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Abstract
Mechanisms responsible for sorting newly synthesized proteins for traffic to the cell surface from
the Golgi are poorly understood. Here we show that the potassium channel Kir2.1, mutations in
which are associated with Andersen-Tawil Syndrome, is selected as cargo into Golgi export
carriers in an unusual signal-dependent manner. Unlike conventional trafficking signals, which are
typically comprised of short linear peptide sequences, Golgi exit of Kir2.1 is dictated by residues
embedded within the confluence of two separate domains. This signal patch forms a recognition
site for interaction with the AP1 adaptor complex, thereby marking Kir2.1 for incorporation into
clathrin-coated vesicles at the trans-Golgi. The identification of a trafficking signal in the tertiary
structure of Kir2.1 reveals a quality control step that couples protein conformation to Golgi export
and provides molecular insight into how mutations in Kir2.1 arrest the channels at the Golgi.

INTRODUCTION
The Golgi apparatus is well appreciated to act as the central biosynthetic sorting station,
responsible for properly targeting newly synthesized membrane proteins to their appropriate
subcellular destinations (De Matteis and Luini, 2008). Endosomal sorting processes provide
a framework for understanding the underlying molecular mechanisms. It is well established
that endosome and lysosome-destined proteins are recognized at the Golgi as cargo for
inclusion into clathrin-coated vesicles by short, linear tyrosine-containing or di-hydrophobic
signals, which serve as recognition sites for interaction with clathrin adaptor complexes and
GGA proteins (Bonifacino and Traub, 2003). Although much less is known about how
newly synthesized plasma membrane proteins are sorted to the cell surface, an emerging
body of evidence indicates that select plasmalemma proteins may also leave the Golgi by
signal-dependent processes, rather than by default trafficking pathways as once believed
(Rodriguez-Boulan and Musch, 2005). Subsets membrane proteins in polarized epithelial
cells, for example, are sorted at the Golgi for traffic to the basolateral membrane in a
clathrin-dependent manner (Deborde et al., 2008) by short linear peptide sequences(Campo
et al., 2005). Although these signals share remarkable similarity with endosomal sorting
signals, the clathrin-associated sorting proteins that interact with them at the Golgi remain to
be discovered. Other cell surface proteins (see below) rely on completely unrelated
structures for Golgi export and the sorting machineries that decode these putative signals
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also remain unknown. Different coat proteins (Wang et al., 2006), Golgi tethers (Lock et al.,
2005) and scaffolding molecules (Godi et al., 2004) have been implicated in Golgi-to-cell-
surface traffic, but these are considered to play important roles in carrier vesicle formation
rather than in cargo recognition.

Signal-dependent Golgi export processes have been implicated in controlling the surface
density of inwardly rectifying K+(Kir) channels (Nichols and Lopatin, 1997). In recent
years, it has become evident that different trafficking processes regulate Kir channels to
control neuronal excitability, action potential cessation, hormone secretion, heart rate and
salt balance. Several Kir channels have been postulated to leave the Golgi in a signal-
dependent manner (Stockklausner and Klocker, 2003; Yoo et al., 2005). In the Kir2.1
channel (Kubo et al., 1993), a short cluster of highly-conserved basic amino acids in the
cytoplasmic N-terminus is required for Golgi-exit (Stockklausner and Klocker, 2003). A
nearly identical structure in the kidney potassium channel, Kir1.1 (ROMK), is necessary for
forward trafficking in the secretory pathway (Yoo et al., 2005), consistent with a shared
signal-dependent Golgi export process. Nevertheless, the sequences exhibit no resemblance
to known trafficking signals, and it is completely unknown how they might control Golgi
exit.

In the present study, a human Kir2.1 channel disease, Andersen-Tawil syndrome (ATS1)
(Plaster et al., 2001), provided a new insight into the Golgi mechanism. The Kir2.1 channel
(Kubo et al., 1993), is responsible for controlling membrane excitability in many cell types.
Because it is especially important in ventricular cardiomyocytes (Zaritsky et al., 2001) and
skeletal muscle (Fischer-Lougheed et al., 2001), loss of Kir2.1 function in ATS1 is
manifested as a disorder of ventricular arrhythmias, periodic paralysis, and skeletomuscular
dysplasia (Andersen et al., 1971; Sansone et al., 1997). Of the many ATS1 mutations, we
found one of them in the cytoplasmic C-terminus of Kir2.1 surprisingly blocks Golgi export.
Our investigation into the underlying pathologic mechanism revealed that Golgi exit of Kir
2.1 is dictated by an unusual signal. Unlike conventional short, linear trafficking signals, the
Golgi export signal in Kir2.1 is formed by a patch of residues located within the confluence
of cytoplasmic N-and C-terminal domains. This signal patch creates an interaction site for
the AP1 adaptin complex, allowing properly folded Kir2.1 channels to be incorporated into
clathrin-coated vesicles at the trans-Golgi for export to the cell surface.

