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Abstract
The delayed rectifier voltage-gated potassium channel Kv2.1 underlies a majority of the somatic
K+ current in neurons and is particularly important for regulating intrinsic neuronal excitability.
Various stimuli alter Kv2.1 channel gating as well as localization of the channel to cell-surface
cluster domains. It has been postulated that specific domains within the C-terminus of Kv2.1 are
critical for channel gating and sub-cellular localization; however, the distinct regions that govern
these processes remain elusive. Here we show that the soluble C-terminal fragment of the closely
related channel Kv2.2 displaces Kv2.1 from clusters in both rat hippocampal neurons and
HEK293 cells, however neither steady-state activity nor N-methyl-D-aspartate (NMDA)-
dependent modulation are altered in spite of this non-clustered localization. Further, we
demonstrate that the C-terminus of Kv2.1 is not necessary for steady-state gating, sensitivity to
intracellular phosphatase or NMDA-dependent modulation, though this region is required for
localization of Kv2.1 to clusters. Thus, the molecular determinants of Kv2.1 localization and
modulation are distinct regions of the channel that function independently.
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1.0 INTRODUCTION
Modulation of neuronal excitability is dependent in part on the activity of delayed rectifier
voltage-gated K+ (Kv) channels. Although there are multiple neuronal Kv channels, a
majority of the somatic K+ current (IK) is carried by a single channel, Kv2.1 (Murakoshi and
Trimmer, 1999; Du et al., 2000; Malin and Nerbonne, 2002; Pal et al., 2003). Kv2.1 is
especially notable for its characteristic localization on the soma and proximal dendrites,
where it forms large cell-surface clusters (Lim et al., 2000; Antonucci et al., 2001;
O'Connell and Tamkun, 2005; O'Connell et al., 2006). Furthermore, Kv2.1 exhibits an
unusually depolarized voltage-dependence of activation, making it unlikely that the channel
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is significantly activated during a single spike (Murakoshi and Trimmer, 1999; Misonou et
al., 2004; Misonou et al., 2005b; Mohapatra et al., 2009). Kv2.1 is sensitive to a variety of
neuronal stimuli that cause both a hyperpolarizing shift in channel gating and dispersion of
the somatodendritic clusters (Misonou et al., 2004; Misonou et al., 2005b; Misonou et al.,
2006; Mohapatra and Trimmer, 2006; Mohapatra et al., 2007; Mulholland et al., 2008),
suggesting that channel localization and activity are intimately linked. For these reasons, it
has been proposed that Kv2.1 may be particularly important for modulating intrinsic
excitability of neurons during periods of increased rates of firing (Surmeier and Foehring,
2004; Misonou et al., 2005a).

Despite the correlation between channel localization and function of Kv2.1, the exact
mechanisms underpinning Kv2.1 clustering and modulation remain unclear. While
“declustered” Kv2.1 localization has been proposed to be associated with hyperpolarized
channel gating (Misonou et al., 2004; Misonou et al., 2005b; Mohapatra and Trimmer,
2006), we recently demonstrated that “clustered” Kv2.1 channels are actually non-
conducting and that it is “non-clustered” channels that exhibit the depolarized voltage-
dependence of channel activation underlying steady-state IK (O'Connell et al., 2010).

The C-terminus of Kv2.1 has been implicated as critical for both targeting and localization
of Kv2.1 – a truncated Kv2.1 channel fails to form cell-surface clusters (Lim et al., 2000;
Tamkun et al., 2007) and deletion of the entire C-terminal domain results in a channel that
fails to traffic to the membrane (Mohapatra et al., 2008). Furthermore, mass spectrometry
has demonstrated that multiple C-terminal sites are sensitive to calcineurin-dependent
dephosphorylation indicating that this domain of the channel may mediate activity-
dependent changes in Kv2.1 gating and localization (Park et al., 2006; Park et al., 2007).
Interestingly, Mohapatra et al (2008) demonstrated that while co-expression of the soluble
C-terminal fragment of Kv2.1 could rescue Kv2.1 trafficking and function, channel
clustering was not restored, which indicates that Kv2.1 activity and localization may in fact
be distinct processes.

In the present study, we show that the C-terminus of Kv2.2 can displace Kv2.1 from plasma
membrane clusters. Moreover, we show that localization of Kv2.1 to clusters is not required
for the modulation of channel gating by NMDA receptors (NMDARs) and furthermore, that
while the distal C-terminus of Kv2.1 is necessary for the formation of Kv2.1 clusters, it is
not required for modulation of Kv2.1 gating by either NMDARs or dephosphorylation.

