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Abstract
The somatodendritic subthreshold A-type K+ current in neurons (ISA) depends on its kinetic and
voltage-dependent properties to regulate membrane excitability, action potential repetitive firing,
and signal integration. Key functional properties of the Kv4 channel complex underlying ISA are
determined by dipeptidyl peptidase-like proteins known as dipeptidyl peptidase 6 (DPP6) and
dipeptidyl peptidase 10 (DPP10). Among the multiple known DPP10 isoforms with alternative N-
terminal sequences, DPP10a confers exceptionally fast inactivation to Kv4.2 channels. To
elucidate the molecular basis of this fast inactivation, we investigated the structure-function
relationship of the DPP10a N-terminal region and its interaction with the Kv4.2 channel. Here, we
show that DPP10a shares a conserved N-terminal sequence (MNQTA) with DPP6a (aka DPP6-E),
which also induces fast inactivation. Deletion of the NQTA sequence in DPP10a eliminates this
dramatic fast inactivation, and perfusion of MNQTA peptide to the cytoplasmic face of inside-out
patches inhibits the Kv4.2 current. DPP10a-induced fast inactivation exhibits competitive
interactions with internally applied tetraethylammonium (TEA), and elevating the external K+

concentration accelerates recovery from DPP10a-mediated fast inactivation. These results suggest
that fast inactivation induced by DPP10a or DPP6a is mediated by a common N-terminal
inactivation motif via a pore-blocking mechanism. This mechanism may offer an attractive target
for novel pharmacological interventions directed at impairing ISA inactivation and reducing
neuronal excitability.
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INTRODUCTION
Voltage-activated potassium channels belonging to the Kv4 subfamily (Kv4 channels)
underlie the somatodendritic subthreshold A-type current (ISA) that regulates membrane
excitability, action potential firing frequency, action potential backpropagation, and synaptic
plasticity in neurons.1, 2 In the native ISA channel, the Kv4 pore-forming subunits form
heteromultimeric assemblies with diverse auxiliary subunits including Kv channel-
interacting proteins (KChIP1-4) and dipeptidyl peptidase-like proteins (DPLP: DPP6/DPPX
and DPP10/DPPY).1, 3, 4 Individually, KChIP and DPLP auxiliary subunits dramatically
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modify Kv4 channel surface expression, kinetics, and voltage-dependent properties.5–8

Together in Kv4+KChIP+DPLP ternary complexes, these auxiliary subunits finely tune the
Kv4 channel machinery to determine the native ISA functional properties.6, 9, 10

Heteromultimeric assembly of multiple subunit classes (KChIP and DPLP) and multiple
gene products (KChIP1-4, DPP10 and DPP6) has been proposed as a major source of
variability in ISA biophysical properties observed between different neuronal cell-types and
populations.1 However, recent reports suggest that N-terminal variants generated by
alternative splicing may also be critical determinants of cell-specific ISA properties. The
genes for both KChIP and DPLP subunits utilize multiple promoter sites, producing
alternative transcripts with variable N-terminal domains and an invariable core domain.1,
11–14 The resulting isoforms exhibit distinct tissue- and cell-specific expression patterns in
the brain and may confer unique gating properties. A remarkable example is the DPP10a
isoform, which confers dominant fast inactivation (τ ≤ 10 ms) to the Kv4 complex.11 Since
DPP10a is typically expressed in cortical neurons, co-expression of Kv4.2, KChIP3a, and
DPP10a in heterologous expression systems induces a rapidly inactivating K+ current that
recapitulates cortical ISA.