RESULTS
Kir 2.1 Channels, Bearing an ATS1 Mutation, Accumulate in the Golgi

Exploration of the Golgi-export mechanism in Kir2.1 was guided by mapping the location of
an ATS1 mutation, Δ314-15 (Plaster et al., 2001), in the atomic resolution structure (Pegan
et al., 2005). Remarkably, the involved C-terminal residues, SY315, juxtapose the N-terminal
Golgi trafficking determinant at a domain interface (Fig.1). The mutation has been reported
to block surface expression (Bendahhou et al., 2003) but the mechanism is not known. Since
our studies revealed the mutation does not impair subunit assembly, or cause misfolding or
ER-retention (Fig. S1), we wondered if it might, instead, disrupt Golgi-trafficking and
provide a model for understanding the export signal. In fact, Kir2.1Δ314-15 channels exhibit
an unusual mistrafficking phenotype (Fig. 2). As measured by HA-antibody binding of
external HA-epitope tagged channels (Fig.2A), the Δ314-15 mutation reduced cell surface
expression to background levels, comparable to the effects of removing the “ER export”
signal (ΔFCYE) (Ma et al., 2001). Confocal microscopy (Fig.2B) revealed that
Kir2.1Δ314-15 channels co-localize with markers of the medial Golgi (GM130, (Nakamura
et al., 1995)) and trans Golgi network (TGN46 or TGN38 (Prescott et al., 1997)), unlike the
robust surface localization of the wild-type channel and the ER retention phenotype of
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ΔFCYE-mutant channels. As evaluated by Person's co-localization analysis, the degree of
Kir2.1Δ314-15 channel localization in the Golgi is significant.

Because the effects of ATS1 are notably manifested in the heart, we examined whether the
unusual Golgi mistrafficking phenotype of the Δ314-15 mutant is recapitulated in
cardiomyocytes. The issue is particularly germane because the Golgi exhibits an atypical
subcellular distribution in cardiomyocytes, localizing throughout the cytoplasm within linear
tracks between contractile bundles, similar to what has been described in skeletal muscle
(Rahkila et al., 1997; Ralston, 1993). For these studies, wild-type and Δ314-15 Kir2.1 were
delivered to adult rat ventricular myocytes by adenoviral-mediated cDNA transfer, and their
subcellular localization was inspected by confocal microscopy (Fig. 2E–H). Wild-type
channels localized to the cell surface and along tubular invaginations, characteristic of
sarcolemmal and transverse-tubular localization of the endogenous channel (Melnyk et al.,
2002). Kir2.1 Δ314-15 channels, by contrast, were entirely intracellular, accumulating in
large puncta that co-localize with either GM130 (Fig. 2F) or TGN38 (Fig. 2G) in the Golgi.
In fact, nearly all Kir2.1 Δ314-15 is contained within GM130 or TGN38 structures (Fig.2H).
The steady-state co-localization of the mutant channel with trans- and cis-Golgi markers
indicate the mutation blocks channel trafficking between the terminal Golgi cisterna and
trans-Golgi network. In face of an uninterrupted and dominant ER-export process (Ma et al.,
2001; Ma et al., 2002; Zerangue et al., 2001), mutant channels have no place to go except to
amass within cis- and trans-Golgi compartments, causing Golgi structures to increase in
size.

The Δ314-15 Mutation Blocks Golgi Export
Because the mutant channels are rapidly translocated from the Golgi into the endoplasmic
reticulum upon Brefeldin A treatment, we suspected that Kir2.1Δ314-15 channels are
retained in the Golgi by virtue of a block in signal-dependent anterograde trafficking rather
than formation of insoluble aggregates (Kopito, 2000). To test this, we monitored Kir2.1
trafficking in the secretory pathway by several independent measures (Fig.3). Biosynthetic
trafficking of Kir2.1 to the plasmalemma was studied by pulse-chase, cell surface
immunoprecipitation (Fig.3A and B). In these studies, external HA-tagged channels were
metabolically labeled in COS7 cells with a short pulse of S35-methionine (10 min) and then
chased for variable times. Newly synthesized channels were captured at the plasmalemma
by HA-immunoprecipitation and detected by autoradiography. As shown in Figure 3A–B,
wild-type channels appeared at the plasmalemma within the first 10 minutes of the chase
period and gradually increased thereafter. By contrast, Kir2.1Δ314-15 channels were not
detected at the cell surface over the entire chase period. Thus, 314-15-dependent trafficking
occurs early in the biosynthetic pathway, consistent with a Golgi exit mechanism.