2.0 EXPERIMENTAL PROCEDURES
2.1 Generation of channel constructs

The construction of vectors containing GFP-Kv2.1loopBAD, Kv2.1loopBAD-pBK and
GFP-Kv2.1-ΔC318 was as previously described (O'Connell et al., 2006; Tamkun et al.,
2007). Rat Kv2.2 in pBK was a gift from Dr. Jeanne Nerbonne (Washington University at
St. Louis) and is the Kv2.2long isoform (Kihira et al., 2010). Green fluorescent protein
(GFP) was tagged in frame at the N-terminus of rat Kv2.2 to permit live-cell visualization of
Kv2.2. The soluble C-terminus of Kv2.2 (Kv2.2CT) was generated by restriction digest of
Kv2.2 in pBK with BstXI and KpnI to generate a fragment encoding residues 491-907 of
Kv2.2, with transcription likely beginning at Met542 to produce a soluble protein consisting
of the last 367 amino acids of Kv2.2long (Figure 2). The resulting construct was confirmed
by DNA sequencing. NMDAR subunits NR1, NR2a and NR2b were a gift of Dr. Steven
Tavalin (University of Tennessee Health Science Center).
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2.2 Cell culture and transfection
HEK293 cells (ATCC) were transfected with channel plasmids using Lipofectamine 2000
(Invitrogen) as previously described (O'Connell and Tamkun, 2005; O'Connell et al., 2006).
For experiments using Kv2.2CT, plasmids were transfected at a ratio of 1:10
(Kv2.1:Kv2.2CT). NMDAR subunits combined with Kv2.1 were expressed at a 1:1:10 ratio
and 200 μM D,L-2-amino-5-phosphonopentanoic acid (AP5) and 7-chlorokynurenic acid (7-
CK) (Tocris) were added to the culture medium following transfection to block NMDAR
activity. Cells were used for experiments 48 h post-transfection; for electrophysiology
experiments, HEK293 cells were trypsinized and replated at low density 6-12 hours prior to
use.

Rat hippocampal neurons (rHN) were cultured from E18 rat embryos (of either sex) as
previously described (Brewer, 1997; Kaech and Banker, 2006; O'Connell et al., 2006).
Cultured neurons were transfected with channel constructs at DIV5 as previously described
(O'Connell et al., 2006) and used for experiments at DIV7-10. For electrophysiology
experiments, neurons were transfected with Kv2.2CTpBK and peGFP-C1.

2.3 Fluorescence imaging
Widefield fluorescence imaging of GFP-Kv2.1 or GFP-Kv2.2 transfected HEK cells and
cultured hippocampal neurons was performed using a personalDV widefield system
(Applied Precision) equipped with a Coolsnap HQ2 CCD camera (Photometrics).
Fluorescent images were acquired using a 60X, 1.4 NA objective and filter sets optimized
for FITC and TRITC. Optically sectioned images were generated by acquiring Z-stacked
images at a 0.2 μm interval followed by offline deconvolution and volume rendering using
the Softworx analysis package.

For quantum-dot imaging of single Kv2.1 channels, HEK293 cells were transfected at a
1:1:1 ratio of Kv2.1loopBAD-pBK: GFP-Kv2.2 : BirA (biotin ligase) (O'Connell et al.,
2006; Tamkun et al., 2007). Kv2.1 channels were labeled with streptavidin-conjugated
QD655 quantum dots (Invitrogen) by incubating live cells with a 1:10,000 dilution of the
quantum dots in imaging saline + 1% BSA at 37°C for 15 min. Cells were rinsed a minimum
of 3x with imaging saline prior to imaging.

A Weather Station stage incubator was used to maintain the cells at 37°C during imaging
experiments. All imaging experiments were performed in imaging saline consisting of (in
mM): 145 NaCl, 5 KCl, 2.5 CaCl2, 0.6 MgSO4, 1.6 NaHCO3, 0.15 NaH2PO4, 0.1 ascorbic
acid, 10 glucose and 10 HEPES, pH 7.4.

2.4.1 Electrophysiology
HEK293 cells were transfected with the channel constructs described above with or without
NMDARs (NR1 + NR2a/NR2b). Outward K+ currents were recorded using the whole-cell
voltage clamp technique on a Multiclamp 700B amplifier, digitized at 10 kHz (Digidata
1440) and lowpass filtered at 2 kHz. Patch pipettes were fabricated from borosilicate glass to
give a resistance of 1-3 MΩ (HEK) or 3-5 MΩ (rHN) when filled with intracellular solution.
Both capacitance and series resistance compensation (up to 80%) were used. K+ currents
were online leak subtracted using a –P/3 protocol delivered from -80 mV prior to each test
pulse. Currents were elicited by 200 ms test pulses to potentials from -80 mV to +80 mV in
10 mV steps from a holding potential of -80 mV. For rHN recording, a brief depolarizing
prepulse (30 ms to -10 mV) was used to inactivate voltage-gated Na+ channels and A-type
K+ channels. Tail currents were measured by repolarizing to -40 mV for 100 ms before
returning to -80 mV for 10 s between sweeps to ensure complete channel deactivation. For
HEK cells, the normalized tail current amplitude was plotted as a function of membrane
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potential to generate the current-voltage (I-V) relationship. For rHN, the current amplitude
at the end of the test pulse was normalized to driving force using the calculated equilibrium
potential for K+ for the solutions used here (EK = -83 mV), then used to generate
conductance-voltage curves (G-V). The voltage dependence of activation was determined by
fitting the I-V or G-V curves with the Boltzmann equation: where Imax is the peak current,
V1/2 is the potential at which 50% of the channels are activated, Vm is the test potential and
k is a slope factor. Results are presented as the mean ± SE. Data were acquired using
pClamp 10 (Molecular Devices) and analyzed using pClamp 10 and SigmaPlot 11 (Systat,
Inc.). Statistical analysis was performed using the Student's t-test; paired t-tests were used in
the analysis of K+ currents from cells expressing NMDAR subunits. A p-value < 0.05 was
considered to be statistically significant.

