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Summary

The «o,p2,p2,062 heterotetrameric AP2 complex is re-
cruited exclusively to the phosphatidylinositol-4,5-bis-
phosphate (Ptdins4,5P,)-rich plasma membrane where,
amongst other roles, it selects motif-containing cargo
proteins for incorporation into clathrin-coated vesicles.
Unphosphorylated and pn2Thr156-monophosphorylated
AP2 mutated in their aPtdIns4,5P,, n2Ptdins4,5P,, and
p2Yxx¢ binding sites were produced, and their in-
teractions with membranes of different phospholipid
and cargo composition were measured by surface
plasmon resonance. We demonstrate that recognition
of Yxx¢ and acidic dileucine motifs is dependent on
corecognition with Ptdins4,5P,, explaining the selec-
tive recruitment of AP2 to the plasma membrane. The
interaction of AP2 with Ptdins4,5P,/Yxx¢-containing
membranes is two step: initial recruitment via the
aPtdins4,5P, site and then stabilization through the
binding of n2Yxx¢ and p2Ptdins4,5P, sites to their
ligands. The second step is facilitated by a conforma-
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tional change favored by p2Thr156 phosphorylation.
The binding of AP2 to acidic-dileucine motifs occurs
at a different site from Yxx¢ binding and is not en-
hanced by n2Thr156 phosphorylation.

Introduction

During the earliest stage of clathrin-coated vesicle
(CCV) formation from various different cellular mem-
branes, transmembrane proteins destined for incorpo-
ration into vesicles become concentrated into a region
of the membrane coated on its cytosolic face with a
polyhedral clathrin lattice. The coat progressively in-
vaginates, finally budding off into the cytoplasm where
it is subsequently uncoated and transported to and
then fuses with its target compartment. Clathrin is un-
able to bind directly to either phospholipid or integral
protein components of the membrane itself. The me-
chanical clathrin scaffold of CCVs is linked to the mem-
brane by a diverse set of proteins termed “clathrin
adaptors.” These can be broadly classified into two
types: those that link clathrin to phospholipid compo-
nents of membranes such as AP180/CALM and the am-
phiphysins and those that, in addition to binding to
clathrin and either a phospholipid and/or a small Arf-
like GTPase embedded in the membrane, also recog-
nize transmembrane protein cargo (Traub, 2003). Some
cargo binding clathrin adaptors such as the AP com-
plexes (AP1, AP2, AP3, and AP4) and the Golgi-local-
ized y-ear containing Arf-binding proteins (GGASs) in-
teract with short canonical peptide motifs that are
found on a large number of different cargo proteins,
whereas other adaptors specifically recognize only a
few closely related cargo molecules such as ARH and
Dab2 that bind to members of the LDL receptor family,
epsinR that binds vtilb, and the arrestins that recog-
nize G protein-coupled receptors (GPCRs) (for review
see Owen et al. [2004] and references therein). Cargo
can also be bound through the recognition of ubiquitin
molecules that have been reversibly attached to lysine
side chains of cargo by ubiquitin binding clathrin adap-
tors such as epsins 1, 2, and 3 and the GGAs (Hicke
and Dunn, 2003).

The AP2 adaptor complex is the major cargo clathrin
adaptor in endocytic CCVs, being the second most
abundant protein after clathrin itself. The AP2 complex
is comprised of two large subunits (0. and 2), a me-
dium subunit (,.2), and a small subunit (62) (reviewed in
Owen et al. [2004]). The large subunits can be subdi-
vided into a trunk (70-75 kDa) and an appendage
domain (~30 kDa) joined by an extended, proteolyti-
cally-sensitive flexible linker. Under the electron micro-
scope, the AP2 complex appears as a large central
core (consisting of the o and B2 trunks and the entire
w2 and c2 subunits) flanked by two smaller append-
ages. AP2 interacts with the plasma membrane Ptd-
Ins4,5P, at two basic sites on the o and p.2 subunits
(Gaidarov et al., 1996; Rohde et al., 2002) and directly
with clathrin through an L¢x¢[DE] clathrin box, which is
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found in the f2 hinge. AP2 is also able to interact with
other clathrin adaptors as well as with proteins pre-
sumed to play accessory roles in endocytic vesicle for-
mation, including Eps15, amphiphysin, auxilin, syn-
aptojanin, stonins, NECAPs, and the protein kinase
AAK1 (a-adaptin-associated kinase 1). AP2 achieves
this through the binding of its appendages to DPF,
FxDxF, and WxxF motifs found in long unstructured re-
gions of these proteins (Owen et al., 2004; Praefcke et
al., 2004). AP2 has been shown to bind to protein cargo
through Yxx¢-sorting motifs via the C-terminal subdo-
main of its p2 subunit (C-p2, residues 157-435) (Ohno
et al., 1995; Owen and Evans, 1998). The binding to acidic
dileucine motifs is a point of contention in the literature. It
has been variously suggested that AP2 binds D/ExxxLL
acidic sorting motifs through its 2 subunit (Rapoport
et al., 1998), its n2 subunit (Rodionov and Bakke, 1998),
and also that AP2 does not bind to acidic dileucine mo-
tifs at all (Janvier et al., 2003).

The structure of the entire AP2 core complexed with
the PtdIns4,5P, homolog D-myo-inositol-hexakisphos-
phate (IP6) revealed that a conformational state exists
that is unable to bind Yxx¢ motifs due to blocking of
its binding site on p.2 by portions of the 32 subunit (Col-
lins et al., 2002; Figure 1A). In this conformation, the
elongated all § sheet C-.2 subdomain sits in a spatially
complementary shallow groove made by the other sub-
units. It has also been shown that AP2 can be phos-
phorylated on a single threonine residue in the linker
between the two domains of .2 (Thr156) by the clathrin-
activated AAK1 (Conner and Schmid, 2002; Jackson et
al., 2003) and that this event is required for sequestra-
tion of transferrin into coated pits (Olusanya et al.,
2001) through increased binding to membranes con-
taining endocytic cargo proteins (Ricotta et al., 2002).
As a result of these data, a model can be proposed in
which AP2 has at least two conformational states: one
“closed” and unable to bind Yxx¢ motif-containing
cargo and therefore “inactive” (structure determined)
and at least one “open” conformation that is able to
bind Yxx¢ motifs. The transition from inactive to active
would be favored by p2Thr156 phosphorylation and
juxtaposition of the complex to the PtdIins4,5P,-con-
taining plasma membrane. A similar model has recently
been proposed on the basis of biochemical and cell
biological data for the functioning of the AP1 complex
(Ghosh and Kornfeld, 2003; Heldwein et al., 2004). In
this case, the role of PtdIns4,5P, would presumably be
assumed by PtdIns4P, which has recently been shown
to be important for the binding of AP1 to the Golgi
(Wang et al., 2003); however, the identity of the kinase
responsible for phosphorylating the p1 subunit is un-
clear (Umeda et al., 2000).

