% within 1 h (Fig.
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1A), consistent with prior [3H]palmitate pulse-chase labeling
studies (28). Palm B or HDFP inhibited depalmitoylation of
FLAG-R7BP in a dose-dependent manner (Fig. 1A). Pulse-
chase analysis indicated that HDFP (10 �M) slowed the depal-
mitolyation rate of FLAG-R7BP �5-fold (Fig. 1B). Likewise,
depalmitoylation of transiently expressed GFP-tagged N-Ras
was markedly inhibited by HDFP (Fig. 1C). In contrast, tran-
siently expressed GFP-SNAP25 did not undergo significant
depalmitoylation within 2 h with or without HDFP, consistent
with prior evidence indicating that palmitate turnover on this
protein occurs slowly (19, 35). These results indicated that Palm
B and HDFP inhibit depalmitoylation of proteins that undergo
rapid palmitate turnover.

Palmitate Turnover Is Required for Localizing R7BP to the
Plasma Membrane—Because models based on studies of H/N-
Ras indicate that palmitate turnover is required for localizing
palmitoylated hydrophilic proteins to the plasma membrane
(21), we analyzed the effects of Palm B and HDFP on the sub-
cellular localization of R7BP. Neuro2A cells transfected with
GFP-R7BP were treated with cycloheximide to block new pro-
tein synthesis, incubated 2 h with vehicle, Palm B, or HDFP, and
then fixed and analyzed by confocal fluorescence microscopy.
In control cells, GFP-R7BP localized primarily to the plasma
membrane and to a lesser extent on endomembranes (Fig. 2),
similar to endogenous R7BP in neurons (29). Following Palm B
or HDFP treatment in the presence of cycloheximide, pre-ex-
isting GFP-R7BP was depleted from the plasma membrane and
accumulated on endomembrane compartments overlapping

with Golgi (Fig. 2, A and B) and endosome (Fig. 2C) markers,
indicating that redistribution had occurred. Redistribution of
pre-existing GFP-R7BP following Palm B or HDFP administra-
tion was confirmed by time-lapse fluorescence confocal
microscopy (Fig. 2D). Palm B and HDFP had similar effects on
FLAG-R7BP stably expressed in Neuro2A cells at physiological
levels (Fig. 2E). Palm B and HDFP increased the extent that
RFP-R7BP and GFP-N-Ras co-localized on endomembrane
compartments (Fig. 2F), indicating that inhibition of palmitate
turnover affects the trafficking of these proteins similarly. In
contrast, under the same conditions Palm B or HDFP did not
affect the localization of GFP-SNAP-25 (Fig. 2G) or a form of
GFP-R7BP in which its C-terminal polybasic region was pre-
served but its palmitoylation sites (CCLVSS) were replaced
with the irreversible lipid modification (geranylgeranyl) motif
(CLIL) of RhoA (GFP-R7BP-GG; Fig. 2H). Furthermore, HDFP
and Palm B did not impair cell viability or organelle (Golgi,
endosome) distribution or identity. Therefore, Palm B and
HDFP had the specific effect of causing proteins that undergo
palmitate turnover to redistribute from the plasma membrane
to endomembranes.

The time course of R7BP redistribution (t1⁄2 �60 min) elicited
by Palm B or HDFP was similar to that shown previously for
N-Ras in Palm B-treated cells (7) but much slower than the
intrinsic rate that palmitoylated proteins translocate to endo-
membranes (seconds to minutes (36)). Presumably, redistribu-
tion kinetics of R7BP or Ras reflect the relatively slow rate that

FIGURE 1. Inhibition of R7BP depalmitoylation. A, R7BP depalmitoylation assays. Neuro2A cells stably expressing FLAG-R7BP were labeled with the palmitate
analog 17-ODYA and chased 1 h with palmitate in the presence of vehicle, HDFP, or Palm B at the indicated concentrations. 17-ODYA incorporated into
immunoprecipitated (IP) FLAG-R7BP was derivatized with TAMRA-azide for fluorescence detection. Palmitoylation efficiency was quantified as the TAMRA-
labeled FLAG-R7BP: total FLAG-R7BP ratio (n � 3 experiments). B, kinetics of R7BP depalmitoylation. Pulse-chase labeling of FLAG-R7BP was performed and
quantified as described in A, except that samples from cells treated with vehicle or HDFP (10 �M) were prepared at the indicated time points of the chase. Upper
panel, representative fluorescence image of FLAG-R7BP labeling by TAMRA-modified 17-ODYA and total immunoprecipitated FLAG-R7BP detected by immu-
noblotting (IB). Lower panel, time course of FLAG-R7BP depalmitoylation in vehicle- and HDFP-treated cells (n � 5 experiments). C and D, N-Ras and SNAP25
depalmitoylation assays. Neuro2A cells expressing GFP-N-Ras (C) or GFP-SNAP25 (D) were analyzed by pulse-chase labeling experiments (n � 3) as described
in A. Bars in A–D indicate S.E. *, p � 0.001 (Student’s t test).
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Palm B or HDFP enters cells and inactivates serine hydrolases
sufficiently to inhibit depalmitoylation globally.

