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Abstract
The chemokine receptor CXCR2 is vital for inflammation, wound healing, angiogenesis, cancer
progression, and metastasis. Adaptor protein 2 (AP2), a clathrin binding heterotetrameric protein
comprised of α, β2, μ2, and σ2 subunits, facilitates clathrin-mediated endocytosis. Mutation of the
LLKIL motif in the CXCR2 carboxyl-terminal domain (CTD) results in loss of AP2 binding to the
receptor and loss of ligand mediated receptor internalization and chemotaxis. AP2 knockdown
also results in diminished ligand-mediated CXCR2 internalization, polarization and chemotaxis.
Using knockdown/rescue approaches with AP2-μ2 mutants, the binding domains were
characterized in reference to CXCR2 internalization and chemotaxis. When in an open
conformation, μ2 Patch 1 and Patch 2 domains bind tightly to membrane PIP2 phospholipids.
When AP2-μ2 is replaced with μ2 mutated in Patch 1 and/or Patch 2 domains, ligand-mediated
receptor binding and internalization are not lost. However chemotaxis requires AP2-μ2 Patch 1,
but not Patch 2. AP2-σ2 has been demonstrated to bind dileucine motifs to facilitate
internalization. Expression of AP2-σ2 V88D and V98S dominant negative mutants resulted in loss
of CXCR2 mediated chemotaxis. Thus, AP2 binding to both membrane phosphatidylinositol
phospholipids and dileucine motifs is crucial for directional migration or chemotaxis. Moreover,
AP2-mediated receptor internalization can be dissociated from AP2-mediated chemotaxis.
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Introduction
The chemokine receptor CXCR2 is a Giα-coupled receptor that mediates migration of many
cell types including leukocytes and endothelial cells (1). CXCR2 mediates numerous
biological processes such as wound healing, inflammation, angiogenesis and cancer
metastasis (2–6). The adaptor protein 2 complex (AP2) is involved in the internalization of
CXCR2 upon ligand binding by coupling it to clathrin-mediated endocytosis (7, 8). AP2 is
also critical for CXCR2-mediated directed cell migration or chemotaxis (7). We have
previously shown that the LLKIL motif present in the carboxyl-terminal domain (CTD) of
CXCR2 is important for binding to AP2 and for the CXCL8-mediated polarization of early
signals during chemotaxis (7, 9). However, it has not been established whether it is the lack
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of AP2 binding or failure to internalize the receptor that results in diminished CXCR2-
mediated chemotaxis when the LLKIL motif is mutated.

The AP2 complex is a hetero-tetramer comprised of subunits, α and β2 (~100 kDa each), μ2
(~50 kDa), and σ2 (~17kDa) (10). The membrane phosphoinositides play a key role in the
docking of the AP2 to the plasma membrane (11–13). According to the current model, when
AP2 encounters phosphatidylinositol (4,5) bisphosphate (PIP2)-enriched regions at the inner
leaflet of the plasma membrane, the α and β subunits initiate a weak association with the
PIP2 enriched region (14, 15). Impairment of the association of α and β subunits with a
PIP2-enriched region prevents this initial recruitment and abolishes the binding of the AP2
complex to PIP2-containing model membranes (11, 14, 16). Reduction of the PIP2 level at
the plasma membrane drastically affects the association of AP2 to the membrane without
significantly affecting clathrin assembly (17), indicating the importance of PIP2. The AP2-
μ2 subunit has two patches (patch 1 and 2) of electropositive surface that presumably
strengthen the binding of AP2 to the PIP2 or PIP3 enriched inner leaflet of the plasma
membrane (14). Lysine residues K341, K343 and K345 are key components of Patch 1 and
these amino acids have been shown to be critical for AP2 binding to PIP2 (11, 18). Others
have shown that in addition to K345 (from Patch 1), K354 and K356 amino acid residues
were also important for binding to PIP2-containing model membranes (18). The recent
crystal structure of AP2 revealed that lysine K319 and K356 are also part of Patch 1(14).
Amino acid residues K167, R169, R170, K421 form Patch 2 of AP2-μ2, but the functional
contribution of Patch 2 to PIP2 binding is yet to be determined (14). These 2 patches are
spatially well separated and may serve as the PIP2 anchors for AP2-μ2. Adaptor associated
kinase (AAK1) bound to the ear domain of the α subunit, phosphorylates T156 on AP2-μ2.
This further strengthens the recruitment of the entire AP2 complex as the avidity of AP2-μ2
increases several fold to the PIP2 present in the plasma membrane. The conversion of
inactive and closed to active and open conformation of AP2 initiates a significant
conformational change (10 Ǻ) that brings both Patch 1 and Patch 2 of AP2-μ2 co-planar to
the inner leaflet of lipid bilayer along with σ2 subunit so that both AP2-μ2 and AP2-σ2
subunits can bind to their respective cargoes for internalization (14). AP2-μ2 binds to the
Yxxϕ motif (ϕ - bulky hydrophobic) and AP2-σ2 binds to the dileucine based
[DE]XXXL[LI] motif presented by the transmembrane cargo proteins (19). Furthermore, the
recruited AP2 complex acting through the AP2-μ2 subunit stimulates the enzyme
phosphatidylinositol 4-phosphate 5-kinase (PIP5K type I) to produce more PIP2 (20). This
positive feedback loop produces more localized accumulation of PIP2 thus enhancing the
activity of phosphoinositides.

CXCR2 lacks the Yxxϕ motif at the CTD, so the μ2 subunit cannot directly bind to CXCR2.
However, the major conformational rearrangement of the AP2 complex occurs upon binding
to the plasma membrane. Initially, the AP2 complex binds to the plasma membrane through
interaction with the α2 and β2 subunits. Through the electrostatic attraction and subsequent
binding of the carboxyl domain of μ2 to high local concentration of PIP2, AP2 adopts an
open conformation (major conformation change) (15). This reorientation might be necessary
for the engagement of the σ2 subunit with the LLKIL motif present in the CTD of CXCR2.
The disordered μ2-linker becomes a four-turn helix and the phosphorylation of the μ2
subunit on T156 may stabilize the helical form of the μ2-linker and a high affinity binding to
the sorting motifs (41). The CTD domain of CXCR2 involved in AP2 binding lacks the
classical acidic residues preceding the dileucine motif. Variations in the motif have been
previously observed (21). The AP2-σ2 subunit and part of the α-subunit are involved in
binding to the dileucine motif of the cargo (22). Mutation of the LLKIL motif ablates the
interaction of CXCR2 with AP2 and importantly, the CXCR2-mediated chemotaxis (7, 9,
23). We sought here to determine whether binding of AP2 to the PIP2 phospholipid in the
plasma membrane is required for the proper orientation and binding of the σ2 subunit of

Raman et al. Page 2

Traffic. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



AP2 to the LLKIL motif of CXCR2 to mediate receptor internalization and/or chemotaxis.
We also sought to determine whether AP2 mediated CXCR2 internalization is critical for
CXCR2-mediated chemotaxis. Here, we clearly show that AP2 binding to CXCR2 is vital
for ligand-induced receptor internalization, cell polarization toward a chemokine gradient,
and chemotaxis. Our data also show that AP2-mediated receptor internalization can be
dissociated from AP2-mediated chemotaxis.

Results
Co-localization of CXCR2 with the AP2 complex in neutrophil-like differentiated HL60 cells
expressing CXCR2 (dHL-60-CXCR2)

To evaluate the distribution of the AP2 complex in polarized differentiated neutrophil-like
HL-60 cells (dHL-60) cells responding to a gradient of CXCL8, dHL-60 cells were loaded
onto fibronectin-coated coverslips and stimulated with a gradient of CXCL8 in the Zigmond
chamber. Results show that dHL-60 cells stably expressing CXCR2 were highly polarized in
the direction of the CXCL8 gradient with cell bodies carrying distinctive tails (Fig. 1A). To
determine whether AP2-μ2 co-localizes with CXCR2, polarized cells were stained for AP2-
μ2, CXCR2 and filamentous actin (F-actin) where F-actin staining was employed to mark
the active leading edge. F-actin was distributed in a polarized manner towards the CXCL8
gradient, with concentrated accumulation at the anterior leading edge. F-actin, CXCR2 and
AP2-μ2 appear to co-localize to the leading edge (Fig. 1A). Line scan analysis of
representative polarized cells clearly indicates that the distribution profile of CXCR2 mirrors
that of the AP-2 complex (Fig. 1B).