Here, we examine the binding of wild-type (wt) and
mutant forms of phosphorylated and nonphosphory-
lated AP2 cores (mutated in the PtdIns4,5P, and Yxx¢
binding sites) to “membrane mimics” (i.e., phospholipid
liposomes containing various phosphatidyl inositol poly-
phosphates [PIPs] and/or protein cargo-sorting sig-
nals) by using surface plasmon resonance. The data
presented show that recombinant AP2 does indeed
bind directly to acidic dileucine motifs as well as to
Yxx¢ motifs and that the binding to the two different
motifs occurs at nonoverlapping sites. We also demon-

strate that the interaction of AP2 with a Ptdins4,5P,/
Yxx¢ cargo-containing membrane is a two-step mech-
anism: an initial weak binding to PtdIns4,5P, via the o
subunit, followed by a conformational change favored
by n2Thr156 phosphorylation that allows simultaneous
binding of the Yxx¢ motif and further Ptdins4,5P, at
sites both on the p.2 subunit. This conformational change
does not, however, increase binding to acidic dileucine
motifs. Most importantly, recognition of both types of
signal only occurs when the cargo is displayed in a
membrane containing phosphoinositides and is of
highest affinity if Ptdins4,5P; is present, thus explaining
the exclusivity of the subcellular localization of AP2 to
the plasma membrane despite the presence of AP2
cargo on other intracellular membranes.

Results

Characterization of Recombinant

Phosphorylated AP2

Recent studies on the function of AP2 have demon-
strated that phosphorylation of the AP2 p2 subunit
modulates its function, with phosphorylation being a
trigger for high-affinity binding of tyrosine-based sort-
ing signals (Ricotta et al., 2002). A drawback of these
in vitro studies was that they used AP2 complexes puri-
fied from intact tissue in the presence of high concen-
trations of Tris, which is known to be partly chaotropic.
More importantly, these AP2 preparations can be con-
taminated with other components of the endocytic ma-
chinery, including accessory proteins such as protein
kinases (AAK1 and GAK; Conner and Schmid, 2002; Ri-
cotta et al., 2002). The presence of CCV-associated ki-
nases and phosphatases, as well as of other kinases
and phosphatases liberated during the initial steps of
CCV isolation from tissue, make it very hard to estimate
the degree and position of AP2 phosphorylation sites.
In order to assess the differences in properties between
unphosphorylated AP2 complexes and those stoicho-
metrically phosphorylated on p2 at Thr156, the site
which is phosphorylated in vivo by AAK1 (Pauloin and
Thurieau, 1993; Olusanya et al., 2001; Ricotta et al.,
2002), we have established a method to produce re-
combinant AP2 cores phosphorylated with a high de-
gree of efficiency on this site. Phosphorylated AP2
cores were made by coexpressing the kinase domain
(residues 1-325) of the p2 kinase AAK1 (gift of Dr. E.
Smythe) along with the other four subunits of AP2 core
in E. coli. (see Experimental Procedures). By SDS-
PAGE, phosphorylated and nonphosphorylated AP2
cores (referred to as P-Core and Core, respectively,
throughout the manuscript) looked identical, and no
AAK1 kinase domain was detected bound to the phos-
phorylated cores (Figure 1B).

Core and P-Core, purified as in Collins et al. (2002),
were subjected to analysis by various mass spectrome-
try techniques in order to determine their degree of
phosphorylation. Nanoflow electrospray mass spec-
trometry under conditions that preserve noncovalent
interactions showed that both the phosphorylated and
unphosphorylated complexes were stable and intact,
indicating that the phosphorylation does not impair the
stability of the complex. The phosphorylated AP2 core
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Figure 1. Structure and Phosphorylation of Recombinant AP2 Cores

(A) Functionally important binding sites of AP2. (i) The structure of the whole AP2 complex colored by subunit (a, blue; 32, green; p.2, purple;
and 2, gold). The site of phosphorylation by AAK1 on p2 Thr156 is indicated, although the actual 12 amino acid segment on which it occurs
is invisible in the structure’s electron density. Bound IP6 molecules are shown in space-filling representation with carbon colored green,
oxygen colored red, and phosphorous colored magenta. (jii-iv) Details of PtdIns4,5P, and Yxx¢ binding sites with residues mutated to abolish
binding function shown in gold. (v) Yxx¢ binding site blocked by portions of the 2 subunit. The Yxx¢ peptide, in the position in which it
should bind, is shown in gray.

(B) SDS-PAGE analysis of n2 and AP2 core The purity and composition of all AP2 core complexes, and recombinant C-p2 was verified by
SDS-PAGE. A representative Coomassie-stained gel with C-p.2 (20 pg) and the nonphosphorylated AP2 core (60 j.g) is shown.

(C) Nanoelectrospray mass spectra of the tryptic digests of the phosphorylated and nonphosphorylated AP2 complex. Mass spectra of the
tryptic digest of AP2 phosphorylated (top) and nonphosphorylated (bottom). The regions of the mass spectra of the 1.2 tryptic peptide 146-
162 are shown. The position corresponding to where the unphosphorylated peptide should run is shown boxed in blue, and where the
phosphorylated peptide should run is boxed in red. The m/z values of the peptide in the two mass spectra are indicated, and they correspond
to the double charge species. The identity of each peptide was confirmed by MS/MS (see Supplemental Data).
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complex gave the spectrum shown in Figure S1A (avail-
able in the Supplemental Data with this article online).
Only one charge state series is present centered at
7000 m/z, which corresponds to a mass of 206,148.6
Da with a difference only of the 0.08% from the theoreti-
cal mass of 205,989.8 Da. Analysis of acid-dissociated
P-Core subunits showed that, although the o, 2, and
02 subunits had masses very close to their theoreti-
cal masses, the p2 subunit has a molecular mass ~80
Da higher than its theoretical unphosphorylated mass
(measured mass for phospho-p.2 = 51,055.4; predicted
phospho-p2 = 51,051.3), indicating the addition of a
single phosphate group per p2 (Figure S1B). The MS/
MS sequence analysis of tryptic digests of the P-Core
and Core demonstrated that phosphorylation occurred
in the tryptic peptide 146-162, and furthermore, from
studying the fragmentation patterns, it was shown that
there was only one site of phosphorylation correspond-
ing to Thr156, which is the site of in vivo phosphoryla-
tion by AAK1 (see Figures S1C and S1D). Analysis of
the signal intensities for the 146-162 tryptic peptide
from P-Core and Core indicated that the efficiency of
phosphorylation was greater than 95% (see Supple-
mental Data).

Recombinant AP2 Core Complexes

Bind Sorting Signals

In order to verify the suitability of recombinant Core and
P-Core for functional studies, we used surface plasmon
resonance (SPR) to compare their binding to the tyro-
sine-based signal from TGN38 (DYQRLN) immobilized
on carboxy-methylated dextran sensorchip (CM5) sur-
faces with that of native AP2 isolated from porcine
brain and recombinant bacterially expressed C-p.2 (res-
idues 157-435) where the Yxx¢ binding site is located
(Owen and Evans, 1998). The values for the rate con-
stants obtained for all four samples were comparable
(see Table S1), and all fitted well to a one to one binding
model. Similar strengths of interaction were obtained
for binding of the TGN38 sequence DYQRLN to C-pn.2
both in solution-based fluorimetric and in isothermal ti-
tration calorimetry assays. (D.J.O. and T. Dafforn, un-
published data). P-Core bound with a ~13-fold higher
affinity to TGN38 than did unphosphorylated Core (Kps
were: 36 nM for P-Core and 450 nM for Core). Similar
data were obtained by using a number of other tyro-
sine-based signals (see Supplemental Data). Analysis
of the data revealed that the increase in affinity was
due to an increase in the “on rate” (k,), whereas the
measured “off rates” (kg) were in the same range. This
is consistent with a model in which phosphorylation fa-
vors a conformational change that is required in order
to achieve effective Yxx¢ motif cargo binding, i.e., in
the case of the phosphorylated complex, less energy is
required to affect the conformational change than in the
case of the unphosphorylated form, resulting in the
Yxx¢ binding competent conformation being more
prevalent in the phosphorylated form.