Because prior studies showed that constitutively active Go�
inhibits R7BP depalmitoylation in Neuro2A cells (28), we
determined whether expression of a constitutively active Go�
mutant that does not bind RGS proteins (Go�*; Go�-Q205L/
G184S) affected R7BP localization. Indeed, Go�* caused GFP-
R7BP to accumulate on endomembrane compartments (Fig.
2I), indicating that R7BP depalmitoylation and intracellular
trafficking can be regulated by activated Go� by a mechanism
independent of RGS-G� interaction.

Palmitate Turnover on R7BP Regulates Trafficking and Func-
tion of R7 RGS-G�5 Complexes—Because R7BP associates with
R7 RGS�G�5 complexes (27), we next determined whether
palmitate turnover regulates the trafficking of R7 RGS-G�5-
R7BP heterotrimers. Split Venus-tagged forms of the R7 RGS
protein RGS9-2 and G�5 were co-expressed transiently with
RFP-R7BP in Neuro2A cells. In control cells these proteins co-
localized extensively on the plasma membrane, whereas in
HDFP-treated cells they co-localized on endomembrane com-
partments (Fig. 2J). Because RGS9-2�G�5 complexes expressed
transiently without R7BP localized diffusely to the cytoplasm
and nucleoplasm (27), the effects of Palm B and HDFP indicated

that inhibiting palmitate turnover on R7BP redistributes RGS9-
2-G�5-R7BP heterotrimers from the plasma membrane to
endomembranes.

To address whether palmitate turnover is required for the
function of R7 RGS�G�5�R7BP complexes, we determined
whether HDFP affects the ability of R7BP to allosterically mod-
ulate R7 RGS�G�5 complexes. This allosteric mechanism
facilitates association of R7 RGS�G�5 complexes with GIRK
channels, as indicated by BRET experiments using cells co-ex-
pressing luciferase-tagged GIRK2c as donor and split Venus-
tagged forms of R7 RGS proteins and G�5 as acceptors (26).
Consistent with prior studies, FLAG-R7BP augmented BRET
between GIRK2c and RGS9-2-G�5 heterodimers �5-fold rela-
tive to controls lacking R7BP (Fig. 3A). HDFP significantly
reduced BRET in R7BP-expressing cells (Fig. 3A) but did not
affect BRET between GIRK2c and RGS9-2-G�5 heterodimers
in cells lacking R7BP.

Next, we determined whether HDFP affects R7BP-depen-
dent regulation of GIRK channel activity by R7 RGS�G�5 com-
plexes in cultured hippocampal pyramidal neurons. GIRK
channels are opened by G�� subunits and closed by channel-
bound Gi/o� subunits that have hydrolyzed GTP to GDP and
reformed G��� heterotrimers (37, 38). By accelerating Gi/o�-

