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they lack canonical endocytic signals.

in AP-2 o2 subunits.

(Bacl(ground: Some membrane proteins, such as Kir2.3, are internalized by a clathrin-dependent mechanism even though
Results: A new endocytic signal in Kir2.3, consisting of two pairs of hydrophobic residues, interacts within a hydrophobic cleft

Conclusion: The repertoire of signals recognized by AP-2 is wider than previously anticipated.
Significance: This study provides new insights into the mechanism of clathrin-mediated endocytosis.
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Select plasma membrane proteins can be marked as cargo for
inclusion into clathrin-coated pits by common internalization
signals (e.g. YXX®, dileucine motifs, NPXY) that serve as univer-
sal recognition sites for the AP-2 adaptor complex or other
clathrin-associated sorting proteins. However, some surface
proteins, such as the Kir2.3 potassium channel, lack canonical
signals but are still targeted for clathrin-dependent endocytosis.
Here, we explore the mechanism. We found an unusual endo-
cytic signal in Kir2.3 that is based on two consecutive pairs of
hydrophobic residues. Characterized by the sequence PPXDP
(a tandem di-hydrophobic (TDH) motif, where ® is a hydropho-
bic amino acid), the signal shows no resemblance to other endo-
cytic motifs, yet it directly interacts with AP-2 to target the
Kir2.3 potassium channel into the endocytic pathway. We found
that the tandem di-hydrophobic motif directly binds to the ao2
subunits of AP-2, interacting within a large hydrophobic cleft
that encompasses part of the docking site for di-Leu signals, but
includes additional structures. These observations expand the
repertoire of clathrin-dependent internalization signals and the
ways in which AP-2 can coordinate endocytosis of cargo
proteins.

By controlling the density of specific subsets of receptors, ion
channels, and transporters at the plasma membrane, clathrin-
mediated endocytosis influences numerous physiologic and
developmental processes. The AP-2 clathrin adaptor complex
has a central role in clathrin-mediated endocytosis. By simulta-
neously interacting with specific surface proteins and clathrin,
AP-2 couples cargo selection to clathrin-coated pit formation.
To date, two different cargo recognition mechanisms have been
described. Many clathrin-mediated endocytosis-targeted pro-
teins contain a common endocytic signal (i.e. either YXX® or
di-Leu ((DE)XXXL(LIM)) (1-3)) that directly interacts with
distinct binding pockets in AP-2. In other cases, AP-2 acts in an
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indirect capacity, binding to other clathrin-associated sorting
proteins, which in turn directly interact with different endo-
cytic signals on cargo proteins (i.e. NPXY or ubiquitin) (4)
through well defined protein-protein binding mechanisms.
However, some clathrin-mediated endocytosis-internalized
proteins do not contain a canonical internalization signal
(5-10), raising a question regarding the mechanism by which
AP-2 can facilitate their endocytosis.

Different AP-2 cargo recognition mechanisms are illustrated
by the inwardly rectifying K™ (Kir) channels, a group of struc-
turally related membrane proteins that play important roles in
neuronal excitability, hormone secretion, heart rate, and salt
balance (11-16). For example, AP-2 directly interacts with
Kir6.2 in a YXX® signal-dependent manner to target this ATP-
sensitive potassium channel for internalization (17). By con-
trast, a clathrin-associated sorting protein, ARH, binds simul-
taneously to AP-2 and to an NPXY-type motif in Kirl.1 to
recruit these channels into clathrin-coated pits (18, 19). In
other cases, the endocytic mechanism remains unclear. For
example, an unusual di-isoleucine-containing sequence in
Kir2.3 is required for the channel to be internalized via a clath-
rin- and AP-2-dependent pathway (10). Although the internal-
ization sequence shares some similarities with the di-Leu sig-
nal, the sequence requirements of the Kir2.3 signal appear to be
different compared with the canonical motif, and it has been a
mystery as to how the endocytic signal is recognized by AP-2.

Separate binding sites for the canonical signals have been
identified in AP-2. The adaptor complex is composed of a small
02 subunit (~17 kDa), an intermediate w subunit (~47 kDa),
and two large subunits (@ and 8, ~100 kDa). YXX® motifs are
well appreciated to bind to the w subunit (20, 21). The binding
site for dileucine signals proved to be much more elusive, but
with the advent of approaches to study recombinant AP-2 in
vitro, the docking structure has been recently mapped to a site
within the 02 and « subunits (2, 3,22-24). In this study, we used
a similar approach to fully characterize the endocytic motif in
Kir2.3 and map its binding site in AP-2.