To determine whether the trafficking step is harbored in the Golgi, Kir2.1 movement was
monitored by live cell imaging (Fig.3C–D), using the reversible photoactivable fluorescent
protein, Dronpa (Ando et al., 2004; Habuchi et al., 2005). For these studies, Dronpa-Kir2.1
fluorescence throughout the cell was first erased to background levels, and the population of
channels at the Golgi (as detected with DS-red-Golgi) was specifically photoactivated and
chased. Over time, the Golgi-delimited population of WT Dronpa-Kir 2.1, gradually
diminished at a rate and kinetic comparable to the biosynthetic surface delivery (Fig.3C).
These channels did not appear to accumulate in endosomes before they reached the cell
surface, suggesting a direct trafficking route from the Golgi to the plasmalemma. By
contrast, the Dronpa-Kir2.1Δ314–15 channel remained in the Golgi over the entire chase
period. Taken together, the data indicate the trafficking operation is controlled at the Golgi
(Fig.3C and D). Studies of glycosylation-state maturation revealed that the Δ314–15
mutation arrests traffic between the terminal cisterna and TGN, corroborating and extending
these conclusions (Fig. S2).
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Sequence Determinants of the Golgi Export Signal
The finding that the C-terminal ATS1 mutation blocks Golgi exit, identical to mutations in
the N-terminal Golgi trafficking structure, suggests that the export signal is formed by
neighboring residues in the tertiary structure. Trans-reconstitution studies offer further
support for shared requirements of the juxtaposing N- and C- terminal structures; we found
Golgi-export of N-terminal trunated channels can be restored upon co-expression of a
polypetide encoding the Kir2.1 N-terminus unless the fragments harbor the ATS1 mutation
or mutations in the key N-terminal residues (Fig. S3). To more precisely define the Golgi
export structure, residues bordering the subunit interface were identified in the crystal
structure and subjected to alanine replacement mutagenesis (Figure 4). External HA-tagged
channels, bearing the mutations, were expressed in COS7 cells and the extent of traffic to
the plasmalemma was quantified by cell surface antibody binding, and Golgi targeting was
quantified by GM-130 co-localization (Fig.4A). Of the eighteen mutations tested, six shifted
the localization of the channel from the cell surface to the Golgi, revealing necessary
components of the Golgi trafficking structure. Of the N-terminal residues, R46 had the
largest contribution but R44 exhibited additive effects. A tract of responsive mutations in the
cytoplasmic C-terminus identified residues Y315, E319, I320, and W322 as Golgi export
determinants.

Mapping the residues in the crystal structure reveals a signal patch comprised of a composite
of residues from separate cytoplasmic domains (Fig.4B). The side chains of all involved
residues, except Y315, project toward the solvent exposed surface, and, thus, are capable of
acting collectively as a trafficking signal. Characterized in this way, the Golgi export signal,
minimally involves a charged group of residues (R44, R46, E319) at the N-terminal pole and a
shallow, hydrophobic cleft (I320XW322) at the C-terminal pole. While it is conceivable that
some of these residues indirectly participate in Golgi-export by holding the domains in close
proximity or by participating in an allosteric transduction process, they collectively
influence trafficking rather than govern domain association (Figure S4).

The Kir2.1 Golgi Export Structure is Transplantable
A hallmark of conventional trafficking signals is their ability to function as autonomous
units. To explore this issue, we tested whether transplanting the Kir2.1 cytoplasmic domains
onto the Human T lymphocyte membrane protein, CD8 (Littman et al., 1985) is sufficient to
direct Golgi export (Fig. 5). The dimeric nature of CD8 makes it an ideal reporter for these
studies (Jackson et al., 1993). Attachment of either the N- or the C-terminal domain alone
onto the cytoplasmic side of CD8 rendered the reporter unable to reach the cell surface from
the Golgi, confirming and extending our observations that neither domain alone is sufficient
for Golgi export. To test if the Golgi export function requires the assembled cytoplasmic
structure, we took advantage of the fact that the cytoplasmic N-and C-termini can be
artificially joined together to form a properly folded cytoplasmic domain (Nishida and
MacKinnon, 2002; Pegan et al., 2005). In contrast to CD8 reporters containing the isolated
domains, robust surface expression was observed when CD8 was fused to the entire
cytoplasmic domain (N+C) or when CD8-Kir2.1-N and the CD8-Kir2.1-C were co-
expressed together. As predicted if the CD8 reporters recapitulate the Golgi trafficking
signal of the native channel, the ATS1 Δ314–15 mutation blocked Golgi export. Thus, the
Golgi export function is transplantable but uniquely requires both N- and C-cytoplasmic
domains, consistent with an export signal within the tertiary structure.

Signal-Dependent Interaction with AP1 Clathrin Adaptor Complex drives Golgi Export
If the structure acts as a Golgi export signal, it should serve as a recognition site for Golgi
trafficking machinery interaction. To explore this, a bacterial glutathione-Stransferase (GST)
fusion protein of the entire Kir 2.1 cytoplasmic domain was used as a probe to test for its
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interaction with the AP1 clathrin-adaptor and GGA1, molecules best known to facilitate
export of cargo from the trans Golgi network (Bonifacino and Traub, 2003). This approach,
using the entire cytoplasmic domain as an affinity ligand, allows the identification of
proteins that bind to sites within the fully assembled cytoplasmic structure.

