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The Axon-Dendrite Targeting of Kv3 (Shaw) Channels Is
Determined by a Targeting Motif That Associates with the T1
Domain and Ankyrin G
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'Department of Neuroscience and Center for Molecular Neurobiology, 2Neuroscience Graduate Studies Program, and >Biophysics Graduate Program, The
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Kv3 (Shaw) channels regulate rapid spiking, transmitter release and dendritic integration of many central neurons. Crucial to functional
diversity are the complex targeting patterns of channel proteins. However, the targeting mechanisms are not known. Here we report that
the axon- dendrite targeting of Kv3.1 is controlled by a conditional interaction of a C-terminal axonal targeting motif (ATM) with the
N-terminal T1 domain and adaptor protein ankyrin G. In cultured hippocampal neurons, although the two splice variants of Kv3.1,
Kv3.1a and Kv3.1b, are differentially targeted to the somatodendritic and axonal membrane, respectively, the lysine-rich ATM is surpris-
ingly common for both splice variants. The ATM not only directly binds to the T1 domain in a Zn>*-dependent manner, but also
associates with the ankyrin-repeat domain of ankyrin G. However, the full-length channel proteins of Kv3.1b display stronger association
to ankyrin G than those of Kv3.1a, suggesting that the unique splice domain at Kv3.1b C terminus influences ATM binding to T1 and
ankyrin G. Because ankyrin G mainly resides at the axon initial segment, we propose that it may function as a barrier for axon- dendrite
targeting of Kv3.1 channels. In support of this idea, disrupting ankyrin G function either by over-expressing a dominant-negative mutant
or by siRNA knockdown decreases polarized axon- dendrite targeting of both Kv3.1a and Kv3.1b. We conclude that the conditional ATM
masked by the T1 domain in Kv3.1a is exposed by the splice domain in Kv3.1b, and is subsequently recognized by ankyrin G to target

Kv3.1b into the axon.
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Introduction
Characterized by high activation threshold and fast deactivation
kinetics, Kv3 (Shaw) voltage-gated potassium channels are re-
quired for rapid spiking of many central neurons (Rudy and
McBain, 2001). Kv3.3 gene mutation is implicated in adult-onset
dominant ataxia in humans (Waters et al., 2006), and Kv3 knock-
out mice generally show motor and other behavioral abnormal-
ities (Lau et al., 2000; Espinosa et al., 2001; Matsukawa et al.,
2003; Espinosa et al., 2004; Joho et al., 2006). In addition to the
unique channel properties, targeting into distinct subcellular do-
mains in neurons is also crucial to the diverse functions of Kv3
channels. However, what controls Kv3 channel targeting is not
known.

Kv3 channels display intriguingly complex targeting patterns
in dendrites and axons, depending on the isoform and alternative
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splicing (Misonou and Trimmer, 2004; Lai and Jan, 2006). There
are four Kv3 isoforms, Kv3.1, Kv3.2, Kv3.3, and Kv3.4. Whereas
Kv3.1, Kv3.2 and Kv3.4 are targeted to the nerve terminals of
central neurons to regulate action potential duration and trans-
mitter release (Rettig et al., 1992; Weiser et al., 1994; Ishikawa et
al., 2003; Lien and Jonas, 2003; Matsukawa et al., 2003; Brooke et
al., 2004; Goldberg et al., 2005), Kv3.3 and Kv3.4 are localized in
the somatodendritic regions of cerebellar Purkinje cells to shape
the large depolarization events (Martina et al., 2003). Each Kv3
isoform gives rise to multiple products by alternative splicing,
which exclusively occurs at the C-terminal region. Of the two
Kv3.1 splice variants, the longer Kv3.1b is localized primarily in
proximal dendrites, soma, and axons, particularly in axonal ter-
minal fields (Weiser et al., 1995; Sekirnjak et al., 1997; Ozaita et
al., 2002). The shorter Kv3.1a is less abundant than Kv3.1Db, re-
placed gradually by Kv3.1b in adults (Perney et al., 1992; Gan and
Kaczmarek, 1998).

Multiple targeting motifs have been identified for different Kv
channels (Misonou and Trimmer, 2004; Lai and Jan, 2006). Ax-
onal targeting of Kv1 involves the N-terminal T1 domain (Gu et
al., 2003, 2006; Rivera et al., 2005). Dendritic targeting of Kv2.1
and Kv4.2 requires the proximal clustering and a di-leucine mo-
tif, respectively, located at the C termini (Lim et al., 2000; Rivera
et al., 2003). Other trafficking signals, e.g., the YXX® motif (at
Y458) at the C terminus of Kv1.2 (Gu et al., 2003) and the kinesin
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(KIF17)-binding motif of Kv4.2, also participate in channel tar-
geting (Chu et al., 2006). In KCNQ channels, an ankyrin
G-binding motif and A domain are involved in localizing the
channels to the axon initial segment (AIS) and the distal axon,
respectively (Chung et al., 2006; Pan et al., 2006). However, for
Kv3 channels, little is known about the targeting signal and mech-
anism except that a PDZ-domain binding motifat the C terminus
of Kv3.3 is required to target the channels to distal dendrites of
pyramidal neurons of Apteronotus leptorhynchus (Deng et al.,
2005).

Our results reveal a novel mechanism governing Kv3.1 axon—
dendrite targeting that involves the T1 domain and ankyrin G for
binding to a newly identified ATM at C termini. Although the
ATM is present in both Kv3.1a and Kv3.1b, its binding to ankyrin
G is more permissive in the presence of the splice domain at
Kv3.1b C terminus, allowing the channel complex to cross the
AIS. Because the ATM and T1 domain are highly conserved
within Kv3 channels from fly to human, their interaction may
represent an evolutionarily conserved mechanism by which
channel targeting is regulated.

Materials and Methods

Materials. The following reagents were used: rabbit polyclonal anti-
MAP2 (Chemicon, Temecula, CA), rat monoclonal anti-HA antibody
(Roche, Indianapolis, IN), mouse monoclonal anti-human CD4 anti-
body (Caltag, Burlingame, CA), mouse monoclonal anti-pan-Nav chan-
nel antibody (Sigma, St. Louis, MO), rabbit polyclonal anti-Kv3.1b an-
tibody (Alomone Labs, Jerusalem, Israel), rabbit polyclonal anti-EGFP
and anti-6 X His antibodies (Invitrogen, Carlsbad, CA), rabbit polyclonal
anti-ankyrin G (a kind gift from Dr. Vann Bennett) and anti-Taul (Ab-
cam, Cambridge, MA), Cy2-, Cy5- and HRP-conjugated secondary an-
tibodies (Jackson ImmunoResearch, West Grove, PA), Kv3.la and
Kv3.1b (a kind gift from Dr. Bernardo Rudy), transferrin receptor-GFP
fusion (TfR-GFP, a kind gift from Dr. Gary Banker), ankyrin G-GFP (a
kind gift from Drs. Lori Isom and Vann Bennett).

cDNA constructs. Kv3.1aHA and Kv3.1bHA were constructed by in-
serting an HA tag (YPYDVPDYA) into the first extracellular loop right
behind T231. Kv3.1T1-TfR—-GFP was constructed by inserting the PCR
fragment encoding the Kv3.1 N-terminal region [amino acids (aa)
1-186] right before the N terminus of TfR—GFP between engineered NotI
and Xhol sites (Gu etal., 2003). CD4—31aC (aa 442-511), CD4-31bC (aa
442-585), CD4-31sC (aa 500—585), CD4—-31aC475-511 (aa 475-511)
and CD4-31aC482-511 (aa 482-511) were constructed by inserting the
PCR fragments right after the CD4 C terminus between engineered NotI
and Xhol sites (Gu et al., 2003). With the Quickchange strategy, CD4-
aC442-489, CD4-31aC442-469, CD4-31aC442-464 and CD4-
31aC442-452 were constructed by engineering stop codons at these po-
sitions (490, 470, 465, 453 respectively) of CD4-31aC. CD4-31aC447—
464 (aa 447-464) and CD4-31aC453-464 (aa 453—-464) were
constructed by inserting synthesized DNA fragments right after the CD4
C terminus between NotI and Xhol sites. Kv3.1bHA1-502, Kv3.1bHA1—
489, Kv3.1bHA1-469 and Kv3.1bHA1-464 were also constructed by
engineering stop codons in Kv3.1bHA. Indicated residues in the ATM
were mutated to alanines in Kv3.1aHA p, Kv3.1aHA ,p, Kv3.1bHA g f
Kv3.1bHAp CD4-31aCgrpr CD4—31aCyrp CD4-31aCppy and
CD4-31aCpp using the Quickchange strategy. GST-31N (aa 1-186),
GST-31aC (aa 442-511), GST-31bC (aa 442-585) and GST-31sC (aa
500-585) were made by inserting the corresponding PCR fragments into
pGEX4T-2 between EcoRI and Xhol. GST-31aC442-489, GST-
31aC442-469 and GST-31aC442—452 were constructed by engineering a
stop codon at these indicated positions (490, 470, 453 respectively) in
GST-31aC. His-31N (aa 1-186), His-31T1 (aa 1-110), and His-MB (aa
1-890) were constructed by inserting the corresponding PCR fragments
into pRSET B between BglIl and EcoRI. MB-GFP was constructed by
digesting ankyrin G-GFP with Apal and religating the fragment contain-
ing the vector. All constructs were confirmed by sequencing.