EXPERIMENTAL PROCEDURES

DNA Constructs, Plasmids, and Antibodies—Bicistronic
DNA constructs in pFastBac Dual, encoding the ao2 adaptin
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hemicomplexes, were kindly provided by Dr. Stuart Kornfeld
(Washington University School of Medicine, St. Louis, MO)
(23). GST-tagged mouse Kir2.3 (amino acids 340 —445) and Nef
(full-length) fusion proteins were cloned into pGEX-4T1 (GE
Healthcare). CD4 and CD4-Kir2.3 (amino acids 340 —445) chi-
meras and full-length Kir2.3 containing an external FLAG
epitope tag subcloned in pcDNA3.1(+) (Invitrogen) have been
described previously (10). The antibodies used and their
sources were as follows: mouse anti-HA (16B12, Covance),
mouse anti-Myc and agarose-conjugated mouse anti-Myc
(9B11, Cell Signaling Technology), mouse anti-adaptin-a (BD
Transduction Laboratories), and rabbit anti-adaptin-« (Sigma).
Rabbit anti-Kir2.3 antibody was kindly provided by Dr. D. S.
Bredt (Department of Physiology, University of California, San
Francisco, CA) (25). The eluting peptides used were HA and
FLAG (Sigma).

Protein Expression, Purification, and Pulldown Assays—GST,
GST-Nef, and GST-Kir2.3 fusion proteins were produced in
bacteria, affinity-purified, dialyzed in PBS, and quantified.
Infectious baculovirus particles encoding adaptin hemicom-
plexes were produced as described by Doray et al. (23) using the
Bac-to-Bac baculovirus expression system (Invitrogen). Sf9
cells expressing the recombinant AP subunits were lysed in
buffer containing 25 mm HEPES-KOH (pH 7.2), 125 mM potas-
sium acetate, 2.5 mm magnesium acetate, 2 mM dithiothreitol,
and 0.4% Triton X-100 supplemented with EDTA-free protease
inhibitor mixture (Roche Applied Science). For GST affinity
chromatography studies, 25 ug of GST fusion protein was
bound to glutathione-Sepharose beads, incubated with 50 ul of
Sf9 lysate (0.8 ug/ul) for 1 h at 4 °C, and then washed three
times for 15 min at 4 °C with lysis buffer containing 2% Triton
X-100. Specifically bound hemicomplexes were resolved by
SDS-PAGE and visualized by Western blotting using anti-
epitope antibodies and a SNAP id.® detection system
(Millipore).

Immunoprecipitation of Adaptin Hemicomplexes—Sf9 cell
lysates (supplemented with 2% BSA) were incubated with aga-
rose-conjugated anti-Myc antibodies, washed with PBS con-
taining 2% BSA and 1% Triton X-100, washed with PBS con-
taining 1% Triton X-100, eluted with SDS protein sample
buffer, and subjected to Western blotting with an anti-HA and
anti-Myc antibodies.

Co-immunoprecipitation of AP-2 and Kir2.3—Cell lysates of
HEK293 cells in buffer A (20 mm HEPES (pH 7.6), 25 mm NaCl,
1 mm EDTA, 1 mm EGTA, 10% glycerol, 1% Triton X-100, and
protease inhibitors) were rotated overnight with anti-o mono-
clonal antibodies and Protein G Plus-Protein A beads. Beads
were washed four times with PBS and then eluted for 30 min at
room temperature with SDS sample buffer. Immunoprecipi-
tated AP-2 and Kir2.3 were visualized by SDS-PAGE and West-
ern blotting using appropriate polyclonal antibodies.

Biotinylation Internalization Assay—Cells were washed with
ice-cold Ringer’s solution (5 mm HEPES, 144 mm NaCl, 5 mm
KCl, 1.2 mm NaH,PO,, 5.5 mMm glucose, 1 mm MgCl,, and 1 mm
CaCl, (pH 7.4)), and the surface proteins were biotinylated with
EZ-Link sulfo-NHS-SS-biotin (0.3 mg/ml; Pierce) in Ringer’s
solution at 4 °C for 15 min. The remaining biotin was quenched
for 20 min at 4 °C with 50 mm Tris (pH 7.5) in Ringer’s solution.
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Cells were then placed at 37 °C for the indicated amount of time
(0-10 min) to allow internalization. MesNa (100 mm in 100 mm
NaCl, 1 mm EDTA, 0.2% BSA, and 50 mMm Tris (pH 8.8)) was
added three times for 20 min at 4 °C to cleave biotin linked to
the cell surface. Cells were then washed with Ringer’s solution
and lysed in buffer A. 50 ug of total protein was incubated
overnight at 4 °C with NeutrAvidin beads (Pierce), washed with
1% Triton X-100 in PBS, and eluted from the beads with SDS
sample buffer, and biotinylated Kir2.3 was quantified by dot
blotting (Bio-Rad) using anti-Kir2.3 antibody.