AP2 Binds Weakly to Membranes

Containing PtdIns4,5P,

In the cell, AP2 recognizes cargo motifs in the context
of being embedded in a Ptdins4,5P,-containing phos-

pholipid membrane and not free in aqueous solution. In
order to better mimic the in vivo situation, we aimed to
reconstitute AP2 binding to membranes in vitro. First,
liposomes of different composition were prepared con-
taining either a simple phospholipid mixture (phospha-
tidyl choline, PC 80%; phosphatidyl ethanolamine, PE
20%) or simple lipids plus one single species of phos-
phoinositide (70% PC, 20% PE, and 10% PIP). In a lipo-
some “spin-down” assay (see Experimental Procedures),
recombinant AP2 bound preferentially to liposomes
containing Ptdins4,5P, over liposomes containing
other PIPs tested (see Figure 2A and also Figure 4A).
Quantitation of the liposome pull-down assays showed
that approximately twice as much P-Core as Core
bound to Ptdins4,5P,-containing liposomes (Figures
2B and C).

To further confirm the specificity of AP2 for PtdIins4,5P,
and in order to analyze AP2 binding to membranes with
higher sensitivity in real time, we have developed a
SPR-based binding assay. Liposomes were injected at
a low flow rate over a sensorchip surface containing
lipophilic alkyl side chains (L1 chip, Cooper et al., 2000)
of a BlAcore 3000 biosensor. The integrity of the lipo-
somes was confirmed by electron microscopy (see Fig-
ure 2D, panel i). Coating of the L1 surface with lipo-
somes resulted in a positive shift of the baseline of
9000-10,500 resonance units (RU). After liposome cap-
ture, the surface was treated with short pulse injections
of sodium hydroxide to remove lipid multilayers or
loosely attached liposomes. This resulted in a decrease
of the baseline of ~200 RU. Subsequently, the baseline
was stable during multiple rounds of protein injection
and regeneration. Indeed, when the sensor surface was
undocked from the instrument and processed for
electron microscopy, intact liposomes could still be ob-
served in cross-sections (Figure 2D, panel ii). This was
also confirmed by analysis of the L1 sensor surface by
laser-scanning microscopy after immobilization of rho-
damine B-filled liposomes (data not shown). We have
thus established a membrane mimic assay that allows
the real-time detection of molecule binding to captured
liposome membranes of defined phospholipid compo-
sition (see model depicted in Figure 2D, panel iii).

Because each sensorchip contains four individual
flow cells that could be coated with different types of
liposomes, the membrane mimic assay allows simulta-
neous comparison of AP2 binding to four different
types of membranes. Monitoring AP2 binding in this
way revealed a striking specificity of AP2 for mem-
branes containing Ptdins4,5P,, because we were un-
able to detect any binding of AP2 to membranes
containing phosphatidyl inositide-monophosphates
(PtdIns3P, Ptdins4P, and PtdIins5P) nor to PtdIns3,5P,
(see Figure 4A) above background levels. Binding of the
AP2 core to PtdIns4,5P, membranes was determined
to be weak (Kp = 7.6 uM), but use of the P-Core in-
creased the affinity more than 2-fold (Kp = 2.9 pM as
opposed to 7.6 uM, see Table 1), which is consistent
with the amounts of AP2 precipitated in the liposome
pull-down assay. The observed differences in affinities
are largely due to a reduction in ky. This can be ex-
plained if in the conformation favored by p2Thr156
phosphorylation, both the a and p.2 Ptdins4,5P, bind-
ing sites can bind simultaneously to a Ptdins4,5P,-con-
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Figure 2. AP2 Binds Selectively to the Phosphoinositide Ptd-
Ins(4,5)P,

(A) AP2 binding to phosphoinositides. Liposomes containing the
indicated phospoinositide (10%) were incubated with AP2 core
complexes, reisolated, washed, and analyzed by SDS-PAGE and
staining with Coomassie blue. 25% Std, 25% of the total AP2
added to the assay.

(B) Phosphorylation enhances AP2 binding to Ptdins(4,5)P,-con-
taining liposomes. Liposomes comprised of phosphatidylcholine
(70%), phosphatidylethanolamine (20%), and Ptdins(4,5)P, (10%)
were incubated with Core and P-Core complexes, reisolated,
washed, and analyzed by SDS-PAGE and immunoblotting for
o-adaptin.

(C) Quantification by phosphoimage analysis in (B). Binding of core
to PtdIns(4,5)P,-containing liposomes is shown in black and of
P-Core in white. The amount of unphosphorylated Core bound to
PtdIns(4,5)P-containing liposomes was taken as 100%. Data repre-
sent the mean = SD from three independent experiments.

(D) A biosensor-based membrane-mimic assay. To assay the bind-
ing of AP2 to membranes in a defined system, liposomes of known
composition were immobilized on a L1 sensorchip surface via lipo-
philic alkyl chain anchors. Liposomes captured in this way provided
a chemically and physically stable environment that resembles a

Table 1. Binding of Recombinant AP2 to Ptdins4,5P,

Binding to Ptdins4,5P,
Ka (M~" x s77) Kq (s7") Ka (M)

Core 0.5 x 10 3.8 x 102 7600
P-Core 0.7 x 10° 2.0 x 10 2900
oP'P- Core ND ND ND
oP'P- P-Core ND ND ND
w2P'P- Core 0.4 x 10° 4.2x10"% 10,500

o + p2P'P- P-Core 0.4 x 10° 4.4 x10"% 11,000

Liposomes with/without PtdIins4,5P, were immobilized on a L1
biosensor surface to create a stable membrane mimic environment,
then probed for binding of recombinant AP2 and mutants thereof
by SPR. Binding to membranes without PtdIns4,5P, was regarded
as background and subtracted from the sensorgrams before
calculation of the rate constants. The data show the existence of
two PtdIns4,5P, binding sites in AP2 located in a- and p.2-adaptins.

taining membrane, thus increasing the aviditiy of bind-
ing (chelate effect), whereas in the closed form, which
is favored in the unphosphorylated state, only one site
on any one complex can bind to a Ptdins4,5P, in the
membrane.

