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The neuron-specific potassium-chloride cotransporter 2 (KCC2) plays a crucial role, by controlling chloride
extrusion, in the development and maintenance of inhibitory neurotransmission. Although it is now well
established that activity-dependent mechanisms can down regulate KCC2 gene expression, the role of post-
translational mechanisms in controlling KCC2 expression, specifically at the cell-surface, are poorly
understood. We therefore set out to identify the mechanisms and motifs regulating KCC2 endocytosis, one
important pathway that may control KCC2 membrane expression. Using a fluorescence-based assay, we show
KCC2 when expressed in HEK293 cells is constitutively internalized via a dynamin- and clathrin-dependent
pathway. Consistent with this, we demonstrate KCC2 from adult mouse brain associates in vivo with the
clathrin-binding adaptor protein-2 (AP-2) complex. Using an endocytosis reporter system, we identify the
presence of an autonomous endocytosis motif in the carboxyl cytoplasmic terminus of KCC2. By site-directed
mutagenesis we define this novel KCC2 endocytic motif as a non-canonical di-leucine motif, g57LLXXEEgg,.
Finally by mutating this motif in the context of full-length KCC2 we demonstrate that this novel KCC2
endocytic motif is essential for the constitutive internalization of KCC2 and for binding to the AP-2 complex.
Subsequent sequence analysis reveals this motif is highly conserved between the closely related K*/CI~ family
members that mediate chloride efflux, but absent from the more distant related cotransporters controlling
chloride influx. In conclusion, our results indicate constitutive internalization of KCC2 is clathrin-mediated
and dependent on the binding of AP-2 to this novel endocytic motif. Furthermore, that this process appears
to be an evolutionarily conserved mechanism amongst functionally homologous cotransporters.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

glycine responses from the immature depolarizing to the hyperpolar-
izing responses found in adults [3]. This transition occurs as the

Fast inhibitory neurotransmission is mediated by two classes of
ligand gated CI™ channels, the y-amino-butyric acid type-A receptor
(GABAAR) and the glycine receptor (GlyR) [1,2]. In each case CI” influx
is triggered upon channel opening resulting in hyperpolarization of
the postsynaptic membrane. This in turn, leads to a reduction in the
likelihood of further neurotransmitter release [1,2]. In the majority of
neurons, CI” influx and fast hyperpolarizing inhibition are critically
dependent on low intracellular chloride concentrations ([Cl'];). The
neuron-specific K*~CI™ cotransporter, KCC2, has now been identified
as an essential protein in establishing and maintaining this low [CI7];,
by controlling CI” extrusion [3].

During central nervous system (CNS) development, KCC2 gene
expression is upregulated and underlies the transition of GABA and
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overall developmental increase in KCC2 activity leads to a reduction in
[CI'];, which at resting membrane potentials promotes ClI” influx
(hyperpolarization) rather than efflux upon ion channel opening [3].
Further, in mature neurons a reduction in KCC2 gene expression, via
antisense oligonucleotide suppression, leads to an increase in [Cl7];
and a shift in GABAAR responses to immature depolarizing [3]. These
observations have demonstrated that dynamic regulation of KCC2
gene expression can alter the direction of GABAAR and GlyR signaling.
Consistent with this and its essential role in inhibition, KCC2 knockout
mice die shortly after birth [4]. In addition, a loss of KCC2 expression is
recognized as a contributing factor in the pathological conditions of
chronic pain [5], nerve injury [6] and epilepsy [7,8].

Besides the above-mentioned regulation of KCC2 gene expression,
short-term modulation of the KCC2 protein has also been demon-
strated. Several kinase activities can modulate KCC2 CI” transport
activity in both immature [9-12] and mature [13] hippocampal
neurons. The precise molecular mechanisms involved however, have
yet to be eluded. In addition a rapid loss of KCC2 cell surface
expression has been demonstrated under conditions of increased
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interictal activity [14] and oxidative stress [15]. Indicating that
regulation of KCC2 membrane trafficking may be a crucial mechanism
by which KCC2 function can be controlled.

KCC2 is a 12 transmembrane protein with both amino and carboxyl
intracellular termini and belongs to the cation-chloride cotransporter
(CCC) superfamily, which consists of one Na*~Cl™ cotransporter (NCC),
two Na™-K*-ClI” cotransporters (NKCCs), and four K*-CI™ cotranspor-
ters (KCCs). Different CCCs exert opposite Cl” transport activities, with
NCC and NKCCs taking up CI°, while KCCs extrude CI” [16]. The
functional unit of CCCs is most likely to be a dimer, as homo- and
hetero-dimerization have now been demonstrated for NKCC [17], NCC
[18] and KCC family proteins [19]. The molecular mechanisms
regulating the membrane trafficking of any CCC family member
however are presently unknown, albeit they play essential roles in
controlling chloride homeostasis in multiple tissues.

The cellular mechanisms controlling the cell-surface expression of
many transporters and their membrane internalization, in particular,
have been shown to have a profound and dynamic effect on overall
transporter activity [20,21]. As one requirement for protein inter-
nalization is an interaction with the cellular endocytic machinery, the
identification of the molecular motifs governing these interactions has
in several cases revealed pivotal regulatory domains within these
proteins [22-24]. How KCC2 membrane expression is controlled,
specifically the cellular mechanism and the molecular motifs
contributing to its membrane internalization are presently unknown.
Therefore in the present study we set out to investigate the
mechanisms controlling the membrane internalization of KCC2.
Here we report our findings, using an array of endocytosis reporter
systems and site-directed mutagenesis, of the cellular mechanisms
and the molecular motif within KCC2 directing its constitutive
internalization from the plasma membrane.

2. Materials and methods

2.1. Antibodies

The following antibodies were used, mouse monoclonal anti-HA (HA.11, Covance,
Berkeley, CA, USA), rabbit polyclonal anti-KCC2 (Upstate, Lake Placid, NY, USA), mouse
monoclonal anti-IL2 receptor alpha (Tac; kindly provided by Julie Donaldson, NIH,
Bethesda, MD, USA), mouse monoclonal anti-alpha adaptin-clone 8 for immunoblotting
(BD Biosciences, Mississauga, ON Canada) and anti-alpha adaptin-clone AP.6 for
immunoprecipitation (Affinity BioReagents, Golden CO USA). Donkey anti-mouse and
anti-rabbit antibodies conjugated to Alexa-488 and Alexa-546 were from Invitrogen
(Carlsbad, CA, USA), while those conjugated to peroxide from Jackson Labs (Bar Harbor,
Maine, USA).