For initial studies, the WT GST-Kir 2.1 cytoplasmic domain (CD) was compared to mutant
GST-Kir2.1 CD, harboring Δ314–315. Both fusion proteins are soluble and readily isolated
to homogeneity under non-denaturing conditions (Fig.6A). The GST proteins were
immobilized on glutathione-beads, incubated with a cytoplasmic extract that was enriched
with AP1 and GGA, washed extensively and bound material was subjected to Western blot
analysis with antibodies to AP1γ-adaptin subunit or GGA1. As controls, interaction of
known Kir2.1 binding partners was examined. The Lin-7/CASK PDZ protein complex
(Leonoudakis et al., 2004a; Leonoudakis et al., 2004b) and Filamin A (Sampson et al., 2003)
bind to distinct sites on Kir2.1, separate from the Golgi export structure, and were therefore
probed. As shown in Fig. 6B, the GST fusion of the WT-Kir2.1 cytoplasmic domain
interacts with AP1 but not GGA1. Significantly, the Δ314–15 mutation abrogated AP1
binding without altering interaction with Lin-7, CASK or Filamin A, indicative of a specific
disruption of a local AP1 binding site. As predicted for recognition of the Golgi trafficking
signal, mutations in the Kir 2.1 residues that are required for Golgi export also completely
abrogated AP1 binding (fig. 6C). Studies with recombinant AP1 subunits, prepared as
hemicomplex forms (β1μ1 or γσ1) in insect cells (Doray et al., 2007), revealed the
complementary interaction site is contained within the AP1 γσ1 subunits (fig. 6D).

To corroborate the interaction occurs within cells and is commensurate with Golgi export,
co-immunoprecipitation (Fig.6E) and co-localization (Fig.6F) studies were performed in
cells after trafficking at the trans-Golgi was released (37°C) from temperature-sensitive
blockade (19°C) (Griffiths et al.1985; Saraste & Kuismanen, 1984). As predicted for a
signal recognition event at the TGN, WT Kir2.1 channels co-localize and interact with AP1,
but only after they are released from the temperature block and become competent to exit
the Golgi. Moreover, the ATS1 mutation completely blocked the interaction, substantiating
the in vitro binding studies.

To test whether AP1 facilitates the export of Kir2.1 from the Golgi, we examined Kir2.1
trafficking following siRNA mediated knockdown of the AP1 γ-adaptin subunit. As shown
in Fig. 7, three different γ-adaptin siRNA probes had similar, specific effects, reducing AP1-
γ-adaptin protein abundance without suppressing other proteins, such as β-actin (Fig.7A), or
altering general Golgi structure (see characteristic localization of TGN46, Fig.7C). Ablation
of AP1-γ-adaptin expression was paralleled by a significant reduction of Kir 2.1 at the cell
surface (Fig.7B). As evidenced by the co-localization with TGN46, AP1-γ-adaptin knockout
led to accumulation of the WT channel at the TGN (Fig. 7C), identical to the Golgi-
mistrafficking phenotype of channels lacking the Golgi-export signal. A nearly identical
inhibitory response was observed with the CD8-Kir2.1(NC) chimera, demonstrating the
Golgi export signal is interpreted in AP1 dependent manner, even when transplanted. By
contrast, AP1 depletion had no effect on the surface expression of influenza hemagglutinin
(HA), a raft-associated transmembrane protein that leaves the TGN via a different
mechanism. Expression of a siRNA-resistant form of gamma-adaptin rescued surface
expression of WT Kir2.1 and the CD8-Kir2.1CD chimera, further documenting specificity.
Taken together, the data reveals Kir2.1 channels are selected for export from the Golgi in a
signal-dependent manner through an AP1 clathrin adaptor interaction.
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DISCUSSION
Our data reveal a mechanism for sorting Kir2.1 channels at the Golgi for delivery to the cell
surface, and provide insights into how newly synthesized plasmalemma-bound proteins can
be exported from the Golgi in a signal dependent manner and disrupted in disease.

Golgi Export Patch as a Conformational Structure
The unique topological organization of the Golgi export patch provides a means to couple
channel trafficking to protein conformation, similar to the ways that “conformational
epitopes” specify sorting operations in Sec22 (Mancias and Goldberg, 2007) and other
SNARE proteins (Miller et al., 2007; Pryor et al., 2008). Indeed, vesicle-sorting signals in
SNAREs are located in surface patch structures, and dependent on overall folding. In Sec22,
a COPII recognition signal is exposed in the unassembled state, allowing this SNARE to
traffic from the ER to the Golgi in a non-fusogenic conformation (Mancias and Goldberg,
2007). Similarly, folding-dependent conformation of epsin and Hrb recognition sites in
SNARE vti1b and VAMP7 provide a mechanism to coordinate post-fusion retrieval of
SNARES into clathrin-coated endocytotic vesicles (Miller et al., 2007; Pryor et al., 2008).
Recent crystallographic analysis of related bacterial Kir channels (Clarke et al., 2010)
strongly suggest that the Golgi export patch in Kir2.1 is apart of a conformational structure,
akin to the sorting signals found in SNAREs. Acquisition of the active potassium conduction
state in these channels involves a rotation of the cytoplasmic domains and a reorientation of
N- and C- termini. In Kir 2.1, the conformational change would allow residues from the two
poles of the Golgi export patch, R46- E319, to form a salt bridge, and effectively juxtapose
elements on both sides of the trafficking signal. Formation of the signal in this way would
ensure only appropriately folded channels exit the Golgi, and offer an additional checkpoint
for newly synthesized proteins beyond the well-known quality control processes in the
endoplasmic reticulum (Ellgaard and Helenius, 2003). It also provides regulatory modality
not found in conventional, linear trafficking signals. In fact, observations with the closely
related Kir1.1 (ROMK) channel suggest that formation of the signal may be physiologically
regulated to control surface delivery from the Golgi; this channel shares a similar sequence
with the Golgi export patch in Kir2.1 but requires phosphorylation of a nearby residue to
specify anterograde trafficking from the Golgi (O'Connell et al., 2005; Yoo et al., 2005; Yoo
et al., 2003).