How does DPP10a confer this dominant fast inactivation of Kv4 channels? The variant-
specific nature of this fast inactivation suggests that the responsible molecular determinant is
located in the DPP10a variable N-terminal segment. In agreement with an N-terminal
involvement, our initial characterization of DPP10a demonstrated that DPP10a-mediated
fast inactivation is inhibited by N-terminal tagging of a hemagglutinin epitope and
transferrable to the DPP6-S isoform by switching the DPP6-S variable N-terminal domain
for that of DPP10a.7 We therefore hypothesized that the fast inactivation mediated by the
DPP10a N-terminal domain may be similar to the classic N-type inactivation mechanism
first described in Shaker K+ channels. N-type inactivation occurs when a channel opens in
response to strong depolarization and an N-terminal inactivation domain (ID) occludes the
channel pore from the cytoplasmic side.15 IDs for such open-channel block are found at the
N-termini of certain Shaker α-subunits, Shaker-related Kv1.4 α-subunits, Kv3.4 α-subunits,
and Kv1 auxiliary Kvβ subunits.15–18 The N-terminus of Kv4.2 α-subunits also possesses
an ID that causes channel block similar to Shaker N-type inactivation, although with distinct
structural determinants.19 Since N-type inactivation is produced by internal pore block, the
standard criteria for this mechanism are 1) competition between TEA, a fast open-channel
blocker, and the ID for the occlusion site, and 2) a “knock-off” effect induced by elevated
external K+ concentrations during recovery from inactivation. 20, 21 Although a role for the
cytoplasmic N-terminal domain in DPP10a-mediated fast inactivation is hinted by our
previous results, the molecular basis of these effects remained unknown. Here, we establish
the importance of the Exon 1a-encoded N-terminal domain for DPP10a-mediated fast
inactivation by characterizing a DPP6 paralog of DPP10a. DPP6a (aka DPP6-E) is
expressed from an alterative first exon of the DPP6 gene, one in a homologous position to
Exon 1a of the DPP10 gene. Both Exon 1a’s of DPP6 and DPP10 encode an evolutionarily
preserved N-terminal sequence (MNQTA). Using deletion and individual point mutants, we
demonstrate that the MNQTA motif is critical for the induction of fast inactivation. Further
results show that fast inactivation induced by MNQTA is competed off by internal TEA and
is relieved by elevated external K+ concentration, which is consistent with an open-channel-
block mechanism. Part of this study was previously reported in preliminary form elsewhere.
22
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RESULTS
DPP6a is a paralog of DPP10a with homologous N-terminal sequences

We have previously shown that the DPP10 gene encodes multiple transcripts with
alternative start sites, and the transcript beginning with Exon 1a codes for DPP10a, the
isoform that confers uniquely fast inactivation to Kv4 channels.11 The DPP6 gene also
expresses different first exon variants due to initiation from various start sites, and recently
we and others have shown that a DPP6 isoform expressed in embryos also produces fast
inactivation.10, 22, 23 This DPP6 isoform, which we named DPP6a due to its similarity to
DPP10a, contains an N-terminal domain with significant sequence homology to the N-
terminal domain of DPP10a (Fig. 1A). The N-terminal domains encoded by Exon 1a of
DPP10a and DPP6a are the same length (20 amino acids) and share identical first five
residues. These first five residues, MNQTA, are preserved evolutionarily from fish and
amphibians to humans and are likely part of an important functional domain. In addition,
lysine 17 and 20 are also identical between DPP10a and DPP6a.

Since DPP10 and DPP6 genes have significant sequence identity (51%) and are likely
paralogs derived from gene duplication, we examined the genomic organizations of the
alternative first exons to study the possible paralogous relationship between DPP6a and
DPP10a. Genomic mapping demonstrates that Exon 1s of DPP10a and DPP6a are the most
5′-upstrem of alternative first Exons (Fig. 1B). DPP10 alternative first exons are scattered
across approximately half a million base pairs and cover more than 60% of the gene’s total
length. These exons are present in other mammalian genomes and are also found in ESTs
from a number of mammalian and non-mammalian species. The overall DPP6 genomic
structure is strikingly similar to that described for DPP10 where multiple first exons are
scattered over 900,000 base pairs and cover over 60% of the genes total length. The
sequence homology and genomic localization suggests that DPP6a is a paralog of DPP10a.

DPP10a and DPP6a Confers Similar Fast Inactivation to the Kv4.2+KChIP3a Channel
To determine the extent by which similar N-terminal sequences between DPP10a and
DPP6a translate into similar functional effects in the reconstituted ternary channel complex,
we co-expressed Kv4.2 and KChIP3a with either DPP10a or DPP6a in Xenopus oocytes and
recorded the resulting whole-cell currents. Co-expression with KChIP3a permits convenient
detection of DPP10a-mediated fast inactivation by eliminating endogenous Kv4.2 fast
inactivation through KChIP-mediated sequestration of Kv4.2 N-terminal domain.1, 19, 24

Kv4.2 and KChIP3a were also co-expressed with DPP6-S (short) as a control for effects
derived from the DPP6 invariable core domain.