2.2. Plasmids and constructs

The full length murine KCC2 cDNA was cloned by reverse transcriptase-
polymerase chain reaction (RT-PCR) from RNA of mouse forebrain, using the specific
pimers forward 5-ATAGGATCCGCCACCATGCTCAACAACCTGACGGAC-3’) and reverse
(5’-TATTCTAGATCAGGAGTAGATGGTGATGACC-3’). A triple tandem copy of the influ-
enza virus haemagglutin (HA) peptide (YPYDVPDYA) was inserted into the unique
Notl restriction site in the second predicted extracellular loop of KCC2, as described
for the NHE-3 transporter [25], to generate HA-KCC2. The LL657,658AA mutation was
introduced by site-directed mutagenesis, using the Quick-exchange mutagenesis kit
(Stratagene, La Jolla, CA, USA). The Tac backbone construct was kindly provided by
Julie Donaldson (NIH). To generate the Tac chimeric deletion and mutated constructs
we amplified parts of the carboxyl cytoplasmic tails of KCC2 by PCR, using the forward
primer (5’- ATATCTAGACGGGGGGC GGAG-3’) and the reverse primers (see Table S1 in
supplementary material). These were then cloned in-frame into an Xbal site inserted
at the 3’ end of the Tac cDNA. Tac-C(LL657,658AA) and Tac-C(Y555A) were generated
by site-directed mutagenesis from Tac-C. HA-tagged transferin receptor (HA-TfR,
Belouzard et al., 2006) was kindly provided by Yves Rouille (Institut Pasteur de Lille,
Lille Cedex, France) and the HA-TfR-KCC2 amino cytoplasmic tail chimaera generated
by overlapping PCR ligation so that KCC2 (amino acids 2-102) was fused to HA-TfR
(amino acids 60-760). All sequences were confirmed by the McGill and Genome
Quebec innovation center. The green fluorescent (GFP) dominant negative (DN)
dynamin-2 K44A construct is from Marc McNiven (Mayo Clinic College of Medicine,
Rochester, MA, USA), the GFP-DN-EPS15 (lacking amino acids 95-295) and the GFP-
Rab11 construct were provided by Robert Lodge (NIH, Bethesda, MD, USA), the GFP-
DN-Caveolin was provided by Matthew Mulvey (University of Utah, Salt Lake City, UT,
USA) and the GlyR-a1 construct is from R. Harvey (School of Pharmacy, London UK).

2.3. Cell culture and transfections

Human Embryonic Kidney 293 cells (HEK293) were maintained at 37 °C in DMEM
(Invitrogen), 5% CO, supplemented with 10% FBS, 100 U/ml penicillin/ streptomycin and
2 mM L-glutamine. Prior to transfection, cells were plated onto poly-L-lysine coated plates
or glass coverslips. Transfections were carried out with Lipofectamine 2000™ (Invitrogen).
Cells were assayed 18-20 h after transfection. For electrophysiological experiments, cells
were transiently transfected with either wild-type or HA-tagged KCC2, GlyR-a1 and
pEGFP-N (Clontech, Mountain View, Ca, USA) at a ratio of 10:3:1, using the calcium
phosphate method [26]. After 8-10 h, the cells were washed twice with phosphate buffer
saline™ (PBS™* contains 1 mM CaCl, and 1 mM MgCl,) and maintained in fresh medium.
Electrophysiological recordings were performed 24-48 h later.

2.4. Immunoprecipitation

Whole mouse forebrain lysates were prepared from adult mice (50% C57bl6/50%
ICR). Animals were rapidly decapitated and the brain homogenized in immunopreci-
pitation (IP) buffer (10 mM HEPES pH7.4, 25 mM NacCl, 1% Triton-X-100, 1 mM Na3VO,,
50 mM NaF, 1 mM PMSF, 1 pg/ml leupeptin, and 1 pug/ml pepstatin) using a glass-Teflon
homogenizer for 20 strokes. Homogenates were cleared by centrifugation at 14,000 g
30 min at 4 °C. Protein concentration was determined by BCA assay (Biorad, Hercules,
CA, USA). 2 mg of lysate was used for each immunoprecipitation. Antigen-antibody
complexes were immunoprecipitated with 2 pg anti-KCC2, anti-a-adaptin, or pre-
immune rabbit or mouse IgG bound to Protein A- or G-Sepharose (Amersham, UK) at
4 °C for 2 h, washed three times in IP buffer and eluted in Laemmli buffer at 95 °C for
5 min. Proteins were separated on 8% SDS-PAGE gels, followed by Western blotting as
described previously [27] with antibodies to KCC2 and a-adaptin.

For the IPs performed from HEK293 cells, 3 x 10° cells were used for each condition.
18-20 h after transfection cells were placed on ice, washed with chilled PBS, and lysed
in IP buffer (10 mM HEPES pH7.4, 25 mM NaCl, 1% Triton-X-100, 1 mM PMSF, 1 pg/ml
leupeptin, and 1 ug/ml pepstatin). Solubilized cell lysates were cleared by centrifugation
at 14,000 g 15 min at 4 °C. Antigen-antibody complexes were immunoprecipitated with
2 pg anti-HA or pre-immune mouse control IgG bound to Protein G-Sepharose
(Amersham, UK) at 4 °C for 2 h, washed three times in IP buffer and eluted in Laemmli
buffer at 95 °C for 5 min. Proteins were separated on 8% SDS-PAGE gels, followed by
Western blotting as described previously [27] with antibodies to HA and a-adaptin.

2.5. Fluorescence-based endocytosis assay

Transiently transfected cells were incubated in conditioned medium containing
anti-HA or anti-Tac for 30 min on ice. Cells were washed extensively and incubated at
37 °C for 15 or 30 min, fixed in 4% paraformaldehyde and then incubated in blocking
buffer (PBS, 10% horse serum, and 0.5% bovine serum albumin-BSA) with Alexa 546-
conjugated anti-mouse secondary antibody (Invitrogen), to label cell surface anti-Tac- or
anti-HA-bound proteins. Cells were subsequently permeabilized in blocking buffer plus
0.1% Triton-X-100 and incubated with Alexa 488-conjugated anti-mouse secondary
antibody (Invitrogen) to label internalized anti-Tac or anti-HA-bound proteins. After a
final wash, cells were mounted on glass slides with GelTol Aqueous Mounting Medium
(Thermo Scientific, Waltham, MA, USA). For cells in which a GFP-tagged protein was
cotransfected following endocytosis any membrane bound antibodies were removed by
incubation with citrate stripping buffer (50 mM Sodium Citrate pH 4.6, 280 mM Sucrose,
0.01 mM Deferoxamine Mesylate). Cells were then fixed, permeabilized and labeled
with Alexa 546-conjugated anti-mouse secondary antibodies as described above.
Confocal images were collected with a 63x objective on a Zeiss LSM 510 microscope.
Endocytosis was quantified as the proportion of cells demonstrating more than 10
internal labeled puncta from 30 cells on a per experiment basis (n=3).

2.6. Biotinylation endocytosis assay

Transiently transfected cells pre-incubated 1 h with leupeptin (100 pg/ml) were placed
on ice, washed twice with PBS™, incubated 20 min with 1 mg/ml Sulfo-NHS-SS-biotin-PBS**,
washed three times with PBS*™* containing 0.1% BSA, then twice with PBS*" alone and
incubated at 37 °C for either 30 or 60 min in the continuous presence of 100 pg/ml leupeptin,
unless otherwise indicated. Subsequently, cells were placed on ice washed twice with PBS™
and the remaining cell-surface bound biotin stripped by two washes in stripping buffer
(50 mM glutathione in 75 mM NaCl, 10 mM EDTA, 1% BSA, and 0.075 M NaOH). Cells were
then washed two times in PBS** and lysed in lysis buffer (20 mM Tris-HCl pH7.6, 50 mM NaCl,
1 mM EDTA, 1% Triton-X-100, 0.1% SDS, 1 mM Na3VO,4, 50 mM NaF, and 10 mM Na4P,07, 1 mM
PMSF, 1 pg/ml leupeptin, and 1 pg/ml pepstatin) for 1 h at 4 °C. Nuclei and insoluble material
were removed by centrifugation at 14,000 g, 15 min, 4 °C. Biotinylated proteins were purified
on NeutrAvidin-coated beads (Pierce) at 4 °C for 2 h, washed three times with lysis buffer and
eluted in Laemmli buffer at 95 °C 5 min. Proteins were separated on 8% SDS-PAGE gels,
followed by Western blotting with the KCC2 antibody. Intensities of immunoreactive bands
were quantified by densitometry analysis of exposed films using a Biorad GS-800
densitometer. Background intensity readings were subjected from all readings and results
were expressed as a percentage of the total surface labeling for each clone.