The Golgi Export Patch is an AP1 clathrin-adaptor recognition site
Although the signal patch identified in the present study is mechanistically different from
conventional AP1 dependent Golgi-export signals, it drives transport from the Golgi by a
related process. Comprised of four subunits, the AP-1 complex contains separate binding
sites for clathrin and the canonical motif-containing trafficking signals. Clathrin interacts
with the larger β1 subunit while tyrosine-based “YXXϕ” signals bind to the medium subunit,
μ1(Ohno et al., 1995) and di-leucine signals ([DE]XXXL[LI]) (Bonifacino and Traub, 2003)
interact with the γ/σ1 hemicomplex (Chaudhuri et al., 2007; Janvier et al., 2003). Similarly,
because the γ/σ1 subunits harbor the recognition site for the Golgi-export signal in Kir2.1,
far removed from the clathrin binding site in the β subunit hinge region (Shih et al., 1995),
AP1 has the capacity to simultaneously engage clathrin and Kir2.1, and thereby select
channels for inclusion into clathrin-coated Golgi-export carriers at the TGN. Because the
Golgi export patch shares no resemblance to the canonical sorting motifs, the recognition
mechanism is presumably much different. As a consequence, interaction of Kir2.1 with
AP-1 will not complete with the binding of conventional motif-containing proteins, and
allow concurrent binding. Such a mechanism may provide an additional mode to control the
Golgi localization of AP1 together with the coincident binding of Arf-1, conventional
sorting signals, and phosphoinositides (Lee et al., 2008).
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Our observations expand the function of AP1 adaptin complex beyond its well-accepted
endosomal-lysosomal cargo sorting activity (Bonifacino and Traub, 2003). They point to a
more general function of AP1, whereby it selects different proteins as cargo for export from
TGN, regardless of their final subcellular destinations. In principle, plasmalemma-bound
proteins may be sorted by AP1 at the Golgi for itinerate trafficking through endosomes, but,
within the resolution of our measurements, Kir2.1 channels travel rapidly, if not directly, to
the cell surface from the Golgi. Future studies will be required to determine if AP1 can be
modified to target proteins, like Kir 2.1, to the plasmalemma rather than the endosome.
Clathrin adaptor function can be influenced by different accessory proteins (Baust et al.,
2006; Crump et al., 2001; Lui et al., 2003), and certain GGAs (Doray et al., 2002). Perhaps,
one or more of these operate with the AP1 complex to drive Golgi-to-surface trafficking of
specific proteins, such as Kir2.1.

Physiological and Pathophysiological Implications
This study reveals a previously unappreciated locus of disease susceptibility. Of the 39
different ATS1 mutations that have been identified in the KCNJ2 gene, the majority disrupt
PIP2-dependent Kir2.1 channel opening (Lopes et al., 2002; Ma et al., 2007), underscoring
the importance of regulated Kir2.1 channel gating in myocyte excitability. Our study
uncovered a critical regulatory step for controlling cell surface expression of the channel
from the Golgi. The signal-dependent process provides a mechanism to control targeting of
Kir2.1 to the sarcolemma and the transverse tubule at optimal densities for appropriate
electrical signal transmission. Indeed, as exemplified by the uncoordinated excitation-
contraction coupling, periodic paralysis and arrhythmias in ATS1(Tristani-Firouzi et al.,
2002), a devastating state of muscle hyperexcitability develops when disruption of Golgi
export process prevents Kir2.1 delivery to these specialized surface membranes. It will be
important to learn if alterations in the Golgi export process can also account for other
disorders that may arise from Kir2.1 mistrafficking, such as the proarrhythmic state of heart
failure (Pogwizd and Bers, 2004). 40% of patients with Andersen-Tawil syndrome have no
mutations in Kir2.1, and the genetic basis of the disease in these cases is completely
unknown (Donaldson et al., 2004). In light of our findings, Golgi-export genes should be
considered as candidates.

In summary, our observations provide insights into the mechanisms responsible for sorting
plasmalemma-destined cargo at the Golgi. We propose that the location of the export signal
within the confluence of the cytoplasmic domains provides a means to couple Golgi exit to
protein conformation for quality control and regulation of cell surface density.

EXPERIMENTAL PROCEDURES
Antibodies and Plasmids

Details on antibodies and cDNA constructs used in this study are available as Extended
Experimental Procedures, Table S1 and Table S2.

Cell Culture
COS7 cells and primary rat adult ventricular heart cells were cultured in high glucose
DMEM (Invitrogene) containing 10% FBS, 100 U/ml penicillin/streptomycin (37°C, 5%
CO2).

Production and Infection of HA-tagged Kir2.1 Adenoviruses
Adenoviral vectors containing Kir2.1 channels were produced using AdEasy Adenoviral
Vector System (Stratagene, Inc). Viruses were propagated in HEK293 cells and isolated as
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before (Liu et al., 2001). Infection of rat adult heart cells was performed as previously
described (Kohout et al., 1996).