During a sustained depolarization to positive membrane potentials, ternary channel
complexes containing DPP10a and DPP6a decay rapidly with similar complex multi-
exponential time course (Fig. 2A).9 At membrane potentials at or above −20 mV, at least
three time constants are necessary to adequately describe the current decay elicited by 1- or
5-sec step depolarizations to various potentials from a holding potential of −100 mV (Fig.
2A; compare the residuals of two exponential fits against that of three exponential fits for
Kv4.2+KChIP3a+DPP10a current at +50 mV). For display purposes, Figure 2A shows
current traces for the initial 330 ms. The three time constants of exponential terms 0 (τ0) and
1 (τ1) are weakly voltage dependent from −20 to +50 mV, whereas the time constant of
exponential term 2 (τ2) significantly increased with increasing depolarization (not shown).
Fit parameters were independent of peak current size between 1 and 30 μA, indicating
current decay is not significantly affected by uncompensated series resistance. Similar
results were obtained previously for Kv4.2+KChIP3a+DPP10a channels in whole-cell patch
recording from CHO cells.9 The results of tri-exponential fittings show that the fast phase of
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inactivation accounts for > 60% of total inactivation in these channels and decays with
similar time courses (τ0: Kv4.2+KChIP3a+DPP10a = 6.5 ± 0.4 ms, n=6; Kv4.2+KChIP3a
+DPP6a = 5.9 ± 0.1 ms, n=4) (Fig. 2B & 2C). In addition, the slow phase also inactivates
with similar time constants (τ2: Kv4.2+KChIP3a+DPP10a = 615 ± 40 ms, n=6;
Kv4.2+KChIP3a+DPP6a = 582 ± 41 ms, n=4) but accounts for different fraction of the total
inactivation (Fig. 2B & 2C).

In contrast, Kv4.2+KChIP3a+DPP6-S current decay is well described assuming the sum of
two exponential terms (Fig. 2A; compare the residuals of one exponential fits against that of
two exponential fits). The same currents heterologously expressed in CHO cells were also
adequately described using two exponential terms.9 Co-expression of KChIP3a with Kv4.2
also inactivates with a bi-exponential decay (Fig. 2B), showing that DPP6-S, unlike DPP6a
and DPP10a, does not introduce a fast phase of inactivation. The time constants of the fast
phase of inactivation of Kv4.2+KChIP3a and Kv4.2+KChIP3a+DPP6-S channels at +50 mV
are similar to that of the intermediate inactivation of Kv4.2+KChIP3a+DPP10a channels
(τ1), suggesting that the fast inactivation (τ = ~ 6 ms) conferred by DPP10a and DPP6a is
introduced by the presence of the conserved N-terminal domain. Furthermore, the presence
of this conserved N-terminal inactivation domain is associated with a pronounced slowing of
the slow phase of inactivation, increasing the time constant (τ2) from ~ 180 ms
(Kv4.2+KChIP3a+DPP6-S) or 187 (Kv4.2+KChIP3a) ms to ~600 ms (Fig. 2B).

Although DPP6a and DPP10a produce similar effects on the development of voltage-
dependence of inactivation, the rate of accelerated recovery from inactivation induced by
DPP6a is faster than that induced by DPP10a (τ at −100 mV: Kv4.2+KChIP3a+DPP6a =
10.3 ± 0.3 ms, n=3; Kv4.2+KChIP3a+DPP10a = 28 ± 3.5 ms, n=7) (Fig. 2D). The faster
recovery induced by DPP6a is not a property of DPP6 in general, since it is faster than that
induced by DPP6-S (Fig. 2D). Similar results were obtained from DPP6a and DPP10a
coexpression studies using an N-terminal deletion of Kv4.2 (Kv4.2/Δ2-40), showing that the
regulatory effects are not mediated through KChIPs (data not shown). These findings
suggest that amino acid differences between the Exon 1a of DPP10a and DPP6a account for
the faster recovery from inactivation of channels coexpressed with DPP6a.

To examine whether the differential effects on inactivation kinetics can be related to changes
in voltage-dependent gating, we characterized the voltage dependence of peak conductance
and steady-state inactivation and found that Kv4.2+KChIP3a channels associated with
DPP6a, DPP10a, or DPP6-S show similar relations (Fig. 2E). The peak conductance-voltage
(Gp-V) curves were all well described by a 4th-order Boltzmann function with V0.5 values
between −19 and −21 mV and slope values between 20 and 23 mV. The steady-state
inactivation curves were fitted with single Boltzmann functions with V0.5 values at ~ −68
mV and slope factors between 4.4 and 5 mV. This indicates that putative N-terminal
domains in DPP6a and DPP10a do not affect peak activation or steady-state inactivation
differently from DPP6-S N-terminal domain, and the inactivation-inducing effect of DPP6a
and DPP10a N-terminal domains likely occurs without altering other gating properties.