Hippocampal neuron culture. Hippocampal neuron culture was pre-
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pared as previously described (Gu et al., 2003). In brief, 2 d after neuron
plating, 1 um cytosine arabinose (Sigma) was added to the neuronal
culture medium to inhibit glial growth for the subsequent 2 d, then
replaced with the normal neuronal culture medium. The culture me-
dium was replenished twice a week by replacing a half volume. For tran-
sient transfection, neurons in culture at 5-7 DIV were incubated in Opti-
MEM containing 0.8 ug of cDNA plasmid and 1.5 ul of Lipofectamine
2000 (Invitrogen) for 20 min at 37°C.

Whole-cell patch-clamp recording. Kv3.1a, Kv3.1b, Kv3.1aHA and
Kv3.1bHA were subcloned into pIRES2EGFP vector. The transfected
HEK293 cells were identified by GFP fluorescence and recorded in
Hank’s buffer (150 mm NaCl, 4 mm KCl, 1.2 mm MgCl,, 10 mg/ml glu-
cose, 1 mm CaCl,, 20 mm HEPES, pH 7.4). The internal solution for
electrical pipettes is composed of (in mm) 122 KMeSO,, 20 NaCl, 5
Mg-ATP, 0.3 GTP and 10 HEPES, pH 7.2,. The resistance of electrodes is
between 2 and 5 M(Q). Isolated cells were voltage-clamped in the whole-
cell mode using an EPC9 amplifier (HEKA Elektronik, Southboro, MA),
held at —80 mV, and given 250 ms voltage episodes from —50 to 40 mV
with a 10-mV increment. Voltage commands were made from the
Pulse+Pulse Fit program (version 8.53; HEKA Elektronik), and the cur-
rents were recorded at 5 kHz.

Antibody uptake experiments. Living neurons transfected with CD4—
31aC and point mutations were incubated with a monoclonal anti-hCD4
antibody (1:200 dilution in culture medium) for 8 min at 37°C, rinsed
briefly in prewarmed PBS, and fixed with 4% formaldehyde (from 10%
ultrapure EM grade and methanol free; Polysciences, Warrington, PA)
and 0.4% sucrose in PBS for 20 min. Under nonpermeabilized condi-
tions, the neurons were further incubated with secondary antibodies in
PBS with 2.5% normal goat serum, followed by extensive washing. Then
the neurons were permeabilized with PBS containing 0.2% Triton X100
for 15 min, and stained for the dendritic marker MAP2. Under perme-
abilized conditions, the neurons were permeabilized with 0.2% Triton
X100 in PBS for 15 min, incubated with the rabbit polyclonal anti-MAP
antibody in PBS with 0.02% Triton X100 and 2.5% normal goat serum,
washed and then further incubated with secondary antibodies.

Immunofluorescence staining. The procedure of immunocytochemis-
try and fluorescence microscopy were described previously (Gu et al.,
2003). In brief, the neurons expressing HA-tagged channels or CD4 fu-
sion proteins were stained under both permeabilized conditions to label
total proteins and nonpermeabilized conditions to label the surface pool.

Fluorescence microscopy and quantification. Fluorescence images were
captured with a Spot CCD camera RT slider (Diagnostic Instruments,
Sterling Heights, MI) in a Zeiss (Oberkochen, Germany) upright micro-
scope, Axiophot, using Plan Apo objectives 20X /0.75 and 100X /1.4 oil,
saved as 16-bit TIFF files, and analyzed with NIH Image J and SigmaPlot
8.0 for fluorescence intensity quantification. Exposure times were con-
trolled so that the pixel intensities in dendrites and axons were below
saturation, but the same exposure time was used within each group of an
experiment. The quantification procedure was described previously (Gu
et al., 2003). Only transfected neurons with clearly separated dendrites
and axons, and isolated from other transfected cells were chosen for
analysis. To distinguish axons from dendrites, axonal marker Taul and
dendritic marker MAP2 were used for costaining. We determined the
targeting ratio (F,.,/Fyendrice)> the average fluorescence intensity in ax-
ons divided by the average fluorescence intensity in dendrites, by laying
lines along the major processes to acquire the fluorescence intensity pro-
files (in arbitrary unit) of these processes excluding segments fasciculated
with other neurites, regions with crossings, proximal dendritic segments
within 20 wm from the soma, and fine terminal branches.

In vitro protein binding assay. The expression of GST fusion proteins
was induced with 1 mm IPTG in E. coli BL21 cells for 5 h at 37°C. The
bacterial pellets were solubilized with sonication in a pull-down buffer
[50 mm Tris-HCI, pH 7.4, 150 mm NaCl, 1% Triton X100, and protease
inhibitor cocktail (Roche)] at 4°C, and centrifuged at 50,000 X g for 30
min at 4°C. The supernatants were incubated with 50 ul of glutathione
beads at 4°C either for 3 h (for mixed pull down) or overnight (for
sequential pull down). After extensive washing, the beads coated with
purified GST fusion proteins were further incubated with either bacterial
lysate supernatant containing His-tagged fusion proteins or the superna-
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tant from HEK293 cells expressing ankyrin G-GFP or MB-GFP. The
proteins precipitated were eluted with a 2X sample buffer, and resolved
in SDS-PAGE, transferred to PVDF membrane and subjected to immu-
noblotting with either an anti-His antibody or anti-GFP antibody. The
SDS-PAGE gels with GST fusion inputs were stained with Coomassie
Blue.

Pull-down assays with purified fusion proteins. GST- and His-tagged
fusion proteins were purified with glutathione and Ni** beads, respec-
tively. Under normal condition, purified His-31T1 (0.5 mg) and GST
fusion (0.5 mg) were incubated in the pull-down buffer (total volume 1.2
ml) at 4°C overnight, and then precipitated with glutathione beads. Un-
der EDTA condition, the two were incubated in the pull-down buffer
with 1 mm EDTA at 4°C overnight, and then precipitated with glutathi-
one beads. Under Zn?" re-association condition, the two were first in-
cubated in the pull-down buffer with 1 mm EDTA and 20 mm
2-mercaptoethanol at 4°C overnight. Next the mixture was dialyzed in
pull-down buffer with 100 um ZnSO, and 20 mm 2-mercaptoethanol,
and then precipitated with glutathione beads. This procedure was
adopted with minor modification from an early study (Nanao et al.,
2003).

Coimmunoprecipitation. HEK293 cells cotransfected with HA-tagged
Kv3.1 channels and either ankyrin G-GFP or GFP for 48 h were solubi-
lized in 1 ml of IP buffer [50 mm Tris-HCl, pH 7.4, 150 mm NaCl, 1%
Triton X100, and protease inhibitor cocktail (Roche)] for 1 h at 4°C, and
then centrifuged at 50,000 X g for 20 min at 4°C. 0.9 ml of the superna-
tant was incubated (for 2 h, 4°C) with 1 ug of polyclonal anti-GFP anti-
body and 50 ml of protein A agarose beads (Roche). The beads were
washed six times with 1 ml of IP buffer and then eluted with 100 ul of 2 X
sample buffer at 95°C for 15 min. The immunoprecipitates were resolved
by SDS-PAGE, transferred to a PVDF membrane, and subjected to im-
munoblotting with monoclonal anti-HA antibody.

siRNA suppression of endogenous ankyrin G expression in rat hippocam-
pal neurons. We used vector-based siRNA strategy to suppress the endog-
enous ankyrin G expression in cultured rat hippocampal neurons. The
procedure was described previously (Gu et al., 2006). In brief, four 21
nucleotide sequences unique to rat ankyrin G were selected from the
open reading frame. For constructing each siRNA construct, two com-
plementary strands of DNA, from 5’ to 3’, containing a BamH1 site,
21-nucleotide antisense, loop (TTGATATCCG), 21-nucleotide sense,
and a HindIlI site, were chemically synthesized, and inserted into the
BamHI/HindIII sites of pRNAT-H1.1/neo vector (GenScript, Piscat-
away, NJ), which also contains a GFP gene. One probe, AnkG siR (nu-
cleotide 294-314, CAACGTCGATGCAGCCACAAA), can efficiently
suppress expression of ankyrin G in rat hippocampal neurons. AnkG siR
or control siRNA was usually transfected into hippocampal neurons with
Lipofectamine 2000 (Invitrogen) at 3 DIV, and neurons were fixed and
stained 5 d later. GFP fluorescence signal indicated the transfected neu-
rons. To examine the effects of suppressing ankyrin G by siRNA, we
cotransfected Kv3.1aHA or Kv3.1bHA together with siRNA probe at 3
DIV, and fixed and stained the neurons 5 d later.