RNA Interference
Three different double-stranded siRNA probes (Dharmacon, Inc) corresponding to
nucleotides 528–548, 849–867, and 1102–1120 of the human AP1γ-adaptin subunit mRNA
were used. COS-7 cells were transfected with either a non-silencing negative control siRNA
duplex (Qiagen) or γ-adaptin siRNA targeted (20nM) using X-tremeGene (Roche
Diagnostics). After 24hrs, the cells were transfected again with Kir2.1, CD8-Kir2.1 (N+C)
or pCB6-HA (gift of Dr. Ora Weisz). After 36–48hrs, cells were processed for study. Four
silent mutations were incorporated to generate a RNAi-resistant γ-adaptin probe.

Immunofluorescence and Confocal Microscopy
Cells were fixed (4% paraformaldehyde), permeabilized (0.1% Triton X-100), blocked (PBS
+ 5% FBS), incubated with primary antibody, washed in PBS and incubated with Alexa
labeled secondary antibody. For some studies, channel proteins at the cell surface were first
labeled with mouse anti-HA. Intracellular channel proteins were subsequently labeled with
rabbit anti-HA after permeabilization. Goat anti-rabbit-Alexa-568 and goat anti-mouse-
Alexa-488 were used as secondary antibodies to label intracellular and surface expressed
channels. Cells were visualized by confocal laser-scanning microscopy (Zeiss-410 or
Zeiss-510 meta) using a 63× oil immersion lens (NA1.40).

Quantitative Imaging analysis—Colocalization of channels and Golgi markers were
quantified using a statistical algorithm (Costes et al., 2004) for calculation of Pearson's
correlation and co-compartmentalization levels (Manders et al., 1992). The degree of
channel compartmentalization in cardiomyocytes was calculated as the proportion of
channel colocalized with the relevant markers (Manders et al., 1993). All procedures were
performed with Volocity 4.2 (Improvision, UK).

Live cell imaging—COS7 cells were co-transfected with Dronpa-tagged Kir2.1 cDNA
and pDsRed-Monomer-Golgi (Clontech). Cells were examined with 100× oil plan-Neofluar
objective (NA 1.3) on a laser scanning confocal microscope (LSM 510, Zeiss) and studied at
37°C. Dronpa (Ando et al., 2004; Habuchi et al., 2005) was imaged and bleached using a
488 argon laser. Dronpa emission was isolated with a 505–550 bandpass filter. A 361nm
Coherent Enterprise laser was used to reactivate Dronpa.

Quantitative Chemiluminescence Detection of Surface Proteins—To quantify
Kir2.1 cell surface expression, COS7 cells were studied 36hrs after transfection, fixed (2%
paraformaldehyde,10 minutes), blocked on ice (5% Fetal Bovine Serum in 1×PBS, 30min),
incubated with mouse monoclonal anti-HA, or anti-CD8 (1:400, 1hour), washed (PBS, 3×,
5minutes), incubated with goat anti-mouse IgG HRP-conjugated secondary antibody
(1:500), and then extensively washed (PBS, 5 minutes × 4). Cells were suspended in PBS,
and aliquots were combined with SuperSignal ELISA Pico solution (Pierce Biotechnology).
Chemiluminescence was measured in Relative Light Units (RLU) using an analytical
luminometer (Ma et al., 2007) and normalized to Kir2.1 protein abundance. Reported values
are the average of triplicate transfections from three different experiments.

GST fusion pull-down analysis—GST fusion proteins were purified under
nondenaturing conditions on glutathione-agarose beads and prepared using standard
methods outlined in Extended Experimental Procedures Table 3. GST fusion proteins were
immobilized on glutathione beads and incubated with of rat brain lysates or recombinant
AP-1 subunits. Rat brain lysates were prepared according to published protocols for AP-1
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binding studies (Le Borgne et al., 1996). Recombinant AP1 subunits were expressed as
epitope-tagged hemi-complexes (γ/σ1or β1/μ1 subunits, γ and β1 contained C-terminal
epitopes for hemagglutinin (HA) and FLAG antibodies, respectively) from a bi-cistronic
vector (pFast bac Dual, Invitrogen, AP-1 constructs gift of S. Kornberg) in Sf9 cells using
baculovirus and then used for binding studies as previously described (Doray et al., 2007).
Bound Proteins were detected in Western Blots with antibodies to AP1 clathrin adaptor,
other interacting proteins or epitope tags. Immunoreactive bands were quantified by
densitometry (NIH image, version 1.63f).

AP1-Kir2.1 immunoprecipitation—A procedure designed to capture transient AP1-
cargo interactions, using the crosslinking reagent, DTSSP (Orzech et al., 1999) was used.
Cells were permeabilized with digitonin (50ug/ml), washed, then incubated with the
crosslinker (Themo Scientific) for 2hrs at 4°C. Crosslinker activity was quenched by
incubation with 150mM glycine, pH 7.4, for 20 min at 22°C. Cell extracts were prepared,
and Kir2.1-HA was subjected to immunoprecipitation with HA antibodies. Interaction AP1
was detected by Western analysis using antibodies to γ-adaptin. Interaction was accessed in
cells that were incubated at 19°C (2 hrs) to block anterograde traffic of membrane proteins
from TGN and after release from Golgi block (30 min, 37°C).