The MNQTA N-terminal Sequence in DPP10a Confers Fast Inactivation
So far, our results suggest that DPP10a and DPP6a utilize a common mechanism to induce a
dominant fast inactivation in Kv4 channels. To identify the molecular determinants of fast
inactivation, we focused on DPP10a and generated DPP10a mutants lacking Exon 1a
(Δ2-20) or residues 2-5 (ΔNQTA). Instead of Kv4.2+KChIP3a channels, we used Kv4.2/
Δ2-40 channels to test these mutants because they exhibit many of the same functional
characteristics due to the similar structural impact between N-terminal deletion and KChIP-
mediated sequestration,11 and their use alleviates concerns over potential heterogeneity in
channel composition arising from Kv4.2-KChIP coexpression and coassembly.
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Coexpression of Kv4.2/Δ2-40 with DPP10a/Δ2-20 results in a current that activates rapidly
but inactivates with a time course dramatically slower than that of Kv4.2/Δ2-40+DPP10a
channels (Figs. 3A). Moreover, deletion of DPP10a residues NQTA is sufficient to abolish
the ability of DPP10a to confer fast inactivation (Fig. 3B). Exponential fitting was used to
measure the inactivation of Kv4.2/Δ2-40 channels co-expressed with DPP10a, DPP10a/
Δ2-20, or DPP10a/ΔNQTA at +50 mV. Evaluation of the residual current between the fit
and actual traces (as conducted in Fig. 2A) shows that the sum of three exponential terms is
necessary to describe the inactivation of Kv4.2/Δ2-40+DPP10a current at +50 mV, whereas
the sum of two exponential terms is sufficient to describe currents modified by DPP10a
deletion mutants (see Fig. 3A & 3B residuals). The results show that, although DPP10a
induces a fast inactivating component, the fast time constant Kv4.2/Δ2-40+DPP10a
inactivation (3.2 ± 0.5 ms, n=3) differs by ~3 ms from that of the Kv4.2+KChIP3a+DPP10a
inactivation (6.5 ± 0.4 ms, n=6) (compare Figs. 3C and 2B). N-terminal deletions of residues
2-20 or NQTA result in inactivation kinetics without a fast component of inactivation
comparable to that observed in Kv4.2/Δ2-40+DPP10a channels (Fig. 3C). In addition, these
deletions lead to a dramatic increase in the fractional contribution of the slow phase of
inactivation and a marked acceleration of its kinetics (Fig. 3C & 3D). The time constants of
the slow phase (τ2) decreased in value from 699 ± 28 ms (n=3) to 148 ± 3 ms (DPP10a/
Δ2-20, n=4) and 170 ± 6 ms (DPP10a/ΔNQTA, n=6), and its fractional amplitude increased
from ~ 0.09 to > 0.83. The acceleration of slow inactivation by N-terminal deletions is
consistent with the earlier result showing that introduction of the fast inactivation impairs
slow inactivation.

To verify that the failure of these deletion mutants to induce fast inactivation is not due to a
loss or impairment of interaction with the Kv4.2 subunit, we checked other biophysical
properties of these channels. Wild-type DPP10a and mutant DPP10a produce similar
leftward shifts in the midpoint of steady-state inactivation (V0.5: Kv4.2/Δ2-40 = −62 ± 1
mV, n=8; +DPP10a = −70 ± 1 mV, n=5; +DPP10a/Δ2-20 = −72 ± 0.3 mV, n=4; +DPP10a/
ΔNQTA = −72 ± 0.4 mV, n=5). The amount of leftward shift in the midpoint of Gp-V
relationship is ~15 mV less with DPP10a (V0.5: Kv4.2/Δ2-40 = −1.3 ± 2 mV, n=5;
+DPP10a = −19.7 ± 2 mV, n=5; +DPP10a/Δ2-20 = −34 ± 1 mV, n=4; +DPP10a/ΔNQTA =
−36 ± 1 mV, n=4) (Figs. 3E & 3F) and is likely due to fast inactivation truncating the
measured peak current and resulting in a shallower Kv.2/Δ2-40+DPP10a activation curve.
Both DPP10a/Δ2-20 and DPP10a/ΔNQTA matched wild-type DPP10a in its functional
effects on Kv4.2 activation kinetics (Fig. 3B, inset). Both deletion mutants accelerate
recovery from inactivation similar to the wild-type DPP10a (τ at −100 mV: Kv4.2/Δ2-40 =
167 ± 19 ms, n=5; +DPP10a = 42 ± 1 ms, n=4; +DPP10a/Δ2-20 = 45 ± 2 ms, n=4;
+DPP10a/ΔNQTA = 52 ± 3 ms, n=5). Overall, the results suggest that the deletions do not
affect Kv4.2-DPP10 interactions with the voltage sensor.8, 25