In the polarized cells, Na+, K+-ATPase was employed to mark the plasma membrane of
migrating cells. The AP2 complex clearly co-localized at the leading edge along with Na+,
K+-ATPase. The Na+, K+-ATPase also had a polarized distribution, instead of uniformly
marking the thin plasma membrane (Fig. 1C). The polarized appearance of Na+, K+-ATPase
may be due to a thickening of the membrane at the leading edge. Alternatively, Na+, K+-
ATPase may be directed to the polarized leading edge to inhibit cell motility as suggested by
Barve et al (24).

Next, we determined whether clathrin is polarized at the leading edge in a manner similar to
the AP-2 complex. With high resolution confocal microscopy, polarized PLB-985-CXCR2
cells showed clathrin as distinct dots, as well as converged dots at the leading edge of the
polarized cells after 10 min of gradient stimulation with CXCL8 (Fig. 1D left panel). The
magnified view of the leading edge of the polarized cells is shown for better clarity (right
top and bottom panels). The images were quantitatively analyzed for co-localization of AP2
with clathrin by Metamorph analysis. Twenty six CXCL8-polarized cells were subjected to
same threshold settings for both AP2 and clathrin and the % co-localization was measured.
Nearly, 70% of AP2 present at the leading edge co-localized with clathrin (69.3±4.5% -
S.D.).

Functional consequences of the association of CXCR2 with the AP2 complex and β-
arrestin1 in terms CXCR2-mediated chemotaxis and receptor internalization

CXCR2 binds to two major adaptor proteins, namely AP2 and β-arrestin. AP2 also binds to
β-arrestin and both proteins can bind to clathrin to facilitate endocytosis (7). The binding of
AP2 to CXCR2 is through the LLKIL motif present in the CTD of CXCR2 (7). Earlier, we
demonstrated that CXCR2 lacking the ‘LLKIL’ motif in the CTD is incapable of binding to
AP2 but still can bind to β-arrestin1 efficiently (7). Sequence alignment and analysis of the
sequences between CXCR2, CXCR1, CXCR3 and CXCR4 CTDs with a web-based
CLUSTAL W program indicated that the LLKIL motif or a highly similar motif in the CTD
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of these chemokine receptors is conserved among CXC chemokine receptors. The IL
residues important for AP-2 binding and the phosphorylation sites that are important for β-
arrestin binding are highlighted in the top panel (Fig. 2A). The bottom panel illustrates
positions of the mutations in 4A-CXCR2 and 4A/IL-CXCR2.

The binding of β-arrestin to CXCR2 is greatly enhanced when ligand binds to receptor and
activates the phosphorylation of serine residues in the CTD (342, 346,347,348). Mutation of
these four serine residues to alanine, or truncation of the receptor at S331 reduces the
binding of β-arrestin to the receptor without inhibiting chemotaxis and resulted in markedly
delayed desensitization (25, 26). A site-directed mutagenesis approach was employed 1) to
evaluate whether binding events of AP2 and β-arrestin1 to CXCR2 are interdependent or
mutually exclusive events and 2) to dissect the role of AP2 and β-arrestin1 on CXCR2-
internalization in CXCR2-mediated chemotaxis.

The AP2 complex may stabilize the binding of β-arrestin1 to CXCR2 when
major phosphorylation sites on CXCR2 are mutated—The dHL-60 CXCR2 cells
stably expressing WT-CXCR2, 4A-CXCR2 and 4A/IL-CXCR2 mutants were stimulated
with CXCL8, the CXCR2-associated proteins were cross-linked, CXCR2 was
immunoprecipitated with anti-CXCR2 antibody and analyzed for the binding of AP2 and β-
arrestin1 to CXCR2. Considering the relative low expression level of mutant receptors in
4A/IL cells, we increased the loading of this type of cells to match the level of receptors with
other cell types in co-immunoprecipitation assays. β-arrestin1 is known to exhibit increased
affinity for GPCRs when the carboxyl-terminal domain is phosphorylated (27). When the
key phosphorylation sites of CXCR2 that are involved with its desensitization were mutated
to alanine residues (4A mutant), the receptor mutant bound weakly to β-arrestin1 (41%
reduction), but exhibited normal binding to AP2 in comparison with WT-CXCR2 (Fig. 2B).
The CXCR2 receptor with both IL/AA (mutant deficient in AP2 binding) and 4A (mutant
with reduced binding to β-arrestin) mutations, designated ‘4A/IL’ mutant, displayed reduced
binding to AP2 (64% reduction) as expected and even further reduced binding of β-arrestin1
(90% reduction), in comparison to 4A mutant (Fig. 2B) even though β-arrestin is known to
bind with low affinity to GPCRs through the intracellular loops of the receptor (28–30). The
deficiency of binding of AP-2 complex to IL/AA-CXCR2 mutant has been shown
previously (24).

Ablation of the binding of the AP2 complex to CXCR2 profoundly affects
CXCR2 internalization; however reducing β-arrestin1 binding has little effect
on CXCR2 internalization—We examined whether binding or loss of binding of AP2
and / or β-arrestin to CXCR2 would modulate the receptor internalization. The
internalization of CXCR2 was measured by the [125I]-CXCL8 binding assay. One min
following CXCL8 stimulation (100 ng / ml of CXCL8), there was no significant difference
in the internalization between WT-CXCR2-WT, 4A-CXCR2 and 4A/IL-CXCR2 mutants.
Between 1 min to 30 min, the CXCR2-WT receptor exhibited an increasing percentage of
internalization, reaching a maximum of 80% internalization by 30 min. On the other hand,
the 4A-CXCR2 mutant showed an initial increase of internalization (50%) at 2 min, with no
additional increase in internalization up to 30 min, and remained lower than the WT control
(p=0.04). Interestingly, the internalization of the 4A/IL mutant remained significantly low
(around 30%) for all of the time points compared to WT and 4A mutant (p<0.001) (Fig. 2C).

Binding of the AP2 complex but not β-arrestin1 to CXCR2 is absolutely
essential for CXCL8-mediated chemotaxis—We tested whether a compromise in
binding of AP2 or β-arrestin1 to CXCR2 with concomitant effects on CXCR2 internalization
would have any functional effect on CXCR2-mediated chemotaxis. Even though there was
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reduced binding of β-arrestin1 and marginal reduction in CXCR2 internalization (20% at 10
and 30 min of CXCL8 stimulation) with the 4A-CXCR2 mutant (Fig. 2C), the chemotaxis
was not compromised, either because there was sufficient receptor internalization, or
because the 4A mutant is fully capable of binding to the AP2 complex. On the other hand,
when IL/AA substitution was added to the 4A-CXCR2 mutant, the chemotaxis of dHL60
cells was greatly impaired (66% loss), implying that formation of the ‘chemosynapse’
between CXCR2 and the AP2 complex is critical for the CXCR2-directed migration (p<0.01
for WT vs. 4A/IL and p<0.05 for 4A vs. 4A/IL at 12.5 ng/mL of CXCL8; p<0.05 for WT vs.
4A/IL and p<0.01 for 4A vs. 4A/IL at 25 ng/mL of CXCL8; WT vs. 4A at all of the time
points – n.s.) (Fig. 2D).

Functional role of AP2-μ2/PIP2 interaction in CXCR2-mediated chemotaxis and
internalization

To evaluate how AP2 facilitates CXCR2-mediated chemotaxis, we sought to determine
whether binding of AP2 to the PIP2 phospholipid at the inner leaflet of the plasma
membrane is an absolute requirement for CXCR2-mediated chemotaxis and / or CXCR2
internalization.

Analysis of the effects of knocking down of AP2-μ2—The functional roles of AP2-
μ2/PIP2 and AP2-σ2/CXCR2 interactions in CXCR2-mediated chemotaxis and CXCL8
induced internalization of CXCR2 were evaluated by knocking down AP2-μ2. AP2-μ2 was
stably silenced using a lentiviral based shRNA construct. Of the two short hairpin constructs
AP2-μ2-sh1 and AP2-μ2-sh5, sh5 was highly efficient in knocking down endogenous AP2-
μ2 in HEK-293-CXCR2 cells (93%) (Fig. 3A). The NIH Image J program (31) was
employed to quantify the level of knock down of the endogenous μ2 subunit of AP2.
Silencing of the μ2 subunit of the AP2 complex also resulted in a concurrent loss of the β2
and σ2 subunits (Fig. 3A). This is not surprising since others have shown that the α2 subunit
is also lost when the μ2 subunit of the AP2 complex is silenced (32). In all subsequent
experiments, the AP2-μ2-sh5 (denoted as AP2-μ2-KD or simply KD) construct was used for
stable knockdown cell lines. AP2-μ2 was also stably knocked down in PLB-985-CXCR2
cells (70%) which were subsequently differentiated into neutrophil-like cells and used for
some of the experiments.