Antibody-feeding Internalization Assay—CQOS-7 cells were
studied 48 h after transfection with the CD4-Kir2.3 chimeras
(FUGENE 6, Roche Applied Science). CD4-Kir2.3 proteins at
the plasma membrane of live cells were labeled with an Alexa
Fluor 488-conjugated anti-CD4 antibody that recognizes an
external epitope on CD4 for 1 h at 4 °C in low glucose DMEM.
Unbound antibody was washed with DMEM, and cells were
rapidly raised to 37 °C to permit internalization for 5 min. After
returning the cells to 4 °C, the remaining surface-bound anti-
body was stripped with DMEM and 100 mwm glycine (pH 3.0).
Cells were washed with PBS, fixed in 4% paraformaldehyde,
mounted, and visualized using a Zeiss confocal laser scanning
microscope (63X oil immersion lens, numerical aperture of
1.40). Internalized CD4 proteins, visualized as intracellular
puncta, were measured (NIH Image] 1.40g) and quantified as
pixel area relative to the cell surface area.

Structural Models and Statistics—Structural models based
on available Protein Data Bank files were visualized using
PyMOL (DeLano Scientific LLC). Data (means = S.E.) were
subjected to one-way analysis of variance and the Bonferroni
post hoc test (GraphPad Prism).

RESULTS

Kir2.3 Interacts with ao2 Subunits of AP-2—To determine
how the endocytic signal in Kir2.3 interacts with clathrin adap-
tors, in vitro binding studies with recombinant AP-2 subunits
were performed. Because expression of the AP-2 complex as
heterodimers (@02 and B2u2) generates appropriately folded
hemicomplexes that have exposed binding sites for di-Leu or
YXX® motifs (23), we felt that this approach might be optimal
to map the recognition site for the unique endocytic motif in
Kir2.3. AP-2 ao?2 subunits were coexpressed in Sf9 cells and
were made detectable with an HA epitope tag in the larger «
subunit (Fig. 14). We hypothesized that the Kir2.3 di-isoleucine
may behave similarly to dileucine motifs and consequently bind
to the o2 heterodimer. To test for interaction with Kir2.3, a
GST-Kir2.3 fusion protein containing the di-isoleucine-based
motif was used as an affinity ligand in pulldown experiments
with a2 adaptin hemicomplexes (Fig. 1, B and C). A GST
fusion protein of the full-length HIV protein Nef, which con-
tains a canonical di-Leu signal, served as a binding control (22,
26). As detected by Western blotting with anti-HA («) antibod-
ies, GST-Kir2.3 interacted with the ao2 hemicomplexes of
AP-2. The mutation I1413AA, decreased binding to near-back-
ground levels, indicating that the interaction of Kir2.3 with ao2
is dependent on residues required for endocytosis.
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FIGURE 1. Binding of recombinant epitope-tagged adaptin hemicom-
plexes to the AP-2 a2 hemicomplex. A, schematic of the AP-2 complex
(left) together with an HA epitope-tagged AP-2 hemicomplex (right). B, West-
ern blots of a2 adaptin hemicomplexes (upper panel) produced in Sf9 cells
and pulled down with immobilized GST-Kir2.3 or GST-Nef fusion proteins
(lower panel). Hemicomplexes strongly bound to Nef and Kir2.3. Minimal
binding was detected with either GST alone or GST fused to Kir2.3 mutant
11413AA. IB,immunoblot. C, densitometric quantification and summary of the
data from three separate experiments (mean = S.E.).

The AP-2 Interaction Signal in Kir2.3 Accepts Leucine in
Place of Isoleucine—Sequence analysis of di-Leu-based endo-
cytic signals in other transmembrane proteins reveals that iso-
leucine commonly replaces the second leucine (L+1), but only
in rare occasions does it substitute for the L(LO) residue. Until
Kir2.3, it had never been found to replace both leucines simul-
taneously (1). Given our observation that the di-isoleucine
motif in Kir2.3 interacts with the same AP-2 subunits as di-Leu
motifs, we wondered if the Kir2.3 signal is an atypical variant of
the canonical di-Leu signal or a completely new and unrelated
endocytic motif that interacts with AP-2 ao2 through a differ-
ent mechanism. To begin to test this, we used a mutagenesis
approach to determine whether the sequence requirements for
Kir2.3 interaction with AP-2 ao?2 are similar to or different
from those for the canonical di-Leu signal in Nef.