2.7. Electrophysiological recordings

Whole-cell Gramicidin-perforated patch recordings were performed on transfected
cells using thin-walled borosilicate glass pipettes (4-6 MQ) coated with dental wax.
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Cells were voltage-clamped at -60 mV and recordings started 10 min after obtaining
stable electrical access to the cell. All recordings were performed using an Axopatch
200B amplifier (Axon Instruments Inc., Foster City, CA, USA), and series resistances (30—
40 MQ) were compensated by 75-80% in all experiments. Current records were filtered
at 10 kHz and digitized at 50-100 kHz. The reference electrode was connected to the
bath via an agar bridge of 3 M KCl. Data acquisition was performed using pClamp9
software (Axon Instruments Inc., Foster City, CA, USA), and illustrated using Origin 7
(OriginLab Corp., Northampton, MA, USA). All experiments were performed at room
temperature.

External solutions contained (mM): 150 NaCl, 5 HEPES, 2 CaCl,, 1 MgCl,, 2% phenol
red, with the osmotic pressure adjusted to 290 mOsm using sucrose. Stock solutions of
Gramicidin were prepared in DMSO (50 mg/ml) and diluted into the internal solution to
obtain a final concentration of 5 mg/ml just before the start of the experiment. The
internal solution contained (mM): 115 NaCl, 10 NaF, 5 HEPES, 5 Na4BAPTA, 0.5 CaCl,,
1 MgCl,, 10 Na,ATP. pH was adjusted to 7.3 with 5 N NaOH, and the osmotic pressure
adjusted to match the external solution. Internal solution was kept on ice throughout
the experiment.

3. Results

3.1. Endogenous neuronal KCC2 interacts with the clathrin-mediated
endocytic machinery

Clathrin-mediated endocytosis (CME) is a prominent mechanism
by which plasma membrane proteins are internalized. It involves the
recruitment of membrane proteins (cargo) by the adaptor protein-2
(AP-2), to clathrin-coated pits, which are subsequently pinched from
the plasma membrane to form internalized endocytic vesicles [28]. To
examine whether neuronal KCC2 interacts with the CME machinery,
we tested whether the AP-2 complex is bound endogenously to
neuronal KCC2 by co-immunoprecipitation. For this we prepared
whole cell lysates from adult mouse brain, immunoprecipitated (IP)
KCC2 with a rabbit polyclonal antibody to KCC2 and used pre-immune
rabbit IgG for control immunoprecipitates (Fig. 1A, top). In a reciprocal
immunoprecipitation we used a mouse monoclonal antibody to the -
adaptin subunit of the AP-2 complex and pre-immune mouse IgG was
used as the control (Fig. 1A, bottom). All immunoprecipitates were
then analyzed by Western blot (IB) with antibodies to KCC2 and «-
adaptin. We found a-adaptin was present in the immunoprecipitates
isolated with the anti-KCC2 antibody, but not in the control pre-
immune IgG immunoprecipitates (Fig. 1A). Also that KCC2 was present
in the immunoprecipitates isolated with the anti-a-adaptin antibody,
but not the control mouse IgG. This demonstrates endogenous
neuronal KCC2 is present in a complex with the CME machinery and
suggests KCC2 membrane internalization may be controlled by the
CME-pathway.

3.2. Generation and functional characterization of a HA-tagged version
of KCC2

To begin to identify the molecular mechanisms controlling KCC2
endocytosis, we needed to establish an assay in which we could test
the CME dependence of KCC2 endocytosis and map the motif(s) within
KCC2 controlling its endocytosis. For this, we generated an exofacial
hemagglutinin (HA)-tagged KCC2, in which a triple HA tag was
inserted into the second predicted extracellular loop of KCC2 (Fig. 1B).
This construct would enable us to visually detect the endocytosis of
KCC2 using a fluorescence-based antibody uptake assay (see below).
As the CME cellular machinery including AP-2 is conserved between
different cell types, we chose to use human embryonic kidney 293
(HEK293) cells for our analysis. The advantage of using this cellular
system compared to neurons, which endogenously express KCC2, is
their ease of manipulation. Furthermore HEK293 cells are used
routinely to map CME dependent endocytosis motifs in a wide range
of neuronal proteins [23,29,30].

First of all, we ensured that insertion of the triple HA epitope tag in
the second extracellular loop of KCC2 did not affect the maturation or
cell surface expression of KCC2 (data not shown). To also make certain
the HA tag did not disrupt transporter activity we examined the
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Fig. 1. Endogenous neuronal KCC2 and the clathrin adaptor protein-2 (AP-2) complex
interact. (A) Mouse whole brain lysate (Lys) was immunoprecipitated (IP) with
antibodies to KCC2 and control pre-immune rabbit IgG (top) or the AP-2 complex o-
adaptin subunit and control mouse IgG (bottom), and Western blotted (IB) with
antibodies to KCC2 or a-adaptin (B) Schematic of HA epitope-tagged KCC2. Three
tandem copies of an influenza virus HA peptide (YPYDVPDYA) were inserted into the
second extracellular loop of mouse KCC2. (C) Functional characterization of HA epitope-
tagged KCC2. Current-voltage (IV) plots in the absence (control) and presence of either
KCC2 or HA-KCC2. Note the negative shift in Egj, observed when either KCC2 or the HA-
KCC2 construct are co-expressed with human al glycine receptor subunits.
(D) Summary bar graph showing the effect of both KCC2 and HA-KCC2 on Eg,. Data
are meants.e., of at least 3 experiments in all conditions.

transport activity of HA-KCC2 in HEK293 cells. Using the Gramidicin
perforated-patch recording technique to avoid artefactual changes in
intracellular chloride concentration [31], we measured the reversal
potential (Egj,) of homomeric human a1 glycine receptors as a means
to estimate [Cl™]; and thus KCC2 transport activity. Voltage ramps from
-60 to +60 mV (500 ms duration) were given before and during bath
application of 1 mM Glycine and subtracted off-line to measure Egjy. In
perforated-patch recordings from HEK293 cells (n>3), co-expression
of KCC2 resulted in a negative shift of Eg)y from -8.3£1.8 mV to -47+
4.4 mV (Fig. 1C,D), in agreement with a previous report [9]. A similar
shift of Egy to —45+2.7 mV was also observed when HA-KCC2 was
expressed (Fig. 1C,D), confirming that the HA tag does not affect the
ability of KCC2 to transport CI” ions. Therefore, the HA-tagged version
of the KCC2 construct was used as a substitute for wild-type KCC2 for
all subsequent studies.