Impairment of the chemotaxis and internalization upon knockdown of AP2-μ2
—We tested the efficiency of the CXCR2-mediated chemotaxis when AP2-μ2 was knocked
down. CXCR2-mediated chemotaxis in response to CXCL8 was abolished when the AP2-μ2
was knocked down in HEK-293-CXCR2 cells (p<0.001 for NS vs. KD – at 12.5, 25, and 50
ng / mL CXCL8; p<0.01 for 2.5 ng / mL CXCL8; p<0.05 for 250 ng / mL CXCL8) (Fig.
3B). A similar trend in impairment of CXCR2-mediated chemotaxis was observed in
neutrophil-like PLB-985-CXCR2 cells with stable knock down of AP2-μ2 (p<0.001 for 1, 5
and 25 ng / mL CXCL8; p<0.05 for 125 ng / mL CXCL8) (Fig. 3C). The neutrophil-like
PLB-985-CXCR2 cells were evaluated in the Zigmond chamber to determine whether if the
impairment in chemotaxis was due to a defective polarization. Using confocal analysis of
cells, F-actin was employed to mark the leading edge of polarized cells. In the non-silenced
control (NS), the migrating cells clearly had F-actin at the tip or the leading edge aligning
with the direction of the CXCL8 gradient (marked by asterisks). CXCR2 remained fairly
evenly distributed around the cells (Fig. 3D). The CXCL8-mediated polarization of F-actin
was impaired in PLB-985-CXCR2 cells with the AP2-μ2 knock down. Interestingly, many
AP2-μ2 knock down PLB-985-CXCR2 cells had relatively more CXCR2 on their plasma
membrane, presumably due to the reduced internalization due to the knock down of AP2.
An enlarged view of both NS and KD cells is shown in the bottom panel depicting mostly
round, non-polarized AP2-μ2 knock down PLB-985-CXCR2 cells (Fig. 3D). Similarly,
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when the non-silenced PLB-985-CXCR2 cells are stained for AP2-μ2, AP2-μ2 had a
polarized distribution similar to F-actin in 85% of the cells (46 out of 54 cells), whereas the
AP2-μ2 knock down cells exhibited a dim staining for AP2-μ2 and were mostly not
polarized towards the CXCL8 gradient (only 4 of 31 cells analyzed (11%) were polarized)
(Fig. 3E). The CXCL8-mediated internalization was also impaired in the AP2-μ2 knock
down HEK-293-CXCR2 cells (Fig. 3F) (p<0.01 for NS vs. KD at 15 and 30 min.).

Dissecting the role of AP2-μ2/PIP2 interaction in CXCR2-mediated chemotaxis
and internalization—In order to determine the role of the two PIP2 binding patches on
AP2-μ2 in CXCR2-mediated chemotaxis and internalization, the Patch 1 (residues K341,
K343 and K345) (12), Patch 2 (K167, R169 and R170) (15) and the Threonine-156 (T156)
sites of μ2 were mutated. A schematic view of the mutations on AP2-μ2 is shown (Fig. 4A).
All mutants of AP2-μ2, namely Patch 1(K341E/K343E/K345E), Patch 2 (K167E/R169E/
R170E), T156A, and the combination mutant (P1P2T) were expressed in AP2-μ2-sh5 cells
(Fig. 4B).

In order to test the effects of charge-reversal mutants of Patch 1 and Patch 2 and the
phospho-mutant (T156A) of AP2-μ2 on CXCR2-mediated chemotaxis, these mutants and
the WT AP2-μ2 were transiently over-expressed in AP2-μ2-KD cells. WT AP2-μ2 was able
to rescue CXCL8-stimulated chemotaxis in AP2-μ2-KD cells (p<0.001 for KD vs. WT – at
2.5, 12.5, 25, and 250 ng / mL CXCL8); however, the Patch 1 mutant was totally impaired
in CXCL8-stimulated chemotaxis similar to AP2-μ2-KD cells (p=n.s. for KD vs. P1 – at all
concentrations of CXCL8). The Patch 2 mutant behaved like the WT AP2-μ2 (p<0.001 for
KD vs. P2 – at 2.5, 12.5, 25, and 250 ng / mL CXCL8). The phospho-null mutant (T156A)
and the combination mutant comprising Patch 1, 2 and T156 mutations (P1P2T) were also
deficient in CXCR2-mediated chemotaxis (p=n.s. for KD vs. T and KD vs. P1P2T – at all
concentrations of CXCL8) (Fig. 4C). These results suggest that Patch 1 and T156 of the AP2
complex are critical in CXCR2-mediated chemotaxis. We next determined whether CXCR2
internalization can be rescued by any of the AP2-μ2 mutants after μ2 knock down.
Expression of the shRNA resistant WT AP2-μ2 can rescue approximately 40% of the
CXCR2 internalization. Overexpression of the PIP2T mutant of AP2-μ2 could not rescue
internalization, leaving it similar to the μ2 knockdown level, but the P1P2 mutant (with
intact T156) was able to rescue internalization to the level of WT AP2 rescue (Fig. 4D).
These data imply that T156 is critical for CXCR2 mediated internalization.

PIP2 interaction patches on AP2-μ2 are dispensable for its interaction with
CXCR2 through the σ2 subunit—Next, we examined whether the AP2 complex with
Patch 1 and/or Patch 2 charge reversal mutants, the T156A mutant, or the combination (P1,
P2 and T156) mutations were capable of interacting with CXCR2. AP2-μ2 WT and its
mutants were transiently overexpressed in AP2-μ2-sh5 knock down cells. Following
stimulation with 100 ng /ml CXCL8, CXCR2 and its interacting proteins were cross-linked
with DSP and the cells were lysed. CXCR2 was immunoprecipitated and any associated
AP2 complex was analyzed by blotting with anti-β2 antibody. The AP2 complex with the
AP2-μ2 subunit as either WT or Patch 1 mutant or a combination of patch 1 and 2 mutants
continued to exhibit binding to CXCR2 (KD). However, the combination mutant, P1P2T
(Patch 1, 2 and T156A), exhibited diminished binding to CXCR2 and the levels were very
similar to the AP2-μ2 knock down condition (lane 2 under Co-IP panel) (Fig. 5A).

To evaluate whether the exogenously expressed HA-AP2-μ2 WT or its mutants can be
incorporated with other endogenous subunits of the AP-2 complex to form a functional AP-2
complex, we performed Western analysis of HEK293-CXCR2 cells without or with μ2
knock down/rescue with Sh-RNA resistant HA-AP2-μ2 and determined the levels of
expression of the AP2-α2 subunit. Even though the level of the α2 subunit decreased after
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knock down of the μ2 subunit, a considerable level of α2 was still present and this level
increased when exogenous HA-tagged μ2 subunits were transiently overexpressed (Fig 5 B,
upper frame). Additionally, we performed co-immunoprecipitation experiments wherein
overexpressed μ2 subunits were immunoprecipitated from cell lysates with HA-antibody.
Immunoprecipitated proteins were electrophoresed, Western blotted, and blots were probed
for associated endogenous α2 subunits. It is clear that HA-tagged μ2 subunits formed robust
association with endogenous α2 subunits, indicating a functional AP-2 complex formed with
the HA-tagged μ2 (Figure 5B upper frame). The level of association of μ2 with α2 subunits
was somewhat reduced with the T156A mutant and the PIP2T mutant as compared to the
WT or Patch1 and Patch2 mutants of the μ2 subunit of AP2. In addition, a reciprocal co-
immunoprecipitation was also performed in which the endogenous AP2-β2 was
immunoprecipitated and blotted for endogenous AP2-α2 and overexpressed AP2-HA-μ2
present in the functionally assembled AP2 complexes. Clearly, overexpressed HA-tagged
AP2-μ2 was successfully incorporated into the AP2 holocomplexes for WT, Patch1, Patch 2
and T156A mutants. There was a comparatively small reduction in incorporation of the
AP2-μ2-P1P2T mutant into the AP2 holocomplex (Fig. 5C). Others have also shown that
HA-μ2 can be successfully incorporated with other endogenous subunits into the AP-2
complex (19, 46).