FIGURE 2. Effects of depalmitoylation inhibitors on intracellular trafficking of R7BP. Neuro2A cells transiently expressing the indicated GFP- or RFP-tagged
proteins were treated with cycloheximide and then for 2 h with vehicle, Palm B, or HDFP (10 �M), followed by immunostaining for the indicated endomembrane
markers and confocal fluorescence microscopy. Boxed areas in merged images correspond to regions shown at higher magnification (5�) in zoomed images.
Diagonal orange lines in boxed areas indicate cell sections that were quantified by line scanning, as shown in adjacent graphs. A, GFP-R7BP (green) and a Golgi
marker (intra-Golgi SNARE GS28; red). B, GFP-R7BP (green) and a trans-Golgi marker (RFP-GalT; red). C, GFP-R7BP (green) and an endosome marker (RFP-Rab5;
red). D, time-lapse analysis of GFP-R7BP redistribution in cycloheximide-treated cells under the indicated conditions. E, redistribution of FLAG-tagged R7BP
stably expressed at physiological levels in Neuro2A cells. F, RFP-R7BP (red) and GFP-N-Ras (green). G, GFP-SNAP-25 (green) and a Golgi marker (GS28; red). H,
geranylgeranylated GFP-R7BP-GG (green) and a Golgi marker (GS28; red). I, endomembrane accumulation of R7BP caused by activated Go�. Neuro2A cells were
co-transfected with GFP-R7BP (green) and Go� that is constitutively active and RGS-resistant (Go�*, Go�-Q205L/G184S) and stained for a Golgi marker (GS28;
red). J, split Venus-tagged forms of RGS9-2 and G�5 (green) and RFP-R7BP (red). Results shown are representative of at least three experiments. Scale bar, 10 �m.
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mediated GTP hydrolysis, R7 RGS-G�5 complexes recruited to
GIRK channels by R7BP facilitate channel closure (26). Accord-
ingly, we treated hippocampal neurons from wild type and
R7BP�/� mice with vehicle or HDFP and recorded whole-cell
GIRK currents in response to application and subsequent
washout of baclofen, a GABAB receptor agonist. Ablating R7BP
or treating wild type neurons with HDFP impaired GIRK cur-
rent deactivation kinetics (offset) similarly (Fig. 3, B and C). In
R7BP�/� neurons, however, HDFP had a nonsignificant effect
on GIRK current deactivation (Fig. 3, B and C). Because these
results indicated that HDFP requires the presence of R7BP to
affect GIRK current deactivation, they suggested that palmitate
turnover on R7BP is essential for R7 RGS�G�5 complexes to
regulate GIRK channel activity.

Whereas R7BP is required for HDFP to affect GIRK channel
deactivation, we used a further approach to establish whether
HDFP exerts its effects specifically by inhibiting depalmitoyla-
tion of R7BP rather than other proteins in this system such as
Gi/o� subunits that also undergo palmitate turnover (39, 40).
We determined whether R7BP bearing a polybasic region and
geranylgeranylation motif (R7BP-GG) is functional and resis-
tant to HDFP as assessed by the kinetics of GIRK channel deac-
tivation. Neuro2A cells endogenously expressing RGS7�G�5
complexes were transiently transfected with GABAB receptors,
GIRK2c, and either GFP as a control or GFP-tagged forms of
wild type R7BP or R7BP-GG. Analysis of whole-cell GIRK cur-
rents upon application and subsequent washout of baclofen
indicated that, in the absence of HDFP, palmitoylated and gera-
nylgeranylated forms of GFP-R7BP were functionally equiva-
lent as indicated by GIRK deactivation kinetics relative to GFP
controls (Fig. 4). However, although GIRK channel deactivation
kinetics in cells expressing wild type GFP-R7BP was sensitive to
HDFP, they were resistant to HDFP in cells expressing GFP-
R7BP-GG (Fig. 4). These and the preceding results therefore
provided three independent lines of evidence that HDFP affects
GIRK channel deactivation kinetics specifically by inhibiting
palmitate turnover on R7BP.

Serine Hydrolases Other Than or in Addition to APT1 and
APT2 Depalmitoylate R7BP—APT1 is the only serine hydrolase
shown to date that depalmitoylates proteins oriented toward
the cell cytoplasm (10), suggesting that this enzyme and/or its
close relative APT2 potentially depalmitoylate R7BP. We tested
this hypothesis by knocking down APT1 and APT2 and/or
inhibiting them with a potent, reversible inhibitor specific for
each enzyme (compounds 21 and 1, respectively (33)). Efficient
knockdown or inhibition of APT1 and -2 was achieved but
failed to affect R7BP localization (Fig. 5, A–D). Moreover, com-
bining knockdown of APT1 and -2 with inhibitors of both
enzymes did not impair R7BP depalmitoylation (Fig. 5E). These
results indicated that serine hydrolases other than or in addi-
tion to APT1 and APT2 in neuronal cells depalmitoylate R7BP.

FIGURE 3. Effects of depalmitoylation inhibitors on the interaction of R7 RGS�G�5 complexes with GIRK2c and the regulation of GIRK activity. A, effect
of HDFP on the ability of R7BP to promote interaction between RLuc8-tagged GIRK2c split Venus-tagged RGS-G�5 heterodimers indicated by BRET. Neuro2A
cells transiently co-expressing GIRK2c-Rluc8, split Venus-tagged RGS9-G�5 heterodimers with or without R7BP, were treated 2 h with HDFP (10 �M) and
analyzed in BRET assays. Data are expressed as net BRET values normalized to total fluorescence of the acceptor. B, effect of HDFP on GABAB receptor-evoked
GIRK currents in hippocampal neurons isolated from wild type and R7BP�/� mice. Cultured neurons (days in vitro 14) were treated overnight with vehicle or
HDFP (10 �M). Shown are representative traces of GABAB receptor agonist (baclofen)-evoked GIRK currents. Arrows indicate GIRK current deactivation (offset)
upon baclofen washout. C, quantification of GIRK offset kinetics under the conditions indicated. Bars indicate mean � S.E., n � 9 WT � vehicle, 9 R7BP�/� �
vehicle, 7 WT � HDFP, 8 R7BP�/� � HDFP. **, p � 0.01; ***, p � 0.0001. n.s., not significant.