3.3. HA-KCC2 is internalized by clathrin-mediated endocytosis in
HEK293 cells

To follow HA-KCC2 endocytosis in HEK293 cells we used a
fluorescence-based endocytosis protocol, as outlined in Fig. 2A, in
which HA-KCC2 internalization is visualized via HA.11 monoclonal
antibody uptake. After 15 min of anti-HA uptake rapid constitutive
internalization of HA-KCC2 was visualized (Fig. 2B, middle panel),
with anti-HA labeling localized predominantly to discrete puncta
underlying the plasma membrane. After 30 min however the majority
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of the internal anti-HA labeling now localized to a compact peri- To confirm HA-KCC2 endocytosis is CME dependent, as suggested by
nuclear compartment (Fig. 2B, right-hand panel). No internal anti-HA our finding that neuronal KCC2 interacts with the clathrin adaptor AP-2
labeling was detected at time zero (Fig. 2B, left-hand panel), (Fig.1 A), we analyzed the endocytosis of HA-KCC2 in HEK293 cells in the
confirming the cells remain intact during the antibody labeling presence of two dominant-negative (DN) mutants of CME. These are (i)

procedure. These results demonstrate HA-KCC2 undergoes constitu- the GTPase Dynamin-2 mutant lysine (K) 44 to alanine (A), which lacks
tive endocytosis in HEK293 cells. the GTP hydrolysis activity required for the scission of clathrin-coated
A
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Fig. 2. KCC2 is internalized by clathrin-mediated endocytosis and targeted to the endosomal-recycling pathway. (A) Schema illustrating the fluorescence-based endocytosis assay, for
details see Materials and methods. (B) Endocytosis of HA-KCC2. HEK293 cells transfected with HA-KCC2 were assayed for anti-HA internalization using a monoclonal antibody to HA,
as depicted in (A). Shown are representative confocal images of surface anti-HA (red) and internalized anti-HA (green) at 0, 15 and 30 min. (C) Dominant-negative mutants of the
clathrin-mediated endocytic pathway block HA-KCC2 endocytosis. HEK293 cells transiently expressing HA-KCC2 and either GFP vector (control, white bars), GFP-DN-Caveolin
(checked bars), GFP-Dynamin-2 (K44A) (black bars), or GFP-Eps15(A95/295) (grey bars) were assayed as described in (B) and HA-KCC2 endocytosis at 15 and 30 min quantified as
described in Materials and methods. Note, only permeabilized anti-HA labelling was performed with Alexa-546 secondary antibodies. Data are expressed as the percentage of cells
that internalized anti-HA and presented as meanzs.e (n=3). (D) Internalized HA-KCC2 is not targeted for lysosomal degradation. Cell surface biotinylation was performed using the
non-permeable cleavable biotinylation reagent Sulfo-NHS-SS-Biotin (1 mg/ml), on HA-KCC2 transfected cells incubated +/- leupeptin (Leu, 100 pg/ml) to inhibit lysosomal
degradation and HA-KCC2 internalization assayed as described in Materials and methods. A typical immunoblot is shown detecting from left to right, total initial surface HA-KCC2 (0’,
+Leu, —strip), strip control (0’, +Leu, +strip), HA-KCC2 internalized plus leupeptin (60, +Leu, +strip) and HA-KCC2 internalized no leupeptin (60’, —Leu, +strip), using an anti-KCC2
antibody. (E) Internalized HA-KCC2 co-localizes with the recycling endosomal marker, Rab11. HEK293 cells transiently expressing HA-KCC2 and GFP tagged Rab11 were labelled with
anti-HA for 30 min at 37 °C, then remaining surface bound anti-HA stripped as described in Materials and methods and internalized anti-HA detected with Alexa-546 secondary
antibodies. Shown are representative images (n=3) of internalized anti-HA (red) GFP-Rab11 (green) and the merge (yellow) illustrating co-localization of the proteins. Scale bar:
10 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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pits from the plasma membrane [32] and (ii) the epidermal growth
factor receptor pathway substrate 15 mutant (Eps15A95/295) that lacks
the second and third Eps15-Homology (EH) domains of Eps15, which
inhibits AP-2 docking to the plasma membrane [33]. HEK293 cells were
transfected with HA-KCC2 and either GFP, GFP-Dynamin-2 (K44A) or
GFP-Eps15(A95/295). HA-KCC2 endocytosis was then analyzed by the
antibody uptake assay, except in this experiment only permeabilized
anti-HA labeling was detected with Alexa-546 labeling, after the
removal of surface bound anti-HA. The proportion of GFP transfected
cells showing internalized anti-HA labeling at 15 and 30 min of
internalization was then quantified as described in Materials and
methods. HA-KCC2 internalization in HA-KCC2 and GFP vector cotrans-
fected cells was detected in 74.17+1.2% and 86.11+4.5% of transfected
cells at 15 and 30 min respectively (Fig. 2C). While in contrast,
cotransfection with either GFP-Dynamin-2 (K44A) or GFP-Eps15(A95/
295) resulted in a reduction in HA-KCC2 internalization, with inter-
nalization detectable only in 1.1+ 1.1% and 4.4+ 1.1% of cells at 15 min and
22+1.9% and 4.4+1.1% of cells at 30 min respectively (Fig. 2C). As
Dynamin-2 is also required for the alternate internalization pathway, the
caveolin-dependent pathway [34], we examined whether the DN-
Caveolin-GFP mutant [35] altered HA-KCC2 endocytosis. We found
72.22+1.4% and 82.22 +1.4% of cells were internalized at 15 and 30 min
respectively, which was comparable to HA-KCC2 alone transfected cells
(Fig. 2C) and indicates GFP-DN-Caveolin does not affect HA-KCC2
endocytosis. Therefore together these results demonstrate that the
constitutive endocytosis of HA-KCC2 is CME dependent.

The perinuclear localization of internalized HA-KCC2 (Fig. 2B) is
reminiscent of the localization of internalized proteins, such as the
transferrin receptor, to the endocytic recycling compartment [36].
Suggesting therefore that internalized HA-KCC2 may be trafficked via
the endocytic-recycling pathway. To examine this, we first wanted to
establish that internalized HA-KCC2 is not targeted for lysosomal
degradation. To do this, we compared the stability of newly
internalized HA-KCC2 in cells treated in the absence or presence of
the lysosomal inhibitor, leupeptin. HEK293 cells transfected with HA-
KCC2 were pre-treated with leupeptin (where indicated) and surface
labeled with the cleavable form of biotin, Sulfo-NHS-SS-biotin, at 4 °C
to arrest membrane trafficking. After biotin labeling, cells were
incubated at 37 °C for 60 min (again with leupeptin where indicated)
to allow endocytosis and intracellular trafficking to occur. Biotinylated
proteins remaining at the cell surface were then cleaved (+strip,
Fig. 2D) or not (-strip, Fig. 2D) with membrane impermeant reduced
glutathione and remaining biotinylated proteins isolated by strepta-
vidin column purification. Subsequently surface expressed (-strip,
Fig. 2D) and internalized HA-KCC2 (+strip, Fig. 2D), +/-leupeptin
treatment was detected and quantified by Western blotting (anti-HA).
This analysis showed that the amount of internalized HA-KCC2 after
60 min is unaltered by leupeptin treatment (Fig. 2D), indicating
endocytosed HA-KCC2 is not targeted for lysosomal degradation in
HEK293 cells. Having established this, we next examined whether the
compact perinuclear localization of internalized HA-KCC2 at 30 min
(Fig. 2B) is representative of localization to the endosomal-recycling
compartment. For this, we co-transfected HA-KCC2 with GFP tagged-
rab11, an established marker for recycling endosomes [37]. We found
internalized HA-KCC2 detected by the HA.11 uptake assay co-localizes
with the GFP-rab11 labeled endocytic-recycling compartment after
30 min (Fig. 2E). Taken together these results demonstrate constitu-
tively internalized KCC2 is trafficked via the endosomal-recycling
pathway and not targeted for lysosomal degradation.