Results

Differential membrane targeting of Kv3.1 splice variants,
Kv3.1a and Kv3.1b

To search for targeting signals within Kv3.1 channels, we first
examined membrane targeting of Kv3.1 splice variants in disso-
ciated hippocampal neurons, a widely used model system for
studying neuronal polarity (Stowell and Craig, 1999; Horton and
Ehlers, 2003; Kaech and Banker, 2006). HA-tagged Kv3.1a and
Kv3.1b (Kv3.1aHA and Kv3.1bHA) were constructed by insert-
ing an HA tag into the first extracellular loop after the second
N-glycosylation site (Brooks et al., 2006). When expressed in
HEK293 cells, Kv3.1aHA and Kv3.1bHA formed functional
channels with activation potential at approximately —10 mV; the
high activation threshold is a hallmark of Kv3 channels (Fig.
1A,B). Their current amplitudes were also similar to those of
wild type channels (Fig. 1A,B). Next, we transfected cultured
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hippocampal neurons with Kv3.1aHA and Kv3.1bHA, and exam-
ined the distribution of these channels on the plasma membrane,
in which they are actively involved in neuronal electrical signal-
ing. Membrane targeting was revealed by staining extracellular
localized HA epitope under nonpermeabilized conditions.
Whereas Kv3.1aHA was primarily localized on the somatoden-
dritic surface (Fig. 1C), Kv3.1bHA was preferentially targeted to
the axonal membrane (Fig. 1 D). The average fluorescence inten-
sity for Kv3.1bHA on the axonal surface is approximately twofold
higher than that on the dendritic surface (Fig. 1D), which is
consistent with the Kv3.1b staining pattern in brain slices (Weiser
etal., 1995; Sekirnjak et al., 1997; Ozaita et al., 2002; Devaux et al.,
2003). Moreover, our results show that alternative splicing in-
deed regulates polarized targeting of Kv3.1 channels.

Identification of ATM in the C terminus of Kv3.1

How does alternative splicing regulate membrane protein target-
ing? The simplest scenario is that targeting signals are encoded
within the splice domain. However, our studies have revealed a
more complex mechanism.

To determine whether a targeting signal is localized in the N-
or C-terminal region of Kv3.1 channels, we fused these regions to
two membrane reporter proteins, dendritic transferrin receptor-
GFP (TfR-GFP) (Fig. 2A) and unpolarized CD4 (Fig. 2B) (Gu et
al., 2003). When expressed in neurons, TfR—GFP (F,,./Fiendrite:
0.13 = 0.09; n = 10) was predominantly localized to somatoden-
dritic membranes (Fig. 2A). Whereas the N-terminal domains of
Kv1 channels, including the T1 domain, targeted TfR-GFP onto
axon membranes (Fig. 2A) (F,on/Faendrite: 144 * 0.34; n = 13)
(Gu et al., 2003; Rivera et al., 2005), the N-terminal domain of
Kv3.1 channels did not (Fig. 2A). When expressed in neurons,
CDA4 (Fxon/Faendrite: 1.0 = 0.25 1 = 20) was uniformly distributed
in both dendrites and axons (Fig. 2 B). Surprisingly, both CD4—
31aC (the Kv3.1a C-terminal region (31aC) fused to the CD4 C
terminus) (Foyon/Faendrite: 2-95 * 0.17; n = 25) and CD4-31bC
(the Kv3.1b C-terminal region (31bC) fused to the CD4 C termi-
nus) (Fuyon/Faendrite: 2-49 = 0.16; n = 22) were primarily targeted
to the axonal membrane (Fig. 2C-E), suggesting that at least one
ATM resides in both 31aC and 31bC.

The C-terminal residues close to the sixth transmembrane
segment are highly conserved within the Kv3 channel subfamily,
whereas the residues in distal C terminus, in which alternative
splicing occurs, are more divergent (Fig. 3A). To determine
whether the splice domain (31sC, 80 residues) in the Kv3.1b C
terminus contains targeting signals, we made a fusion construct,
CD4-31sC, and found that it essentially remained unpolarized
on neuronal membranes (F,.../Fyendrite: 0-84 * 0.06; n = 15)
when expressed in hippocampal neurons (Fig. 3D). Therefore,
the ATM likely resides in the 31aC region, not in the 31sC region.

To identify the ATM, we made six truncations based on CD4 -
31aC and examined their membrane targeting patterns. Whereas
the CD4 fusion constructs missing the C-terminal half of 31aC,
including CD4-31aC442-489 (F,,on/Faendrite: 2-83 = 0.17; n =
19), CD4-31aC442-469 (F,/Faenarice: 2.86 + 0.18; n = 26),
and CD4-31aC442-464 (F,  /Faenarice: 3-38 + 0.22; n = 12),
were still primarily localized to axonal membranes (Fig. 3B,D), a
construct missing another 13 residues (aa 453-465), CD4—
31aC442-452 (F,,on/Faendrite: 0-69 * 0.11; n = 14), and two con-
structs missing the N-terminal half of 31aC, CD4-31aC475-511
(Feon Facnarine: 0.90 * 0.04; n = 21) and CD4-31aC482-511
(Faxon/Faendrite: 0.94 £ 0.05; n = 17), failed to concentrate on
axonal membranes (Fig. 3 B, D). Furthermore, we made two fu-
sion constructs containing the N-terminal half of 31aC. Whereas
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Figure 1.  Distinct targeting patterns of Kv3.1 splice variants. HA-tagged Kv3.1a (A) and Kv3.1b (B) channels are functional
and similar to the wild type in activation potential (approximately —10 mV) and current amplitude. Structural diagrams are on
the left. Transmembrane segments are shown with six black bars. The HA tag (in red) is within the first extracellular loop. The T1
domain (dark red), the C-terminal region of Kv3.1a (in blue), and the splice domain in Kv3.1b (in green) are indicated. HA-tagged
and wild-type channels were subcloned in pIRES2EGFP vector, expressed in HEK293 cells, and recorded by whole-cell voltage
clamp. The cells expressing channel constructs were identified with GFP fluorescence, held at —80mV, and given 250 ms voltage
episodes from —50 to 40 mV with a 10 mV increment. Examples of current traces from HA-tagged and wild-type channels are
given in middle and right panels, respectively. The endogenous voltage-gated outward currents only reached ~ 100 pA at 40 mV
and are therefore ignored (data not shown). Shown are representatives of 6 —10 cells. ¢, When expressed in cultured hippocam-
pal neurons, Kv3.1aHA was predominantly localized to the somatodendritic membrane. Neurons were transfected with
Kv3.1aHA at 6 DIV, fixed, and stained with an anti-HA antibody (in green) under nonpermeabilized conditions 2 d later. Dendrites
of the neurons were labeled by anti-MAP2 (microtubule associated protein 2) staining (in red). The camera lucida drawing of the
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CD4-31aC447—-464 (F, oo/ Faendrive: 2.73
0.23; n = 22) remained enriched on axonal
membranes, CD4-31aC453-464 (F,../
Fiendrite: 1443 £ 0.17; n = 20) showed a
significant decrease of the axon/dendrite
ratio. Together, this study shows that the
ATM is located within residues 447—465 in
the N-terminal half of 31aC (Fig. 3A).

To examine whether the ATM func-
tions through dendrite-specific endocyto-
sis, we adopted a different experimental
strategy, antibody uptake, which was suc-
cessfully used in the studies of dendrite-
specific endocytosis of VAMP2 and Nav1.2
(Garrido et al., 2001; Sampo et al., 2003).
We briefly incubated the live neurons ex-
pressing Kv3.1bHA with monoclonal
anti-HA antibodies added in the culture
medium. The antibodies can be internal-
ized into the neurons together with
Kv3.1bHA channels if the channels un-
dergo endocytosis. If Kv3.1b achieves ax-
onal membrane targeting via rapid
dendrite-specific ~ endocytosis,  strong
anti-HA signals (most from internalized
anti-HA antibodies) should be observed in
dendrites under permeabilized conditions.
However, the staining patterns of these
neurons under both permeabilized and
nonpermeabilized conditions are similar
(supplemental Fig. S1, available at www.
jneurosci.org as supplemental material),
suggesting the ATM does not act through
dendrite-specific endocytosis.

Within this ATM region, there are two
interesting putative motifs. One is a lysine-
rich motif (K454-K458), and the other is a
proline-rich motif (P461-P464) (Fig. 3A).
To determine whether the lysine- and
proline-rich motifs are indispensable to the
ATM, we performed an alanine scan in this
region, by mutating three or two consecu-
tive residues to alanines based on CD4—
31aC, and then assayed targeting of these
mutants with antibody uptake strategy
(Fig. 3E). Under nonpermeabilized condi-
tions, in contrast to CD-31aC (F,on/Fen-
drite: 2.93 * 0.26; n = 15), the targeting
patterns of KKK (F, n/Fyendrite: 1.09 =
0.13; n = 15) and KKH (F,,./Fyendrite:
1.42 = 0.30; n = 10) became unpolarized

<«

neuron in the bottom left shows dendrites in red and axons in
blue. The anti-HA fluorescence profiles along the major axon
(within 200 pm from the soma) and two dendrites (including
the entire dendrite, indicated by thicker lines in the drawing),
and two boxed areas (in 3 times higher magnification) are
shown in the bottom middle and right, respectively. Boxed
areas were chosen along the major axon/dendrite processes
~50 wmaway from the soma. D, Kv3.1bHA was preferentially
localized to the axonal membrane. Distance 0, Soma. Scale
bars, 100 wm.
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(Fig. 3E). Axonal targeting remained un-
changed for PP (F, o/ Faendrite: 2-57 £ 0.20;
n = 20), and modestly decreased for IPR
(Faxon! Faendrite: 2-40 * 0.17; n = 16) (Fig.
3E). Therefore, it is the lysine-rich motif
but not the proline-rich motif that is re-
quired for axonal targeting (Fig. 3E).