Kir2.1 channel surface delivery—COS7 cell suspensions were treated with a
methinone and cysteine free medium (30 minutes, DMEM minus methionine and cysteine +
5% FBS), washed (1×PBS), and pulse-labeled with 100μCi/ml of 35S-labelled Cys-Met
mixture (MP Biomedicals Inc., Solon, OH) for 10 minutes at 37°C. Cells were, then, washed
extensively (DMEM + 10mg/ml L-Met/Cys, 10%FBS) and chased at 37°C. Chase was
stopped by rapid chilling, and cells were subjected to surface HA-immunoprecipitation for
phosphoimaging analysis (Le Maout et al., 1997).

Statistical Analysis
Two-tail Student T-test and one-way ANOVA with Bonferroni's multiple comparison test
were performed with Prism 4. P<0.05 was considered significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The Kir2.1 N-terminal Golgi export structure juxtaposes the cytoplasmic C-terminus
and an ATS1 mutation
A. A single Kir2.1 channel subunit with relevant residues color-coded. (N-terminus, green;
ATS1 mutation (Δ314-315), red; NE319, blue; hydrophobic residues in the Beta J stand,
orange; transmembrane domains (TM1 and TM2), grey). B. Atomic structure Kir2.1
cytoplasmic domains channel tetramer, forming the cytoplasmic pore are shown (from
Pegan et al. PDB1u4f). Standard ribbon display of one subunit (subunit A) is highlighted
against a surface rendering of the other three subunits. C. Magnified view of residues at the
cytoplasmic domain interface. Residues affected by the Δ314-15 ATS1 mutation,
SY314-15(red), lie under the N-terminal trafficking determinant (green).