3.4. The KCC2 carboxy tail contains constitutive endocytosis signals

Sequence specific motifs directing the endocytosis of different
classes of transporters are in many instances located within the
intracellular amino (N) or carboxy (C) termini of these proteins [22-
24]. Therefore we next examined whether either the intracellular N-

A HA-TIR HA-TfRA3-59/KCC2N
Out Qut
|/
In In
KCC2 N-tail
[ HATR ] [ KCC2N-tail  [HA-TR A 3-59]
B HA-TfR HA-TfRA3-59/KCC2N

15°

30°

%

100

OTR

ETRA3-59/KCC2N

% of cells showing endocytos

[ - [=a) o0
= = = = =]
1 1 1 1

15" 30
Endocytosis time

Fig. 3. The KCC2 amino (N) terminus does not mediate endocytosis. (A) Schematic
illustration of HA-tagged Transferrin receptor (HA-TfR, left) and HA-TfR(A3-59) KCC2
N-tail chimera (HA-TfRA3-59/KCC2N, right). The N-tail (amino acids 3-95) of TfR was
replaced with KCC2 N-tail (amino acids 2-102) to produce HA-TfRA3-59/KCC2N.
(B) Endocytosis of HA-TfR and HA-TfRA3-59/KCC2N. HEK293 cells transfected with HA-
TfR or HA-TfRA3-59/KCC2N were assayed for anti-HA internalization as depicted in
Fig. 2A. Shown are representative confocal images of surface anti-HA (red) and
internalized anti-HA (green) at 0, 15 and 30 min. Note internalized HA-TfR (green) was
detected at 15 and 30 min, with no corresponding internalized HA-TfRA3-59/KCC2N at
these time points, indicating the lack of endocytic signals in the KCC2 N-tail. Scale bar:
10 pm. (C) Quantification of HA-TfR (white bars) and HA-TfRA3-59/KCC2N (black bars)
endocytosis at 15 and 30 min. Data are expressed as the percentage of cells that
internalized anti-HA and presented as meants.e (n=3). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)
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or C-terminus of KCC2 contains a functional endocytic signal(s). For
this, we fused the KCC2 N and C termini respectively to the
endocytosis deficient proteins, the intracellular domain deletion
(A3-59) of the transferrin receptor (TfRA3-59, HA-tagged, Fig. 3A)
and the interleukin 2 receptor o-chain (Tac, Fig. 4A) [23,38] and
assessed their endocytic abilities. We chose these two approaches: to
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fuse KCC2 N- and C-terminus to the N-terminus of the TfR deletion
(A3-59) and the C-terminus of the Tac protein respectively, in order to
maintain the natural orientation of each of the KCC2 domains. Fusion
of a viable autonomous endocytic motif is known to rescue the
endocytosis deficiency of these two constructs [23,38,39]. First using
the fluorescence-based endocytosis assay with anti-HA.11, we found
wild-type HA-TfR efficiently endocytosed (Fig. 3B), with HA-TfR
internalization detected in 94.4+1.1% and 100% cells after 15 and
30 min respectively (Fig. 3C). However in contrast HA-TfRA3-59/
KCC2N, in which the TfR N-terminus (amino acids 3-59) is replaced
with the KCC2 N-terminus (amino acids 2-102), was not able to
internalize efficiently in our assay (Fig. 3B). HA-TfRA3-59/KCC2N
internalization was detected in only 7.8 +1.1% and 12.2+1.1% of cells
after 15 and 30 min respectively (Fig. 3C). We confirmed this was not
due to a defect in the total or cell surface expression of the HA-TfRA3-
59/KCC2N protein (data not shown), suggesting therefore that the
KCC2 N-tail does not contain an endocytic motif. Next we examined
whether the KCC2 C-tail contains a functional endocytic motif, we
assayed the internalization efficiency of Tac and Tac-C in which the
KCC2 C-terminus (amino acids 635-1115) is fused in frame to the C-
terminus of Tac (Fig. 4A). To follow their internalization we used the
fluorescence-based endocytosis assay in combination with an anti-Tac
antibody. From this analysis we found Tac, as previously reported [39],
did not internalize from the plasma membrane after either 15 or
30 min of incubation at 37 °C (Fig. 4B,C). However in sharp contrast
Tac-C, efficiently internalized at both 15 and 30 min (Fig. 4B).
Internalization of Tac-C was detected in 96.7+1.9% and 100% of cells
after 15 and 30 min respectively, compared to zero cells for Tac
(Fig. 4C). Taken together these results demonstrate the KCC2 C-
terminus, but not the N-terminus contains a constitutive endocytic
motif(s).

3.5. KCC2 C-terminus amino acids 651-662 encompasses a discrete
endocytic motif

In order to map the region of the C-tail containing the putative
endocytic motif, we generated a series of progressive carboxyl
truncations of Tac-C (Tac-CD1-6, Fig. 5A), and assessed each truncated
protein for its ability to internalize. Prior to performing the
endocytosis assays, each construct was confirmed for production of
the correct length protein and to be expressed at the cell surface (data
not shown). Using the fluorescence-based endocytosis assay with
anti-Tac, we found the Tac constructs, Tac-CD1-Tac-CD5 (Fig. 5A),
which correspond to the progressive carboxyl deletion of KCC2
residues 663-1115, all internalized as efficiently as Tac-C (see
Fig. 5C), suggesting the endocytic motif(s) lies within the first 28
amino acids of the KCC2 C-tail. In contrast when we compared the
internalization ability of Tac-CD5 to a Tac-CD6 construct, in which a
further deletion of residues 651-662 was made (Fig. 5A), we found
Tac-CD6 did not internalize (Fig. 5B). Tac-CD6 internalization was
detected only in 3.3+4.1% cells compared to 100% cells for Tac-CD5

Fig. 4. KCC2 carboxy (C) terminus is sufficient to target Tac for endocytosis.
(A) Schematic illustration of the interleukin receptor 2 alpha subunit intracellular
truncation mutant (Tac, left) and the Tac/KCC2 C-tail chimera (Tac-C, right). The KCC2 C-
tail (amino acids 635-1115) was fused to the C-terminus of Tac to produce Tac-C.
(B) Endocytosis of Tac and Tac-C. HEK293 cells transfected with Tac or Tac-C were
assayed for internalization using a monoclonal antibody to Tac as depicted in Fig. 2A.
Shown are representative confocal images of surface anti-Tac (red) and internalized
anti-Tac (green) at 0, 15 and 30 min. Note internalized Tac-C (green) was detected at 15
and 30 min, while Tac did not internalize at these time points, indicating the KCC2 C-tail
contains an autonomous endocytic signal. Scale bar: 10 um. (C) Quantification of Tac
(white bars) and Tac-C (black bars) endocytosis at 15 and 30 min. Data are expressed as
the percentage of cells that internalized anti-Tac and presented as mean ts.e (n=3). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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after 30 min (Fig. 5C). This data indicates the 12 amino acids present in
the CD5 but absent in the CD6 fragment of KCC2 C-tail, which
correspond to amino acids 651-662 of the mature KCC2 protein,
contain an endocytic motif(s).