Because both Kv3.1a and Kv3.1b con-
tain this ATM, why is Kv3.1a primarily lo-
calized in the somatodendritic region (Fig.
1C)? Alternative splicing gives rise to 10
and 85 nonconserved residues at the
C-terminal ends of Kv3.1a and Kv3.1Db, re-
spectively (Fig. 3A). To determine whether
the last 10 residues in Kv3.1a could contain
a dominant dendritic targeting signal, we
made a deletion construct by introducing a
stop codon at S503 of Kv3.1bHA
(Kv3.1bHA1-502), which is similar to a
Kv3.1aHA deletion missing the last 10 res-
idue except for an Asp residue from Kv3.1b
at the very end (Fig. 3A). In contrast to
Kv3.1bHA (F,yon/Faendrite: 2-06 £ 0.09; n =
32), Kv3.1bHA1-502  (F,on/Faendrice!
0.35 = 0.13; n = 11) was primarily local-
ized on the somatodendritic surface just
like Kv3.1aHA (F,on/Faendrite: 0-37 * 0.04;
n = 23) (Fig. 3C,D), suggesting that the last
10 nonconserved residues at the Kv3.1la C
terminus are not involved in regulating
Kv3.la targeting. To further examine
whether other regions within 31aC could
compromise the ATM function, we con-
structed more truncations of Kv3.1bHA by
introducing stop codons at L490, N470 and
Q465 (Fig. 3A). Whereas Kv3.1bHA1-489
(Foxon/Faendrive: 039 *+ 0.03; n = 16) and
Kv3.1bHA1-469 (F,/Faenariie: 030 =
0.03; n = 10) were targeted to somatoden-
dritic membranes similar to Kv3.laHA,
Kv3.1bHA1-464 failed to even reach the
plasma membrane (Fig. 3C,D). Together,
these data indicate that the ATM within
residues 447—465 is the only axonal target-
ing signal in Kv3.1 C termini. Because ax-
onal targeting is compromised in the pres-
ence of Kv3.1 N terminus, it is possible that
the N terminus can negatively regulate the
ATM function in Kv3.1a.

Direct interaction between the T1
domain and the Kv3.1 ATM

How does the Kv3.1 N terminus negatively
regulate the ATM function? One possibility
is that 31N directly interacts with 31aC to
prevent the ATM from accessing its axonal
targeting machinery, and this masking ef-
fect may be weakened in the presence of
31sC in Kv3.1b.

To examine whether this interaction occurs within Kv3.1
channels, we set out to make GST- and 6XHis-tagged fusion
proteins from Kv3.1 cytoplasmic regions as illustrated in Fig-
ure 4 A. All these fusion proteins are soluble when expressed in
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Figure 2.  Kv3.1 C-terminal regions enrich (D4 to axonal membranes. 4, The Kv3.1 T1 domain did not increase the level of

GFP-tagged transferrin receptor (TfR—GFP) in axons. Diagrams of TfR—GFP fusion proteins are on the left. TfR contains an
intracellular N and extracellular Cterminus with a single membrane-spanning segmentindicated by a black bar. GFP fluorescence
indicating the total protein level (green) is shown in the middle; anti-GFP staining under nonpermeabilized condition indicating
the surface level of expressed fusion proteins (red) is on the right. TfR—GFP itself was primarily localized in the somatodendritic
region (top left). The Kv1.2 T1 domain increased the level of TfR—GFP on axonal membranes (top right), whereas the Kv3.1T1
domain did not (bottom left). Kv3.1T1-TfR—GFP was mainly restricted in soma and proximal dendrites and often formed
punctate clusters along dendrites. The axon— dendrite targeting ratio for a fusion construct equals to the average anti-GFP
immunofluorescence intensity along axons divided by the average intensity along dendrites (F ¢, ce axon/Fsurface dendrite)r SHOWN
at the bottom right. B, (D4 is localized to both dendrites and axons. (D4 contains an extracellular N and intracellular C terminus
with a single membrane-spanning segment indicated by a black bar. The CD4-transfected neurons were stained with anti-CD4
antibodies (green, top middle) under nonpermeabilized conditions and then permeabilized and stained for the dendritic marker
MAP2 (red, top right). The anti-CD4 fluorescence profiles of the major axon (A1in blue) and two dendrites (D1 and D2 in red) are
shown inthe bottom. €, The Kv3.1a Cterminus (31aC) polarized (D4 targeting to the axonal membrane. D, The Kv3.1b Cterminus
(31b0) polarized (D4 targeting to the axonal membrane. E, Summary of polarized membrane targeting of (D4 fusion proteins.
The polarity ratio (F,.ce axon/Fsurface dendrite) 15 €qual to the average anti-CD4 fluorescence intensity along axons divided by the
average intensity along dendrites. Distance 0, Soma. Scale bars, 100 Lm. One-way ANOVA followed by Dunnett’s test. **p <
0.0001.

E. coli BL21 cells. In the first experiment, the supernatant of
bacterial lysates containing expressed GST, GST-31N [GST
fused to the Kv3.1 N terminus (aa 1-186)], GST-31aC [GST
fused to the Kv3.la C terminus (aa 442-511)], GST-31bC
[GST fused to the Kv3.1b C terminus (aa 442—-585)] or GST-
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Figure 3.  Identification of the axonal targeting motif (ATM) in a highly conserved region of Kv3.1 C terminus. A, Sequence

alignment of the C-terminal regions of rat Kv3 channels. Conserved residues are highlighted in yellow. Numbers above the
sequence indicate the positions of residues in Kv3.1a. Numbers after the dashed lines indicate the number of extra residues at
(-terminal regions. The underlined residues are critical for axonal targeting. Asterisk indicates the end of Kv3.1a C terminus. B,
Primarily localized on the axonal surface were (D4 —31a(442—489 and (D4—31a(442—464, but not (D4 —31a(442—452,
which were constructed by fusing different regions from Kv3.1a C terminus (aa 442—489, aa 442—464, and aa 442—452,
respectively) to the (D4 C terminus. C, Deleting Kv3.1bHA C-terminal region eliminated axonal membrane targeting. The trans-
fected neurons were first stained with an anti-HA antibody (green) under nonpermeabilized conditions and then permeabilized
and stained for the dendritic marker MAP2 (red). Kv3.1bHAT-502 and Kv3.1bHA1— 489 became primarily localized on dendritic
membranes, whereas Kv3.1bHA1- 464 failed to traffic to the plasma membrane. These truncations were generated by engineer-
ing astop codon at positions 503, 490, and 465, respectively. D, Summary of surface targeting of various constructs indicates that
the ATM region (M447-Q465) is sufficient to target (D4 to the axonal membrane but fails to target Kv3.1aHA or Kv3.1bHA
(-terminal deletions to the axonal membrane. (D4 (in Fig. 2 £) and Kv3.1aHA were used as controls in statistics. E, The alanine
scan experiment indicates that the lysine-rich motif but not the proline-rich motif is required for axonal targeting. Based on
(D4 -31aC, three or two consecutive residues were mutated to alanines with the Quickchange mutagenesis strategy. Antibody
uptake experiments were performed on neurons expressing these constructs. Here anti-CD4 staining was done under nonper-
meabilized conditions. One-way ANOVA followed by Dunnett’s test. *p << 0.001; **p << 0.0001.

31sC [GST-fused to the Kv3.1b splice domain (aa 500-585)],
was mixed in equal volume with the supernatant containing
expressed His-31N [6 X His tag fused to the Kv3.1 N terminus
(aa 1-186)] or His-31T1 [6XHis tag fused to the Kv3.1 T1
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domain (aa 1-110)] for 2 h and then pre-
cipitated with glutathione agarose beads.
GST-31N pulled down His-31N and His-
31T1 (Fig. 4 B) as expected. Interestingly,
GST-31aC and GST-31bC, but not GST-
31sC or GST alone, precipitated both
His-31N and His-31T1 (Fig. 4B), sug-
gesting that 3IN and 31aC indeed
interact.

In the second experiment, to confirm
the 31N/31aC interaction and identify the
region in 31aC critical for the interaction,
the purified GST fusion proteins, including
the three truncations in 31aC, GST-
31aC442-489 (GST fused to the region
442—489 in Kv3.la C terminus), GST-
31aC442-469 (GST fused to the region
442-469 in Kv3.1a C terminus) and GST-
31aC442-452 (GST fused to the region
442—452 in Kv3.1a C terminus), were used
to pull down His-31T1 from the superna-
tant of bacterial lysates (Fig. 4C). Remark-
ably, GST-31N, GST-31aC, GST-31bC,
GST-31aC442-489, and GST-31aC442-
469, but not GST and GST-31aC442—-452,
precipitated His-31T1 (Fig. 4C). Further-
more, residues in the ATM were mutated
to alanines in the GST-31aC backbone as
shown in Figure 4 D. The pull down exper-
iment showed that mutating the proline-
rich motif weakened the interaction,
whereas mutating the lysine-rich motif had
no effect (Fig. 4E). Only after disrupting
both motifs did we observe complete elim-
ination of the interaction between GST-
31aCand His-31T1 (Fig. 4E). These results
suggest an interesting interaction between
the Kv3.1 T1 domain and the ATM.