FIGURE 4. Palmitate turnover on R7BP is required for R7 RGS�G�5 com-
plexes to regulate GIRK channel closure. GABAB receptor evoked GIRK cur-
rents in cells transfected with plasmids expressing GABAB receptor subunits
1a and 2, GIRK2c and GFP, GFP-tagged wild type R7BP (WT) or GFP-tagged
geranylgeranylated R7BP (R7BP-GG), as indicated. A, representative traces of
GIRK currents evoked by the GABAB receptor agonist (baclofen) in Neuro2A
cells. GIRK currents were recorded in cells 2 h after treatment with vehicle or
HDFP (10 �M) at 37 °C, as indicated. Arrows indicate GIRK current offset fol-
lowing baclofen washout. B, quantification of GIRK offset kinetics. GIRK offset
kinetics in Neuro2A cells transfected and treated as in A. Offset components
were fit with a single exponential function, and the time constant was used as
a measure of offset kinetics. Bars indicate mean � S.E., n � 25 GFP, 10 GFP �
HDFP, 25 GFP-R7BP, 17 GFP-R7BP � HDFP, 17 GFP-R7BP-GG, 12 GFP-R7BP-GG
� HDFP, ***, p � 0.0001. n.s., not significant.
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DISCUSSION

Palmitate turnover is well established as a widespread bio-
chemical process because hundreds of proteins, even in single
cell types (19, 31, 41– 44), are palmitoylated, and many proteins
are dynamically palmitoylated or change palmitoylation status
in response to cell activation or disease (11, 19, 22). However,
whether palmitate turnover is essential for protein function or
regulation remains poorly understood. As discussed below, our
studies of R7BP establish a novel, essential function for palmi-
tate turnover for regulating neuronal G protein-coupled recep-
tor signaling and indicate that depalmitoylation in neuronal
cells involves serine hydrolases other than or in addition to
APT1.

We have found that palmitate turnover on R7BP is required
for timely deactivation of Gi/o-gated GIRK channels by R7
RGS�G�5 complexes in neuronal cells. Palmitate turnover is
required to accumulate R7BP on the plasma membrane, sim-
ilar to H/N-Ras (7). Blunting palmitate turnover redistrib-
utes R7BP to endomembranes, thereby removing R7BP-
bound R7-RGS�G�5 complexes from GIRK channels at the
plasma membrane. Because R7 RGS�G�5 complexes are
GTPase-activating proteins for Gi/o� subunits docked on GIRK
channels, this redistribution process slows the rate of Gi/o�
deactivation and consequent channel closure. Like H/N-Ras,
stably palmitoylated R7BP may translocate by diffusion from

the plasma membrane to endomembranes (21). Conversely,
R7BP undergoing palmitate turnover could be utilized as a sub-
strate for endomembrane-localized palmitoyltransferases that
facilitate its subsequent anterograde transport and steady state
localization at the plasma membrane. Cycles of depalmitoyla-
tion and repalmitoylation of R7BP also may occur locally at the
plasma membrane, similar to PSD-95 (18). Indeed, both R7BP
and PSD-95 are palmitoylated by DHHC2 (18, 28), which local-
izes to endomembranes and the plasma membrane.

GIRK channel regulation by dynamic palmitoylation of R7BP
may have important physiological functions. By hyperpolariz-
ing neurons, GIRK channels provide a principal mechanism for
inhibitory modulation of synaptic transmission by scores of
Gi/o-coupled receptors and have been implicated in neurologi-
cal disorders, including chronic pain, epilepsy, Parkinson dis-
ease, and Down syndrome (45). By impairing Gi/o deactivation,
genetic ablation of R7BP augments GIRK activity and enhances
the antinociceptive effects of morphine (26), which are evoked
by Gi/o-coupled �-opioid receptors and GIRK channels (46). By
impairing R7BP localization and function at the plasma mem-
brane, depalmitoylation inhibitors therefore may provide a
means of enhancing morphine action in chronic pain or aug-
menting GIRK activity in neurological disorders.