3.6. Identification of a novel di-leucine endocytic motif

Within these 12 amino acids unique to the CD5 construct (Fig. 6A) we
observed that there is a classical tyrosine (Y)-based endocytic sequence
655 YALLgsg, which conforms to the consensus YXX¢ (where X represents
any amino acid and ¢ is a bulky hydrophobic amino acid). These YXX¢
motifs have been shown to mediate clathrin dependent endocytosis
through binding of the clathrin AP-2 complex [28]. In addition, within this
sequence there is a di-leucine gs7LLgsg that could also constitute an
endocytic clathrin AP-2 complex binding motif [28]. Di-leucine motifs
though are usually preceded by an acidic residue within the consensus, (D/
E)XXXL(L/I), where D=aspartic acid, E=glutamic acid and I=isoleucine
[28]. In KCC2, this acidic residue is replaced by an alanine gs3ARYALLgssg.
However we noticed that there is a di-glutamic acid sequence located after
the di-leucine gs;LLRLEEgs,. Hence, we postulated this di-leucine
sequence might alternatively represent the potential endocytic motif.
Therefore to test whether the tyrosine or the di-leucine motif mediate the
endocytosis of Tac-CD5, we used alanine substitution mutagenesis to
generate Tac-CD5(Y655A) and Tac-CD5(LL657,658AA) (Fig. 6A), knocking
out each of the potential motifs independently. We then transfected
these constructs into HEK293 cells and compared their endocytosis to wild
type Tac-CD5, using the fluorescence-based endocytosis assay. We found
Tac-CD5(Y655A) internalized similarly to wild-type Tac-CD5 (Fig. 6B), with
internalization of Tac-CD5(Y655A) detected in 95.6+2.1% of cells after
30 min compared to 100% cells for wild type Tac-CD5 (Fig. 6C). In contrast,
Tac-CD5(LL657,658AA) internalized very inefficiently (Fig. 6B), with
internalization detected in only 2.5+2.8% (n=3, p<0.01) of cells after
30 min (Fig. 6C). Similar endocytosis rates for these Tac-CD5 mutants
were also observed at the 15 min internalization time point (data not
shown). These results indicate the di-leucine residues (gs;7LLgsg) and not
tyrosine-655 are important for the membrane internalization potential of
Tac-CD5.

The importance and role of each of the leucine residues for the
internalization of Tac-CD5 was next tested, by generating individual
leucine to alanine substitute mutants (L657A and L658A, Fig. 6A) and
internalization evaluated as described above. We found that the L657A
substitution had a mild effect on Tac-CD5 endocytosis, with Tac-CD5
(L657A) internalization detected in 67.8+8.7% (n=3, p<0.05) cells
after 30 min compared to 100% cells to wild type Tac-CD5 (Fig. 6C). In
contrast the L658A substitution had a bigger effect on endocytosis,
with Tac-CD5(L658A) internalization detected only in 13.3+£1.9% (n=3,
p<0.01) cells after 30 min (Fig. 6C). These results indicate both leucine
residues are required to mediate efficient endocytosis of Tac-CD5, but
that of the two; the second leucine (L658) is the most important
residue.

The di-leucine g57LLgsg as mentioned above is not present within a
classical acidic-di-leucine endocytic motif consensus, but acidic
residues are found after the di-leucine sequence. As previous studies

Fig. 5. KCC2 C-terminus residues 651-662 contain an endocytic motif. (A) Schematic
illustration of the Tac-C carboxyl truncation constructs, Tac-CD1-CD6. The KCC2 C-tail
amino acids contained in each construct are shown. (B) Endocytosis of Tac-CD5 and Tac-
CD6. HEK293 cells transfected with Tac-CD5 (left) or Tac-CD6 (right) were assayed for
anti-Tac internalization as depicted in Fig. 2A. Shown are representative confocal
images of surface anti-Tac (red) and internalized anti-Tac (green) at 0, 15 and 30 min.
Note internalized Tac-CD5 (green) was detected at 15 and 30 min, while no internalized
Tac-CD6 was detected at any time point. Scale bar: 10 pm. (C) Quantification of Tac-C
carboxyl truncation constructs endocytosis at 30 min. Data are expressed as the
percentage of cells that internalized anti-Tac and presented as mean+s.e (n=3). Data
from (B) and (C) indicate the endocytic motif is located within amino acids 651-662 of
the mature KCC2 protein. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 6. Identification of a di-leucine based endocytic motif within KCC2 C-terminus
amino acids 651-662. (A) Top, Alignment of the KCC2 amino acid sequence in the CD5
(635-662) and CD6 (635-650) regions of KCC2. Note the amino acids containing the
potential YXX¢ and LL endocytic motifs are underlined. Bottom, alignment of the
different Tac-CD5 point mutation mutants. The alanine-substituted amino acid residues
are underlined. (B) Endocytosis of Tac-CD5, Tac-CD5(Y655A), and Tac-CD5(LL657,
658AA). HEK293 cells transfected with Tac- CD5(WT) wild-type (left), Tac-CD5(Y655A)
(middle), or Tac-CD5(LL657, 658AA) (right) were assayed for anti-Tac internalization as
depicted in Fig. 2A. Shown are representative confocal images of surface anti-Tac (red)
and internalized anti-Tac (green) at 0 and 30 min. Note no internalization of Tac-CD5
(LL657, 658AA) was detected at 30 min, while Tac-CD5 and Tac-CD5(Y655A) both
internalized. Scale bar: 10 pm. (C) Quantification of Tac-CD5 wild type and the CD5
mutant endocytosis at 30 min. Data are expressed as the percentage of cells that
internalized anti-Tac and presented as meanzs.e (n=3). Significant differences from
control (wild type Tac-CD5) were found (*p<0.05, **p<0.01) using the Student's t-test,
two tails. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

have indicated the importance of the amino acid residues surrounding
the di-leucine for the potency of the endocytic signal [28], we decided
to examine the role of the residues surrounding the gs7LLgsg motif.
Specifically we tested the role of L660 and the two glutamic acid
residues gg1EEgs, following the di-leucine residues. Again we

generated alanine substitution mutants in the context of the Tac-
CD5 construct. Tac-CD5(L660A) and Tac-CD5(EE661,662AA) (Fig. 6A)
were tested for their ability to internalize in our endocytosis assay. We
found Tac-CD5(L660A) internalized as efficiently as wild type Tac-CD5
(Fig. 6C), with internalization detected in 100% cells after 30 min. In
contrast we found Tac-CD5(EE661,662AA) internalization was
affected, with internalization of Tac-CD5(EE661,662AA) detected
only in 83.3+4.2% (n=3, p<0.05) after 30 min (Fig. 6C). This result
suggests acidic residues gg1EEgg, form part of the endocytic motif, but
perhaps play a minor role in Tac-CD5 internalization compared to the
di-leucine residues, gs7LLgsg. Taken altogether the results of the
alanine mutagenesis experiments demonstrate there is an endocytosis
motif in the region encompassing amino acids 657-662 of KCC2,
which is a novel acidic di-leucine endocytic motif, g57;LLXXEEgg;.

3.7. The di-leucine residues g57LLgsg comprise the only endocytosis motif
in the KCC2 C-terminus

Our findings so far strongly suggest the identified di-leucine motif
is the only endocytic motif within the full-length KCC2 C-terminus. To
test and confirm this, we generated the Tac-C(LL657,658AA) mutant
by site-directed mutagenesis and assessed its ability to endocytose
using the fluorescence-based endocytosis assay, with the anti-Tac
antibody. As controls for this assay, we used Tac-C and also generated a
Tac-C(Y665A) mutant, which according to our results with Tac-CD5
(Y665A) (Fig. 6), should internalize as efficiently as Tac-C. We found, as
predicted that Tac-C(Y665A) internalized similarly to wild type Tac-C
(Fig. 7A), with internalization of Tac-C(Y665A) and wild type Tac-C
detected in 90+3.3% cells and 95.6+2.2% after 15 min and 95.6+2.2%
and 100% of cells after 30 min, respectively (Fig. 7B). In contrast, Tac-C
(LL657,658AA) endocytosed poorly (Fig. 7A), with Tac-C(LL657,658AA)
internalization detectable only in 3.3+1.9% and 6.7 +3.8% of cells after
15 and 30 min respectively. These results demonstrate the di-leucine
motif is the only functional endocytosis motif within the context of the
full length KCC2 C-tail and is both necessary and sufficient for the
endocytosis-targeting function of the KCC2 C-tail.