To determine whether the interaction is
direct, we further performed pull-down
experiments with purified proteins. Under
the normal pull-down condition, both pu-
rified GST-31N and GST-31aC precipi-
tated His-31T1 inefficiently. The precipi-
tated His-31T1 was only clearly detected
with Western blotting like those experi-
ments in Figure 4, but not with Coomassie
staining (data not shown). It is known that
Zn*" ions are required for Kv3 T1 domains
to form a stable tetramer complex (Bixby et
al., 1999; Nanao et al., 2003). After chelat-
ing Zn>", the Kv3 T1 complex is dissem-
bled to monomers, which can then reas-
semble into tetramers when Zn>* is added
back (Bixby etal., 1999; Nanao et al., 2003).
We reasoned that under normal condi-
tions, the purified His-31T1 and GST-31N
likely exist as tetramers already, thus they
do not interact with each other efficiently.

Therefore, we adopted a different strategy, to first treat the reac-
tion mixture with 1 mM EDTA to chelate Zn?™, next to dialyze
EDTA and add Zn?" back to the mixture, and then to perform
the pull-down assay (Nanao et al., 2003) (Fig. 5A). This pull-
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down strategy significantly enhanced the
amounts of His-31T1 precipitated by ei-
ther GST-31N or GST-31aC, so that the
bands of precipitated His-31T1 were
clearly detected by Coomassie staining
(Fig. 5B). In sharp contrast, a mutation of
GST-31aC, GST-31aCys,_ 464 in which 11
residues (454—464) in the ATM were all
mutated to 11 alanines, did not pull down
His-31T1 at all (Fig. 5B). We also per-
formed the pull-down assay in the presence
of 1 mM EDTA (most T1 domains in mo-
nomeric states), and obtained a result sim-
ilar to the regular pull-down experiment
(data not shown). Together, our studies
have demonstrated a direct interaction be-
tween the T1 and the C terminus of Kv3.1a,
supporting the hypothesis that the T1 domain
binds to the ATM and blocks its function.

Ankyrin G associates with the Kv3.1
ATM through its N-terminal
ankyrin-repeat domain

We have provided evidence showing a T1-
domain-mediated regulation of the Kv3.1
ATM. We next asked what is the axonal
targeting machinery associated with this
ATM. Ankyrin G is a good candidate for
regulating Kv3.1 channel targeting, be-
cause it coimmunoprecipitated (co-IP)
with Kv3.1b channels from rat brain lysates
and this interaction has been suggested to
play a role in targeting the channels to
nodes of Ranvier in central neurons (De-
vaux et al., 2003). Ankyrins are adaptor
proteins that link the spectrin-based mem-
brane skeleton to integral membrane pro-
teins, including the anion exchanger, the
Na®/Ca®" exchanger, the Na™/K"
ATPase, members of LICAM family, and
Nav and KCNQ channels (Bennett and
Chen, 2001; Jenkins and Bennett, 2001;
Garrido et al.,, 2003; Pan et al., 2006).
Ankyrin G contains 24 ankyrin repeats
(33-residue motifs involved in protein rec-
ognition) at its N terminus, which is also
referred to as the membrane-binding (MB)
domain attributable to its binding to the
various membrane proteins. Following
these ankyrin repeats is a spectrin-binding
domain, providing a link to the actin cy-
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Figure4. TheKv3.1T1domain binds to the C-terminal region. A, Diagrams of Kv3.1b and fusion constructs. Black circles, GST

tag. Black squares, 6 X His tag. Red circles, The T1 domain. Blue ellipses, The Kv3.1a C-terminal region (31aC). Green ellipses, The
Kv3.1b splice domain (31sC). Truncations based on GST-31aC were generated with Quickchange mutagenesis. B, GST-31N,
GST-31aC, and GST-31bC, but not GST and GST-31sC, pulled down both His-31N and His-31T1. The bacterial lysates containing a
GST fusion protein and a His-tag fusion protein were mixed ata 1:1 ratio in volume and incubated with glutathione agarose beads
for 3 h at 4°C. The precipitated proteins were eluted, resolved with SDS-PAGE, and blotted with an anti-His antibody (the top 2
panels). Four percent of the inputs of His-tagged proteins were loaded (left lanes). Fifty percent of the inputs of GST fusion
proteins were loaded for Coomassie staining (bottom). (, The ATM precipitated the Kv3.1 T1 domain. GST fusion proteins were
expressed in bacteria, purified with glutathione beads, and subsequently incubated on the beads with the bacterial lysates
containing expressed His-31T1. The precipitants were blotted with an anti-His antibody (top). GST-31N, GST-31aC, GST-31hC,
GST-31aC442— 489, and GST-31a(442—-469, but not GST and GST-31a(442—-452, pulled down His-31T1. D, Sequence align-
ments of GST-3TaCand point mutationsin the ATM. E, Residues within the ATM are critical for binding to the T1 domain. Mutating
the proline-rich motif but not the lysine-rich motif weakened its binding to the T1 domain, but the binding was completely
eliminated only when both motifs were mutated. The experimental procedure here is similar to that in C. The molecular weight
markers (in kilodaltons) were at the left lane in the bottom. Blue arrowheads, Full-length GST fusion proteins.

toskeleton (Bennett and Chen, 2001). The binding affinity of the
membrane- and spectrin-binding domains to their targets can be
modulated by a C-terminal regulatory region (Bennett and Chen,
2001). Although it has been found that Kv3.1b associates with
ankyrin G in rat brain lysates (Devaux et al., 2003), the ankyrin
G-binding site in Kv3.1b is not known. In fact, Kv3.1b channels
do not contain sequences that are homologous to the ankyrin
G-binding motifs identified from other membrane proteins (De-
vaux et al., 2003). Moreover, although ankyrin G is localized at
both nodes of Ranvier and AISs, Kv3.1b channels are essentially
absent from the AIS (Devaux et al., 2003). Therefore, ankyrin G
may play an important role in Kv3.1 channel targeting, but this

role may be distinct from the one in clustering Nav and KCNQ
channels to the AIS.

To examine the potential role of ankyrin G in Kv3.1 channel
targeting, we first searched for the ankyrin G-binding site in
Kv3.1b channels. Purified GST-31aC and GST-31bC, but not
GST and GST-31sC, precipitated ankyrin G-GFP from trans-
fected HEK293 cell lysates (Fig. 6 A), indicating that the ankyrin
G-binding site exists within the 31aC region but not the splice
domain of Kv3.1b (31sC). A very faint band of ankyrin G-GFP
was also observed from GST-31N precipitants (Fig. 6A), which
could result from a second low-affinity binding site for ankyrin G
in the N-terminal region or an indirect interaction. Next, we
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Figure 5.  Zinc regulates direct binding between purified His-31T1 and GST-31aC. GST and
four other fusion proteins (His-31T1, GST-31N, GST-31aC, and GST-31aC,s, _ 44,) were bacteri-
ally expressed and purified. In the normal pull-down buffer, GST-31N and GST-37aC did not
efficiently precipitate His-31T1. Despite being evident in Western blotting, the precipitated
His-31T1 was not detected by Coomassie staining. Therefore, we adopted a different pull-down
strategy. A, Diagram of the procedure of pull-down assay. Purified His-31T1 and GST fusion
proteins were first incubated overnight at 4°Cin the presence of 1 mu EDTA to chelate Zn ™
dissemble T1 tetramers into monomers. Then EDTA was dialyzed away and Zn2* was added
back to induce T1 monomers to reassemble into tetramers. B, GST-31N and GST-31aC, but not
GSTand GST-31aC,s, _ 4, efficiently precipitated His-31T1 in this pull-down assay. The precip-
itated His-31T1 was clearly detected in Coomassie staining. Identity of precipitated His-31T1
was confirmed with Western blot, in which only 10% of those in the top were loaded in each
lane (bottom). For those purified fusion proteins, in addition to the main protein band, there are
often a few smaller minor bands presumably attributable to protein degradation, which could
occur even before the lysing and purification processes, because we have used protease inhib-
itors. The lower strong band in GST-3TN may miss the T1-S1 linker, which does not compound
our assay data. The lower bands in GST-31aC and GST-31aC,;, _ 44, are likely to be just GST.
Because GST as a negative control included in our assay, these bands should not interfere with
our experimental results as well. This pull-down experiment was repeated for three times. For
Coomassie staining, 25% input of His-31T1 (the left lane) of the pull-down assay were loaded.
Blue arrowheads, Full-length GST fusion proteins. Red arrows, His-31T1 bands. Numbers on the
left, Molecular weights in kilodaltons.
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examined the truncations of GST-31aC. Remarkably, GST-
31aC442-489 and GST-31aC442-469, but not GST-31aC442—
452, pulled down ankyrin G-GFP from HEK293 cell lysates (Fig.
6 B), showing that the ATM not only binds to the T1 domain, but
also associates with ankyrin G.