As measured in in vitro pulldown experiments, replacement
of the isoleucines in the Kir2.3 endocytic signal with leucines
(I1413LL) did not attenuate the interaction with AP-2 ao2 (Fig.
2). By contrast, AP-2 a2 interaction with Nef was completely
inhibited by the reciprocal mutation of dileucine to di-isoleu-
cine (LL165II). Thus, the requirements of specific hydrophobic
residues in the Kir2.3 signal are more flexible compared with
the canonical signal. Nevertheless, it does display a key similar-
ity. Like di-Leu signals, Kir2.3 does not support interaction with
AP-2 ao2 when the comparable hydrophobic residues (di-iso-
leucine) are replaced with smaller hydrophobic (Ala) or polar
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FIGURE 2. Endocytic motif in Kir2.3 accepts Leu in place of lle. To investi-
gate the specific requirement for isoleucine in the Kir2.3 motif, the residues
were replaced with leucine, alanine, or serine, and the mutant forms were
tested for a2 interaction in GST pulldown assays. A, representative Western
blots (upper panel) and Coomassie Blue staining of GST fusion proteins (lower
panel). IB, immunoblot. B, densitometric quantification and summary of the
data from three separate experiments (mean * S.E,; *, p < 0.05). The 11413LL
mutation modestly increased binding to ao2, whereas LL165Il in Nef com-
pletely prevented binding. By contrast, the 11413SS mutation decreased bind-
ing, similar to 11413AA. Individual substitution of Kir2.3 lle*'2 or lle*'* with
serine blocked interaction, revealing that both lle® and lle* " are essential for
binding.
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FIGURE 3. Nef and Kir2.3 share a common binding site in AP-2. A, mutation
of a key residue in the di-Leu-binding pocket of AP-2 (62L103S) prevented
binding to Nef and significantly decreased binding to Kir2.3. Shown are rep-
resentative Western blots. /B, immunoblot. B, densitometric quantification
and summary of the data from three separate experiments (mean = S.E,; ¥,
p < 0.05).

(Ser) residues. The general di-hydrophobic requirements of the
interaction signal suggest that Kir2.3 may bind to a hydropho-
bic pocket in the AP-2 hemicomplex, like the di-Leu signals.
Common Binding Site in AP-2—To determine whether
Kir2.3 interacts with AP-2 at the same site as the canonical
signal, a structure-directed mutagenesis approach was
employed, guided by the recent solution of the AP-2 adaptor
core atomic structure in complex with a di-Leu signal (from
CD4) (24). For initial analysis, we selected a specific residue in
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contribute to AP-2 binding. A, schematic representation of the C terminus of

Kir2.3 expressed as a GST fusion protein (left), highlighting blocks of residues subjected to alanine scanning mutagenesis (right). B, representative binding
study. Mutants are identified by residues replaced with alanine. AP-2 o2 bound to the WT and each of the mutant fusion proteins (lower panel) was accessed
in Western blotting with anti-HA antibody (upper panel). IB, immunoblot. C, densitometric quantification and summary of the data from three separate
experiments (mean = S.E.; *, p < 0.05). D, representative binding study of point mutants. £, densitometric quantification and summary of the data from three

separate experiments (mean = S.E.; * p < 0.05).

F, identical hydrophobic residues are required for the interaction and co-immunoprecipitation of Kir2.3

expressed in HEK293 cells with endogenous AP-2. IP, immunoprecipitate. G, densitometric quantification and summary of the data from three separate

experiments (mean = S.E.; *, p < 0.05).

the di-Leu-binding pocket of the AP-2 02 subunit, 2Leu'®*
because it lies in close proximity to the first leucine of the inter-
acting endocytic di-Leu signal, and it has been shown to govern
interaction with the CD4 peptide. As measured in pulldown
studies, mutation of this residue to serine completely blocked
interaction of the @02 subunit with Nef (Fig. 3), corroborating
the absolute necessity of 02Leu'® for interaction with the di-
Leu signal. By comparison, the ¢2L103S mutation caused a
large but incomplete reduction in binding to WT Kir2.3 (66%
(S.E. 16%), p < 0.01), suggesting that the Kir2.3-binding site in
AP-2 shares some overlap with the canonical di-Leu-binding
site. Taken together with the observation that residual interac-
tion of the Kir2.3 [1413AA mutant with AP-2 ao2 was com-
pletely eliminated by the 02L103S mutation, we reasoned that
additional structures in Kir2.3 and AP-2 may also contribute to
the interaction.