The following controls were performed in HEK293 cells to verify that there were no time-
dependent shifts in Kv2.1 gating or non-specific effects of glutamate on Kv2.1 activation: 1)
Currents were recorded from HEK cells expressing only Kv2.1 or Kv2.1ΔC318 for up to 40
minutes after establishing the whole-cell configuration; 2) Currents were recorded from
HEK cells expressing Kv2.1 + NR2 subunits (NR1 was omitted) and 3) Currents were
recorded from HEK cells expressing Kv2.1, NR1 and NR2 but glycine was omitted from the
extracellular solution. There was no change in the voltage-dependence of activation under
any of these conditions (data not shown).

2.4.2 Solutions
The HEK cell extracellular solution contained (in mM): 145 NaCl, 2.5 KCl, 2.5 CaCl2, 1
MgCl2, 10 glucose and 10 HEPES, pH 7.4 with NaOH. For NMDAR experiments, 50 μM
glycine was added to the extracellular solution and NMDARs were activated by addition of
10 μM glutamate for 60 s while stepping the membrane potential to +40 mV, followed by
washout with glutamate-free extracellular solution. The intracellular solution contained (in
mM): 135 mM KCl, 0.5 Na2EGTA, 1 MgCl2, 10 glucose and 10 HEPES, pH 7.4 with KOH.
The liquid junction potential between the pipette and bath solutions was measured to be less
than 5 mV and was not corrected.

For rHN, the extracellular solution contained (in mM): 135 NaCl, 5 KCl, 2.5 CaCl2, 0.1
MgCl2, 0.05 glycine, 10 glucose and 10 Hepes, pH 7.35 with NaOH. The intracellular
solution contained (in mM): 130 K-gluconate, 10 KCl, 1 EGTA, 1 MgCl2, 0.3 CaCl2, 3 Mg-
ATP, 0.3 Na-GTP, 10 Hepes and 0.005 QX-314, pH 7.35 with KOH. Glutamate (10 μM)
was added as described above. All recordings were performed at room temperature (~25°C).
A 10.6 mV liquid junction potential was measured for these solutions; all command
potentials were corrected accordingly.

3.0 RESULTS
3.1 Expression of NR2a or NR2b-containing NMDARs in HEK293 cells modulates Kv2.1
channel function in response to glutamate

Like many ion channels, the neuronal delayed rectifier K+ channel Kv2.1 is highly regulated
– both its function and localization are sensitive to a variety of neuronal stimuli, including
glutamatergic input, hypoxia/ischemia and muscarinic activation (Misonou et al., 2004;
Misonou et al., 2006; Mohapatra and Trimmer, 2006). Recent studies suggest that the
modulation of Kv2.1 by glutamate is mediated at least in part by the activation of NMDARs
(Mulholland et al., 2008). Since the subunit composition of NMDARs is variable, we
investigated whether NR2a- or NR2b-containing NMDARs exert differential effects on the
modulation of Kv2.1 function by co-expressing Kv2.1 with the obligate NR1 subunit
together with either NR2a or NR2b in HEK293 cells and measuring the delayed rectifier K+
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current from expressing cells before and after a brief (60 s) application of 10 μM glutamate
in the presence of 50 μM glycine combined with voltage steps (+40 mV).

As shown in Figure 1A and B, expression of NMDARs consisting of NR1 and NR2a
(NMDAR2a) did not significantly alter the gating of Kv2.1 channels in the absence of
glutamate (Control V1/2 = +13.2 ± 1.2 mV, n = 12 vs. +NR2a V1/2 = +11.6 ± 1.4 mV, n =
24). However, a significant hyperpolarizing shift in the voltage-dependence of activation
(V1/2) of Kv2.1 to +3.4 ± 1.6 mV (n = 24) was observed within 5 min of activation of
NMDAR2a by glutamate (Figure 1 A-C). This shift became even more pronounced 10 min
and 15 min after the application of glutamate (V1/2 = -4.2 ± 2.0 mV, n = 19 and -6.8 ± 3.0
mV, n = 12, respectively) (Figure 1 A-C). It should be noted that while glycine was present
throughout the experiment, glutamate was applied for only ~ 60 s and was subsequently
washed out with extracellular solution. Thus, the effects of NMDAR2a activation on Kv2.1
gating occur rapidly and persist for at least 15 minutes after the addition and washout of
glutamate.

To ascertain if modulation of Kv2.1 activity by NMDAR is dependent on the identity of the
NR2 subunit, we next investigated if NMDAR comprised of NR1 and NR2b (NMDAR2b)
could also induce a hyperpolarizing shift in the activation of Kv2.1. As with NMDAR2a,
there was no significant effect of the expression of NMDAR2b alone on Kv2.1 activation
(V1/2: +9.6 ± 1.7 mV, n = 12) and the addition of 10 μM glutamate induced a significant
shift in the V1/2 within 5 min (V1/2 = +0.9 ± 1.8 mV, n = 12) (Figure 1D -F). As with
NMDAR2a, the effect of NMDAR2b activation further shifted V1/2 at 10 min (-6.3 ± 2.0
mV, n = 11) and 15 min (-10.0 ± 2.3 mV, n = 6) following the application of glutamate.
Although not statistically significant, there was a tendency for Kv2.1 activation to shift to
more hyperpolarized potentials in NMDAR2b expressing cells than in NMDAR2a.