Ma et al. Page 14

Cell. Author manuscript; available in PMC 2012 June 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. The Kir2.1 ATS1 mutant, Δ314-15, accumulates in the Golgi
A. Cell surface expression quantified by HA-antibody binding and luminometry in COS7
cells expressing external HA-tagged Kir2.1(wt), Kir2.1Δ314-15 or the ER-export defective
mutant, Δ FCYENE. External myc-tagged Kir channels (myc-wt) were used as a negative
control. (RLU, Relative Light Units.). B. Immunocytochemical analysis of external HA-
tagged Kir2.1 channels in intact (red) and permeabilized (green) COS7 cells. C. Co-
localization of Kir 2.1 Δ314-15 with the Golgi marker, GM130. D. Pearson's correlation of
GM130 co-localization with HA-Kir2.1Δ314-315 (Mean ± S.E.M., n=49 cells from three
transfections, * P < 0.001). E-G. Kir2.1Δ314-15 channels accumulate in Golgi structures of
adult rat ventricular cardiomyocytes. Shown are 3-D rendered confocal serial sections of
typical cardiomyocytes of either WT Kir2.1 or Kir2.1Δ314-15 with Golgi markers.
Contrasting the localization of the WT Kir2.1 (E) at the t-tubule and sarcolemma, the mutant
Δ314-15 channel co-localizes with (F) GM130 and (G) TGN-38 in the cis and trans-Golgi
network (see magnified insets). H. Quantification of co-localization (mean ± S.E.M., n=20,
*, P < 0.001). Scale bar =14 μm. (See also supplementary Fig.1).
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Figure 3. The Δ314-15 mutation blocks forward trafficking at the Golgi
A. Pulse-chase, cell-surface immunoprecipitation: Newly synthesized channels (external
HA-tagged, Wild-type, WT and Δ314-15) were captured at the plasmalemma by surface
HA-immunoprecipitation at the indicated chase times (10 minutes after metabolic labeling),
detected by autoradiography and then compared to the total cellular signal. B. Quantification
of the autoradiography (N= 3). C-D. Movement of Kir2.1 at the Golgi (WT and Δ314-315)
was monitored in live COS7 cells using the reversible photoactivable protein, Dronpa. C.
Shown are representative cells, studied when most of the WT Dropna-Kir2.1 channel is still
located in the ER and Golgi. After total cellular fluorescence (outline traced in white) was
bleached to background levels (“Photobleach”), Dronpa- was specifically photoactivated
within the Golgi (dotted white line, as detected with DS-red-Golgi marker), and time-lapsed
images were acquired (“Post photoactivation”). D. Quantification of the Dronpa fluorescent
signal at the Golgi after photoactivation. Results are shown relative to a stationary marker
(mean ± S.E.M., n=8). Bar =10 μm (See also supplementary Fig.2)
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Figure 4. Golgi export signal sequence elucidated by structure-guided mutagenesis
A. Cell surface expression and Golgi localization of external HA-tagged Kir2.1 channels as
quantified by surface HA-antibody binding (mean ± S.E.M., n=6, *p<0.001, cell surface
normalized to total protein abundance) and co-localization with the Golgi marker GM130,
using Person's correlation (mean ± S.E.M., n=15, *p<0.001). Results of alanine-substitution
mutations in the cytoplasmic N- terminal region in the cytoplasmic C- terminus are shown in
the top and bottom panels, respectfully. B. Key residues in the Kir2.1 cytoplasmic domain
structure (PDB ID 1u4f). Left, surface rendering of the structure, showing residues in the
Golgi export signal whose side chains project toward the solvent exposed surface. Residues
are shown in one subunit (highlighted in dark) of a tetramer. Right, key residues are shown
in a magnified view of the N-C interface. Relevant residues are color-coded. (See also
supplementary Fig.3)
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Figure 5. Transplantable Golgi export signal requires cytoplasmic N- and C- terminal domains
A. Cartoon of the CD8-Kir2.1 chimeras. CD8-Kir2.1(C) contains the extracellular and
transmembrane domains of CD8 tailless fused to the Kir2.1 C-terminal domain. CD8-
Kir2.1(N) is comprised of CD8 tailless fused to the Kir2.1 N-terminal domain. CD8-
Kir2.1(NC) is a fusion of CD8 tailless with the entire Kir2.1 N-C cytoplasmic domain.
Chimeras containing wild-type sequences are indicated “wt”; those bearing the ATS1
mutation are indicated as “Δ314-315”. B. Immunolocalization of the indicated CD8
chimeras, detected with anti-CD8 antibodies (red) and the trans-Golgi marker, TGN46
(green). C. Cell surface expression was quantified by surface anti-CD8 binding and
luminometry (mean ± S.E.M., n=8, *p<0.001, the cell surface normalized to total protein
abundance of chimera). Golgi localization was quantified by Person's co-localization with
TGN46. (mean ± S.E.M., n=20, *p<0.001) Scale bar = 25 μm
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Figure 6. The AP1 clathrin adaptor interacts with the Kir2.1 Golgi export signal at the TGN
A. GST and GST-Kir2.1 fusion proteins (WT and the Δ314-15 mutant) following SDS-
PAGE and Coomassie Brilliant Blue Staining (CBB). B. Proteins bound to the Kir2.1
cytoplasmic domain (CD) were detected by immunoblot (IB) with indicated antibodies and
quantified by densitometry. The Δ314-15 mutation specifically reduced AP-1, γ binding
without affecting interaction to the Lin-7/CASK complex and Filamin A (mean ± S.E.M.,
n=4, *p<0.01). C. Mutations in the Kir2.1 Golgi-export signal disrupt AP-1, γ interaction.
AP-1, γ bound to each of the GST-Kir2.1 fusion proteins (CBB) was detected by
immunoblot with γ specific antibodies and quantified (mean ± S.E.M., n=4, *p<0.01). D.
The AP-1 interaction site for the Golgi export signal is harbored with in the γσ1 subunits.
Recombinant AP1 subunits were prepared as the indicated hemicomplex forms in insect
cells (β1μ-1 or γσ1, β1 and γ were tagged with the Flag or HA epitopes) and tested for direct
interaction with GST alone or GST-Kir2.1CD (WT vs. Δ314-15). Bound AP1 subunit was
detected in Western blots using anti-epitope tag antibodies. Shown is a representative
experiment N=3 E. Immunoprecipitation (IP) of HA-tagged Kir2.1 (WT or Δ314-15
Kir2.1compared to untransfected controls) followed by immunoblotting (IB) with anti-AP1
γ antibodies in COS7 cells before and after trafficking at the trans-Golgi was released
(37°C) from temperature-sensitive Golgi export blockade (19°C). F. Co-localization of
EGFP-Kir2.1 with AP1 (Kir2.1, green; AP1γ, red; nucleus stained blue with DAP1). Upon
release from block, Kir2.1 channels travel out of large cisternal structures, and then
transiently co-localize with AP1 at the TGN before they exit in vesicles and tubules. Shown
is a representative cell at 15 min into chase, when Kir2.1 is observed each of these
structures. Arrowheads highlight several TGN structures, where Kir2.1 and AP1 co-localize,
and where tubulo-vesicular carriers, containing the channel as cargo, are emerging. Boxed
area, above, is shown below in individual color panels. Scale bar = 2.5 μm. E.
Quantification of co-localization, before and after release from temperature block (mean ±
S.E.M, N=8, * P < 0.001).
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Figure 7. The AP1 clathrin adaptor targets the channel for Golgi export
A. Western blots of AP-1-γ-adaptin or actin in cells individually treated three different AP1γ
siRNA probes (AP1 γ-siRNA1-3) or a negative control probe (siRNA-untargeted). B. As
measured by surface antibody binding, AP-1-γ knockdown by each probe caused a
significant reduction in Kir 2.1 (Black bars, *p<0.001, mean+S.E.M., n=5) or CD8-Kir2.1
(NC) (red bars, #p<0.001, n=5) but not influenza hemagglutinin (HA) (open bars, n=5) at
the plasmalemma. Expression of RNAi resistant AP-1-γ (rescue) with the knockdown probe
restored surface expression of Kir 2.1 and CD8-Kir2.1(NC) (##p<0.001, n= 5) C.
Localization of HA-Kir2.1 (red, left pannels), or CD8-Kir2.1(NC) (red, right panels) and
TGN46 (green), in cells transfected with the indicated RNAi probes. Golgi localization was
quantified by Person's co-localization with TGN46. (mean ± S.E.M., n=10, *p<0.001)
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