Hydrophobic residues on AP2-σ2 are indispensable for CXCR2-mediated
chemotaxis—The crystal structure of the AP2 complex with the acidic dileucine motif
containing peptides revealed a hydrophobic binding pocket formed by amino acid residues
V88 and V98 on the σ2 subunit and part of the α-subunit (33). V88D and V98S site-directed
mutants of AP2-σ2 were over-expressed in HEK-293-CXCR2 cells and the effects of these
mutations on CXCR2-mediated chemotaxis were analyzed. Substitution of Valine88 with
aspartate (V88D) produced a modest reduction in CXCR2-mediated chemotaxis (p=0.03)
while the V98S mutant had a severe impairment on CXCR2-mediated chemotaxis in
HEK-293-CXCR2 cells (p<0.001) (Fig. 6A). Both V88D and V98S mutants of AP2-σ2
displayed small but significant effects on the internalization of CXCR2 at 30 min only
following CXCL8 stimulation (p=0.03 for WT vs. V88D; p=0.03 for WT vs. V98S;
Bonferroni – p<0.05 for WT vs. V98S at 30 min) (Fig. 6B). These data imply that the V98S
mutant of σ2 subunit is a dominant negative mutant in terms of chemotaxis, while both
V88D and V98S can have small effects on CXCR2 internalization.

Clathrin does not appear to be required for CXCR2 endocytosis—To evaluate a
role for clathrin in the endocytosis of CXCR2, clathrin heavy chain was transiently knocked
down in CXCR2-HEK293 cells (Fig. 7A). A small but significant loss (10–20%) of CXCR2
internalization was observed at the 15 min and 30 min time points, presumably due to other
clathrin- and caveolae-independent pathways [p<0.0001 for NS vs. KD-clathrin; Bonferroni
test – p<0.05 at 5 and 15 min and p<0.01 at 30 min] (Fig. 7B) (51, 52). The effect of loss of
clathrin on CXCR2-mediated chemotaxis was not significant from the control (p=0.5 for NS
vs. KD-clathrin). (Fig. 7C).

Discussion
AP2 is involved in the endocytosis of ligand-activated GPCRs and tyrosine kinase receptors
such as the EGF receptor. It also plays a key role in directed cell migration or chemotaxis (7,
23), especially in CXCR2-mediated chemotaxis (9). The LLKIL motif in the CTD of
CXCR2 is absolutely essential, as mutation of the dileucine or isoleucine-leucine motif on
the CXCR2 CTD ablates ligand-mediated chemotaxis (7, 23). In this study, we initially
evaluated whether AP2 and β-arrestin1 play a role in CXCR2-mediated chemotaxis and
CXCR2 internalization. Based on results from CXCR2/4A mutant, CXCR2-mediated
directed migration and CXCR2 internalization are mainly attributable to AP2 binding. A

Raman et al. Page 7

Traffic. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



similar trend is observed in the case of the viral chemokine receptor US28 and the protease
activated receptor-1 receptor where AP2 is required for endocytosis but β-arrestins are
dispensable (34, 35). Moreover, AP2 binding to clathrin displaces β-arrestin and other
accessory proteins from AP2 (36, 37). Also, data from the CXCR2 4A/IL mutant nicely
demonstrate that AP2 may play a role in stabilizing the β-arrestin1 binding in the absence of
phosphorylation of key serine residues in the CTD of CXCR2. Clearly, the requirement of β-
arrestins may depend on the GPCR and also the cell type.

PIP2 generation and signaling at the inner leaflet of the plasma membrane are considered to
be integrators of cell polarity in directionally migrating cells (38). CXCR2-mediated
polarization is compromised in cells where AP2-μ2 is stably knocked down (Fig. 3D and
3E). This supports the concept that AP2 is a component of the CXCR2 ‘chemosynapse’
formed at the leading edge of a cell in response to a ligand gradient (39), orchestrating the
events for initiating and sustaining cell polarization, ultimately leading to directed migration.
Interestingly, AP2 directly interacts with the enzyme α-tubulin acetyl transferase at the
clathrin coated pits and this interaction is required for microtubule acetylation. This ensures
that the stable acetylated microtubules that are oriented towards the leading edge can
effectively deliver the cargo necessary for promoting directional migration (40). The
presence of Na+, K+-ATPase at the leading edge is probably due to its regulatory roles on
phosphatidylinositol-3-kinase and c-Src activity (24, 41) which are involved in CXCR2-
mediated chemotaxis (42). AP2 also accumulated at the cell’s leading edge (where the
CXCR2-triggered localized activation of PI3K with resultant focal accumulation of PIP2
and PIP3). This is in contrast to the uniform distribution of punctae all over the cell observed
in epithelial cells (43–45). This could also be due to the membrane thickening because of the
membrane ruffling at the leading edge. However, since CXCR2 remains uniformly
distributed along the cell membrane, our data argue for a polarization of AP-2 at the leading
edge of the cell.

This is the first report that PIP2 binding residues on Patch 1 (K341, K343 and K345) but not
Patch 2 (K167, R169 and R170) of the μ2 subunit of AP2 are critical for CXCR2-mediated
chemotaxis. Interestingly, both Patch 1 and Patch 2 residues of AP2-μ2 are not necessary for
the interaction of the σ2 subunit of the AP2 with the dileucine motif in the CXCR2 CTD.
This iterates the functional independence of the PIP2 binding patches of AP2-μ2 and the
cargo binding (LLKIL motif binding to AP2-σ2) (11). Thus it is very intriguing that the
Patch 1 domain of AP2-μ2 is necessary for CXCR2-mediated chemotaxis, but Patches 1 and
2 of AP2-μ2 are dispensable for the binding of AP2 to CXCR2. However, the
phosphorylation of T156 on AP2-μ2 is essential for CXCR2 binding to AP2. When AP2-μ2
binds the PIP2/PIP3 enriched membrane, this enables the phosphorylation of T156, which
results in a 25-fold increase in the affinity for the sorting motifs (46). This makes AP2 a
coincidence detector, simultaneously detecting PIP2, Yxxϕ and / or LL/IL-bearing cargoes
(47). This also explains the observation that the σ2/α-hemi-appendage continues to bind to
the CXCR2 CTD when both Patch 1 and 2 sites on AP2-μ2 are ablated by site-directed
mutagenesis.

We were unable to fully restore the CXCR2 internalization by exogenous expression of WT
AP2 μ2 in the μ2 KD cells. The only partial rescue of the internalization by the transient
over-expression of WTμ2 might be due to a lack of restoration of sufficient levels of other
subunits of the AP2 complex (α2, β2, σ2) in the 48h window after transfection to
accommodate the overexpressed WTμ2 (Fig. 4D). For example, the level of the AP2-β2
subunit did not show a compensatory increase to accommodate enhanced expression of
WTμ2. However, AP2-β1 might potentially substitute for AP2-β2 to accommodate the
elevated expression of μ2 (48, 49). We show here that in contrast to β2, α2 is expressed at
sufficiently high levels to accommodate either WT AP2-μ2 or mutant forms of μ2 expressed

Raman et al. Page 8

Traffic. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in μ2 KD cells and form the AP2 complex (Fig. 5B). It is not clear whether the AP2
complex is co-translationally assembled with all of the subunits as they are made. If this is
the case, then exogenously expressed WT AP2-μ2 may not be thermodynamically stable if it
is not co-translationally assembled. Arguing against this possibility, our confocal images of
HEK-293-CXCR2 cells overexpressing AP2-μ2 did not show extensive μ2 accumulation
around the Golgi area (data not shown). Another reason why exogenously expressed WT μ2
might not allow complete restoration of receptor internalization is that over-expressed AP2-
μ2 might sequester synaptotagmin (a protein known to interact with AP2-μ2) that normally
is involved in the nucleation of the clathrin-coated pit (50). A similar situation is observed
when over-expression of AP180 sequestered clathrin and inhibited clathrin-dependent
endocytosis (51). Still another alternative is that other AP2-μ2 interacting proteins could
sequester a fraction of the exogenously expressed AP2-μ2 and thus prevent it from forming
the functional holocomplex of AP2. Finally, the lack of complete re-expression of the
endogenous α2, β2 and σ2 to the level present in non-silenced cells might result in less
functional AP2 holocomplexes and therefore result in the lower internalization levels of
CXCR2 in μ2KD cells with transient expression of a knock in of AP2- μ2.

It is interesting that hydrophobic amino acidsVal98 and Val 88) of AP2-σ2 are vital for
CXCR2-mediated chemotaxis but not absolutely required for the internalization of CXCR2.
This might be due to the existence of alternative endocytic pathways like AP2-Arf6
mediated internalization but this remains controversial (52, 53). The CXCR2 receptor is
probably capable of invoking alternative endocytic pathways like RhoA, Cdc42 and
cortactin-dynamin mediated pathways (54, 55) when the default AP2-σ2-clathrin pathway is
compromised. CXCR2 is known to activate Cdc42 and RhoA signaling molecules (9, 56, 57).
The knockdown of clathrin did not ablate CXCR2 internalization but had only moderate
effects. Importantly, clathrin knockdown had little effect on CXCR2-mediated chemotaxis.