3.2 Localization of both Kv2.1 and Kv2.2 to plasma membrane clusters is governed by a
common molecular determinant

Misonou and colleagues recently demonstrated that the 902-a.a. variant of Kv2.2 exhibits a
clustered phenotype identical to Kv2.1 in both HEK cells and neurons ((Kihira et al., 2010)
and our Figure 2B and C) and the two channels may be capable of heterotetramerization
(Kihira et al., 2010). Although the N-termini and transmembrane domains of Kv2.1 and
Kv2.2long share considerable homology (89% identity), the two channels are quite
divergent in their C-termini, particularly in the distal C-terminus, where there is only ~ 36%
identity homology (Figure 2A). However, the so-called “PRC” domain, considered essential
for the clustering of Kv2.1 (Lim et al., 2000) is well-conserved between the two channels
(17 of 26 residues, Figure 2A). Since the C-terminus of Kv2.1 has been demonstrated to be
essential for the proper targeting, localization and modulation of channel function (Lim et
al., 2000; Mohapatra and Trimmer, 2006; Park et al., 2006; Mohapatra et al., 2007; Park et
al., 2007; Mohapatra et al., 2008), it likely plays the same role in the regulation of Kv2.2 and
the two channels may use a common mechanism to establish and maintain the plasma
membrane clusters.

We previously demonstrated that single Kv2.1 channels are quite mobile within the cluster
domain itself even though they do not readily cross the boundary of the cluster (O'Connell et
al., 2006; Tamkun et al., 2007). To determine if Kv2.1 and Kv2.2 obey a common cluster
boundary, we co-expressed GFP-tagged Kv2.2 and Kv2.1loopBAD in HEK293 cells.
Kv2.1loopBAD carries a biotin acceptor domain (BAD) in the S1-S2 loop that is a specific
substrate for the bacterial biotin ligase BirA (Howarth et al., 2005; Tamkun et al., 2007),
thus allowing the specific labeling of Kv2.1 channels on the plasma membrane with
streptavidin-conjugated quantum dots (QD) to permit the visualization of single Kv2.1
channels (O'Connell et al., 2006; Tamkun et al., 2007). GFP-Kv2.2 forms plasma membrane
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clusters that are identical to Kv2.1-containing clusters in both cultured hippocampal neurons
(Figure 2B) and in HEK293 cells (Figure 2C). As shown in Figure 2D, QD-labeled Kv2.1
channels are found primarily within the same domains as Kv2.2, suggesting that the
mechanism underlying channel targeting to these domains is conserved between Kv2.1 and
Kv2.2. Furthermore, single particle tracking of QD-Kv2.1 demonstrates that Kv2.1 channels
do not cross the cluster boundary when the boundary is visualized using Kv2.2, indicating
that a common mechanism governs the restriction of both channels to the cluster domain.

3.3 Overexpression of the soluble C-terminus of Kv2.2 disrupts clustering of Kv2.1 but
does not affect Kv2.1 function

In a recent study, Mohapatra et al (2008) demonstrated that the surface expression and
functional properties of a “tail-less” Kv2.1 (Kv2.1ΔC416) can be rescued by the expression
of the soluble C-terminal domain of Kv2.1 (Kv2.1CT). However, although
Kv2.1ΔC416+Kv2.1CT is trafficked to the plasma membrane, it fails to assemble into the
large plasma membrane clusters. Possible reasons for this observation are that 1) the soluble
Kv2.1CT does not efficiently adopt the required conformation to retain the tail-less Kv2.1
channels in the cluster or 2) unassembled Kv2.1CT that are not associated with a
Kv2.1ΔC416 channel bind to and inhibit the channel from interacting with intracellular
determinants of the cluster boundary. To distinguish between these possibilities, we
overexpressed a construct consisting of only the last 367 a.a. of Kv2.2, including the “PRC”
sequence (Kv2.2CT) with full-length GFP-tagged Kv2.1 (see Figure 2A). When expressed
at a 1:1 ratio, GFP-Kv2.1 still formed typical large plasma membrane clusters and when
Kv2.2CT was expressed at a 5-fold higher concentration than full-length Kv2.1,
approximately 50% of cells exhibited a more dispersed, non-clustered channel localization
(data not shown). When expressed at a 1:10 ratio, nearly 100% of cells exhibited a non-
clustered phenotype (Figure 3B). Disruption of Kv2.1 clusters also occurred in cultured
hippocampal neurons transfected with Kv2.2CT (Figure 3A). Consistent with previous
reports, Kv2.1 localizes to the axon initial segment (Lim et al., 2000) (Sarmiere et al., 2008),
but Kv2.2CT had little impact on Kv2.1 clusters in the putative AIS (Figure 3A), suggesting
that a different mechanism mediates the clustering of Kv2.1 in this subcellular region. Taken
together, these results support the hypothesis that retention of Kv2.1 within plasma
membrane clusters requires an interaction of the channel's C-terminal domain with a
saturable intracellular scaffold or fence and that the C-terminus of Kv2.2 can efficiently
displace Kv2.1 from its binding partner.