Finally, we expressed Kv4.2/Δ2-40 channels with wild-type DPP10a or DPP10a/ΔNQTA
subunits in mammalian tsA-201 cells and recorded the resulting currents in the cell-attached
patch configuration. In agreement with the Xenopus oocyte data, Kv4.2/Δ2-40+DPP10a
channels expressed in tsA-201 cells exhibit distinct fast inactivation (Fig. 4A), and when
residues 2-5 of DPP10a are deleted, channel inactivation is greatly slowed (Fig. 4B & 4C).
The slowing of inactivation is not due to a failure of DPP10a/ΔNQTA to associate with and
modulate Kv4.2 channels, as the activation of Kv4.2+DPP10a/ΔNQTA current is equally
rapid as Kv4.2+DPP10a current (Fig. 4C, inset). Collectively, the experiments in oocytes
and tsA-201 cells produced compelling evidence of fast inactivation determined by a
discrete five-amino acid N-terminal motif that is highly conserved in DPP10a and DPP6a.
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Fast Inactivation Induced by DPP10a Is Constrained Specifically by the MNQTA Sequence
The MNQTA sequence is found at the N-terminus of DPP10a and DPP6a from fish to
humans, and this sequence confers fast inactivation. To examine whether the ability to
confer fast inactivation is sequence-specific, as suggested by the evolutionary preservation,
we introduced conservative substitutions at positions 2–4 (NQTA) individually and studied
their effects electrophysiologically upon coexpression with Kv4.2/Δ2-40. According to
Venn diagram representing the physico-chemical relationships between amino acids,26

asparagine (N), glutamine (Q), and threonine (T) are small polar residues, thus asparagine at
position 2 was replaced by threonine (N2T), glutamine at position 3 was replaced by
asparagine (Q3N), and threonine at position 4 was replaced by asparagine (T4N). Alanine at
position 5, a small hydrophobic residue, is replaced by glycine (A5G), a small non-polar
residue.

The results show that fast inactivation is sensitive to even small conservative substitutions
with the NQTA sequence. The N2T mutant fails to induce fast inactivation (Fig. 5A). At
+50 mV, inactivation kinetics of Kv4.2/Δ2-40+N2T channels is adequately described using
two-exponential fitting, with time constants of 49 ± 2.3 ms and 211 ± 2.8 ms with respective
fractional amplitudes of 0.16 ± 0.01 and 0.81 ± 0.01 (n=3). In contrast to N2T, the Q3N,
T4N, and A5G substitution mutants confer varying amount of fast inactivation to Kv4.2/
Δ2-40 channels. The current decay associated with Q3N coexpression is biphasic (rather
than triphasic, as with wild-type DPP10a), and the fast component exhibits a time constant
of 5.1 ± 0.5 ms and fractional amplitude of 0.49 ± 0.05 (n=3) (Q3N: Fig. 5A). The T4N
mutant confers a significantly reduced fast inactivating component as the inactivation
kinetics becomes dominated by the slower components (T4N: Fig. 5A). Inactivation of
Kv4.2/Δ2-40 current conferred by T4N was best fitted by three exponential terms, with a
fast inactivating component exhibiting time constant of 3.1 ± 0.3 ms and fractional
amplitude of 0.22 ± 0.02 (n=5). Compared to the effects of Q3N, this represents a further
significant reduction of the contribution of the DPP10a N-terminus to inactivation. The A5G
mutant continues the trend of decreasing contribution of the fast inactivating phase, with the
fast component from best three-exponential fits having a time constant of 3.4 ± 1.0 ms and
fractional amplitude of 0.12 ± 0.05 (n=3) (A5G: Fig. 5A). Decreasing fractional amplitude
of the fast inactivating component suggests the mutations destabilize the fast inactivated
state; therefore, we examined the recovery from fast inactivation of Kv4.2/Δ2-40+Q3N
channels. The results indicate that the Q3N substitution induced accelerated recovery from
the fast phase of inactivation (Fig. 5B). A two-pulse protocol with a 25 ms-long initial
inactivating pulse was used, and the time constants for recovery from inactivation at −100
mV were 44 ± 1.9 ms for wild-type DPP10a (n=5) and 34 ± 0.5 ms for Q3N (p = 0.00724;
n=3).