We have found that R7BP palmitoylation and trafficking are
regulated strikingly by Gi/o signaling. Interruption of Gi/o sig-

FIGURE 5. Effect of APT1 and APT2 knockdown and inhibition on R7BP localization and depalmitoylation. A, APT1 and APT2 knockdown. Knockdown
efficiency was determined by measuring the level of GFP-APT1 or -APT2 protein relative to FLAG-R7BP in Neuro2A cells transiently transfected with an APT1
shRNA-expressing plasmid or APT2 RNAi as compared with a control shRNA-expressing plasmid and control RNAi. B, effect of APT1 and APT2 knockdown on
localization of GFP-R7BP in Neuro2A cells stained for the Golgi marker GS28. C, inhibition of GFP-APT1 and -APT2 activity. Lysates of Neuro2A cells expressing
GFP, GFP-APT1, or GFP-APT2 were treated 2 h with vehicle or specific reversible inhibitors of APT1 or APT2 (compounds 21 and 1, respectively; 10 �M), labeled
with a fluorescent probe (PEGylated rhodamine-labeled fluorphosphonate) that covalently modifies only active enzyme, resolved by SDS-PAGE, and quanti-
fied by fluorescence scanning. Enzyme inhibition is indicated by reduction in fluorescent labeling. D, effect of APT1 and APT2 inhibition on GFP-R7BP
localization. Neuro2A cells transiently expressing GFP-R7BP were treated 2 h with vehicle or APT1- and APT2-specific inhibitors (compounds 21 and 1; 10 �M

each), fixed, and stained for GS28. E, effect of simultaneous knockdown and inhibition of APT1 and APT2 on R7BP depalmitoylation. Neuro2A cells transiently
expressing FLAG-R7BP and control RNAi or APT1- and -2-specific RNAi were pulse-labeled 2 h with 17-ODYA in the presence of vehicle or APT1 and APT2
inhibitors (compounds 21 and 1, 10 �M each) and chased 1 h with unlabeled palmitate in the continued presence of vehicle or inhibitors. 17-ODYA incorpo-
rated into immunoprecipitated FLAG-R7BP before and after the chase was derivatized with TAMRA-azide for fluorescence detection and quantification.
Quantified results in each panel are the average of at least three experiments. Bars indicate S.E. Scale bar, 10 �m. *, p � E-4. n.s., not significant. IB, immunoblot.
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naling in neurons leads to accumulation of fully depalmitoy-
lated R7BP in the nucleus (28), whereas sustained Gi/o signaling
inhibits R7BP depalmitoylation and promotes endomem-
brane localization. Regulation of palmitate turnover on
R7BP therefore may determine whether R7 RGS�G�5 com-
plexes control Gi/o signaling at the plasma membrane or
intracellular compartments or potentially transduce signals
between compartments.

The serine hydrolases that depalmitoylate R7BP remain to be
identified. Because knockdown and inhibition of the estab-
lished acylprotein thioesterase APT1 and its relative APT2 did
not affect R7BP localization or depalmitoylation in neuronal
cells, these enzymes may be uninvolved. Alternatively, APT1
and/or APT2 could function redundantly with other serine
hydrolases to depalmitoylate R7BP. Once the relevant acylpro-
tein thioesterases have been identified, the mechanisms that
regulate palmitate turnover on R7BP can be investigated.

In conclusion, approaches analogous to those used by us and
others (7, 47) should enable investigators to define the func-
tions of palmitate turnover on specific proteins in a variety of
biological processes. Such knowledge promises to reveal cellu-
lar and disease processes that potentially could be modulated by
inhibitors of palmitate attachment or removal.

Acknowledgments—We thank members of the Blumer laboratory for
support and discussion, Kevin Kaltenbronn for technical support, and
M. Linder (Cornell University) for comments on the manuscript. The
following individuals are acknowledged for providing plasmids and
reagents: M. Linder (Cornell University); P. Stahl (Washington Uni-
versity); B. Bettler (University of Basel, Basel, Switzerland); P.
Slesinger (Salk Institute), and C. Hedberg (Max Planck Institute for
Molecular Physiology, Dortmund, Germany). The Genome Institute
at Washington University School of Medicine provided support for the
RNAi core at Washington University School of Medicine.

REFERENCES
1. Linder, M. E., and Deschenes, R. J. (2007) Palmitoylation: policing protein

stability and traffic. Nat. Rev. Mol. Cell Biol. 8, 74 – 84
2. Nadolski, M. J., and Linder, M. E. (2007) Protein lipidation. FEBS J. 274,

5202–5210
3. Resh, M. D. (2012) Targeting protein lipidation in disease. Trends Mol.