Localization of Kv2.1 is closely associated with channel function: cellular stimuli that
induce “declustering” of Kv2.1, such as glutamate, hypoxia and muscarinic activation, also
result in a hyperpolarizing shift in the voltage dependence of activation (Misonou et al.,
2004; Misonou et al., 2005b; Mohapatra and Trimmer, 2006; Mohapatra et al., 2008). In
spite of this, it remains unknown whether the localization of Kv2.1 within clusters is
required for the extensive phosphorylation and relatively depolarized activation of Kv2.1 at
steady-state, since all the stimuli that result in declustering also cause biochemical changes
(e.g., phosphorylation) in the channel. On the other hand, it is likely that dispersion of Kv2.1
clusters by Kv2.2CT does not involve activation of intracellular signal transduction
pathways and thus presents a means by which to dissect localization and function
independently of these mechanisms.

The overexpression of Kv2.2CT with full-length Kv2.1 has no impact on the trafficking of
functional Kv2.1 channels to the plasma membrane, as the maximal conductance (Gmax) of
Kv2.1 is not significantly different from expression of full-length Kv2.1 alone (Control:
144.7 ± 19.1 nS, n = 12 vs. +Kv2.2CT: 127.3 ± 25.7 nS, n = 6). (Figure 3C and D).
Furthermore, expression of Kv2.2CT had no effect on the voltage-dependence of activation
of the Kv2.1-dependent delayed rectifier K+ current (V1/2 Control = +13.2 ± 1.2 mV, n = 12;
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V1/2 Kv2.2CT: +17.8 ± 3.7 mV, n = 6). These results indicate that targeting of Kv2.1 to
clusters is not required for appropriate channel function at steady state and are consistent
with our previous report that the bulk of the Kv2.1-dependent delayed rectifier K+ current is
carried by “non-clustered” Kv2.1 channels (O'Connell et al., 2010).

3.4 Clustering of Kv2.1 is not required for NMDAR dependent modulation of channel gating
These results suggest that the localization of Kv2.1 within plasma membrane clusters is not
a requirement for the appropriate steady-state gating of Kv2.1. However, given the
correlation between localization and function for Kv2.1, it is possible that modulation of
channel function by stimuli such as NMDAR activation (Mulholland et al., 2008) requires
the targeting of Kv2.1 to cell surface cluster domains. Therefore, we investigated whether
the expression of Kv2.2CT could also disrupt NMDAR-dependent modulation of Kv2.1.
Since we observed no difference between NR2a- and NR2b-containing NMDARs, we did
not differentiate between NMDARs containing NR2a or NR2b. As shown in Figure 4,
addition of 10 μM glutamate to the extracellular solution for 60 s followed by washout with
normal extracellular solution resulted in a significant hyperpolarizing shift in the V1/2 of
activation within 5 min (V1/2: -glut = +15.5 ± 2.8 mV (n = 4) vs. +5 min glut = +5.9 ± 3.6
mV (n = 4), p = 0.002). Ten minutes after activation of NMDAR, the V1/2 shifted further to
+0.11 ± 2.1 mV (p = 0.01). At both 5 min and 10 min post-glutamate, the magnitude of the
shift in the activation midpoint was nearly identical to that observed in the absence of
Kv2.2CT (ΔV1/2 = -8.3 ± 0.7 mV and -15.1 ± 1.4 mV vs. ΔV1/2 = -9.6 ± 1.0 mV and -17.3
± 2.0 mV at +5 min and +10 min, respectively). Thus, these data strongly suggest that
clustering of Kv2.1 on the plasma membrane is not required for the modulation of channel
function by NMDAR.

We next determined if the overexpression of Kv2.2CT altered the glutamatergic modulation
of the endogenous neuronal delayed rectifier K+ current (which is primarily due to Kv2.1).
As shown in Figure 4D and E, the addition of 10 μM glutamate and 50 μM glycine to
cultured rHN expressing Kv2.2CT, induced a significant hyperpolarizing shift in the
voltage-dependence of activation of the delayed rectifier current (Control V1/2 = +12.5 ±
4.9; +Glutamate V1/2 = -9.5 ± 7.8, n=7, p = 0.01), indicating that cell surface clustering of
Kv2.1 is not required for glutamate receptor-mediated modulation of Kv2.1 gating.

3.5 Deletion of the last 318 a.a. of Kv2.1 disrupts channel localization on the plasma
membrane but does not affect either steady-state activity or modulation of Kv2.1 function
by NMDAR

It has been well-established that truncation of Kv2.1 at residue 535, 98 amino acids from the
end of S6, (Kv2.1ΔC318) results in a functional channel that efficiently traffics to the
plasma membrane (VanDongen et al., 1990; Bentley et al., 1999) but does not form cell
surface clusters and instead has an even distribution ((Lim et al., 2000), Figure 5A). In
Xenopus oocytes (VanDongen et al., 1990) and COS-1 cells (Murakoshi et al., 1997),
Kv2.1ΔC318 exhibits a more hyperpolarized voltage dependence of activation than full-
length Kv2.1, although in both of these systems, full-length Kv2.1 activates at more
hyperpolarized potentials than in HEK293 cells and is less extensively phosphorylated than
in brain or HEK293 cells (Shi et al., 1994; Mohapatra and Trimmer, 2006). Notably, the
biophysical properties of Kv2.1 expressed in HEK293 cells most closely resemble the
properties of the neuronal delayed rectifier current, suggesting that HEK293 cells may be a
more appropriate model system.