The slowing of slow inactivation by the presence of DPP10a-conferred fast inactivation
described earlier is also evident here. Q3N, which confers robust fast inactivation, mediates
biphasic inactivation kinetics with a slower component with a time constant of 800 ± 85 ms
and fractional amplitude of 0.36 ± 3.9 (n=3). Compared to Q3N, the T4N mutant induces
inactivation kinetics with a significantly decreased fast component, and the slow phase of
inactivation is notably faster. The intermediate (term1) and slow (term2) components of
inactivation have time constants of 117 ± 17 ms and 360 ± 14 ms and fractional amplitudes
of 0.14 ± 0.02 and 0.61 ± 0.02, respectively. The slower components of inactivation induced
by A5G (terms 1 and 2) exhibit parameters similar to those induced by T4N (τ: term 1 = 136
± 15 ms, term 2 = 367 ± 8.7 ms; fractional amplitude: term 1 = 0.17 ± 0.023, term 2 = 0.65 ±
0.045, n=3).

In addition to testing whether DPP10a-conferred inactivation is sensitive to individual
conservative mutations within the NQTA sequence, we also generated DPP10a mutants with
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scrambled NQTA sequences to further test if fast inactivation conferred by DPP10a is
dependent on a specific sequence or simply the overall physico-chemical properties of the
residues involved. As Figure 5C shows, the NQTA sequence is vital to the DPP10a-
conferred fast inactivation, as scrambled sequences can either disrupt or enhance DPP10a-
conferred fast inactivation. Replacing MNQTA with MANQT removes fast inactivation
(Fig. 5C). The inactivation kinetics mediated by the MANQT mutant was best fitted with
two exponential terms (tau: term1 = 75 ± 2.6 ms, term 2 = 235 ± 3.3 ms; fractional
amplitude: term 1 = 0.17 ± 0.012, term 2 = 0.81 ± 0.01, n=3). These values are similar to
those of the N2T mutant, which also disrupts DPP10a-mediated fast inactivation. However,
when MNQTA is permutated to MQANT, DPP10a-conferred fast inactivation is accelerated
and stabilized, with a time constant of 2.8 ± 0.2 ms (n=3). While its contribution to the
overall current decay is not significantly increased (fractional amplitude = 0.51 ± 0.042,
n=3), the recovery from this fast inactivation is significantly slowed (τ at −100 mV: 78 ± 4.3
ms, n=3, p = 0.000134) (Fig. 5D). These results indicate that scrambling the NQTA
sequence alters the kinetics of DPP10a-conferred fast inactivation, with some eliminating it
and others accelerating it. Overall, these results show that the evolutionarily-conserved N-
terminal region of DPP10a includes a fast ID specifically constrained by the sequence of the
first five amino acids.

Internal TEA Competes with MNQTA-conferred Fast Inactivation, and the Free MNQTA
Peptide Acts as a Soluble Fast Channel Blocker

The finding that the MNQTA N-terminal sequence is a cytoplasmic inactivation-conferring
domain of DPP10a and DPP6a suggests that it may act by a direct pore-blocking
mechanism. To test this hypothesis, we employed inside-out patches to examine the effect of
an open channel blocker (TEA) on Kv4.2/Δ2-40+DPP10a currents, as well as the soluble
MNQTA peptide on Kv4.2/Δ2-40+DPP10a/ΔNQTA currents. Because patch excision is
known to accelerate the kinetics of the slow inactivation in Kv4 channels,27 we allowed the
channel kinetics to stabilize after patch excision and before application of TEA or peptide.
Interestingly, the rapid inactivating component for the Kv4.2/Δ2-40+DPP10a channels in
inside-out patches accounts for 73 ± 1% of total decay and has a time constant of 3.5 ± 0.1
ms (n=4), similar to the 3.2 ± 0.5 ms (n=3) value observed in whole-oocyte currents (Fig.
3A & 6A).