This ankyrin G-binding site in Kv3.1 contains a number of
positively charged residues and three prolines, in contrast to the
motifs identified from Nav and KCNQ channels, which contain
several acidic residues (Pan et al., 2006). Because ankyrin G binds
to Nav and KCNQ channels through its N-terminal MB domain,
we wondered whether this MB domain also associates with the
Kv3.1 ATM or the interaction is mediated through a different
domain of ankyrin G. Interestingly, MB-GFP (GFP fused to the
C-terminal of the MB domain of ankyrin G) expressed in
HEK?293 cells was precipitated by purified GST-31aC, GST-31bC,
GST-31aC442-489, and GST-31aC442-469, but not by GST or
GST-31aC442-452 (Fig. 6C). We further examined whether
point mutations in the ATM affect the association to MB-GFP.
Remarkably, GST-31aCyyx (3 residues K(454)KK in 31aC mu-
tated to 3 Ala residues) failed to pull down MB-GFP, whereas
three other mutations, GST-31aCyyy (3 residues K(457)KH in
31aC mutated to 3 Ala residues) GST-31aCp; (3 residues
1(460)PR in 31aC mutated to 3 Ala residues) and GST-31aCpp (2
residues P(463)P in 31aC mutated to 2 Ala residues) precipitated
MB-GFP (Fig. 6D). Therefore, ankyrin G associates with the
Kv3.1 ATM via its MB domain. Notably, the lysine-rich motif
within the ATM is required for both axonal targeting and ankyrin
G association, but not for binding to the T1 domain.

To examine whether and how the access of ankyrin G to the
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Figure6. The ankyrin-repeat domain of ankyrin G binds to the Kv3.1 ATM region. A, Ankyrin

G-GFP was precipitated by purified GST-31aCand GST-31bC. The diagram shows the full-length
ankyrin G-GFP construct, from the N to C terminus, containing the ankyrin repeat [also called
membrane-binding (MB)] domain, spectrin-binding domain, serine-rich domain, and a death
domain. GST, GST-31N, GST-31aC, GST-31b(, and GST-31sC were expressed in £. coli BL21 cells
and purified with glutathione agarose beads. Then the beads coated with purified GST fusion
proteins were further incubated with the supernatant of cell lysates from HEK293 cells trans-
fected with ankyrin G-GFP for 3 d. The precipitated proteins were eluted, resolved in SDS-PAGE,
and blotted with polyclonal anti-GFP antibody (top). The weak band in the GST-31N precipitant
may result from an indirect interaction or a minor binding site. Five percent of the inputs of
ankyrin G-GFP were loaded (left lane). The Coomassie staining shows 25% input of purified GST
fusion proteins (bottom). B, Ankyrin G-GFP was precipitated by purified GST-31aC442— 489 and
GST-31aC442-469 but not GST-31a(442—452. The same experimental procedure as A was
used. The left lane of Coomassie staining panel shows molecular weight standards. C, The
ankyrin repeat or MB domain of ankyrin G binds to the ATM region. The top shows the diagram
of MB—GFP. The experimental procedure was the same as that in B, except that the ankyrin G
truncation MB—GFP was expressed in HEK293 cells. D, The lysine-rich motif but not the proline-
rich motif is required for GST-31aC binding to MB—GFP. Four point mutants of GST-31aC were
purified and used to pull down MB—GFP expressed in HEK293 cells. Only GST-31aC failed to
precipitate MB—GFP. E, Ankyrin G-GFP preferentially binds to Kv3.1bHA but not Kv3.1aHA in
coimmunoprecipitation assay. Cotransfections were performed on HEK293 cells. Two days after
transfection, the supernatant of cell lysates were incubated with polyclonal anti-GFP antibody
and protein A agarose beads. The immunoprecipitants were blotted with rat monoclonal
anti-HA antibody (top). Five percent of the inputs were loaded (middle and bottom). Numbers
on the left, Molecular weights in kilodaltons.

ATM in 31aC could be affected by 31T1 and 31sC in the context
of channel proteins, we performed co-IP experiments using
HEK293 cells that were cotransfected with ankyrin G-GFP and
either Kv3.1aHA or Kv3.1bHA. Consistent with the in vivo co-IP
result (Devaux et al., 2003), Kv3.1bHA was precipitated by
ankyrin G-GFP (Fig. 6E). In contrast, the interaction between
Kv3.1aHA and ankyrin G-GFP was much weaker (Fig. 6E).
Therefore, this result that ankyrin G differentially binds to Kv3.1
splice variants, suggests that the access of ankyrin G to the ATM is
regulated by the T1 domain and splice domain, which correlates
well with the regulation of the ATM function.

Point mutations in the ATM alter axon—dendrite targeting of
Kv3.1 channels

If the T1 domain masks the ATM function in Kv3.1a, we won-
dered whether disrupting the T1/ATM interaction could help
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Kv3.1a to traffic into axons. Because mu-
tating the residues I(460)PR or P(463)P in
the ATM to AAA or AA, weakened the
GST-31aC and His-31T1 binding in the
pull-down assay (Fig. 4E), we made two
mutations based on Kv3.1aHA channels,
Kv3.1aHAp; and Kv3.1aHApp, and exam-
ined their targeting patterns in neurons. In-
terestingly, significantly more Kv3.1aHA,,
became localized in axons compared with
Kv3.1aHA (Fig. 7B,E). In contrast,
Kv3.1aHAp; remained restricted on soma-
todendritic membranes (Fig. 7A), which is
consistent with the result that axonal target-
ing of CD4-31aC;p; modestly decreased
(Fig. 4E). Therefore, our data suggest that
disrupting the T1/ATM interaction indeed
can help Kv3.1a to target into axons.

Our previous experiments showed that
mutating residues K(454)KK or K(457)KH
to AAA primarily eliminated axonal target-
ing of CD4-31aC (Fig. 3E). To examine
whether these residues of the ATM is essen-
tial for Kv3.1b axonal targeting, we intro-
duced the mutations based on Kv3.1bHA,
Kv3.1bHA g xx and Kv3.1bHA 4, and de-
termined their targeting patterns in neu-
rons. Indeed, both mutants failed to traffic
to both axonal membranes and axons (Fig.
7C-E). In addition, both mutants did not
traffic to the plasma membrane well, sug-
gesting that these residues may also be crit-
ical for the general forward trafficking of
the channels. Nonetheless, these results
demonstrate that the ATM we identified is
indeed a key motif in Kv3 axonal targeting.

Ankyrin G differentially regulates
polarized targeting of splice variants of
Kv3.1 channels

Our in vitro binding assays suggest that,
through association with the ATM,
ankyrin G may be a critical component of
the axonal targeting machinery of Kv3.1
channels. To examine how ankyrin G is in-
volved in Kv3.1 targeting, we coexpressed
ankyrin G-GFP with either Kv3.1aHA or
Kv3.1bHA in cultured hippocampal neu-
rons and examined their distribution pat-
terns under permeabilized conditions.
Kv3.1aHA (F, o, /Fyenarice: 0.10 = 0.01; 11 =
22) was primarily restricted in somatoden-
dritic regions, whereas ankyrin G-GFP was
concentrated at the AIS (Fig. 8 A-C). The

Kv3.1aHA level decreased abruptly in the beginning part of the
AIS, in which ankyrin G appeared like a barrier that prevented
Kv3.1aHA from entering the axon (Fig. 8C). Conversely,
Kv3.1bHA (F,10n/Faendrite: 0-32 = 0.03; n = 20) was distributed
throughout axons as well as in soma and proximal dendrites,
whereas ankyrin G-GFP was still concentrated in the proximal
part of the axon (Fig. 8 B,C). Interestingly, the Kv3.1bHA level
increased in axons distal to the AIS (Fig. 8C), with a pattern
similar to that of endogenous Kv3.1b channels in mature hip-
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Figure 7. Site-directed mutagenesis in the ATM region alters axon— dendrite targeting of Kv3.1 channels. Two point muta-

tions (Kv3.1aHA p; and Kv3.1aHA,,) in Kv3.1aHA and two (Kv3.1bHA, and Kv3.1bHA,,,) in Kv3.1bHA were constructed by
Quickchange strategy. Hippocampal neurons were transfected at 5 DIV, fixed, and stained 2 d later. HA staining was performed
under both nonpermeabilized (non-perm; left column) and permeabilized (perm; right column) conditions. The levels of
Kv3.1aHA,, (B), but not of Kv3.1aHA,, (4), in axons significantly increased compared with Kv3.1aHA. Compared with Kv3.1bHA
(€), axonal targeting of both Kv3.1bHA,,, (D) and Kv3.1bHA,, dramatically decreased. E, Summary of polarized targeting of
Kv3.1 constructs. Kv3.1aHA: non-perm F, o /Fyendriter 0-34 == 0.03 (n = 45); perm F,, o /Fuenariter 0-12 £ 0.02 (n = 32).
Kv3.1aHA pg: non-perm F .o /Fgendriter 0-18 2 0.02 (n = 28); perm £ /Fgengriter 0-09 == 0.0 (n = 32). Kv3.1aHAp: non-perm
Foxon/ Faendriter 0-72 2 0.05 (n = 31); perm F o/ Faendriter 0-37 == 0.05 (n = 30). Kv3.1bHA: non-perm £ . /Fuendrier 1-85 =
0.09 (n = 43); perm F o/ Faenariter 0-45 == 0.03 (n = 25). Kv3.1bHA, 4 non-perm F o /Fgendriter 0-29 == 0.04 (n = 20); perm
Faxon/Faendriter 0-11 = 0.02 (n = 31). Kv3.1bHA - non-perm F, o /Fyenariter 0-30 = 0.04 (n = 21); perm £, /Fgengriter 0-09 =

0.07(n = 24). Scale bars, 100 pum. Kv3.TaHA and Kv3.1bHA are the two controls for their mutants. One-way ANOVA followed by
Dunnett's test. *p << 0.001; **p << 0.0001.

pocampal neurons (28 DIV) (Fig. 8 H,I) as well as in brain slices
(Devaux et al., 2003). Therefore, the result that Kv3.1bHA chan-
nels can traffic through the ankyrin G-enriched AIS into distal
axons is consistent with the strong association of Kv3.1bHA with
ankyrin G revealed by the co-IP experiment (Fig. 6 E).