Consistent with previous reports in COS-1 cells (Shi et al., 1994) and cultured hippocampal
neurons (Lim et al., 2000), Kv2.1ΔC318 exhibits a dispersed localization on the plasma
membrane and does not form the clusters typical of full-length Kv2.1 (Figure 5A). The

Baver and O'Connell Page 7

Neuroscience. Author manuscript; available in PMC 2013 August 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



truncated channel is functional and exhibits robust delayed rectifier currents (Figure 5A),
however, unlike in previous reports, the voltage-dependence of activation of gating for
Kv2.1ΔC318 in HEK cells is similar to full-length Kv2.1 (Kv2.1: +16.3 ± 2.6 mV, n = 9;
Kv2.1ΔC318: +20.7 ± 2.8 mV, n = 7) (Figure 5B). The 318 residues deleted in
Kv2.1ΔC318 contain 10 of the 16 known phosphorylation sites in the Kv2.1 C-terminus,
including 5 of the 7 residues sensitive to dephosphorylation by calcineurin (Park et al., 2006;
Park et al., 2007), thus our results indicate that these residues are not an important
determinant of the steady-state function of Kv2.1.

Intracellular dialysis with alkaline phosphatase has been used to demonstrate that
dephosphorylation of Kv2.1 is the principle cause of the large hyperpolarizing shift in
channel activation (Murakoshi et al., 1997; Mohapatra and Trimmer, 2006; Mohapatra et al.,
2008). We therefore used this approach to determine if dephosphorylation of Kv2.1ΔC318
has a similar effect as the full-length Kv2.1 in HEK293 cells. As shown in Figure 5B, 10
min intracellular dialysis with 100 U/ml calf intestinal alkaline phosphatase (CIAP) resulted
in a significant hyperpolarizing shift in the V1/2 of activation (Control V1/2: +20.7 ± 2.8 mV
vs. +CIP V1/2: -0.64 ± 2.1 mV, p < 0.001; n = 7), suggesting that phosphorylation of
residues outside of the distal C-terminus also substantially impact channel function. It
should be noted that the CIAP-induced shift in the activation of full-length Kv2.1 is slightly
larger than we observed for Kv2.1ΔC318 after similar periods of CIAP dialysis (FL-Kv2.1
ΔV1/2 = -25.5 mV vs. Kv2.1ΔC318 ΔV1/2 = -21.3 mV).

Since the activity of Kv2.1ΔC318 is regulated by phosphorylation (Figure 5B), we next
investigated if Kv2.1ΔC318 is also sensitive to modulation by NMDARs. We transfected
HEK293 cells with GFP-Kv2.1ΔC318 and NR1 + either NR2a or NR2b (since there was no
significant difference between the NR2 subunits, we pooled all data from both NR2a and
NR2b-expressing cells) and measured Kv2.1-dependent delayed rectifier currents in
response to glutamate stimulation as described above. Interestingly, as with full-length
Kv2.1, within 5 min of glutamate addition, we observed a significant hyperpolarizing shift
in the midpoint of activation of Kv2.1ΔC318 from +11.3 ± 1.9 mV to -1.9 ± 3.4 mV (p <
0.001; n = 11) (Figure 5C-E). By 10 min, the V1/2 had shifted to -8.3 ± 4.6 mV (p < 0.001).
These results clearly demonstrate that modulation of Kv2.1 is strongly influenced by
channel domains outside of the distal C-terminus. Furthermore, the calcineurin-sensitive
residues in the distal C-terminus of Kv2.1 are not required for the regulation of Kv2.1
activity by NMDARs, although our data do not exclude a potential role of these residues in
the regulation of Kv2.1 localization.

4.0 DISCUSSION
In this study, we show that the distal C-terminus of Kv2.2 can displace full-length Kv2.1
from cell surface clusters and that this displacement does not alter either the steady-state
activity of Kv2.1 or the sensitivity of channel gating to NMDAR-dependent modulation. We
also demonstrate that although the distal C-terminus of Kv2.1 is required for retention of
Kv2.1 within the cluster domain, it is not required for steady-state gating, sensitivity to
intracellular phosphatase or NMDAR-dependent modulation.