Probing the Role of Individual Binding Sites

in AP2 through Mutagenesis

The use of recombinant AP2 cores in the membrane
mimic binding assay outlined above opened the way
for testing the hypotheses of AP2 function through the
use of mutant forms of the complex. In order to address
the roles of both PtdIns4,5P, binding sites and of the
Yxx¢ binding site in AP2 function, mutants were gener-
ated in all three. The system of coexpression from two
plasmids (o and 62 from one plasmid and 32 and p2
from a second) allowed for the effect of combinations
of different mutants to be readily tested. The mutations
were designed on the basis of the structures of the AP2
core (Collins et al., 2002) and the isolated C-p.2 (Owen
and Evans, 1998) (see Figure 1A). The PtdIns4,5P, bind-
ing site on the o subunit was rendered nonfunctional
by mutating its two major phosphate-contacting resi-
dues Lys57 and Tyr58 to glutamates (AP2°P'P-) (Figure
1A, panel ii) and that on the p2 subunit by mutating
Lys341, Lys343, and Lys345 again to glutamate resi-
dues (AP2+2PIP-) (Figure 1A, panel iii). Yxx¢ motif bind-
ing was abrogated by mutating two residues in p2 in-
volved in binding the tyrosine residue (Phe174 and
Asp176) to alanine and serine, respectively (AP2+2Y-)
(Figure 1A, panel iv). The mutation of these residues
has been shown to greatly inhibit the binding of Yxx¢

cellular membrane, and the gold surface on which the hydrogel is
based is suitable for SPR analysis. This assumption was confirmed
by electron microscopy. (i) Integrity of the prepared liposomes
(average size 100 nm). (ii) Cross-section through an L1 sensor sur-
face after liposome capture and AP2 binding experiments. Intact
as well as partially cut liposomes are visible (upper half, dark gray),
whereas the dextran matrix itself was not preserved (lower translu-
cent area). (iii) Model showing the proportions that exist during
binding of AP2 to liposome membranes captured on a L1 sensor
surface. The area above the arrow (left) and the dotted line repre-
sent the visible structures in (i), whereas the dextran matrix below
the dotted line could not be imaged. Bars = 0.2 um.
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peptides to isolated p2 without affecting n2 structure
in a fluorimetric assay system (D.J.O., unpublished
data) and, in the context of intact, AP2 to greatly reduce
transferrin receptor internalization (Nesterov et al.,
1999). All mutations expressed assembled into com-
plexes, purified similarly and looked identical by SDS-
PAGE to wt AP2 cores, and had identical CD spectra
(see Figure 1B and data not shown), indicating that the
mutations did not affect folding of individual subunits.

When the AP2°P'P- mutant was passed over the
Ptdins4,5P,-containing membranes, binding was as
low as that detected for simple lipid membranes, and
it was independent of the phosphorylation status of the
mutant cores (Table 1). On mutating the Ptdins4,5P,
binding site in p2 (AP2+2P'P-) in the background of
either Core or P-Core, we again observed a decrease
in binding to similar levels (10.5 and 11 pM, respec-
tively) (see Table 1). These data suggest that in the
absence of the p2 PtdIns4,5P, binding site, the only
interaction between AP2 cores and the Ptdins4,5P,-
containing liposomes is through the PtdIns4,5P, bind-
ing site on o. The finding that mutation of the o site
alone was sufficient to abrogate the interaction be-
tween AP2 and membranes indicates that this site is
pivotal in the initial recruitment. The results further sup-
port a model in which the binding sites for Ptdins4,5P,
on p2 and the o subunit can “cooperate” to increase
the avidity of the binding of AP2 to a PtdIns4,5P,-con-
taining membrane only in a conformation favored by
w2Thr156 phosphorylation.

AP2 Binds Sorting Signals in the Presence

of Ptdins4,5P,

It is still a matter of debate whether the presence of
PtdIns4,5P, and a sorting motif-bearing cargo are suffi-
cient for efficient recruitment of AP2 to the cell’s limiting
membrane. In order to address this question with our
assay system, we next compared AP2 core binding to
PC/PE-only membranes, membranes containing either
PtdIns4,5P, or a Yxx¢-sorting signal (attached to a
phosphatidyl ethanolamine backbone, see Experimen-
tal Procedures), and to membranes with both Ptdins4,5P,
and the tyrosine-sorting signal. Negligible binding of
Core and P-Core to PC/PE membranes displaying the
Yxx¢ motif of TGN38 was detected, but binding was
of high affinity when the sorting signal was presented
together with PtdIns4,5P, (Figure 3A). The binding of
P-Core to these latter surfaces was more than 4-fold
stronger (Kp = 72 nM) than the binding of core (Kp =
311 nM) (Table 2 and Figure 3A). Evaluation of the bind-
ing by using the manufacturer’s software indicated that
the mode of interaction between the plasma membrane
mimic and recombinant AP2 was not a simple one-step
process (see Supplemental Data). Instead, the interac-
tion fitted a two-state model, consistent with an initial
weak binding event followed by a second step in which
the interaction is strengthened. We interpret this as the
weak initial association of PtdIns4,5P, with a single site
on the o subunit, followed by simultaneous binding of
a second PtdIns4,5P, and Yxx¢ motif-containing cargo
to the p2 subunit. This second step must be energeti-
cally more favorable in the phosphorylated form of the
complex. On the basis of the AP2 core structure, this

would correspond to C-p2 becoming dislodged from the
shallow pocket in which it sits on the surface of AP2.

To further probe the validity of this model, we com-
pared the ability of the phosphorylated and unphos-
phorylated wt and mutant AP2 cores (o"'P- P-Core,
w2PP- P-Core and p.2Y- P-Core, o”'P- Core, and u2°"P-
Core and p.2Y~ Core) to bind to PtdIins4,5P,/Yxx¢ mem-
brane surfaces. Binding could still be detected for
u2Y- P-Core and .2Y~ Core (see Figure 3B and Table 2)
but was reduced to values comparable to those ob-
tained for binding of wt P-Cores to Ptdins4,5P,-only
membranes. This confirms that AP2 binds Yxx¢ signals
at only one site located on the p2 subunit and the loss
of the Yxx¢ binding site had no effect on Ptdins4,5P,
binding to either Core or P-Core, which confirms the
functional independence of these sites (Table 2). Bind-
ing of o”'P~ P-Core and of'P~ Core were, however, re-
duced to undetectable background values (PC/PE mem-
brane levels of binding), demonstrating the absolute
requirement for the initial o subunit/Ptdins4,5P, in-
teraction for subsequent Yxx¢ binding. Mutation of the
w2 PtdIins4,5P, binding site weakens the binding of
both Core and P-Core to PtdIns4,5P,/Yxx¢-containing
membranes with the effect being much more pro-
nounced when the mutation is present in a phosphory-
lated AP2 core background (4-fold reduction, see Table
2). Taken together, these data indicate that the interac-
tion between Yxx¢ and the AP2 2 subunit is stronger
than that between PtdIns4,5P, and p.2, although signifi-
cant binding to Ptdins4,5P, does occur as indicated by
experiments in which membrane binding of soluble
C-p2 and a C-p2 variant with a mutated PtdIns4,5P,
binding (C-u.2P'P-) site to a variety of liposomes was
analyzed (see Table 2 and Figure 3C). However, the
binding of C-p.2 to Yxx¢/PtdIns4,5P,-containing mem-
branes was 5-fold tighter than the binding of C-p.27'P-,
indicating that PtdIns4,5P, binding by p2 stabilizes the
membrane interaction of AP2. This is further supported
by comparing the binding of C-p.2 to membranes con-
taining the Yxx¢ motif in the presence and absence of
PtdIns4,5P,. This revealed that presence of Ptdins4,5P,
slowed down the rate of dissociation of C-p2 from mem-
branes by a factor of four without appreciably affecting
the on rate. This is to be expected for a predominantly
electrostatic interaction that will decrease rapidly in
strength with distance in a high dielectric constant
medium, and as a result, such an interaction is un-
likely to play a major role in recruiting pn.2 to membranes
but would help to keep it in the vicinity of the mem-
brane surface once recruited there by another means.
The analysis of AP2 core recruitment to membranes
in vitro has been carried out at salt concentrations (250
mM NaCl) above physiological ionic strength in order
to maintain the cores in a soluble and unaggregated
form, and therefore the physiological importance of
PtdIns4,5P, binding to p2 has likely been underesti-
mated here, because a purely ionic interaction such as
this would be weakened at elevated ionic strengths.