If TEA and the DPP10a N-terminal ID compete for an internal site in the pore, a direct
proportionality between the apparent current block and the slowing of MNQTA-conferred
fast inactivation must occur.20 Our results show that 10 mM internal TEA decreases peak
current of Kv4.2/Δ2-40+DPP10a channels by 46 ± 2% (n=4) (Fig. 6A). The inactivation
kinetics after the introduction of 10 mM internal TEA remains bi-exponential (Fig. 5A,
fitted traces), with the fast component consisting of 71 ± 3% (n=5) of total current
amplitude. However, the time constant of the fast component is slowed by internal TEA,
increasing to 5.7 ± 0.3 ms (n=4). For clarity, the fast inactivating phases before and after
TEA application, as determined by bi-exponential fitting, are superimposed to show the
crossing-over of the currents before and after TEA addition (Fig. 6A). The slowing of the
development of fast inactivation by TEA is also detectable by normalizing and
superimposing the currents, and the effect is reversible upon washout (Fig. 6B). Next, we
compared the fold-change in the fast time constant against the fold-change in the peak
current at 5 and 10 mM TEA (Fig. 6C). There is a directly proportional relation between
these changes, as the slope of the linear regression is ~1 and the corresponding intercept is 0,
which is consistent with a direct competition between TEA binding in the pore and pore
occlusion by the DPP10a N-terminal ID. Interestingly, like the DPP10a N-terminal ID,
internal TEA also slows the inactivation kinetics of the slow phase (τs, 10 mM TEA: before
= 19 ± 1 ms (n=4); after = 30 ± 1 ms, n=4)
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To further test this hypothesis of a direct open channel block by the DPP10a ID, we asked
whether the MNQTA peptide may act as a diffusible inactivation particle capable of
occluding the pore of Kv4 channels.15 The MNQTA peptide was chemically synthesized
and applied to the cytoplasmic face of inside-out patches from tsA-201 cells co-expressing
Kv4.2/Δ2-40 and DPP10a/ΔNQTA. Application of 300 μM MNQTA peptide suppressed
63% of the peak current (% remaining = 37 ± 2, n=3) (Fig. 7A); and this inhibition was
quickly reversible upon washout (Fig. 7A & 7B). Blockage upon subsequent internal
application of TEA confirmed the integrity of the channels in the inside-out patch (Fig. 7B).
Although the MNQTA peptide suppressed the peak current, it did not produce the
anticipated acceleration of inactivation; instead, the peptide slowed intrinsic inactivation
(Fig. 7A). The time constant for the dominant inactivating component of the Kv4.2/
Δ2-40+DPP10a/ΔNQTA, which had accelerated to 9.9 ± 0.4 ms (n=3) following patch
excision, was slowed to 21.5 ± 1.2 ms (n=3) by application of the MNQTA peptide.
Interestingly, the slowing of inactivation by MNQTA peptide resembles the slowing of slow
phase of Kv4.2/Δ2-40+DPP10a inactivation by internal TEA or the tethered MNQTA ID.
Overall, the results indicate that the 5-mer MNQTA peptide is able to block the Kv4.2
current in a manner analogous to TEA, a fast open-channel pore blocker.

DPP10a-conferred Fast Inactivation Is Insensitive to Elevated External K+

Elevated external K+ concentration does not affect the development of N-type inactivation
in ShakerB Kv channels, but it accelerates the recovery from inactivation.15, 21, 28 Since N-
type inactivation in Shaker Kv channels also works by a pore-blocking mechanism, we
examined the effect of elevated external K+ concentration on DPP10a-mediated fast
inactivation using a Kv4.2 channel lacking an N-terminal inactivation domain (Kv4.2/
Δ2-40) as background construct. The slow inactivation of Kv4.2 channels in the absence of
the endogenous N-terminal ID is accelerated by elevated external K+ (Fig. 8A).29 The time
course for inactivation of Kv4.2/Δ2-40 channels is well described with two time constants,
the values of which are decreased by the increase in external K+ concentration (Fig. 8D). In
addition to the acceleration of both phases of inactivation, the overall acceleration of
inactivation by elevated [K+]ext can be attributed to a significant increase in the fractional
amplitude of the fast component (term 1) and a decrease in the slow component (term 2)
(Fig. 8E).