The AP-2 Recognition Signal in Kir2.3 Includes Hydrophobic
Amino Acids downstream of Di-Ile*'*—To identify additional
amino acids in Kir2.3 that contribute to AP-2 interaction, an
alanine scanning mutagenesis approach was combined with the
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in vitro binding assay (Fig. 44). The initial round of mutagenesis
was done in blocks, replacing strings of consecutive residues
that surround di-Ile*'* with alanine (Fig. 4, B and C). This pin-
pointed tracks of residues that either are required for binding
(RML**®) or impede interaction (KEEAG*'' and EFGSH**").
Point mutations within these tracks revealed the residues that
are absolutely required for AP-2 binding (Met*'* and Leu*'®, in
addition to di-Ile*'?) and those than have a negative contribu-
tion (Glu*®?, Arg*'*, and Glu*'”) (Fig. 4, D and E). As measured
by co-immunoprecipitation in HEK293 cells (Fig. 4, F and G),
the requirements for Kir2.3 interaction with AP-2 were found
to be identical in vivo; alanine replacement of di-Ile*'® or ML*'®
in Kir2.3 abolished its ability to interact with AP-2 in cells.
Thus, the AP-2-binding sequence spans a 5-amino acid linear
stretch, characterized by a tandem di-hydrophobic (TDH)?
motif (ILXML*).

2 The abbreviation used is: TDH, tandem di-hydrophobic.
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FIGURE 5. aArg®' and o2Arg'” are not involved in Kir2.3 binding. The
positively charged residues that interact with Asp or Glu in a canonical di-Leu
motif are contributed by aArg?' and 02Arg'> in AP-2. A, to determine
whether these amino acids contribute to binding of the TDH motif in Kir2.3,
hemicomplexes containing the mutations «R21S and 02R15S were used in
pulldown assays with GST-Kir2.3. Mutant hemicomplexes were competent
for Kir2.3 binding but were unable to interact with Nef. /B, immunoblot.
B, densitometric quantification and summary of the data from three separate
experiments (mean = S.E., p < 0.05).

AP-2 Residues aArg”" and a2Arg"® Are Not Required for TDH
Motif Binding—The interaction of canonical dileucine-binding
signals depends on a negatively charged residue at position L-4
((DE)XXXL(LIM)), which has been shown to interact with a
positively charged patch constituted by both aArg®' and
02Arg'® (24). Because the TDH motif does not contain a similar
negatively charged residue, we hypothesized that it would
interact with AP-2 independently of the positively charged
patch. To test this, we mutated the critical patch residues
(aArg®'/o2Arg'®) to serine and tested the mutant het-
erodimers in pulldown assays for binding with Nef and Kir2.3
(Fig. 5). As expected, mutant hemicomplexes were unable to
bind Nef, but binding to Kir2.3 was unaffected, indicating that
this area of @02 plays no role in Kir2.3 interaction.

Val'®* and Phe'® Contribute to the TDH Motif-binding
Structure—The hydrophobic binding pocket for canonical di-
Leu signals, as presently defined (24), composed of Leu'%,
Leu®®, Phe®’, Tyr62, and Val®® in AP-2 02 (Fig. 6A), is too small
to simultaneously accommodate both pairs of hydrophobic
amino acids in the Kir2.3 internalization motif (Fig. 64 and
supplemental Fig. S2). Accordingly, candidate interacting
structures were identified in the atomic structure of AP-2 as
hydrophobic residues within a 22-A radius (the predicted
length of the most extended conformation of the IIRML pep-
tide) of o2Leu'®® and tested as the additional determinants of
Kir2.3 binding. Serine or alanine replacement mutations of
hydrophobic residues at the outer edge of the potential interac-
tion interface (aTyr**°, aPhe*”', and aVal**°) had no effect on
Kir2.3 binding (supplemental Fig. S3). By contrast, several res-
idues in a proximal cluster of hydrophobic amino acids, com-
posed of alle’”, 02Phe'®®, and ¢2Val'®*, were found to be
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required for Kir2.3 interaction. Indeed, serine replacement
mutations at 02Phe'®® and o2Val'®* (VF105SS), but not at
alle!?, dramatically reduced AP-2 ao2 interaction with Kir2.3
(Fig. 6, Band C).