Ankyrin G links membrane proteins and spectrin/actin cy-
toskeleton via its MB domain and spectrin-binding domain, re-
spectively. Over-expressing MB-GFP may disrupt such link and
hence MB-GFP may exhibit a dominant-negative effect on the
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Figure 8.  Ankyrin G differentially regulates polarized targeting of Kv3.1 splice variants. A-G, Hippocampal neurons at 7 DIV
were cotransfected with ankyrin G and Kv3.1 constructs, fixed, and stained with anti-HA antibodies under permeabilized condi-
tions. A, Kv3.1aHA (red) did not colocalize with ankyrin G-GFP (green) in axons. B, Kv3.1bHA (red) colocalized with ankyrin G-GFP
(green) in proximal axons. €, The fluorescence intensity profiles along the axons in A and Bindicated by arrows. Arrowheads, The
fluorescence peaks attributable to crossing dendrites. D, E, The levels of Kv3.1aHA (D) and Kv3.1bHA (E) in axons markedly
increased and modestly decreased, respectively, in the presence of MB—GFP (green). F, The fluorescence intensity profiles along
the axons in D and E indicated by arrows. G, Summary of polarized targeting of Kv3.1aHA and Kv3.1bHA in the presence of GFP
and MB—GFP. £, /F genarite 1S average fluorescence intensity in axons/average fluorescence intensity in dendrites. H, Endoge-
nous Kv3.1b channels were localized to distal axons (arrows), in contrast to the localization of endogenous Nav channels in
proximal axons. Hippocampal neurons at 30 DIV were costained with polyclonal anti-Kv3.1b (green) and monoclonal anti-pan-
Nav channel (red) antibodies. It is important to note that Kv3.1b also localizes in soma and proximal dendrites. /, Fluorescence
intensity profiles along the axon indicated by arrows in H. Distance 0, Soma. Scale bars, 100 wm. Student’s ¢ test used in the
comparison of two groups. *p << 0.01; **p < 0.0001.

function of endogenous ankyrin G. Thus, we coexpressed MB—
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of MB—GFP and under permeabilized con-
ditions, the total level of Kv3.1aHA (F,,,/
Fiendrite: 0-36 £ 0.03; n = 22) in axons dra-
matically increased (Fig. 8 D, F,G), whereas
the total level of Kv3.1bHA (F,40/Faendrite:
0.31 = 0.03; n = 22) in axons modestly
decreased (Fig. 8 E-G), when compared
with those of Kv3.1aHA (F,../Fiendrite:
0.07 = 0.02; n = 10) and Kv3.1bHA (F,,/
Fiendrite: 0.47 = 0.08; n = 12) in the pres-
ence of GFP (Fig. 8G). However, over-
expressing ~ MB-GFP  may  cause
nonspecific effects. We designed siRNA
probes to suppress the expression of en-
dogenous rat ankyrin G. One of the probes,
AnkG siR (mean and SE of fluorescence
intensity (A.U.) at the AIS: 72 * 15; n =
22), when transfected into hippocampal
neurons at 3 DIV, can efficiently suppress
endogenous ankyrin G at 8 DIV compared
with control siR (mean and SE of fluores-
cence intensity (A.U.) at the AIS: 198 = 26;
n = 18) (Fig. 9A). We cotransfected this
probe with either Kv3.1aHA or Kv3.1bHA
into hippocampal neurons, and examined
channel targeting under both permeabil-
ized and nonpermeabilized conditions.
Consistent with the results of expressing
MB-GFP, suppressing endogenous
ankyrin G significantly decreased polarized
axon—dendrite targeting of Kv3.1 channels
(Fig. 9B,C).Together, our data support a
pivotal role of ankyrin G in differentially
targeting Kv3.1 channel splice variants.

Discussion

In this study, we have identified a condi-
tional ATM in Kv3.1 channels. This motif
is not only shared by both Kv3.1a and
Kv3.1b, but also highly conserved among
all Kv3 channels. Remarkably, this ATM
interacts with both the Kv3.1 T1 domain
and adaptor protein ankyrin G. Based on
several lines of evidence obtained in this
study, we postulate a mechanism by which
the two splice variants of Kv3.1 channels
are differentially targeted to dendritic and
axonal membranes (Fig. 9D, E).

The Kv3.1 ATM is a conditional lysine-
rich targeting signal

To our surprise, the Kv3.1 ATM is located
in a lysine-rich region of its C terminus.
Using membrane reporter proteins, in-
cluding unpolarized CD4 and dendritic
TfR-GFP, we have thoroughly examined
the potential roles played by cytoplasmic
domains of Kv3.1 channels in polarized
membrane targeting. Only one region,

GFP with Kv3.1 channel constructs in cultured neurons. When  right after the sixth membrane-spanning segment, was sufficient
expressed in neurons, MB—GFP becomes localized in both den-  to polarize CD4 targeting to the axonal membrane (Fig. 3). Anal-
drites and axons, different from the AIS targeting of ankyrin  ysis of this region by site-directed mutagenesis showed that the
G-GFP (Fig. 8A-E) (Zhang and Bennett, 1998). In the presence  lysine-rich motif but not the proline-rich motif is required for
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axonal targeting (Fig. 3E). Consistent with
the CD4 fusion protein studies, this lysine-
rich motif is also required for axonal tar-
geting of Kv3.1bHA (Fig. 7D, E).

The Kv3 ATM is unique to the Kv3
(Shaw) family among Kv channels. It has
been shown that axonal targeting of Kvl
channels requires the microtubule plus end
tracking protein EB1 and KIF3/kinesin II
(Guetal.,, 2006). Different targeting signals
and mechanisms between Kv1 and Kv3 are
actually consistent with their differences in
channel activity, T1 domain structure, ex-
pression and subcellular distribution pat-
terns, and associated neurological diseases.
Moreover, in contrast to the dominant ax-
onal/dendritic targeting signals of Kvl,
Kv2, and Kv4 channels (Lim et al., 2000; Gu
et al., 2003; Rivera et al., 2003), the axonal
targeting signal of Kv3.1 channels is condi-
tional. The initial puzzling result that the
Kv3.1 ATM targets CD4 and Kv3.1b, but
not Kv3.1a, into axons, has led us to un-
cover an intriguing interaction between the
N- and C-terminal domains. This interac-
tion is mediated by direct and Zn*"-
dependent binding between the T1 domain
and the ATM region (Figs. 4, 5). Thus,
31T1 likely masks the ATM to lessen the
access of ankyrin G, a critical component of
Kv3.1b axonal targeting machinery.

Direct interaction between the T1
domain and the ATM region
The T1 domains in the N termini of Kv
channels are conserved and they form tet-
ramers (Li et al., 1992; Choe, 2002; Nanao
et al., 2003; Long et al., 2005) right after
emerging from the ribosomal exiting tun-
nel once synthesis of the T1-S1 linker is
completed (Kosolapov et al., 2004). It is
important to note that although the T1 do-
mains are highly conserved within the Kv3
family (> 70% identify), the Kv3 T1 do-
main shares only ~40% homology with
the Kv1 T1 domain and requires four Zn>"
ions to assemble into tetramers (Nanao et
al., 2003). Interestingly, addition and re-
moval of Zn>" reversibly switches the T1
domains of both Kv3.1 and Kv4.2 channels
between stable tetrameric and monomeric
states (Jahng et al., 2002; Nanao et al,
2003). These differences between the Kvl
T1 and Kv3 T1 are consistent with the re-
sult that only the Kv1 T1, but not the Kv3
T1, targets TfR—GFP into axons (Fig. 2A).
The interaction between N and C ter-

mini of several Kv channels, including Shaker, Kv1.2 and Kv2.1,
has been suggested before (Schulteis et al., 1996; Ju et al., 2003;
Scholle et al., 2004; Long et al., 2005; Kobrinsky et al., 2006). In
this study, we have provided evidence that the N/C terminal in-
teraction of Kv3.1 channels is mediated by a direct, Zn?"-
dependent binding between the T1 domain and the ATM region
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Figure 9.  Suppressing endogenous ankyrin G by siRNA altered axon— dendrite targeting of Kv3.1 channels. A, One of four