In conclusion, we show here that AP2 is critical for CXCR2-mediated polarization and
chemotaxis of cells. Patch1 of AP2-μ2 and the hydrophobic residues Val98 and Val 88 of
AP2-σ2 are vital for CXCR2-mediated chemotaxis with Val 88 playing a minor role. Lastly,
AP2 mediated CXCR2 receptor internalization can be dissociated from AP2-orchestrated,
CXCR2-mediated chemotaxis.

Materials and Methods
Cell Culture

i) HL-60 CXCR2 cells—Human promyelocytic leukemia (HL-60) cells stably expressing
human CXCR2 WT and the mutants – CXCR2-4A (S342A/S346A/S347A/S348A) and
CXCR2-4A/IL (S342A/S346A/S347A/S348A and I323A/L324A) were grown in Roswell
Park Memorial Institute-1640 (RPMI-1640) (Invitrogen, Carlsbad, CA) supplemented with
10% heat-inactivated fetal bovine serum (Atlanta Biologicals, Norcross, GA), 25 mM
HEPES, 3 mM L-glutamine and Penicillin (50 units / ml) / Streptomycin (50 μg / ml)
(Mediatech, Inc., Herndon, VA). Differentiated HL-60 cells were prepared as previously
described (23). These will be denoted as ‘dHL-60- CXCR2’ cells.

ii) HEK-293-CXCR2 cells—Human embryonic kidney HEK-293 cells (HEK-HEK-293)
(American Type Culture Collection, Manassas, VA) that were transfected and selected to
stably expresses human CXCR2 were cultured in Dulbecco-modified minimum essential
medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with 10% heat-inactivated fetal
bovine serum (Atlanta Biologicals, Norcross, GA), 3 mM L-glutamine and Penicillin (50
units / ml) / Streptomycin (50 μg/ml) (Mediatech, Inc., Herndon, VA). These cells will be
denoted as ‘HEK-293-CXCR2’cells.
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iii) PLB-985-CXCR2 cells—PLB-985 cells, a variant of HL-60 cells, were kindly
provided by Dr. Carole Parent at the National Institute of Health (NIH, Bethesda, MD).
These cells were retrovirally transfected and selected to stably express human CXCR2.
These will be denoted as PLB-985-CXCR2 cells. These were differentiated into neutrophil-
like cells as described previously (23).

Co-localization of CXCR2 and AP2-μ2 in dHL60 cells and PLB-985-CXCR2 cells
The co-localization of CXCR2 with AP2-μ2 in dHL-60 CXCR2 cells was examined by
stimulating the cells with CXCL8 by a chemokine gradient generated in the Zigmond
chamber (Neuroprobe, Gaithersbug, MD) as described (42). The paraformaldehyde fixed
cover slips were processed for staining as described. CXCR2 and AP2-μ2 were probed with
mouse anti-CXCR2 (Santa Cruz Biotechnology Inc., Santa Cruz, CA) and rabbit anti-AP2-
μ2 antibodies respectively (Abcam, Cambridge, MA). After washing thrice with PBST, the
cover slips were incubated with either donkey anti-mouse or donkey anti-rabbit antibodies
or goat anti-rabbit AlexaFluor643 that were conjugated to the flourophores cy3 or cy5
(Jackson Immunoresearch Inc., West Grove, PA). F-actin was stained with Rhodamine-
phalloidin (Invitrogen, Carlsbad, CA). Washed cover slips were mounted with ProLong
Gold antifade reagent (Invitrogen, Carlsbad, CA). Confocal images of the cells were
acquired using a Olympus FV-1000 inverted laser scanning confocal microscope (Olympus
NDT Inc., Waltham, MA) with a 60X / 1.45 Plan-APOCHROMAT oil immersion lens. The
images were processed and assembled with Photoshop computer program (Adobe Systems,
San Jose, CA).

Stable knockdown of μ2 subunit of the AP2 complex by RNA interference (RNAi)
HEK-293-CXCR2 cells—To determine the functional significance of the μ2 subunit of the
AP2 complex in CXCR2-mediated chemotaxis and internalization, AP2-μ2 was stably
knocked down in HEK-293-CXCR2 cells by transfecting shRNA miR plasmids for AP2-μ2
(clone ID – V2LHS_172835 (sh5) and V2LHS_172831 (sh1)). These short hairpin RNAi
clones were selected from the GIPZ lentiviral shRNA miR library (Open Biosystems,
Huntsville, AL). A non-silencing construct (NS) in the same vector served as the control.
These constructs are bicistronic for GFP and shRNA expression. Briefly, 4 μg of the shRNA
miR plasmid-Fugene-6 mixture (1:3) were transfected into HEK-293-CXCR2 cells.
Puromycin selection pressure was applied 48h later and continued for 4 weeks. The level of
knock down in the polyclonal stable cell line was determined by Western analysis of the
stable lines and selected cells with at least 70% knock down were functionally analyzed. The
AP2-μ2 knock down HEK-293-CXCR2 cells were denoted as ‘HEK-293-μ2-KD’ cells.

PLB-985-CXCR2 cells—To determine the functional significance of the μ2 subunit of the
AP2 complex in CXCR2-mediated chemotaxis and internalization, AP2-μ2 was stably
knocked down in PLB-985-CXCR2 cells. Briefly, 6 μg of the shRNA miR plasmid (clone
ID – V2LHS_172835) (Open Biosystems, Huntsville, AL) for AP2-μ2 in pGIPZ lentiviral
vector, 4 μg psPAX2 and 2 μg pGDM.2 of viral envelope plasmids were transfected as a 1:3
Fugene mixture into HEK-293-FT cells, the lenti-virus packaging cells. A non-silencing
construct (NS) in the same vector served as the control. Viral supernatants were collected at
48h and 72 h intervals post-transfection, concentrated by ultrafiltration (50K cut off) using
Amicon filters (EMD Millipore, Billerica, MA). The viral concentrate was added onto
PLB-985-CXCR2 cells plated onto 6-well plates. Puromycin selection pressure (0.5 μg / ml)
was applied after 48h and continued for 4 weeks. The level of knock down in the polyclonal
stable cell line was determined by Western analysis of the stable lines and selected stable
cells were functionally analyzed.
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Engineering of CXCR2-4A and CXCR2-4A/IL retroviral constructs
The CXCR2 WT construct in the pMSCV vector served as the template for the site-directed
mutagenesis. Mutations in CXCR2 – CXCR2-4A (S342A/S346A/S347A/S348A), and
CXCR2-4A/IL (S342A/S346A/S347A/S348A and I323A/L324A) were carried out with the
QuikChange site-directed mutagenesis kit following the manufacturer’s protocol.

Engineering of shRNA resistant AP2-μ2 construct
Oligonucleotides were synthesized commercially (Sigma/Aldrich, St. Louis, MO). WT AP2-
μ2 was HA-tagged as described previously and this was shown to be functional in terms of
association with other subunits as well as endocytosis (58). Mutations in AP2-μ2 were
carried out with the QuikChange site-directed mutagenesis kit following the manufacturer’s
protocol. Site-directed mutagenesis of the region on AP2-μ2 that binds to the short hairpin
RNAi construct (shRNA5) was designed to include three rounds of silent mutations (9 silent
mutations) that would ablate the ability of the shRNA5 to destroy the rescue DNA
constructs. This was termed ‘shRNA resistant WT AP2-μ2’. The first round of silent
mutagenesis involved N310 (AAC to AAT) and F311 (TTT to TTC). For the second round,
the mutant DNA from the first round of silent mutagenesis served as the template and silent
mutations were performed on K308 (AAG to AAA) and Ser309 (TCC to AGT). For the
third round, the mutant DNA from the first two rounds of silent mutagenesis was used as the
template to add in degenerate codons for V305 (GTG to GTA), V306 (GTC to GTT) and
I307 (ATC to ATT). The primers used for all three rounds of mutagenesis were as follows:
first round – forward -5′-GTGGTCATCAAGTCCAA TTTCAAACCCTCACTGCTG-3′
and reverse -5′-CAGCAGT GAGGGTTTGAAATTGGACTTGATGACCAC-3′; second
round – forward -5′-CAAGGTGGTCATCAAAAGTAATTT CAAACCCTCAC-3′ and
reverse – 5′-GTGAGGGTTT GAAATTACTTTTGATGACCACCTTG-3′; third round -
forward 5′-CTGGAGGTCAAGGTAGTTATTAAAAGTAA TTTCAAAC and reverse 5′-
GTTTGAAATTACTTTT AATAACTACCTTGACCTCCAG-3′.