Med. 18, 206 –214
4. Young, F. B., Butland, S. L., Sanders, S. S., Sutton, L. M., and Hayden, M. R.

(2012) Putting proteins in their place: palmitoylation in Huntington dis-
ease and other neuropsychiatric diseases. Prog. Neurobiol. 97, 220 –238

5. Vesa, J., Hellsten, E., Verkruyse, L. A., Camp, L. A., Rapola, J., Santavuori,
P., Hofmann, S. L., and Peltonen, L. (1995) Mutations in the palmitoyl
protein thioesterase gene causing infantile neuronal ceroid lipofuscinosis.
Nature 376, 584 –587

6. Greaves, J., Lemonidis, K., Gorleku, O. A., Cruchaga, C., Grefen, C., and
Chamberlain, L. H. (2012) Palmitoylation-induced aggregation of cys-
teine-string protein mutants that cause neuronal ceroid lipofuscinosis.
J. Biol. Chem. 287, 37330 –37339

7. Dekker, F. J., Rocks, O., Vartak, N., Menninger, S., Hedberg, C., Balamu-
rugan, R., Wetzel, S., Renner, S., Gerauer, M., Schölermann, B., Rusch, M.,
Kramer, J. W., Rauh, D., Coates, G. W., Brunsveld, L., Bastiaens, P. I., and
Waldmann, H. (2010) Small-molecule inhibition of APT1 affects Ras lo-
calization and signaling. Nat. Chem. Biol. 6, 449 – 456

8. Duncan, J. A., and Gilman, A. G. (2002) Characterization of Saccharomy-
ces cerevisiae acylprotein thioesterase 1, the enzyme responsible for G
protein � subunit deacylation in vivo. J. Biol. Chem. 277, 31740 –31752

9. Rusch, M., Zimmermann, T. J., Bürger, M., Dekker, F. J., Görmer, K.,
Triola, G., Brockmeyer, A., Janning, P., Böttcher, T., Sieber, S. A., Vetter,
I. R., Hedberg, C., and Waldmann, H. (2011) Identification of acyl protein
thioesterases 1 and 2 as the cellular targets of the Ras-signaling modulators
palmostatin B and M. Angew. Chem. Int. Ed. Engl. 50, 9838 –9842

10. Zeidman, R., Jackson, C. S., and Magee, A. I. (2009) Protein acyl thioes-
terases (Review). Mol. Membr. Biol. 26, 32– 41

11. Fukata, Y., and Fukata, M. (2010) Protein palmitoylation in neuronal de-
velopment and synaptic plasticity. Nat. Rev. Neurosci. 11, 161–175

12. Iwanaga, T., Tsutsumi, R., Noritake, J., Fukata, Y., and Fukata, M. (2009)
Dynamic protein palmitoylation in cellular signaling. Prog. Lipid Res. 48,
117–127

13. Lu, J. Y., and Hofmann, S. L. (1995) Depalmitoylation of CAAX motif
proteins. Protein structural determinants of palmitate turnover rate.
J. Biol. Chem. 270, 7251–7256

14. Magee, A. I., Gutierrez, L., McKay, I. A., Marshall, C. J., and Hall, A. (1987)
Dynamic fatty acylation of p21N-ras. EMBO J. 6, 3353–3357

15. Lane, S. R., and Liu, Y. (1997) Characterization of the palmitoylation do-
main of SNAP-25. J. Neurochem. 69, 1864 –1869

16. Noritake, J., Fukata, Y., Iwanaga, T., Hosomi, N., Tsutsumi, R., Matsuda,
N., Tani, H., Iwanari, H., Mochizuki, Y., Kodama, T., Matsuura, Y., Bredt,
D. S., Hamakubo, T., and Fukata, M. (2009) Mobile DHHC palmitoylating
enzyme mediates activity-sensitive synaptic targeting of PSD-95. J. Cell
Biol. 186, 147–160

17. Wedegaertner, P. B., and Bourne, H. R. (1994) Activation and depalmitoy-
lation of Gs�. Cell 77, 1063–1070

18. Fukata, Y., Dimitrov, A., Boncompain, G., Vielemeyer, O., Perez, F., and
Fukata, M. (2013) Local palmitoylation cycles define activity-regulated
postsynaptic subdomains. J. Cell Biol. 202, 145–161