The data presented above show that recognition of
protein cargo by AP2 in vitro depends on the cargo be-
ing displayed in a PtdIns4,5P,-containing membrane.
This agrees with published in vivo data showing that
modifying PtdIins4,5P2 levels in vivo alters rates of en-
docytosis (Padron et al., 2003; Krauss et al., 2003). In
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Table 2. Rate Constants for Binding of Recombinant AP2 and 2 to Sorting Signals Embedded in a Lipid Environment

PtdIns4,5P, (nM)

Ptdins4,5P, + TGN38 (nM)

Ptdins4,5P, + CD4P (nM)

Core 7600 311
P-Core 2900 72
oP'P- Core -/- -/-
oP'P- P-Core -/- -/-
w2P'P- Core 10,500 450
w2PP- P-Core 11,000 250
o + p2PP- Core ND ND
o + p2P'P- P-Core /- -/~
w2Y- Core 7200 7000
w2Y- P-Core 3300 3000
C-p2 ? 110
C-p.2PIP- -/~ 450

930
910
—/-
—/-
950
940
ND
/-
930
920
—/-
—/-

Peptides containing the sorting signals of TGN38 and phosphorylated CD4 were fused to an activatable lipid, incorporated into Ptdins4,5P,-
containing liposomes, and immobilized on a L1 sensor surface as described above. Surfaces containing only PC/PE or PC/PE + PtdIns4,5P,
served as controls. Recombinant AP2 and p2 were passed over the surfaces as described in the legends to Figures 4 and 5, and the rate
constants were calculated as described. None of the interactions fitted to a simple mathematical model describing a 1:1 type of interaction
but rather to a model assuming that AP2 binding to membranes involves multiple binding sites (see also Figure S2). For clarity, only the
equilibrium constants are shown. Binding of C-u.2 to PtdIns4,5P, was detectable but too weak to permit accurate fitting of the data.

order to further confirm that this is the case in vivo,
we have analyzed the PtdIns4,5P, dependence of the
interaction between AP2 and the epidermal growth
factor receptor (EGFR), which under physiological con-
ditions can be internalized in a clathrin/AP2-dependent
manner (Huang et al., 2004). COS cells transfected with
the EGFR alone or cells transfected with the receptor
and an HA-tagged membrane-targeted 5'-phosphatase
domain of synaptojanin 1 (HA-IPP-CAAX) were used as
a source for coimmunoprecipitation of the EGFR with
AP2. Immunoprecipitation of AP2 from cells transfected
with the EGFR alone results in efficient coimmunopreci-
pitation of the EGFR (Sorkin et al., 1996), but, as shown
in Figure 3D, coimmunoprecipitation of the EGFR does
not occur when cells cotransfected with the EGFR and
HA-IPP-CAAX were used in which there are reduced
levels of PtdIns4,5P, due to overexpression of HA-IPP-
CAAX that cleaves the 5'-phosphate group from Ptd-
Ins4,5P, headgroups (Krauss et al., 2003).

Yxx¢ motif-containing cargo is present in different
membranes of the cell as a result of vesicle trafficking;
for instance, TGN38 is found mostly on the TGN mem-
branes rather than on the cell’s limiting membrane, and
yet AP2, which binds to the TGN38 motif more strongly
than it does to any other motif, is found exclusively at
the plasma membrane (Robinson, 1993). One of the
major markers of membrane identity is PIP composition
(for review see De Matteis and Godi [2004]), and so in
view of this and our data showing that AP2 had a
marked preference for PtdIns4,5P, over any other PIP
when presented in membranes without a Yxx¢ motif
(Figure 4A), we next tested how the Yxx¢ motif of
TGN38 can be recognized in the context of any other
PIP. The data in Figure 4B show that binding of AP2 to
the TGN38 signal was detectable when Ptdins3P,
Ptdins4P, and PtdIns3,5P, were present (680 nM, 650
nM, and 550 nM, respectively). However, binding was
much more transient as compared to binding of AP2 to
the TGN38 signal in the presence of the mainly plasma
membrane-localized Ptdins4,5P,. The affinity of AP2
cores for PtdIns4,5P,-containing membranes was con-
sistently 7-fold higher than for any other lipid tested

(70 nM, equivalent to other measurements as shown in
Figure 4B). In conclusion, we demonstrate that binding
of AP2 to membranes containing the tyrosine signal of
TGN38 is only stabilized when presented in combina-
tion with PtdIns4,5P,.

AP2 Binds Directly to Acidic Dileucine-Based
Sorting Motifs at a Site that Does Not Overlap

with the Yxx¢ Binding Site

The data presented so far can explain how AP2 is in-
volved in recognition of tyrosine-sorting motifs of the
Yxx¢ type but give no indication as to how or if dileu-
cine motifs are recognized. Data have been presented
to show that dileucine motifs are recognized by the
adaptor p chains (Rodionov and Bakke, 1998), which is
in apparent contrast to studies that showed binding to
the adaptor large subunits (Rapoport et al., 1998). More
recent studies (Janvier et al., 2003) have suggested that
dileucine motifs do not bind to AP2 at all. These
discrepancies may in part be explained by fundamental
differences in the methodology used and differences in
both sequence and local environment of the dileucine
motifs analyzed. Dileucine motifs that function as AP
complex-mediated trafficking signals usually conform
to the sequence [DE]xxxL[LI] (Bonifacino and Traub,
2003). Others, such as that in CD4, belong to a group
of sorting signals that become activated on phosphory-
lation of serine residues in the vicinity of the double
leucine motif and in the case of CD4 then mediate its
rapid internalization from the plasma membrane. The
phosphorylated residues presumably mimic the acidic
residues in the nonphosphorylated signals. We show
here that the phosphorylated sequence from CD4
(Pitcher et al., 1999) does not bind to C-p.2 (Figure 5A),
whereas it is able to bind to Core and P-Core, as well
as the n2Y- mutants thereof with equal affinities (Fig-
ures 5B and 5C and Table 2, Kps of ~900 nM). Binding
of AP2 was not restricted to the phosphorylated dileu-
cine signal of CD4 but was also observed for the dileu-
cine signals derived from LIMP-II and tyrosinase. Thus,
we demonstrate direct binding of dileucine motifs to
AP2 at a site not present on C-p.2, i.e., distinct from and
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Figure 3. Sorting Signal Binding by AP2 Requires PtdIns(4,5)P,

(A-C) The four flow cells of a L1 sensorchip were derivatized with
liposomes containing PC/PE, with PC/PE + 10% PtdIns(4,5)P, (PC/
PE-PtdIns4,5,), with PC/PE + 10% of the lipid linked TGN38 tyro-

nonoverlapping with the Yxx¢ binding site. The appar-
ent discrepancy with recently published work (Janvier
et al., 2003) may be due to poor solubility of the mater-
ial (/62 heterodimer) used in that study. Our data also
show that AP2 phosphorylation at p2-Thr156 specifi-
cally modulates binding of Yxx¢ signals only, indicating
that a conformational change is not required to allow
binding of dileucine motifs.