In principle, the 02L103S or ¢2VF105SS mutations might
affect Kir2.3 interaction indirectly by altering the assembly or
stability of hemicomplexes. To rule out this possibility, we gen-
erated hemicomplexes that contained a C-terminal Myc-
tagged 02 subunit, in addition to the HA-tagged « subunit, and
performed co-immunoprecipitation studies to test for complex
assembly. As shown, ¢2 mutant subunits (either L103S or
VF105SS) co-assembled with the « subunit equally well as with
the WT o2 subunit (Fig. 6, D and E). Furthermore, pulldown
experiments with GST-Kir2.3 and double-tagged hemicom-
plexes, using Myc-o02 as the input control, produced similar
results as those with hemicomplexes containing only one tag
(HA tag in «) and using HA-« as the input control (Fig. 6, F
and G). Thus, the ¢2L103S and ¢2VF105SS mutations did
not significantly affect subunit oligomerization, providing
strong evidence that the mutation does not impair global
structure. Taken together, these observations indicate the
AP-2 hydrophobic binding pocket is larger than previously
imagined, allowing interaction of the TDH internalization
motif in Kir2.3.

TDH Motif Is Required for Kir2.3 Endocytosis—To determine
whether residues in the extended AP-2 interaction motif par-
ticipate in internalization, we measured the endocytic response
to disruption of the binding residues (Fig. 7). For these studies,
WT and mutant Kir2.3 channels were transfected into HEK293
cells, and the internalization rate was evaluated using a biotiny-
lation assay as described under “Experimental Procedures.”
Because biotinylated Kir2.3 subunits often migrated as mono-
meric and multimeric species on SDS-polyacrylamide gels (Fig.
7A), we used a dot blot assay to collectively detect all biotiny-
lated forms of Kir2.3 with a single densitometric measurement
for more reliable quantification. As shown in Fig. 7B, biotiny-
lated Kir2.3 was specifically detected using this method. Using
this approach to measure internalization of biotinylated Kir2.3
from the cell surface, we found that the hydrophobic residues in
Kir2.3 that are necessary for AP-2 binding are also required for
endocytosis (Fig. 7C). Mutation of each hydrophobic amino
acid in the Kir2.3 TDH motif resulted in a significant reduction
of the Kir2.3 internalization rate (Fig. 7C), without effects on
the total abundance of the channel (Fig. 7D).

To determine whether the TDH motif acts as an autonomous
internalization signal, a CD4-Kir2.3 chimera was constructed
using the extracellular and transmembrane domains of CD4
and a C-terminal fragment of Kir2.3 that includes the TDH
motif. Because biotin is very difficult to remove from the
large extracellular domain of CD4, endocytosis was assessed
using an antibody-feeding assay as described under “Exper-
imental Procedures.” In these studies, chimeric proteins on
the cell surface were labeled with anti-CD4 antibody in
COS-7 cells and allowed to internalize over a 5-min chase.
After all anti-CD4 antibody remaining at the surface was
stripped away, the internalized chimera was visualized in
endosomes by confocal microscopy and quantified (Fig. 8, A
and B). Using this approach, we found that the residues in
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FIGURE 6. Val'®* and Phe'°® in the AP-2 ¢2 subunit contribute to the Kir2.3-binding site. A, model of AP-2 in complex with a di-Leu peptide from
CD4 (GIn-to-Glu mutant) based on Protein Data Bank code 2JKT (24). The hydrophobic side chains that participate in the di-Leu motif-binding site (Tyr®?,
Leu®®, Phe®’, and Val®® in dark green and Leu'®® in red) are contributed by the 02 subunit (pale green). Additional hydrophobic amino acids (o2Val'®,
02Phe’®, and alle'” in red) are clustered to one side of the di-Leu-binding site. B, to determine whether these amino acids contribute to an extended
hydrophobic pocket capable of accommodating the larger Kir2.3 internalization motif, hemicomplexes containing the mutations ¢2VF105SS and al17S
were used in pulldown assays with GST-Kir2.3. 02VF105SS decreased binding as much as ¢L.103S, whereas «l17S had no effect on binding. /B, immuno-
blot. C, densitometric quantification and summary of the data from three separate experiments (mean = S.E; *, p < 0.05). D, Myc-tagged wild-type and mutant 02
subunits were expressed as hemicomplexes with HA-tagged « subunits and subjected to immunoprecipitation (/P) with anti-Myc monoclonal antibody. The HA-
tagged « subunit co-immunoprecipitated with equal efficiency with wild-type and mutant 02 subunits (detected by Western blotting using anti-HA and anti-Myc
antibodies), showing that mutation of 02 did not affect the overall assembly of the hemicomplexes. No co-immunoprecipitation was observed with control untagged
02 hemicomplexes. E, densitometric quantification and summary of the data from three separate experiments (mean = S.E.). F, pulldown assay with GST-Kir2.3 using

hemicomplexes containing WT and mutant Myc-tagged 02 subunits also displayed decrease binding to 62L103S and 62VF105SS. G, densitometric quantification and
summary of the data from three separate experiments (mean =+ S.E; *, p < 0.05).