Site-directed mutagenesis of AP2-μ2
Patch 1 mutant—For mutation of patch 1, shRNA resistant WT AP2-μ2 DNA served as
the template. Mutation of patch-1 involved conversion of K341, K343 and K345 into E341,
E343 and E345 respectively. The mutagenic primers employed were as follows: forward –
5′-CTGCATGAAGGGGGAGG CCGAGTACGAGGCCAGCGAG-3′ and reverse–5′-CT
CGCTGGCCTCGTACTCGGCCTCCCCCTTCATGCAG-3′.

Patch 2 mutant—For mutation of patch 2, shRNA resistant WT AP2-μ2 DNA was
employed as the template. Mutation of patch-2 involved mutation of K167, R169, and R170
to E167, E169 and E170 respectively. The mutagenic primers employed were as follows:
forward – 5′-CGGCGAGAGGGTATC GAGTATGAAGAGAATGAGCTCTTCCTGG-3′
and reverse – 5′-CCAGGAAGAGCTCATTCTCTTCATACTCGATACCC TCTCGCCG-3′.

Patch 1 and 2 combination mutant—For combining patch 1 and 2 mutations, patch 2
mutant DNA (K167E/R169E/R170E) was utilized as the template and Patch 1 mutagenic
oligonucleotides were employed to generate patch 1 mutations (K341E/K343E/K345E).

T156A phosphorylation site mutant—Using shRNA resistant WT AP2-μ2 DNA as the
template, T156 was mutated to A156. The mutagenic primers employed were as follows:
forward–5′-CAC CAGCCAGGTAGCTGGGCAGATTGGC-3′ and reverse – 5′-
GCCAATCTGCCCAGCTACCTGGCT GGTG-3′.
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Patch 1, patch 2 and T156A combination mutant—For combining patch 1(K341E/
K343E/K345E), patch 2 (K167E/R169E/R170E) and T156A mutations, patch 1 and patch 2
combination mutant DNA was utilized as the template and T156A mutagenic
oligonucleotides were employed to generate patch 1, patch 2 and T156A combination
mutant.

Shuttling of AP2-μ2 mutants into a hygromycin-resistant vector
Since the knockdown shRNA plasmids for AP2-μ2 conferred puromycin resistance to
HEK-293-CXCR2 cells, the mutants of AP2-μ2 were shuttled into pcDNA3-hygromycin
vector. The final AP2-μ2 mutant constructs in pcDNA3 with hygromycin resistance were
employed for all transient expression of WT AP2-μ2 and its mutants into HEK-293-CXCR2
cells with the stable knock down of AP2-μ2.

Co-immunoprecipitation of HA-AP2-μ2 with the endogenous α 2 and β2 subunit of the
AP2-complex

HEK-293-CXCR2 cells (NS, μ2-KD and μ2-KD cells with transient overexpression of WT
or mutant subunits of AP2) were harvested 72h post transfection. The cells were lysed in
ice-cold co-immunoprecipitation buffer (20 mM Tris, pH 8.0, 150 mM NaCl, 1% Nonidet
P-40, 5 mM EDTA) containing proteinase inhibitor cocktail I and phosphatase inhibitor
cocktails 3 and 2 (Sigma/Aldrich, St. Louis, MO). HA-tagged AP2-μ2 subunit was
immunoprecipitated from 1.5 mg of total lysate by adding monoclonal anti-HA antibody
conjugated to Sepharose beads (containing the equivalent of 2 μg of the antibody) (Thermo
Scientific, Waltham, MA) and nutated for 2 h at 4°C. Immunoprecipited AP2-μ2 subunit in
complex association with the other AP2 subunits were washed thrice with co-
immunoprecipitation buffer and eluted from beads by incubating with Laemmli sample
buffer under reducing conditions with 50 mM DTT for 10 min at 70°C. Eluted proteins were
separated by 10% SDS-PAGE and analyzed by Western blotting.

For reciprocal co-immunoprecipitation of endogenous AP2-β2 subunit with transiently
overexpressed HA-AP2-μ2, mouse monoclonal anti-β2 antibodies were cross-linked to
Protein G-Dynabeads using Bis[sulfosuccinimidyl] suberate (BS3). Immunoprecipitation of
endogenous β2-subunits were performed as described above and blotted for HA-AP2-μ2. NS
and μ2-KD cell lysates served as the control as they were not transfected with HA-AP2-μ2
construct.

Transient knockdown of clathrin heavy chain by siRNA
The target sequence for knockdown of clathrin heavy chain was adopted from Motley et al.
(16). The siRNAs for clathrin knock down (UAAUCCAAUUCGAAGACCAAU) and the
control scramble sequence (AACAGUCGCGUUUGCGACUGG) were commercially
synthesized (Thermo Scientific, Waltham, MA). These siRNAs were transfected into
HEK-293 cells that stably express human CXCR2 cells using Lipofectamine/RNAimax
(Grand Island, NY) following the manufacturer’s protocol. Briefly, 1×106 cells were seeded
overnight onto 6 cm dishes. The next day, 15 μl of Lipofectamine/RNAimax was mixed
with 200 μl OptiMEM medium (Life Technologies,) and 4 μl 100 μM RNAi into another
200 μl aliquot of OptiMEM medium. These two solutions were mixed and incubated for 10
– 20 min at R.T. The Lipofectamine/RNAimax-siRNA complex was added drop wise into
the dish. The final concentration of siRNA was 100 nM in 4 ml of media. Cells were
harvested at 24h, 48h and 72h time points and examined for the efficiency of the knock
down. The 48h time point post siRNA was chosen for CXCR2-meditated chemotaxis and
internalization of CXCR2.

Raman et al. Page 12

Traffic. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Chemotaxis assays in modified Boyden chamber
The HEK-293-CXCR2 cells with AP2-μ2 knocked down were transiently transfected with
shRNA resistant WT AP2-μ2 or various mutants and the chemotaxis was performed in a
modified Boyden chamber and were analyzed for their ability to undergo CXCL8-mediated
chemotaxis as described previously (7, 23, 39, 59). The chemotactic index was calculated by
normalizing to the number of cells that migrated under basal conditions, which was set as 1.
Chemotaxis of differentiated neutrophil-like HL60-CXCR2 cells (dHL-60-CXCR2 cells)
and differentiated neutrophil-like PLB-985-CXCR2 cells (dPBL-985-CXCR2 cells) were
performed in a modified Boyden chamber as described previously (42).

CXCR2 internalization assay
In dHL60-CXCR2 cells, the internalization of CXCR2 was evaluated by following the
internalization of [125I]-CXCL8 at different points as described previously (23). CXCR2
internalization in HEK-293-CXCR2 cells was measured by flow cytometry assay.
Subconfluent HEK-293-CXCR2 cells were trypsinized, washed and resuspended in DMEM
containing 10% FBS. Cells were allowed to recover for at least 2 h at 37°C. The cells were
then washed thrice with serum-free DMEM containing 0.1% bovine serum albumin (BSA).
An aliquot of these cells (2–5 × 105 cells) were stimulated with 100 ng / ml CXCL8 for
different time points and incubated on ice right after stimulation. After washing with ice-
cold Ca2+ and Mg2+-free phosphate buffered saline (PBS), pH 7.5, containing 0.5% BSA,
Phycoerythrin (PE)-conjugated anti-CXCR2 antibody (1:100) (BD Biosciences Pharmingen,
San Diego, CA) was added to bind to non-internalized cell surface CXCR2 and incubated in
dark for 15 min. Cells were then washed thrice with PBS containing 0.1% BSA and fixed
with 0.5% paraformaldehyde in PBS. Flow cytometry was performed at the Vanderbilt core
facilities. Geometric mean of the fluorescence intensity was used to calculate the percentage
of cell surface CXCR2.