3.8. The di-leucine motif is essential for KCC2 constitutive endocytosis

Finally, we examined whether the di-leucine motif is required for
the constitutive endocytosis of full length KCC2. For this, the HA-KCC2
(LL657,658AA) mutant was generated by site-directed mutagenesis
and the endocytosis of this mutant and wild type HA-KCC2 in
transiently transfected HEK293 cells were quantified using the surface
biotinylation endocytosis assay. The advantage of using this quanti-
tative assay versus the fluorescent approach was that we could
determine whether internalization is blocked or if only the rate of
endocytosis is altered. The endocytosis assay was performed essen-
tially as described (Fig. 2D) on HEK293 cells transfected with either
HA-KCC2 or HA-KCC2(LL657,658AA). Following the endocytosis assay,
biotinylated HA-KCC2 variants both surface expressed (-strip, Fig. 8A)
and internalized (+strip, Fig. 8A) were detected by streptavidin
purification followed by Western blot detection with a KCC2 antibody.
Western blots were subsequently quantified by densitometry. We
found both wild type HA-KCC2 and HA-KCC2(LL657,658AA) expressed
efficiently at the cell surface (0’, -strip, Fig. 8A) and that glutathione
stripping at 0 min removed the majority of remaining surface
biotinylated HA-KCC2 and HA-KCC2(LL657,658AA) (0’, +strip,
Fig. 8A). Residual glutathione-resistant biotinylated protein was then
considered as background and subtracted from the signal derived
from further incubation time points. After 30 min incubation at 37 °C
(endocytosis), we detected an increased amount of biotinylated HA-
KCC2 protected from glutathione stripping (30’, +strip, left panel
Fig. 8A), which represents the amount of internalized HA-KCC2 and
equates to 5+1.1% of surface expressed wild type HA-KCC2 (Fig. 8B). In
contrast, we observed no increase in the amount of biotinylated HA-
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KCC2(LL657,658AA) protected from glutathione stripping after 30 min
(30, +strip, right panel Fig. 8A), indicating HA-KCC2(LL657,658AA) did
not internalize (Fig. 8B). Hence we demonstrate that the LL657,658AA
mutation is sufficient to block HA-KCC2 internalization, thus indicat-
ing that gs7LLgsg, is essential for the constitutive endocytosis of HA-
KCC2.

In Fig. 1 we have shown that endogenous neuronal KCC2 is
associated with the CME machinery through binding to the CME
pathway AP-2 complex. Suggesting therefore that KCC2 endocytosis
may be mediated via the binding of this adaptor complex. We
therefore tested whether gs57LLg5g, which is essential for the
constitutive endocytosis of KCC2 is the binding domain for the AP-2
complex. To examine this, we tested the binding abilities of HA-KCC2
and HA-KCC2(LL657,658AA) to the a-adaptin subunit of AP-2 by co-
immunoprecipitation. Immunoprecipitated complexes were prepared
from whole cell lysates of HEK293 cells transiently transfected with
HA-KCC2 or HA-KCC2(LL657,658AA), using a mouse monoclonal
antibody to HA or pre-immune mouse IgG as the control. These
immunoprecipitates were then Western blotted with antibodies to HA
and «a-adaptin. We found «-adaptin was present in the anti-HA
immunoprecipitates isolated from HA-KCC2 expressing cells but not
HA-KCC2(LL657,658AA) expressing cells or in the control immuno-
precipitates (Fig. 8C). This confirms that transiently expressed HA-
KCC2 interacts with the AP-2 complex of HEK293 cells and that the
LL657,658AA mutation is sufficient to block the binding of a-adaptin
and the AP-2 complex to KCC2. Taken together with the Tac-CD5
(Fig. 6) and Tac-C (Fig. 7) data, these results demonstrate that we have
identified a di-leucine based endocytosis motif that is essential for the
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Fig. 7. Di-leucine residues s57LLssg are necessary for Tac-C endocytosis. (A) Endocytosis
of Tac-C, Tac-C(Y655A), and Tac-C(LL657, 658AA). HEK293 cells transfected with Tac-C
(WT, left), Tac-C(Y655A) (middle), or Tac-C(LL657, 658AA) (right) were assayed for anti-
Tac internalization as depicted in Fig. 2A. Shown are representative confocal images of
surface anti-Tac (red) and internalized anti-Tac (green) at 30 min. Note no internaliza-
tion of Tac-C(LL657, 658AA) was detected, while Tac-C and Tac-C (Y655A) both
internalized. Scale bar: 10 pm. (B) Quantification of Tac-C wild type (white bars), Tac-C
(Y655A) (black bars) and Tac-C(LL657, 658AA) (grey bars) endocytosis at 15 and 30 min.
Data are expressed as the percentage of cells that internalized anti-Tac (n=3) and
presented as meants.e. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 8. Di-leucine ¢5;LLgsg is essential for the constitutive endocytosis of HA-KCC2.
(A) Comparison of the endocytosis rates of HA-KCC2 and HA-KCC2(LL657, 658AA).
Cell surface biotinylation was performed using the non-permeable cleavable biotinyla-
tion reagent Sulfo-NHS-SS-Biotin (1 mg/ml) on HA-KCC2 and HA-KCC2(LL657,
658AA) transfected cells and internalization detected as described in Materials and
methods. Typical immunoblots are shown detecting from left to right, total initial
surface (0’, -strip), strip control (0’, +strip) and internalization for 30 min (30, +strip)
for HA-KCC2 (left) and HA-KCC2 (LL657,658AA) (right), using an anti-KCC2 antibody. (B)
Quantification of HA-KCC2 and HA-KCC2 (LL657, 658AA) endocytosis at 30 min. Data are
expressed as the percentage of each internalized KCC2 variant at 30 min and presented
as meants.e. (n=3). The difference in internalization between HA-KCC2 and HA-KCC2
(LL657,658AA) was found to be statistically significant (**p<0.01), using the Student's t-
test, two tails. (C) Comparison of binding of the AP-2 complex a-adaptin subunit to HA-
KCC2 and HA-KCC2(LL657, 658AA). Whole cell lysates from HA-KCC2 and HA-KCC2
(LL657, 658AA) transiently expressing HEK293 cells were immunoprecipitated (IP) with
antibodies to HA or pre-immune mouse IgG, and Western blotted (IB) with antibodies to
HA or a-adaptin. a-adaptin was co-immunoprecipitated with HA-KCC2 but not with
HA-KCC2(LL657,658AA). (D) Amino acid sequence alignment of the first 28 residues of
the mouse KCC2 carboxyl terminus with the orthologous region in other mouse cation-
chloride cotransporters. The location of this region is marked by dashes on a schematic
representation of the structure of a cation-chloride cotransporter. Black bars illustrate
transmembrane domains. Note, the novel di-leucine endocytic motif identified in KCC2
is conserved in KCC1, KCC3 and KCC4 (shown shaded), but it is not found in NKCC1,
NKCC2 or NCC.