the TDH motif were absolutely required for endosomal effect on endosomal targeting. Taken together, these obser-
accumulation. By contrast, mutation of a nearby residue vations indicate that the TDH motif operates as an autono-
(E417A), which did not inhibit AP-2 interaction, had no mous internalization signal.
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FIGURE 7. TDH motif (IIXML*'®) is required for internalization of Kir2.3.
Rates of endocytosis were determined in HEK293 cells expressing Kir2.3 (WT
or mutant) using a surface biotin labeling/internalization chase assay.
A, surface-biotinylated Kir2.3 was specifically detected in Western blots with
anti-Kir2.3 antibodies. Shown is avidin-bound material from HEK293 cells
transfected with Kir2.3 or enhanced GFP (EGFP) and surface-labeled with a
cell-impermeant biotin derivative (+) or vehicle (—). Biotinylated Kir2.3
migrated on SDS-polyacrylamide gels as three species: a 50-kDa (monomeric)
band, a 100-kDa (dimeric) band, and a higher molecular mass oligomeric
form. Identical molecular mass forms were specifically detected in Western
blots of whole cell lysates of Kir2.3-transfected HEK293 cells (data not shown).
B, dot-immunoblot analysis of Kir2.3 with anti-Kir2.3 antibodies specifically
detected the biotinylated channel at the cell surface. Avidin-purified material
was compared with the whole lysate of cells transfected with Kir2.3 or
enhanced GFP and surface-labeled with biotin (+) or vehicle (—). In contrast
to Kir2.3-transfected cells, nothing was detected in cells transfected with
Kir2.3 and labeled with vehicle or in enhanced GFP-transfected cells labeled
with biotin, verifying specificity. C, a representative biotin internalization
experiment is shown (left panel), next to the summary data (right panel). In
these studies, surface channels were labeled with the cell-impermeant biotin
derivative in the cold and then incubated at 37 °Cfor 0, 5, or 10 min to capture
the initial rate of endocytosis. Biotin remaining at the cell surface was cleaved
with MesNa, and internalized (biotinylated) Kir2.3 was recovered and
detected along with the total surface pool in dot immunoblots. The internal-
ization rate of mutant 11413AA, M415A, and L416A channels was greatly
reduced compared with WT and mutant [1413LL Kir2.3 channels (mean * S.E.;
*, p < 0.05). IB, immunoblot. D, by contrast, mutation of the hydrophobic
residues involved in AP-2 binding and endocytosis did not affect total Kir2.3
protein abundance.

DISCUSSION

Here, we have uncovered an AP-2 adaptor signal recognition
mechanism. Extending our analysis of Kir2.3 channel endocy-
tosis (10) to a comprehensive screen of residues required for
AP-2 interaction, an endocytic signal was defined. Composed

AUGUST 3,2012+VOLUME 287+NUMBER 32

of two consecutive pairs of hydrophobic residues (PPxPP,
where ® may be Ile, Leu, or Met), the TDH internalization
signal diverges from other endocytic signals. Importantly, it
also differs in the way it associates with AP-2. A hydrophobic
binding cleft on the 02 subunit of the tetrameric AP-2 adaptor
complex was identified as the TDH motif-docking site.
Although parts of the binding pocket are shared with canonical
di-Leu signals (24), the TDH motif interacts with AP-2 differ-
ently from the well recognized motif.