Co-immunoprecipitation of CXCR2 with AP-2 complex and β-arrestin1
Rabbit anti-CXCR2 antibody was conjugated to paramagnetic Dynabeads (Invitrogen,
Carlsbad, CA) as described previously (60). Co-immunoprecipitation was performed after
cell lysates were cross-linked. Briefly, HEK-293-CXCR2 cells (NS, μ2-KD and μ2-KD cells
with transient over-expression of mutant subunits of AP2 were serum starved for 2h and
stimulated for 2 min with CXCL8 at 100 ng / ml. Stimulated cells were washed with ice-
cold Ca2+ and Mg2+-free phosphate-buffered saline (PBS), pH 7.5 and cross-linked with 2
mM Dithio-bis [succinimidylpropionate] (DSP) (Sigma/Aldrich, St. Louis, MO) in PBS for
30 min at R.T. Cross-linking was terminated by adding 10 mM Tris-HCl (PH 7.5) for 15
min at R.T. The cells were then lysed in radioimmunoprecipitation assay (RIPA) buffer
containing proteinase inhibitor cocktail I and phosphatase inhibitor cocktails 3 and 2
(Sigma/Aldrich, St. Louis, MO). CXCR2 was immunoprecipitated by adding anti-CXCR2-
conjugated Dynabeads (containing the equivalent of 1 μg of the antibody) to the cell lysates
(300 μg) and nutated for 2 h at 4°C. Immunoprecipited CXCR2 in complex with the
associated proteins were washed thrice with PBS containing 0.01% Tween-20 and eluted by
incubating with lysis buffer containing 50 mM dithiothreitol (DTT) for 30 min at 37°C.
Eluted CXCR2 and its associated proteins were separated by 10% SDS-PAGE and analyzed
by Western blotting.

Analysis of co-localization of AP2 with Clathrin
Before acquiring the confocal images of polarized PLB-985 neutrophil-like cells that stably
express CXCR2, the microscope was tested to see if the fluorescent images acquired have
similar centroids i.e., no misalignment of centroids of the images acquired in different
channels from the same fluorescent microbeads (FocalCheck fluorescent microspheres)
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(Invitrogen). The acquired confocal images were viewed in FV10-ASW-3.0 viewer and the
micrographs were exported out as TIFF files. The TIFF files were imported into the
‘Metamorph’ program (Molecular Devices, Sunnyvale, CA) and same threshold was applied
for the images of both AP2 and clathrin and analyzed for % co-localization of AP2 with
clathrin at the leading edge of CXCL8-polarized PLB-985-CXCR2 cells.

DNA sequencing
The cDNA constructs and mutations were verified by DNA sequencing using Big Dye
Terminator chemistry at the (VANderbilt Technologies for Advanced GEnomics)
VANTAGE-DNA sequencing core facility at Vanderbilt University.

Statistical analysis
Data analysis was performed using GraphPad Prism 5 software (GraphPad Software, Inc.,
San Diego, CA). Statistical significance between groups was determined by analysis of
variance (ANOVA) followed by either a post-hoc Bonferroni’s test or Tukey’s multiple
comparison test with statistical significance set at p<0.05.
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Synopsis