19. Kang, R., Wan, J., Arstikaitis, P., Takahashi, H., Huang, K., Bailey, A. O.,
Thompson, J. X., Roth, A. F., Drisdel, R. C., Mastro, R., Green, W. N.,
Yates, J. R., 3rd, Davis, N. G., and El-Husseini, A. (2008) Neural palmitoyl-
proteomics reveals dynamic synaptic palmitoylation. Nature 456,
904 –909

20. Zhang, M. M., Tsou, L. K., Charron, G., Raghavan, A. S., and Hang, H. C.
(2010) Tandem fluorescence imaging of dynamic S-acylation and protein
turnover. Proc. Natl. Acad. Sci. U.S.A. 107, 8627– 8632

21. Rocks, O., Peyker, A., Kahms, M., Verveer, P. J., Koerner, C., Lumbierres,
M., Kuhlmann, J., Waldmann, H., Wittinghofer, A., and Bastiaens, P. I.
(2005) An acylation cycle regulates localization and activity of palmitoy-
lated Ras isoforms. Science 307, 1746 –1752

22. Martin, B. R., Wang, C., Adibekian, A., Tully, S. E., and Cravatt, B. F. (2012)
Global profiling of dynamic protein palmitoylation. Nat. Methods 9,
84 – 89

23. Jayaraman, M., Zhou, H., Jia, L., Cain, M. D., and Blumer, K. J. (2009) R9AP
and R7BP: traffic cops for the RGS7 family in phototransduction and
neuronal GPCR signaling. Trends Pharmacol. Sci. 30, 17–24

24. Hooks, S. B., Waldo, G. L., Corbitt, J., Bodor, E. T., Krumins, A. M., and
Harden, T. K. (2003) RGS6, RGS7, RGS9, and RGS11 stimulate GTPase
activity of Gi family G-proteins with differential selectivity and maximal
activity. J. Biol. Chem. 278, 10087–10093

25. Xie, K., Allen, K. L., Kourrich, S., Colón-Saez, J., Thomas, M. J., Wickman,
K., and Martemyanov, K. A. (2010) G�5 recruits R7 RGS proteins to GIRK
channels to regulate the timing of neuronal inhibitory signaling. Nat. Neu-
rosci. 13, 661– 663

26. Zhou, H., Chisari, M., Raehal, K. M., Kaltenbronn, K. M., Bohn, L. M.,
Mennerick, S. J., and Blumer, K. J. (2012) GIRK channel modulation by
assembly with allosterically regulated RGS proteins. Proc. Natl. Acad. Sci.
U.S.A. 109, 19977–19982

27. Drenan, R. M., Doupnik, C. A., Boyle, M. P., Muglia, L. J., Huettner, J. E.,
Linder, M. E., and Blumer, K. J. (2005) Palmitoylation regulates plasma
membrane-nuclear shuttling of R7BP, a novel membrane anchor for the
RGS7 family. J. Cell Biol. 169, 623– 633

28. Jia, L., Linder, M. E., and Blumer, K. J. (2011) Gi/o signaling and the palmi-
toyltransferase DHHC2 regulate palmitate cycling and shuttling of RGS7
family-binding protein. J. Biol. Chem. 286, 13695–13703

29. Grabowska, D., Jayaraman, M., Kaltenbronn, K. M., Sandiford, S. L.,
Wang, Q., Jenkins, S., Slepak, V. Z., Smith, Y., and Blumer, K. J. (2008)

Palmitate Turnover Regulates GPCR-GIRK Signaling

6256 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 9 • FEBRUARY 28, 2014

 at W
ashington U

niversity on M
arch 28, 2014

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/
http://www.jbc.org/


Postnatal induction and localization of R7BP, a membrane-anchoring
protein for regulator of G protein signaling 7 family-G�5 complexes in
brain. Neuroscience 151, 969 –982

30. Charron, G., Zhang, M. M., Yount, J. S., Wilson, J., Raghavan, A. S.,
Shamir, E., and Hang, H. C. (2009) Robust fluorescent detection of protein
fatty-acylation with chemical reporters. J. Am. Chem. Soc. 131,
4967– 4975

31. Martin, B. R., and Cravatt, B. F. (2009) Large-scale profiling of protein
palmitoylation in mammalian cells. Nat. Methods 6, 135–138

32. Chisari, M., Eisenman, L. N., Krishnan, K., Bandyopadhyaya, A. K., Wang,
C., Taylor, A., Benz, A., Covey, D. F., Zorumski, C. F., and Mennerick, S.
(2009) The influence of neuroactive steroid lipophilicity on GABAA re-
ceptor modulation: evidence for a low-affinity interaction. J. Neurophysiol.
102, 1254 –1264