The docking structure in ¢2 for the TDH motif not only
encompasses the hydrophobic binding site for the canonical
di-Leusignal (involving Leu'®?, Tyr®?, Leu®®, and Val®*®) but also
includes an adjacent hydrophobic patch. As resolved by struc-
ture-guided mutagenesis, the TDH interaction site extends a
least ~14 A beyond Leu'® to include 02Val'®* and ¢2Phe'®
(Fig. 6A and supplemental Fig. S2). Viewed in the atomic struc-
ture of AP-2 (24), these intervening hydrophobic residues are
spaced at distances that are predicted to favor strong interac-
tions with hydrophobic peptides (27), creating a binding pocket
that is optimal for interaction with the TDH motif. Although
we were able to establish that the hydrophobic binding cleft in
AP-2islarge enough to accommodate a TDH motif, it is impor-
tant to appreciate the limitation of our approach. Because of the
long-range nature of hydrophobic interactions, it is not possible
to precisely map the binding site in AP-2 for each specific
hydrophobic residue of the TDH motif by mutagenesis. Such a
precise description of the interaction of AP-2 with a TDH signal
at the atomic level will likely require more crystallographic
studies. Nonetheless, all residues involved in formation of the
TDH hydrophobic binding pocket, as defined by our approach,
are maintained from Drosophila to man (supplemental Fig.
S1A), consistent with an evolutionarily conserved pocket for
signal recognition. Moreover, similar endocytosis motifs are
present in other channels. For example, the dileucine cluster
(HLLDLLDE) clathrin-dependent internalization signal in the
CIC-3 chloride channel (28, 29) is predicted to interact with
AP-2 in a similar manner as Kir2.3. Thus, it appears that the
hydrophobic cleft in the ao subunits of AP-2 is equipped to
bind multiple types of hydrophobic endocytic signals, facilitat-
ing internalization of a variety of cargo proteins.

Another key difference in the way the TDH signal is recog-
nized by AP-2 compared with the canonical di-Leu signal is
highlighted by the contrasting requirements of electrostatic
interactions. Optimal recognition of the di-Leu signal requires
pairing between its negatively charged amino acid at position
L-4 (DE)XXXL(LI)) and basic residues (aArg®" and 02Arg'®)
in the AP-2 ao2-binding site, although there are some excep-
tions (1, 30, 31). By contrast, our mutational analysis of the
Kir2.3 internalization signal revealed that charged residues at
the equivalent position (Glu**®) or flanking positions (Arg*'* or
Glu*") are not required for AP-2 interaction or endocytosis. In
fact, the electrostatic binding pocket in AP-2 (aArg?'/o2Arg'®)
could also be mutated without compromising AP-2 binding to
the TDH motif in Kir2.3. Based on these observations, it is rea-
sonable to propose that the TDH motif docks into a single large
hydrophobic pocket rather than into a two-slotted electrostatic
and hydrophobic socket, like the (DE)XXXL(LI) signal. As a
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consequence, interaction of a TDH signal with AP-2 should be
governed largely by favorable hydrophobic binding energies.

Although the binding sites for di-Leu and TDH signals are
different, they possess enough overlap to be controlled through
a common regulatory mechanism. Recent crystallographic
studies reveal that AP-2 undergoes a large conformational
change upon association with phosphatidylinositol 4,5-bisphos-
phate-containing membranes, causing the (ED)XXXL(LI)-
binding site to become exposed (32). The proximity of the TDH
motif-binding site suggests that it is also blocked by parts of
the B2 subunit in the closed conformation and would also
require phosphatidylinositol 4,5-bisphosphate binding to
become accessible for interaction. Also like the di-Leu-docking
site, the TDH motif-docking structure is predicted to be in the
same plane as the phosphatidylinositol 4,5-bisphosphate-bind-
ing site. This would allow AP-2 to simultaneously engage trans-
membrane cargo (containing TDH signals) and phosphatidyli-
nositol 4,5-bisphosphate-containing membranes.

This study, revealing the TDH motif, corroborates and
extends our previous identification of the di-isoleucine part of
the internalization signal in Kir2.3 (10). Indeed, each hydropho-
bic amino acid that was identified in the TDH signal as essential
for direct AP-2 binding was also found to be necessary for rapid
Kir2.3 internalization. It should be pointed out that the previ-
ous assessment of channel accumulation in endosomes, using
an antibody-feeding internalization assay with a reporter con-
struct (10), suggested that endocytosis may not supported by
replacement of the di-isoleucine residues (di-Ile*'?) with dileu-
cine. In this study, we measured endocytosis more directly with
the entire channel, rather than a reporter, over a faster time
frame and found that, unlike the II413AA mutation, the
[1413LL mutation did not affect channel endocytosis. The find-
ing is consistent with the requirements for AP-2 binding and
provides support for our conclusion that the endocytic signal in
Kir2.3 is based on two consecutive pairs of hydrophobic
residues.
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In summary, we have identified an AP-2 adaptor signal rec-
ognition mechanism, expanding the repertoire of ways that cell
surface proteins can be recognized as cargo for clathrin-depen-
dent endocytosis.
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