CME dependent constitutive endocytosis of KCC2 via binding of the
AP-2 complex.

4. Discussion

KCC2 is essential in the vast majority of CNS neurons for the
development and maintenance of inhibitory neurotransmission [3-7].
In addition loss of KCC2 expression and function is associated with
several neuropathological conditions including chronic pain [5], nerve
injury [6] and epilepsy [7]. Given this seemingly crucial role for KCC2
in the mature nervous system, it was surprising how little was known
of the cellular mechanisms controlling KCC2 stability and function, in
particular how KCC2 surface expression is controlled. In this study we
examined the cellular mechanisms controlling the endocytosis of
KCC2. We show that (i) constitutive endocytosis of KCC2 is controlled
by the clathrin mediated endocytic pathway, (ii) endogenous neuronal
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KCC2 associates with the clathrin binding adaptor protein-2 complex,
(iii) constitutively internalized KCC2 is sorted to the endosomal
recycling pathway, (iv) KCC2 carboxy tail contains an autonomous
endocytic signal and (v) this endocytic signal is a novel acidic di-
leucine motif 57LLXXEEge,, Which we show is both necessary and
sufficient to mediate the binding of KCC2 to the AP-2 complex and the
constitutive endocytosis of KCC2. Together our results reveal that the
CME pathway and a discrete endocytic motif in the KCC2 carboxyl tail
mediate the constitutive endocytosis of KCC2.

Our molecular mapping study is the first to report an endocytic
motif in any CCC family protein. By generating a functional HA-tagged
version of KCC2 (HA-KCC2, Fig. 1B-D), we were able to demonstrate
that KCC2 constitutive endocytosis is CME pathway dependent
(Fig. 2C). Whether other CCC family proteins are endocytosed also in
a clathrin-dependent manner is yet to be determined. CME dependent
endocytosis is largely controlled through the binding of clathrin
adaptor complexes and our results indicate KCC2 binds in vivo to the
clathrin binding AP-2 complex (Fig. 1A). In this study we initially
identified a key 12 amino acid region ¢5;SAARYALLRLEEgg, within the
KCC2 carboxyl tail proximal to the last transmembrane domain
(Fig. 5), encoding an autonomous endocytic signal. Using alanine
substitution mutagenesis we then demonstrated that the di-leucine
residues (gs7LLgsg) within this region are central to this endocytosis
motif (Figs. 6,7). Finally we demonstrated that these residues are
essential for the constitutive endocytosis of HA-KCC2 (Fig. 8A-B) and
the binding of KCC2 to the AP-2 complex (Fig. 8C). Interestingly, we
found that L658 plays a major role within the endocytosis motif
whereas L657 plays a more minor role in conveying the endocytosis-
targeting function of this di-leucine motif (Fig. 6). In addition we have
shown that although these di-leucine residues are not present within
a classical acidic di-leucine endocytic motif, (E/D)XXXL(L/I) [28], two
glutamic acid residues downstream gs;LLRLEE¢g, are required for the
full function of this endocytic motif (Fig. 6). This confirms previous
findings that the composition of the surrounding amino acids can
impact the function of an endocytosis motif [28]. An additional
interesting finding from this mapping study was that although KCC2
has a potentially good tyrosine based endocytosis motif (g55YALLg53)
within this region, it is apparently not utilized (Fig. 6). This was
surprising and it will be of future interest to determine why this
tyrosine motif is not used in KCC2 endocytosis, or if it plays an
alternative targeting role for KCC2.

Sequence alignment of the region of the mouse KCC2 carboxyl tail
containing the endocytic motif, with the same region of homologous
murine cation-chloride co-transporters (Fig. 8D), reveals this novel
KCC2 endocytic motif is highly conserved between related KCC family
members. This suggests the mechanisms controlling the constitutive
endocytosis of KCC family members may be conserved. Moreover this
endocytic motif is not found in the analogous region of the more
distally related NKCC1, NKCC2 or NCC proteins (Fig. 8D). Given the
opposing physiological functions of KCC proteins versus NKCC and
NCC proteins, in mediating either chloride efflux or influx respectively,
the presence or absence of this endocytic motif provides further
indication of how these related protein families may be differentially
regulated. A role for specific regions of the KCC2 carboxyl terminus in
controlling transporter activity has been reported [40,41], but how
these regions mediate this function is as yet unknown. It is postulated
that either acquired conformations or specific protein-protein inter-
actions are involved. In this regard, it is interesting that we have
mapped the KCC2 constitutive endocytosis motif to the C-tail of KCC2.
Recent reports also indicate that KCC2 and other CCC family members
encode the capacity to both homo and hetero-oligomerize [17-19,42].
The regions within these proteins mediating this function are
beginning to be elucidated and an important role for the carboxyl
tail yet again is indicated [42]. How both homo- and hetero-
oligomerization impact on the function of our defined endocytic
motif, will need to be addressed. For example does dimerization affect

the availability of the endocytic motif? The mapping of the precise
regions of the carboxyl tail required to form dimers will provide a
starting point to address this question.

The endocytic motif identified in this study regulates the
constitutive endocytosis of KCC2 (Fig. 2). Both seizure activity (BDNF
dependent signaling) and oxidative stress (hydrogen peroxide
induced) have been shown to induce a rapid reduction in KCC2
surface expression by enhancing KCC2 internalization in hippocampal
neurons [14,15]. This suggests the additional existence of regulatory
mechanisms that can enhance KCC2 constitutive endocytosis. This
BDNF and oxidative stress dependent regulation of KCC2 surface
expression [14,15] is associated with a reduction in tyrosine
phosphorylation of KCC2 [15], suggesting that tyrosine phosphoryla-
tion or de-phosphorylation may be a means by which KCC2
endocytosis could be regulated. It will therefore be of interest to
examine whether stress dependent regulation of KCC2 endocytosis
utilizes the same endocytic motif we have mapped in this study. Also
whether the tyrosine phosphorylation state of KCC2 controls the
function of this endocytic motif, perhaps by altering its availability and
its interaction with the endocytic machinery. A recent report has also
indicated the additional existence of a protein kinase-C dependent
inhibition of KCC2 endocytosis, involving the phosphorylation of a site
in the KCC2 C-terminus distal to the novel endocytic motif reported
here [43]. It will be interesting to examine whether this phosphoryla-
tion event also impacts the function of the novel KCC2 endocytosis
motif reported in this study. Finally, we have shown that constitutively
endocytosed KCC2 is targeted to the recycling endosomal pathway
(Fig. 2). It will therefore also be of future interest to determine
whether BDNF-signaling and oxidative stress also target KCC2
internalization to the recycling-endosomal pathway or alternatively
for degradation.

Given the essential role of KCC2 in regulating the strength of
inhibitory neurotransmission, membrane trafficking of KCC2 repre-
sents an optimal mechanism by which inhibition may be indirectly
regulated. Our results defining the motif and mechanism by which the
constitutive endocytosis of KCC2 is controlled, are an initial step in
understanding the molecular determinants by which KCC2 transpor-
ter membrane trafficking may be regulated. Finally given the
conservation of this motif amongst K*/CI” family proteins, our studies
are also applicable to examining how endocytosis is controlled in
related KCC proteins and its impact on their function of controlling
cellular chloride homeostasis in the many different tissues of the body
in which these transporters are expressed.
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