33. Adibekian, A., Martin, B. R., Chang, J. W., Hsu, K. L., Tsuboi, K., Bacho-
vchin, D. A., Speers, A. E., Brown, S. J., Spicer, T., Fernandez-Vega, V.,
Ferguson, J., Hodder, P. S., Rosen, H., and Cravatt, B. F. (2012) Confirming
target engagement for reversible inhibitors in vivo by kinetically tuned
activity-based probes. J. Am. Chem. Soc. 134, 10345–10348

34. Dekker, F. J., and Hedberg, C. (2011) Small molecule inhibition of protein
depalmitoylation as a new approach towards downregulation of onco-
genic Ras signalling. Bioorg. Med. Chem. 19, 1376 –1380

35. Veit, M., Söllner, T. H., and Rothman, J. E. (1996) Multiple palmitoylation
of synaptotagmin and the t-SNARE SNAP-25. FEBS Lett. 385, 119 –123

36. Rocks, O., Gerauer, M., Vartak, N., Koch, S., Huang, Z. P., Pechlivanis, M.,
Kuhlmann, J., Brunsveld, L., Chandra, A., Ellinger, B., Waldmann, H., and
Bastiaens, P. I. (2010) The palmitoylation machinery is a spatially organiz-
ing system for peripheral membrane proteins. Cell 141, 458 – 471

37. Hibino, H., Inanobe, A., Furutani, K., Murakami, S., Findlay, I., and Kura-
chi, Y. (2010) Inwardly rectifying potassium channels: their structure,
function, and physiological roles. Physiol. Rev. 90, 291–366

38. Mase, Y., Yokogawa, M., Osawa, M., and Shimada, I. (2012) Structural
basis for modulation of gating property of G protein-gated inwardly rec-

tifying potassium ion channel (GIRK) by i/o-family G protein � subunit
(G�i/o). J. Biol. Chem. 287, 19537–19549

39. Chen, C. A., and Manning, D. R. (2000) Regulation of G�i palmitoylation
by activation of the 5-hydroxytryptamine-1A receptor. J. Biol. Chem. 275,
23516 –23522

40. Chisari, M., Saini, D. K., Kalyanaraman, V., and Gautam, N. (2007) Shut-
tling of G protein subunits between the plasma membrane and intracel-
lular membranes. J. Biol. Chem. 282, 24092–24098

41. Dowal, L., Yang, W., Freeman, M. R., Steen, H., and Flaumenhaft, R. (2011)
Proteomic analysis of palmitoylated platelet proteins. Blood 118, e62– e73

42. Marin, E. P., Derakhshan, B., Lam, T. T., Davalos, A., and Sessa, W. C.
(2012) Endothelial cell palmitoylproteomic identifies novel lipid-modified
targets and potential substrates for protein acyl transferases. Circ. Res.
110, 1336 –1344

43. Merrick, B. A., Dhungana, S., Williams, J. G., Aloor, J. J., Peddada, S.,
Tomer, K. B., and Fessler, M. B. (2011) Proteomic profiling of S-acylated
macrophage proteins identifies a role for palmitoylation in mitochondrial
targeting of phospholipid scramblase 3. Mol. Cell. Proteomics 10,
M110.006007

44. Roth, A. F., Wan, J., Bailey, A. O., Sun, B., Kuchar, J. A., Green, W. N.,
Phinney, B. S., Yates, J. R., 3rd, and Davis, N. G. (2006) Global analysis of
protein palmitoylation in yeast. Cell 125, 1003–1013

45. Lüscher, C., and Slesinger, P. A. (2010) Emerging roles for G protein-gated
inwardly rectifying potassium (GIRK) channels in health and disease. Nat.
Rev. Neurosci. 11, 301–315

46. Marker, C. L., Luján, R., Loh, H. H., and Wickman, K. (2005) Spinal G-
protein-gated potassium channels contribute in a dose-dependent man-
ner to the analgesic effect of �- and �- but not �-opioids. J. Neurosci. 25,
3551–3559

47. Xu, J., Hedberg, C., Dekker, F. J., Li, Q., Haigis, K. M., Hwang, E., Wald-
mann, H., and Shannon, K. (2012) Inhibiting the palmitoylation/depalmi-
toylation cycle selectively reduces the growth of hematopoietic cells ex-
pressing oncogenic Nras. Blood 119, 1032–1035

Palmitate Turnover Regulates GPCR-GIRK Signaling

FEBRUARY 28, 2014 • VOLUME 289 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 6257

 at W
ashington U

niversity on M
arch 28, 2014

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/
http://www.jbc.org/