We previously demonstrated that the “clustered” Kv2.1 channels are non-conducting and
that neither intracellular phosphatase treatment nor depolymerization of cortical actin affects
the conductance of these “silent” channels (O'Connell et al., 2010). We observed no change
in the maximal conductance in this study for either Kv2.1ΔC318 or full-length
Kv2.1+Kv2.2CT, suggesting that the mechanism that induces the clustered Kv2.1 channels
to be non-conducting is intrinsic to the channel protein itself and does not require retention
of Kv2.1 to the cluster domain.
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Consistent with our previous study, in which we demonstrated that non-clustered Kv2.1
channels are responsible for the majority of the Kv2.1-dependent delayed rectifier current
(with its characteristic depolarized voltage-dependence of activation), we saw no change in
the voltage-dependence of activation of the Kv2.1 current in cells co-expressing Kv2.2CT.
Taken together with our previous results, these data support the hypothesis that
phosphorylation is not likely to be the mechanism for silencing the clustered Kv2.1
channels. It has been recently demonstrated that Kv2.1 is SUMOylated on its C-terminus
(Dai et al., 2009; Plant et al., 2011). In neurons, SUMOylated Kv2.1 channels are required
to generate an IDR with the characteristic depolarized voltage dependence seen at steady-
state (Plant et al., 2011), indicating that post-translational modifications other than
phosphorylation are essential for the normal function of Kv2.1 channels. Despite the fact
that Kv2.1 channels are no longer clustered when co-expressed with Kv2.2CT, the channel
is still highly sensitive to modulation by NMDARs and exhibits the same magnitude and
time course for the shift in the voltage dependence of activation.

The C-terminus of Kv2.1 is required for the appropriate subcellular localization of Kv2.1, as
the channel fails to form cell surface clusters when the distal 318 amino acids are deleted
and changes in Kv2.1 gating are associated with “declustering” of the channel at the plasma
membrane. It has been well-established that Kv2.1 is highly phosphorylated at a number of
C-terminal sites and that glutamatergic activation of ionotropic glutamate receptors, such as
NMDA receptors modulates Kv2.1 gating and localization via calcineurin-dependent
dephosphorylation induced by Ca2+ influx through these receptors (Misonou et al., 2004;
Park et al., 2006). However, we show here that truncation of the residues that are critical for
channel localization have no effect on gating, as Kv2.1ΔC318 exhibits activation properties
nearly identical to the full-length Kv2.1. Furthermore, Kv2.1ΔC318 is still sensitive to both
intracellular phosphatase and modulation by NMDARs, indicating that channel domains
beyond the distal C-terminus are responsible for NMDAR-dependent modulation of channel
gating. Interestingly, 10 of the 16 phosphorylation sites identified using mass spectrometry
are found within the 318 deleted residues, including 5 of the 7 sites shown to be sensitive to
dephosphorylation by calcineurin (Park et al., 2006; Park et al., 2007). Calcineurin-
dependent dephosphorylation has been implicated as a key mechanism in stimulus-induced
modulation of Kv2.1 function and localization, thus raising the possibility that the role of
these residues in modulating channel gating may not be as prominent as suggested. More
perplexing is that individual Ser -> Ala mutation of residues within this region resulted in
graded shifts in channel activation (Park et al., 2006), whereas their complete absence in the
Kv2.1ΔC318 construct used in our study has no apparent affect on the steady-state gating of
Kv2.1 (Figure 5). The steady-state activity of Kv2.1ΔC318 measured here is consistent with
previous reports in which this truncation has only a small effect (if any) on channel gating
(VanDongen et al., 1990; Bentley et al., 1999). These results are somewhat difficult to
reconcile, although it appears likely that the regulation of Kv2.1 gating by phosphorylation
is a complex phenomenon dependent on a specific pattern of phosphosites, rather than an
“on/off” switch. Thus, some sites may exert more influence than others or mutation of a
single site could disrupt Kv2.1 gating in a manner that does not accurately reflect that
residue's specific role in modulating Kv2.1. Although the deletion of such a large segment of
the Kv2.1 C-terminus might also result in perturbation of channel function, the fact that
Kv2.1ΔC318 exhibits wild-type gating and is still highly sensitive to both phosphatase and
NMDAR modulation indicates that this is not the case. More likely, phosphosites outside the
distal 318 amino acids, a non-phosphorylation mechanism (residue K470 of Kv2.1 is
SUMOylated and is still present in Kv2.1ΔC318, (Plant et al., 2011)) or a combination of
both, are crucial for modulation of Kv2.1 gating.

It is also plausible that the distal regions of Kv2.1 play a more pronounced role in channel
localization (hence the inability of Kv2.1ΔC318 to form clusters) while more membrane
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proximal regions (or regions more proximal to the transmembrane core of Kv2.1) are more
dominant in regulating channel function. Nevertheless, our data clearly show that Kv2.1
localization and function are two distinct processes and that both channel function and
modulation are, in fact, independent of the localization of Kv2.1 to clusters. This is entirely
consistent with our previous finding that clustered Kv2.1 channels do not function as K+

conducting channels and likely have a separate role that does not depend on their K+ channel
activity. Such a role has been postulated by Lotan's group, who have demonstrated that
Kv2.1 plays a non-conducting role in dense-core vesicle release in chromaffin cells and
dorsal root ganglion cells (Singer-Lahat et al., 2008; Feinshreiber et al., 2010).

Our results clearly demonstrate that Kv2.1 localization and function are governed by
different amino acid domains which is consistent with our hypothesis that clustered Kv2.1
channels function in a capacity other than as K+ fluxing channels (O'Connell et al., 2010). It
should be noted that it is clear that Kv2.1 function and localization are likely subject to the
same modulatory pressures (Misonou et al., 2004; Misonou et al., 2005b; Mohapatra and
Trimmer, 2006). Nevertheless, the precise domains for Kv2.1 cluster and function remain
elusive.
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Highlights

Localization of Kv2.1 and Kv2.2 is governed by a common mechanism.