Although binding of the phosphorylated CD4 dileu-
cine motif (the strongest dileucine signal) was signifi-
cantly weaker (~900 nM) than that recorded for the
Yxx¢ signal of TGN38 (the strongest Yxx¢ signal, ~70
nM), it was still specific, because preincubation of AP2
with the soluble CD4 peptide (or other dileucine signal-
containing peptides) abrogated binding to the mem-
brane-attached CD4 tail peptide but did not affect re-
cognition of Yxx¢ signals. In contrast, when AP2 was
preincubated with a soluble TGN38 peptide, binding to
the CD4 tail peptide was unaffected (data not shown).
However, as with the binding of Yxx¢ motifs to AP2,
the binding of dileucine signals to AP2 displayed in a
membrane is also dependent on the presence of
PtdIns4,5P, in that membrane. As seen for Yxx¢ motifs,
mutant o”'P- P-Core did not bind to PtdIns4,5P,/dileu-
cine-containing membranes above background levels
(Figure 5C) . This presumably reflects that in both cases
the initial recruitment of AP2 requires the interaction of
PtdIns4,5P, with its binding site on the o subunit.

In order to further confirm that acidic dileucine motifs
can interact with AP2 in living cells, the in vivo uptake
of a chimeric molecule consisting of the extracellular
portion of CD8 fused to the cytoplasmic tail of CD3 that

sine-sorting signal (PC/PE-Y) and with the same signal in
Ptdins(4,5)P,-containing liposomes (Ptdins4,5,-Y). Subsequently,
the surfaces were probed for binding of mutant AP2 cores and
C-p2 as indicated. (A) The sensorgrams of Core (curves 2 and 4)
and P-Core (curves 1 and 3) show that p2 phosphorylation stim-
ulated binding by 5-fold (see Table 2 for rate constants), consistent
with our earlier observations. However, when the TGN38-sorting
signal was presented in membranes without Ptdins(4,5)P, (curves
3 and 4), no specific binding of AP2 cores to the signal was detect-
able, because the interaction was comparable to that observed for
membranes containing Ptdins(4,5)P, only (curve 5). (B) When AP2
core mutants were injected, it became evident that disruption of
the Ptdins(4,5)P, binding site in o-adaptin totally abolished AP2
binding (curves 3 and 4), whereas AP2 with a nonfunctional binding
site for tyrosine signals in p2 bound to the Ptdins4,5,-Y surface
(curve 1) with an affinity comparable to that observed for mem-
branes containing only PtdIns(4,5)P,. (C) The injection of C-p2 and
the C-u2P'P- mutant over the same surfaces demonstrated that
C-p.2 on its own can recognize the TGN38 sorting signals irrespec-
tive of the membrane composition; however, Ptdins(4,5)P, stabi-
lizes C-p.2 binding (compare curves 1 and 2).

(D) Depletion of PtdIns(4,5)P, inhibits the association of the EGFR
with AP2. COS7 cells overexpressing either the EGFR alone or in
combination with the membrane-targeted 5'-phosphatase domain
of synaptojanin 1 (HA-IPP-CAAX) were lysed and subjected to im-
munoprecipitations by using antibodies against AP2 o-adaptin or
a control protein (GAD). Nontransfected COS7 cells were assayed
as further control. Aliquots of each supernatant (30 ng of total pro-
tein corresponding to 10% of total input) and of bound material
obtained after extensive washing were analyzed on separate SDS
gels followed by immunoblotting for a-adaptin A, EGFR, or tubulin.
About 70% of the total AP-2 present in the lysates could be immu-
noprecipitated.
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Figure 4. Binding of AP2 to TGN38 in Combination with Different
Phosphoinositides

(A) Binding of AP2 to membranes was recorded as described in
Figure 3. In order to monitor the influence of the various phospho-
inositides on TGN38 binding, liposomes containing PC/PE and the
TGN38 Yxx¢ motif were supplemented with 10% of one of the indi-
cated phosphoinositides. Liposomes containing PC/PE only, PC/
PE + PtdIns4,5P,, and PC/PE + Yxx¢ motif served as controls. Be-
cause only four membranes can be probed simultaneously, PC/PE
and PC/PE + PtdIns4,5P,-Y were always used as a reference, and
only the other two flow cells were coated with membranes of vary-
ing composition. The curves presented are therefore derived from
several experiments performed sequentially.

(B) Binding of P-Core to PC/PE membranes and those containing
signal but no phosphoinositide was negligible. Significant binding
of AP2 could be recorded when the tyrosine motif was presented
together with a phosphoinositide. Presence of Ptdins4,5P, resulted
in the highest affinity of P-Core (Kp = 72 nM) but was much weaker
and more transient when Ptdins4,5P, was substituted by one of
the other phosphoinositides (Ptdins3P Kp = 680 nM, Ptdins4P Ky =
650 nM, and PtdIns3,5P, Kp = 550 nM).

contains a nonphosphorylatable dileucine internaliza-
tion signal within its cytoplasmic tail was studied in
cells that had been rendered AP2 or clathrin deficient
by RNA interference (by using RNAI oligonucleotides as
in Motley et al. [2003], depletion of both AP2 and
clathrin heavy chain was greater than 90% as judged
by Western blot analysis; data not shown). In cells de-
pleted of AP2 or clathrin, the chimera remained on the
cell surface, whereas in cells in which AP2 levels were
normal, the CD8/dileucine chimera was rapidly internal-
ized into the endocytic vesicles (Figure 5D). These data
show that dileucine motif-containing cargo is endocy-
tosed from the cell surface in an AP2- and clathrin-
dependent manner.

Discussion

By using a number of techniques, including a new
membrane mimic SPR binding assay and recombinant

phosphorylated or unphosphosphorylated AP2 cores
(both native and forms containing structure-directed
mutations in key functional residues), we have shown
that binding to endocytic motif-containing cargo is inti-
mately coupled to the binding of phosphoinositides.
When both cargo and the correct PIP, i.e., Ptdins4,5P,
in the case of AP2, are present in a phospholipid mem-
brane, these are necessary and sufficient to result in
recruitment and tight binding of .2 Thr156-phosphory-
lated AP2. These data help to explain the exclusive lo-
calization of AP2 to the cell’s limiting membrane and
not to internal organellar membranes where protein
cargo is displayed in an incorrect or “nonpermissive”
PIP context such as Ptdins3P/PtdIns3,5P, on the endo-
somal system or PtdIins4P on the TGN. In addition, in
the in vivo situation, preferential association of AP2 with
transmembrane cargo presented within PtdIns4,5P,-con-
taining membranes will be accentuated by the fact that
other AP2 binding proteins known to bind to Ptdins4,5P,
are concentrated at the plasma membrane. These in-
clude the amphiphysins, epsins and AP180/CALM,
B-arrestins, Dab2, and ARH (which bind to the AP2 ap-
pendages; reviewed in Owen et al. [2004]) as well as
synaptotagmin (which binds to the n2 subunit, Grass
et al., 2004). We thus propose that cargo recognition
by AP adaptors is governed by the phosphoinositide
environment in which the cargo is embedded, i.e., in-
structions defining transport for a cargo must be read
in the context of a phosphoinositide code. However,
these data do not rule out the possibility that other
“docking factors” for AP2, for example a plasma mem-
brane resident protein or a small GTPase, could assist
PtdIns4,5P; in targeting AP2 to the plasma membrane.