siRNA probes designed against rat ankyrin G, AnkGsiR, efficiently suppressed endogenous ankyrin Glevels in both soma and axon
initial segments. AnkG siR and control probe (Control siR) were transfected into cultured hippocampal neurons at 3 DIV. Five days
later (at 8 DIV), the neurons were fixed and stained for endogenous ankyrin G (red). Control siR did not affect ankyrin G levels in
both soma and axon initial segments. B, Suppressing endogenous ankyrin G by AnkG siR increased Kv3.1aHA levels in axons and
decreased the axon/dendrite ratio of Kv3.1bHA. Neurons were cotransfected with AnkG siR and Kv3.1aHA (top) or Kv3.1bHA
(bottom) at 3 DIV and fixed and stained 5 d later. In merged images, AnkG siR is in green, anti-HA staining is in red, and
anti-ankyrin G (anti-AnkG) staining is in blue. C, Summary of the effects of siRNA knockdown on Kv3.1 channel targeting. Under
nonpermeabilized conditions for anti-HA staining (non-perm), the axon/dendrite ratio of Kv3.1aHA with AnkG siR (F o/ Fgendrite:
0.83 £ 0.07; n = 19) significantly increased compared with that with Control siR (F ., /Fgenarite: 0-42 == 0.05;n = 20), whereas
the axon/dendrite ratio of Kv3.1bHA with AnkG iR (F,,on/Fgengrice: 1-28 = 0.20; n = 13) decreased compared with that with
Control SiR (Fyon/ Faendrice: 2-1 = 0.15; 1 = 14). Under permeabilized conditions, the axon/dendrite ratio of Kv3.1aHA with AnkG
SIR (FayonFaendrite: 0-38 == 0.03; n = 15) also increased compared with that with Control siR (F,n/Fgengrite: 0-15 == 0.05;n =
15), whereas the axon/dendrite ratio of Kv3.1bHA with AnkG siR (F o/ Faenarice: 0-39 == 0.05; n = 18) decreased compared with
that with Control SiR (F,on/Faenarite: 0-55 == 0.07; n = 18). Arrows, Proximal axons. Scale bars, 100 wm. One-way ANOVA,
followed by Dunnett's test for p values. **p << 0.0001. *p << 0.001. D, E, A model diagram for polarized targeting of Kv3.1
channels. In Kv3.1a (D), the 31T1/31aC interaction masks the ATM to prevent the channel from being accessed by axonal
targeting machinery, including ankyrin G. In the axon initial segment, ankyrin G linking various membrane proteins to spectrin/
actin cytoskeletons may behave as a trafficking checkpoint. Weak binding between Kv3.1a and ankyrin G does not favor the entry
of Kv3.1a to the axon. In Kv3.1b (E), the 31sC domain alters the conformation and/or affinity of the 31T1/31aC interaction,
resulting in exposed ATM, which binds to ankyrin G. Thus, Kv3.1b binds to ankyrin G with much higher affinity compared with
Kv3.1a, and thereby Kv3.1b is attracted to enter the axon. For simplification, only one subunit of a Kv3.1 channel tetramer is
shown here.

(Figs. 4, 5). Mutating 11 residues in the ATM to alanines com-
pletely abolished the N/C terminal interaction between purified
proteins (Fig. 5B). The lack of efficient precipitation of His-31T1
by both GST-31N and GST-31aC under normal pull-down con-
ditions is likely attributable to the high stability of T1 domain
tetramers, because the 31T1/31T1 and 31T1/31aC interactions
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were both significantly enhanced by chelating Zn*" with EDTA
and subsequently re-addition of Zn>" to allow tetramers to re-
form (Fig. 5). Nonetheless, it remains possible that there are mul-
tiple binding interfaces between 31N and 31aC. The structure,
exact conformation(s) and the stoichiometry of the Kv3.1 N/C
termini complex remain to be determined.

How may alternative splicing regulate polarized targeting of
Kv3.1 channels?

In targeting assays, we found that CD4-31aC and CD4-31bC are
both targeted to the axonal membrane, whereas the distribution
pattern of CD4-31sC resembles that of wild type CD4 (Figs. 2,
3D), suggesting that the 31sC domain does not contain any ax-
onal or dendritic targeting signals. GST-31sC does not precipitate
either His-31T1 or ankyrin G-GFP in pull-down assays (Figs. 4 B,
6A). However, the 31sC domain apparently enhances both ax-
onal targeting (Fig. 1 D) as well as Kv3.1b binding to ankyrin G
(Fig. 6 E). Therefore, the 31sC domain likely exerts its function by
facilitating the access of ankyrin G to the ATM through altering
the interaction between 31T1 and 31aC. Whether 31sC may alter
the binding affinity or the conformation of 31T1/31aC remains
to be determined. Our in vitro binding assays only show that both
GST-31aC and GST-31bC precipitate His-31T1 (Fig. 4). Quanti-
tative comparison of their binding affinities with 31T1 is difficult
because of the presence of a significant amount of multiple small-
size polypeptides in the GST-31bC preparation. Moreover, it
cannot be ruled out that the bacterially expressed channel do-
mains may behave differently from those expressed in vivo.
Therefore, exactly how 31sC regulates 31T1/31aC and 31aC/
ankyrin G binding will be determined in future studies.

Both the T1 domain and ATM region of Kv3.1 channels are
highly conserved within the Kv3 subfamily from flies to humans.
Kv3 channels share >70% identity in their T1 domains, whereas
the Kv3 ATM regions are nearly identical except for one or two
residues (Fig. 3A). Thus, the interaction between the 31T1 do-
main and the ATM region may be a conserved mechanism by
which Kv3 channel targeting is regulated. In different Kv3 iso-
forms and their alternatively spliced variants, residues in their
distal C termini (varying from ~50-135 aa) may regulate the
31T1/31aC complex differently. Alternatively, they may contain
an additional targeting motif, e.g., a PDZ domain-binding ligand
identified in Kv3.3 for targeting to distal dendrites (Deng et al.,
2005). This explains why Kv3 channels have complex targeting
patterns, and why Kv3.1a is targeted to axons in many neurons in
vivo (Ozaita et al., 2002), but to dendrites in cultured hippocam-
pal neurons. For the latter, a missing regulatory component
might be the reason. Dendritic targeting of Kv3.la or other
Kv3.1b truncations, although not the primary focus of this study,
may result from the following two possibilities. First, 31N might
contain a dendritic targeting signal that was not revealed by the
dendritic reporter TfR—GFP. Second, dendritic targeting may re-
sult from default forward trafficking. Indeed both Kv3.1a and
Kv3.1b channels traffic to the plasma membrane efficiently in
both HEK293 cells and neurons.

The potential role of ankyrin G in differential targeting of
Kv3.1 splice variants

The presence of multiple basic residues in the ankyrin G-binding
motif of Kv3.1 is consistent with the idea that the role of ankyrin
G in targeting Kv3.1 is different from those in clustering Nav and
KCNQ channels in the AIS. The conserved ankyrin G-binding
motifs identified from Nav1.2 and KCNQ channels contain mul-
tiple acidic residues (Bennett and Chen, 2001; Jenkins and Ben-
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nett, 2001; Garrido et al., 2003; Pan et al., 2006). Disrupting these
motifs eliminates clustering of Nav1.2 and KCNQ channels in the
AIS (Garrido et al., 2003; Pan et al., 2006). In contrast, ankyrin G
does not cluster Kv3.1 channels at the AIS.

Ankyrin G may function as a barrier or check point to exclude
Kv3.1a from entering axons, because disrupting ankyrin G func-
tion by either MB—GFP expression (Fig. 8 D,F,G) or siRNA
knockdown (Fig. 9B, C) enhanced the level of Kv3.1aHA in ax-
ons. In addition, ankyrin G may attract Kv3.1b into axons or
prevent axonal Kv3.1b from retreating back to the soma, because
axonal targeting of Kv3.1bHA modestly decreased in the presence
of MB-GFP (Fig. 8 E-G) or AnkG siR (Fig. 9B, C). These distinct
effects of ankyrin G on the two Kv3.1 splice variants may result
from their different binding affinities; a stronger interaction be-
tween ankyrin G and Kv3.1b has been detected (Fig. 6 E). How-
ever, this raises an interesting question. How does Kv3.1b disso-
ciate from ankyrin G after it passes the barrier? Because protein
phosphorylation has been indicated in regulating the interaction
between L1-CAM and ankyrin (Whittard et al., 2006), it is possi-
ble that phosphorylation of the Kv3.1b C terminus might be in-
volved in regulating Kv3.1b/ankyrin G interaction during barrier
crossing. Released Kv3.1b channel proteins may cross the AIS
barrier through intracellular transport mediated by motor pro-
teins and/or passive diffusion. Finally, it is important to note that
our studies do not exclude the involvement of other proteins in
the targeting process, because precise targeting of neuronal mem-
brane proteins likely requires multiple steps (Boiko et al., 2007).
Our results suggest that ankyrin G plays a key role in controlling
axon—dendrite targeting of Kv3.1 channels, and lay the founda-
tion for additional studies aimed at a complete understanding of
Kv3 channel targeting and function in neurons.
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