Both NR2A- and NR2B-containing NMDA receptors modulate Kv2.1.

The Kv2.2 C-terminus disrupts Kv2.1 clustering but not Kv2.1 gating.

The C-terminus is required for clustering but not for gating or modulation of Kv2.1.
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Figure 1. Modulation of Kv2.1 by NMDAR does not depend on the identity of the NR2 subunit
A. Representative whole-cell currents from an HEK293 cell expressing GFP-Kv2.1 plus
NR2a-containing NMDAR either before (-glut) or at the indicated time after the addition of
10 μM glutamate to the extracellular solution. Scale bars: 50 ms, 1 nA. B. Average
normalized tail current-voltage (I-V) relationship for the timepoints described in A. C.
Average V1/2 for all timepoints following glutamate addition. *, p < 0.001. D.
Representative whole-cell recordings from HEK293 cell expressing GFP-Kv2.1 plus NR2b-
containing NMDAR. Conditions are the same as in A. E. Average normalized tail I-V
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relationships for all timepoints. F. Average V1/2 for all timepoints after glutamate addition,
*, p < 0.001.
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Figure 2. Clustering of Kv2.1 and Kv2.2 is governed by a mechanism common to both channels
A. Sequence alignment of the C-termini of Kv2.1 and Kv2.2. The blue arrow indicates the
point at which Kv2.1 is truncated in the Kv2.1ΔC318 construct. There are 98 residues
remaining past the S6 domain (of a total of 416). The red arrow indicates the beginning of
the sequence of the soluble Kv2.2CT. B. Expression of GFP-Kv2.1 (left) and GFP-Kv2.2
(right) in cultured rat hippocampal neurons. C. Expression of GFP-Kv2.1 (left) and GFP-
Kv2.2 (right) in HEK293 cells. Images in B and C are maximum intensity projections of
XYZ stacks. D. (left) Coexpression of GFP-Kv2.2 and Kv2.1-loopBAD (red) in HEK293
cell. Kv2.1-loopBAD was visualized by labeling with streptavidin-conjugated QD605.
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Image is a single Z-section of the basal surface of the cell. (Top right) Enlarged image of the
cluster highlighted by the yellow box illustrating a GFP-Kv2.1 cluster containing 2 QD-
labeled Kv2.1 channels. (Bottom right) Single particle track of one of the QD in the cluster
illustrating that Kv2.1 channels obey the same cluster boundary as Kv2.2.
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Figure 3. The soluble C-terminus of Kv2.2 displaces full-length Kv2.1 from cell-surface clusters
but does not affect the steady-state voltage-dependence of Kv2.1
A. Representative maximum intensity projections of cultured hippocampal neurons
expressing either full-length GFP-Kv2.1 only (left) or GFP-Kv2.1 + Kv2.2CT (right). B.
Maximum intensity projections of either GFP-Kv2.1 only (left) or GFP-Kv2.1 + Kv2.2CT
(right) expressed in HEK293 cells. C. Representative whole-cell recordings from HEK293
cells expressing either full-length GFP-Kv2.1 (left) or GFP-Kv2.1 + Kv2.2CT (right). Scale
bars: 50 ms, 1 nA. D. Average normalized I-V relationships for full-length Kv2.1 and Kv2.1
+ Kv2.2CT.
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Figure 4. Disruption of Kv2.1 clustering by the soluble C-terminus of Kv2.2 has no effect on
Kv2.1 channel modulation by NMDAR activation
A. Representative whole-cell currents from HEK293 cells expressing full-length GFP-Kv2.1
+ Kv2.2CT plus NMDAR, either before (- glut) or at the indicated time following addition
of 10 μM glutamate. B. Average normalized I-V relationship illustrating that even in the
presence of Kv2.2CT, NMDAR activation induces a hyperpolarizing shift in the voltage-
dependence of activation of Kv2.1. The average V1/2 for all conditions is presented in panel
C. D. Whole-cell K+ currents from a representative rHN transfected with Kv2.2CT before
(left) and 10 minutes after the addition of 10 μM glutamate+50 μM glycine (right). E.
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Average normalized G-V relationship for all neurons before (closed symbols) and after
(open symbols) glutamate addition.
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Figure 5. The distal C-terminus of Kv2.1 is required for clustering but not for modulation by
NMDARs
A. (Left) Maximum intensity projections of HEK293 cells expressing either full-length
GFP-Kv2.1 or GFP-Kv2.1-ΔC318. (Right) Representative whole cell currents from GFP-
Kv2.1 or GFL-Kv2.1-ΔC318 expressing HEK293 cells. Scale bars: 50 ms, 1 nA. B.
Average normalized I-V curves for Kv2.1 and Kv2.1-ΔC318 ± calf intestinal phosphatase
(CIP), illustrating that Kv2.1-ΔC318 retains functional sensitivity to phosphorylation state.
C. Representative whole-cell currents from HEK293 cell expressing GFP-Kv2.1-ΔC318
plus NMDAR at the indicated time points before and after the addition of 10 μM glutamate.
Average normalized I-V curves (D) and V1/2 (E) for Kv2.1-ΔC318 before and after
activation of NMDAR. #, p < 0.05, compared to Control; *, p < 0.001, compared to –glut.
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