Our data support a two-step model for productive
binding of AP2 to the plasma membrane. The initial
binding of AP2 to membranes is likely to be mediated
via a relatively weak interaction of PtdIns4,5P, with a
site on the o subunit (apparent Kp = 5-10 wM), which
may also include a minor contribution from the p2
PtdIns4,5P, binding site. This initial docking interaction
of AP2 with the plasma membrane would be dynamic
and readily reversible. In order to bind to Yxx¢-contain-
ing cargo, a conformational change from the closed
form is required that is more energetically favorable in
the pn2Thr156-phosphorylated form. This change will
presumably involve the displacement of C-p2 from its
spatially compatible binding site on the rest of the AP2
core, thus allowing it to sample the local membrane
environment. In this “conformation,” AP2 would be able
to simultaneously use its Yxx¢ motif and secondary
PtdIns4,5P, binding sites on C-p.2 for attachment to the
membrane. The simultaneous use of three membrane
attachment sites on a single AP2 will strengthen the
interaction of AP2 with the membrane, resulting in an
effective overall Ky in the range of 50-100 nM. This
long-lived, stable interaction of AP2 with both protein
cargo and membrane phospholipids would now be able
to trigger the assembly of cargo-containing, clathrin-
coated pits and may serve as an important factor in
facilitating CCV formation (Ehrlich et al., 2004). The
binding of AP2 to membranes containing dileucine sig-
nals only is weaker (effective Kp less than 1 pM) than
to membranes containing Yxx¢ signals only and is not
enhanced by phosphorylation-induced conformational
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Figure 5. Binding of AP2 to Dileucine Signals

The L1 sensorchip was derivatized with control membranes (PC/
PE), membranes containing PtdIns(4,5)P,, membranes contain-

change (effective Ky for phosphorylated AP2 binding to
Yxx¢ motif containing membranes is less than 100 nM).
This is presumably, in part, because there need not be
binding to the p.2 Ptdins4,5P, binding site, which can
only occur after C-p.2 displacement, in order for binding
of the whole complex to a membrane-embedded dileu-
cine motif-containing cargo. Moreover, association of
dileucine motifs with their cognate recognition site
within AP2 appears to be inherently weaker than bind-
ing to Yxx¢ motifs (as demonstrated by binding of AP2
cores to different motifs immobilized on carboxymeth-
ylated dextran sensor chips; data not shown). The in
vivo situation may be more complex than the model
presented here, as the plasma membrane contains
both types of AP2 binding endocytic cargo proteins.
It is thus possible that recognition of dileucine motifs
benefits from the additional presence of Yxx¢ motif cargo,
which may help to stabilize AP2 at the membrane, thereby
indirectly increasing internalization rates.

The exact location of the dileucine motif binding site
within AP2 cannot be determined from this work, al-
though we have shown that it is not on C-p2. Further-
more, it must be accessible in the absence of a p.2-
phosphorylation-induced conformational change within
AP2. It seems possible that the two states of AP2 de-
fined here, a relatively weakly bound state dependent
on the o trunk Ptdins4,5P, binding site and a tightly
bound state employing both PtdIns4,5P, binding sites
as well as Yxx¢ cargo motif association, may corre-
spond to readily dissociable and the productively bound
AP2 fractions seen recently in high-resolution live cell
imaging studies (Ehrlich et al., 2004). CCV formation at
long-lived, cargo-containing AP2 nucleation sites is
expected to be further modulated by crosslinking of
individual AP2 molecules by the multivalent clathrin
scaffold and its accessory proteins. Such additional
cooperative interactions would enhance the strength

ing the tyrosine signal of TGN38 and PtdIns(4,5)P, (Ptdins4,5,-Y),
and membranes containing PtdIns(4,5)P, with the phosphorylated
CD4 tail that harbors a dileucine signal (PtdIns4,5,-LL).

(A) Recombinant C-p2 bound with low-affinity binding to Ptd-
Ins(4,5)P, only (curve 4) and high-affinity binding to TGN38 in the
presence of PtdIns(4,5)P, (curve 1) but showed no specific binding
to CD4 in the presence of PtdIns(4,5)P, (curve 3).

(B) Binding of Core and P-Core to the TGN-sorting signal as de-
scribed above (curves 1 and 2) also detected weak but significant
binding to the dileucine signal, which was not affected by .2 phos-
phorylation (compare curves 3 and 4).

(C) Mutation of the PtdIns(4,5)P, binding site in ci-adaptin not only
abolished binding to TGN38 but also to the dileucine signal of CD4
(curves 4 and 5). In contrast, mutation of the tyrosine binding site
in n2 abolished AP2 binding to TGN38 (curve 2) but did not affect
binding to CD4 (curve 1).

(D) HeLaM cells stably expressing a CD8 construct with the tail
sequence RRQRKSRRTIDKQTLL were depleted of either AP2 or
clathrin heavy chain by using siRNAs (see Motley et al., 2003). (i)
The binding of anti-CD8 to the cell surface was quantified by using
125]-protein A (see Experimental Procedures). The bar graphs show
the mean binding of anti-CD8 antibody to the cell surface (normal-
ized to 1 for the control) =+ the SD - control (black), AP2 depletion
(gray), and clathrin depletion (hashed). (ii-iv) The steady-state dis-
tribution of the CD8 construct was determined by immunofluores-
cence - (ii) control (no depletion), (iii) AP2 depletion, (iv) and
clathrin depletion.
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of binding between the membrane and the now effec-
tively polymerized AP2s, further increasing the lifetime
of the coat beyond that of a single AP2 molecule. It
may well be possible to extend this SPR-based assay
to study assembly and disassembly of adaptor/clathrin
coats by adding clathrin itself as well as regulatory
molecules (e.g., phosphatases) simultaneously or se-
quentially with the soluble adaptors. The membrane
mimic recruitment assay presented here in which lipo-
somal membranes of defined phospholipid and protein/
peptide content are used to accurately measure and
dissect the mechanism of the recruitment of soluble
proteins could further be used to answer questions
concerning the formation of other cargo-selective
coats by altering the lipid, cargo, and peripheral pro-
teins used.

Experimental Procedures

Production of Phosphorylated AP2 Cores

Coexpression of recombinant AP2 cores in E. coli was as described
in Collins et al. (2002). In order to make phosphorylated AP2 cores,
an untagged fragment containing residues 1-325 (the catalytic do-
main) of rat AAK1 preceded by a translational control region was
cloned into the pMWHG632.2 vector after the n2 gene. Expression
and purification was carried out as for production of nonphosphor-
ylated complex. Mutations were introduced into Core and P-Core
by megaprimer PCR mutagenesis, and expression and purification
of these constructs was as for wt complexes.

Nanoelectrospray Mass Spectrometry

Mass spectra were acquired on a LCT (Micromass, UK) and on a
tandem mass spectrometer Q-TOF 2 (Micromass, UK) modified for
high mass operation and equipped with a Z spray nanoflow
electrospray interface (see Supplemental Data). Dissociation and
proteolytic digestion of samples were as described in the Supple-
mental Data.