The dileucine motif of CXCR2 interacts with adaptor protein 2 (AP2) to facilitate ligand-
mediated receptor internalization and chemotaxis. Using knockdown/rescue approaches
involving mutations in AP2-μ2 and AP2-σ2 subunits involved in PIP2 binding versus
receptor, respectively, we evaluated ligand-mediated receptor internalization, cell
polarization and chemotaxis. Both electropositive patch1 amino acid residues on AP2-μ2
and the hydrophobic residues on AP2-σ2 are vital for directional migration and
chemotaxis, while clathrin is dispensable. Importantly, AP2-mediated receptor
internalization can be dissociated from AP2-mediated chemotaxis.
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Figure 1. CXCR2 co-localizes with AP2-μ2 and clathrin fails to polarize in neutrophil-like
dHL-60 CXCR2 cells upon stimulation with CXCL +8
A) Confocal images of dHL-60-CXCR2 cells that were directionally stimulated with 50 ng/
ml of CXCL8 for 10 min. CXCR2, AP2-μ2 and F-actin were pseudo-colored green, cyan
and red respectively. Images represent single z-stack sections of 0.5 μm. Scale bar – 20 μm.
B) Line scan analysis of representative dHL-60-CXCR2 cells from fig.1A. The enlarged
confocal image of the individual cells is shown on the left and the corresponding line scan
distribution profile of fluorescence intensities of F-actin, CXCR2 and AP-2 obtained by
Metamorph analysis is shown on the right. Red trace – F-actin; Green trace – CXCR2; Blue
trace – AP-2. C) Confocal images of neutrophil-like dHL-60-CXCR2 cells were
directionally stimulated with 50 ng / ml of CXCL8 for 10 min. Na+, K+-ATPase and AP2-μ2
were pseudo-colored red and green respectively. Images represent single z-stack sections of
0.5 μm. Scale bar – 20 μm. D) Representative confocal images of dPLB-985-CXCR2 cells
that were directionally stimulated with 50 ng / ml of CXCL8 for 10 min are shown. AP2 and
clathrin were pseudo-colored red and green respectively (left panel). Enlarged areas of the
leading edges of the polarized cells were depicted on the right top and right bottom panels.
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Figure 2. AP2 is essential for CXCR2-mediated chemotaxis, but β-arrestin1 is dispensable
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A) Top panel: LLKIL motif in CTDs of human CXC chemokine receptors is conserved. The
CTDs of CXCR2 (45 residues), CXCR1 (44 residues), CXCR3 (49 residues) and CXCR4
(47 residues) were aligned with CLUSTALW (1.83) multiple sequence alignment program.
The LLKIL functional motif of CXCR2 and similar putative motifs in other CXC receptor
CTDs are in bold. Also, the serine residues known to be phosphorylated in CXCR2 CTD in
response to CXCL8 stimulation are in bold. Bottom panel: The mutations in CXCR2
important for binding of AP2 and β-arrestin are illustrated. B) Decreased association of
CXCR2 mutants with AP2 and/or β-arrestin1 after stimulation with CXCL8. dHL-60 cells
stably expressing CXCR2-WT, 4A or CXCR2-4A/IL mutants were stimulated with or
without CXCL8. CXCR2 was immunoprecipitated with anti-CXCR2 antibody, and blotted
for AP2-β2 subunit or β-arrestin1. The blot was stripped and re-blotted for CXCR2. The
relative values of fold increase in response to CXCL8 stimulation for each cell line
calculated from 3 independent experiments is shown under the western blots (fold ± S.E.M.).
One tenth of the total lysate input for co-immunoprecipitation was used for Western analysis
of the total lysates. C) CXCL8-mediated internalization of CXCR2 is abolished in 4A/IL
mutant of CXCR2, but only partially attenuated in 4A-CXCR2 mutant. The internalization
of CXCR2 was performed by following the internalization of 125I-CXCL8 in dHL60-
CXCR2 cells stably expressing CXCR2-WT, 4A or 4A/IL mutant. Error bars are S.E.M and
the experiments were repeated 3 times with duplicates for each treatment. ANOVA: 2 min –
4A vs. 4A/IL, p<0.05; 10 min - WT vs. 4A/IL, p<0.001; 30 min – WT vs. 4A, p<0.05 and
WT vs. 4A/IL, p<0.001. D) Impairment of CXCR2-mediated chemotaxis when association
of AP-2 with CXCR2 is ablated by site-directed mutagenesis0. Chemotaxis assays were
performed in a modified Boyden chamber with dHL-60 cells stably expressing CXCR2 WT,
4A, or 4A/IL mutants. Error bars are S.E.M and experiments were repeated 3 times with 5
replicates each treatment. ANOVA: CXCL8 12.5 ng/mL - WT vs. 4A/IL, p<0.01; 4A vs.
4A/IL, p<0.05; CXCL8 25 ng/mL - WT vs. 4A/IL, p<0.05; 4A vs. 4A/IL, p<0.01; WT vs.
4A at all of the time points – n.s.
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Figure 3. Stable silencing of AP2-μ2 impairs CXCR2-mediated chemotaxis
A) Stable knock down of the AP2-μ2 subunit in HEK-293-CXCR2 and PLB-985-CXCR2
cells. Two shRNA constructs sh5 and sh1 were employed to knock down AP2-μ2 in
HEK-293-CXCR2 cells and one shRNA construct sh5 was utilized in PLB-985-CXCR2
cells. NS - Non-silencing; % KD – Level of AP2-μ2 knock down. β-tubulin serves as the
loading control. B) Stable silencing of the AP2-μ2 subunit impairs CXCR2-mediated
chemotaxis in HEK-293-CXCR2 cells. Chemotaxis assays were performed in a modified
Boyden chamber. Data were plotted from two independent experiments with 3 replicates in
each experiment. NS - Non-silencing; KD-5 - AP2-μ2 knock down; Error bar = S.E.M.;
ANOVA: NS vs. KD – for 12.5, 25, and 50 ng / ml CXCL8, p < 0.001; for 2.5 ng / ml
CXCL8, p < 0.01; for 250 ng / mL CXCL8, p < 0.05. C) Impairment of CXCR2-mediated
chemotaxis of dPLB-985-CXCR2 cells with stable knock down of the AP2-μ2 subunit.
Chemotaxis assays were performed in a modified Boyden chamber. Data were plotted from
two independent experiments with 4–6 replicates in each experiment. NS - Non-silencing;
KD - AP2-μ2 knock down; Error bars - S.E.M. ANOVA: NS vs. KD, p < 0.001 for 1, 5 and
25 ng / mL of CXCL8 and p<0.05 for 125 ng / mL of CXCL8. D) Impairment of
polarization of dPLB-985-CXCR2 cells toward the CXCL8 gradient when AP2-μ2 subunit
was stably knocked down. Confocal images of dPLB-985-CXCR2 cells were directionally
stimulated with 50 ng / ml of CXCL8 in the Zigmond chamber for 10 min. F-actin and
CXCR2 were pseudo-colored red and green respectively. Images represent single z-stack
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sections of 0.5 μm. NS – Non-silenced; KD - AP2-μ2 knock down; Scale bar – 50 μm. An
enlarged view of some cells is shown below. E) Comparison of AP-μ2 at the leading edge in
polarized dPLB-985-CXCR2 cells with and without AP-μ2 knock down. Confocal images
of dPLB-985-CXCR2 cells were directionally stimulated with 50 ng / ml of CXCL8 in the
Zigmond chamber for 10 min. F-actin and CXCR2 were pseudo-colored red and green
respectively. Images represent single z-stack sections of 0.5 μm. NS – Non-silenced; KD -
AP2-μ2 knock down. F) CXCL8-mediated internalization of CXCR2 is attenuated after
stable silencing of AP2-μ2 subunit in HEK-293-CXCR2 cells. Non-silencing (NS) and AP2-
μ2 knock down (KD) HEK-293-CXCR2 cells (2–5 × 105 cells) were stimulated with 100
ng / ml CXCL8 for different time points, the non-internalized cell surface CXCR2 was
quantified by FACS analysis as described in ‘Methods’. The geometric mean of the
fluorescence intensity of cell surface CXCR2 was plotted. Error bars - S.E.M. ANOVA: 15
min and 30 min - NS vs. KD – p<0.01.
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Figure 4. Patch 1 electropositive residues of AP2-μ2 that bind to PIP2 are critical for CXCR2-
mediated chemotaxis
A) Schematic diagram of the different site-directed mutants of AP2-μ2 subunit. The PIP2
binding elements (Patch 1 and 2 residues of AP2-μ2) and the phosphorylation site (T156)
were differentially mutated and assessed for their role in CXCR2-mediated chemotaxis. B)
Transient expression profile of AP2-μ2 mutants in HEK-293-CXCR2 cells. HA-tagged
shRNA-resistant WT, patch 1 (P1), patch 2 (P2), patch 1 and 2 (P1+P2), phosphorylation
site (T) and a combination (P1P2T) mutants were transiently overexpressed in HEK-293-
CXCR2 cells where AP2-μ2 had been stably knocked down. The proteins from the lysate
were separated by 10%SDS-PAGE and analyzed by Western blotting. C) Patch 1 and
phosphorylation site T156 but not Patch 2 residues of the AP2-μ2 subunit were vital for
CXCR2-mediated chemotaxis. Patch 1 (P1), Patch 2 (P2), phosphorylation site (T156) and
the combination (P1P2T) AP2-μ2 mutants were evaluated for their ability to rescue the
chemotaxis from the effects of μ2 knock down. The chemotactic index was plotted from
three independent experiments with duplicates in each experiment. KD = AP2-μ2-sh5; Error
bars - S.E.M. ANOVA: KD vs. WT and WT vs P2 – 2.5, 12.5, 25 and 250 ng / ml CXCL8,
p<0.001; KD vs. P1, T and P1P2T – At all concentrations of CXCL8 – p= n.s. D) CXCL8-
mediated internalization of CXCR2 is partially rescued by AP2-μ2-WT after stably
knocking down the AP2-μ2 subunit in HEK-293-CXCR2 cells. Non-silencing HEK-293
(NS), HEK-293-μ2-sh5 cells and HEK-293-μ2-sh5 cells with transient over-expression of
AP2-μ2-WT, AP2-μ2-P1P2 and AP2-μ2 mutant (P1P2T) were stimulated with 100 ng / ml
CXCL8 for 5 min and the non-internalized plasma membrane-bound CXCR2 was quantified
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by FACS analysis as described in ‘Methods’. The geometric mean of the fluorescence
intensity was used to calculate the percentage of cell surface CXCR2. KD = AP2-μ2-sh5;
ANOVA: KD vs. WT, p= 0.05; KD+WT vs. KD+P1P2T, p=0.03; KD+WT vs. KD+P1P2,
p=not significant (n.s.).
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Figure 5. Patch 1 and Patch 2 residues of the AP2-μ2 subunit that bind to PIP2 lipid are not
critical for the binding of the AP2 complex to CXCR2
A) Non-silencing (NS), HEK-293-μ2-KD cells and HEK-293-μ2-KD cells with transiently
over-expressed AP2-μ2 mutants (P1, P1+P2, P1P2T and WT) were serum starved,
stimulated with 100 ng /ml CXCL8 and cross-linked with DSP. The cells were lysed and a
CXCR2 co-immunoprecipitation assay was performed. The CXCR2 associated proteins
were eluted with 50 mM DTT and separated by 10%SDS-PAGE. The CXCR2 associated
AP2 complex was probed with an anti-β2 antibody. Experiments were repeated 3 times and
the mean band densities as normalized to co-immunoprecipitation with CXCR2 ±S. D. are
shown.
B) HA-AP2-μ2 associates with endogenous α2 subunit of AP-2. HEK-293-μ2-KD cells with
transiently over-expressed HA-AP2-μ2 mutants (P1, P1+P2, T, P1P2T and WT), were lysed
subjected to Western blot analysis for α2 and HA-μ2 subunits (upper panel). Each HA-
tagged μ2 subunit was immunoprecipitated with anti-HA-agarose and blotted for
endogenous α2 and for HA-μ2 (upper panel). A representative blot from 3 individual
experiments is shown. C) Functional AP-2 complexes successfully incorporate transiently
expressed HA-AP2-μ2 as shown by a reciprocal co-immunoprecipitation. A reciprocal co-
immunoprecipitation of the endogenous AP2-β2 from 1.5 mg of total lysate shows that the
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functional AP-2 complexes contain both endogenous AP2-α2 and overexpressed HA-AP2-
μ2. One thirtieth (1/30) of the total lysate input for co-immunoprecipitation was used for
Western analysis of the total lysates. The top panel shows co-immunoprecipitation and the
bottom panel shows the lysates. A representative blot from 2 individual experiments is
shown.
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Figure 6. Over-expression of the dominant negative AP2-σ2 inhibits CXCR2-mediated
chemotaxis without significantly affecting the internalization of CXCR2
A) WT and dominant negative V88D and V98S AP2-σ2 constructs were transiently over-
expressed in HEK-293-CXCR2 cells and chemotaxis assays were performed in a modified
Boyden chamber as described in ‘Methods’. Experiments were repeated 3 times with
triplicates in each treatment. ANOVA: WT vs. V88D, p = 0.03; WT vs. V98S, p < 0.001. B)
CXCR2 internalization assay was performed with FACS analysis as described in ‘Methods’.
The geometric mean of the fluorescence intensity was used to calculate the percentage of
cell surface CXCR2. ANOVA: WT vs. V88D, p= 0.0262; WT vs. V98S, p = 0.0279.
Bonferroni post-hoc tests – WT vs. V98S at 30 min (p < 0.05).
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Figure 7. Transient knock down of clathrin heavy chain impedes CXCR2 internalization but has
little effect on CXCR2-mediated chemotaxis
A) siRNA targeting the heavy chain of clathrin was transfected into HEK-293 cells stably
expressing CXCR2 and the efficiency of the knock down was assessed by Western blotting
with actin serving as the loading control. B) CXCR2 internalization assay was performed
with FACS analysis as described in “Methods”. Error bars are S.E.M and experiments were
repeated 3 times with triplicates in each treatment. ANOVA: NS vs. KD-clathrin, p <
0.0001. Bonferroni post-hoc tests show significant differences at 5 and 15 min (p < 0.05)
and highly significant difference at 30 min (p < 0.01). C) Chemotaxis assays were
performed in a modified Boyden chamber as described in ‘Methods’. Error bars are S.E.M
and experiments were repeated 3 times with 2–3 replicates in each treatment. ANOVA: NS
vs. KD-clathrin, p = 0.512. Bonferroni post-hoc test - All data points – N.S.
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