Peptides Sequences and Conjugation of Peptides to Lipid
Sorting signal-containing peptides derived from the cytoplasmic
tails of TGN 38 (CKVTRRPKASDYQRL) and phosphorylated CD4
(CHRRRQAERM[S*]QIKRLLSEK) (the asterisk indicates the phos-
phorylated residue) were synthesized with an amino-terminal cys-
teine. The quality of all peptides was controlled by mass spectrom-
etry after reverse-phase chromatography. For covalent conjugation
of a peptide to a synthetic lipid, 5 mmol peptide in 1 ml 10 mM
MOPS-KOH (pH 7.5), 50% DMF were mixed with an equal volume
lipid (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-
maleimidophenyl)butyramide], Avanti, USA) at 5 mg/ml in chloro-
form and incubated for 2 hr at 20°C under end-over-end rotation.
Coupling was blocked by addition of B-mercaptoethanol to a final
concentration of 10 mM and further incubation for 30 min. The
lipid-linked peptide was collected from the organic phase after ex-
traction with 2 ml chloroform and 1 ml methanol and dried under
nitrogen. The dried peptido-lipid was resuspended in chloroform/
methanol (2:1) at 5 mg/ml and stored at -20°C.

Synthesis of Liposomes

All lipids (phosphatidylcholine, phosphatidylethanolamine, and the
phosphoinositides PtdIns3P, Ptdins4P, Ptdins4,5P,, and PtdIns3,4,5P3)
were stored in chloroform/methanol in a nitrogen atmosphere. For
preparation of basic liposomes (80% PC, 20% PE), the appropriate
amounts (w/w) were mixed and dried under nitrogen and rehy-
drated with 150 pl of 0.3 M sucrose for 1 hr before the volume was
adjusted to 1 ml by using H,0. The liposomes were then sedi-
mented by centrifugation at 20,000 rpm for 1 hr at 4°C (TLA 120
rotor, Beckman tabletop) and resuspended in 500 pl 20 mM
HEPES, (pH 7.4). To prepare unilamellar liposomes, the liposome
solution was passed 15 times through an extruder by using a 100
nm membrane (LiposoFast, Avestin, Canada) and kept for further
use at 4°C. Complex liposomes were prepared by substitution of

10% PC by the equivalent amount of lipid-linked peptide and/or
one of the mentioned phosphoinositides.

Liposome Pulldowns

Purified AP2 cores were diluted (40 p.g/ml final concentration) into
cytosolic buffer (25 mM HEPES-KOH [pH 7.2], 25 mM KCI, 150 mM
K-glutamate, and 2.5 mM magnesium acetate) and precleared by
ultracentrifugation for 30 min at 150,000 x g. Samples were mixed
with 100 pg freshly prepared liposomes (1 mg/ml final lipid concen-
tration) and incubated for 5 min at 20°C. Binding reactions were
chilled on ice, and liposomes were reisolated by ultracentrifugation,
washed, and analyzed by SDS-PAGE and staining with Coomassie
blue or immunoblotting developed with 12%I-protein A.

Biosensor Experiments
For methods concerning pilot experiments using synthetic tail pep-
tides immobilized on CM5 surfaces, see the Supplemental Data.
Lipososmes and peptido-liposomes were used to generate a sta-
ble membrane mimic on a special sensor surface (L1) of a SPR-
based biosensor (BlAcore 3000, BlAcore AB, Sweden) to subse-
quently record binding of AP2 cores and C-p2 in real time. The
L1 sensor surface consisted of a carboxy-methyl dextran hydrogel
derivatised with lipophilic alkyl chains that allowed capture of in-
jected liposomes. The L1 surface was primed with an injection of
20 mM CHAPS for 1 min at a flow rate of 10 pl/min. Subsequently,
the liposomes (diluted 1:5 in running buffer) were injected at 5 pl/
min for 15 min followed by pulse injections of 50 mM sodium hy-
droxide and 100 mM hydrochloric acid at 20 pl/min to remove un-
bound material. This procedure resulted in an increase of the base-
line by 9000-10,500 RU that remained stable for more than 30
experimental cycles. Electron microscopy of cross-sections de-
rived from a liposome-derivatized L1 surface demonstrated the sta-
bility and integrity of the immobilized liposomes (the exact method-
ology is available upon request). All binding experiments with p2
were performed in 10 mM HEPES (pH 7.4), 500 mM NacCl, whereas
10 mM Tris (pH 8.7), 260 mM NaCl was used as a running buffer in
experiments with AP2 complexes. n2 and AP2 were used at con-
centrations ranging from 200 nM to 5 uwM at a flow rate of 10 pl/
min. All protein that did not dissociate within 5 min from the mem-
brane mimic surface was stripped off by a pulse injection of 50 mM
NaOH. Removal of captured lipid from the L1 sensor surface was
performed in a regeneration process at a flow rate of 5 pl/min by
injections of 0.5% SDS, H,0, 1% TX-100, H,O, 30% 2-Propanol,
and H,O (each injection for 5 min). All rate constants were calcu-
lated by using the Evaluation software supplied by the manufac-
turer. Details about the calculation are described in the Supplemen-
tal Data.

Coimmunoprecipitation Experiments

Cos7 cells were transfected with plasmids encoding the EGFR
(HERc/pRKS5; a kind gift from Dr. Axel Ullrich, Max-Planck Institute,
Martinsried) and/or HA-CAAX-IPPase by using Lipofectamine 2000.
2 days posttransfection, cells were lysed in TGH buffer (1% TX100,
10% glycerol, 50 mM NaCl, 50 mM HEPES [pH 7.5], 1 mM EGTA,
and 1% Na-deoxycholate), precleared by ultracentrifugation, and
subjected to immunoprecipitation with antibodies against AP2a
(AP.6) or y-glutamic acid decarboxylase 67 (GAD67; as a control)
immobilized on protein G sepharose. Nonbound material was pre-
cipitated with TCA/aceton. Bead bound samples were washed
extensively and eluted with sample buffer. Aliquots of bound (from
cell lysates containing 300 g protein) and nonbound material (30
ng of total protein) were analyzed by SDS-PAGE and immu-
noblotting.

Internalization Experiments

A CD8 chimera with a dileucine-containing tail was constructed in
pIRES by using a double-stranded oligonucleotide, as described
by Seaman (2004). The sequence of the tail, RRQRKSRRTIDKQTLL,
is derived from CD3y. HeLa M cells stably transfected with this
construct were depleted of either p2 or clathrin heavy chain by
using siRNAs, as previously described (Motley et al., 2003). Immu-
nofluorescence was carried out as previously described (Motley et
al., 2003), using a monoclonal antibody against CD8 (153-020, An-
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cell Corp.). This antibody was also used to quantify the amount of
chimera on the cell surface. Cells were incubated in serum-free
medium with a 1:100 dilution of the antibody for 45 min at 4°C, then
washed and incubated for a further 45 min at 4°C in serum-free
medium containing a 1:1000 dilution of '25-protein A (Amersham).
The cells were solubilized with 1 M NaOH, and radioactivity was
quantified using a y counter (Nuclear Enterprises). Results shown
are the average of three independent experiments.

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures,
Supplemental References, two figures, and two tables and are
available with this article online at http://www.molecule.org/cgi/
content/full/18/5/519/DC1/.
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