Strikingly, like fast inactivation of ShakerB Kv channels, the time constant for fast
inactivation induced by DPP10a is unaffected by 98 mM external K+ (Fig. 8B). The
DPP10a-induced fast inactivation accounts for the approximately half of the total decay, and
the fast time constants from three exponential fits were 3.2 ± 1 ms and 3.2 ± 0.3 ms under 2
mM and 98 mM external K+, respectively. This effect on fast inactivation contrasts with the
striking acceleration of the residual slower phases of inactivation, leading to a decrease in
the remaining current at the end of 1 sec depolarization (Fig. 8B). The results of tri-
exponential fits indicate that the observation is due to the acceleration of the slow
inactivation kinetics, since the time constants of exponential terms 2 is significantly
decreased (Fig. 8D). The data also shows a marked increase in the fractional amplitude of
exponential term 2 (Fig. 8E) with a concomitant decrease in the non-inactivating component
(data not shown).

To show that the MNQTA sequence is responsible for the DPP10a-conferred, high-K+-
insensitive inactivation, DPP10a deletion mutant without residues NQTA was co-expressed
with Kv4.2/Δ2-40. Accordingly, the entire time course of the Kv4.2/Δ2-40+DPP10a/
ΔNQTA current at +50 mV shows significantly faster kinetics with 98 mM external K+

(Fig. 8C). As summarized in Figures 8D and 8E, the time constants of the two phases
decreased in value when external K+ concentrations increased from 2 to 98 mM, while the
fractional amplitudes remained unchanged. This result, along with the differential effects of
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patch excision on distinct components of inactivation discussed previously, adds support to
the likely role of the DPP10a N-terminal MNQTA sequence as the ID that confers fast
inactivation..

Elevated External K+ Concentration Accelerates Recovery from MNQTA-induced Fast
Inactivation

In the Shaker N-type inactivation model, increasing external K+ concentration results in an
acceleration of recovery from inactivation at hyperpolarized potentials because (1) K+ from
the outside relieves the block by the inactivation peptide, and (2) unblocking by the peptide
is necessary for recovery from inactivation.16, 21 To determine whether Exon 1a-generated
inactivation that also shares this property with ShakerB N-type inactivation, we investigated
whether recovery from inactivation induced by the DPP10a N-terminal ID is accelerated by
high external K+ concentrations. Recovery from inactivation was measured by first briefly
inactivating channels with a 25-ms depolarization to +50 mV, followed by a second 250-ms
test pulse to +50 mV after an interpulse interval of variable duration at −100 mV. A pulse
length of 25 ms was chosen because it is sufficiently long to allow completion of fast
MNQTA-mediated fast inactivation (5 times the fast time constant of ~ 5 ms) without
allowing excessive entry into slower inactivation. The double-pulse experiments show that
Kv4.2/Δ2-40+DPP10a channels recover from MNQTA-mediated inactivation at a faster rate
when external K+ concentration is significantly increased from 2 mM to 98 mM (τ at −100
mV: 2 mM = 44 ± 2 ms, n=4; 98 mM = 25 ± 2 ms, n=3; p = 1.85 × 10−4) (Fig. 9A & 9B). In
addition, the time course of the tail current matches the time course of recovery from
inactivation, suggesting re-opening of inactivated channels prior to closing and recovery
(Fig. 9C).21 To verify that the acceleration of the recovery from inactivation is due to the
MNQTA ID, we also determined the time course of recovery from inactivation for Kv4.2/
Δ2-40+DPP10a/ΔNQTA with 2 and 98 mM external K+ concentration (Fig. 9D). The
duration of the inactivating pulse of the two-pulse protocol in this case was 1000 ms to
allow maximum inactivation of these channels. The results showed that there is no
acceleration of recovery at elevated [K+]ext, suggesting that the intact DPP10a N-terminus is
required to observed acceleration of inactivation under high external K+ concentration.
Similar results were observed when ternary complex channels composed of Kv4.2,
KChIP3a, and DPP10 subunits were substituted for binary complex channels
(Supplementary Fig. S1). In summary, elevated external K+ affected recovery from fast
inactivation mediated by the MNQTA ID in a manner similar to Shaker N-type inactivation.
This result, together with the results indicating that MNQTA acts as pore blocker that
competes with internal TEA, provides compelling evidence for a mechanism of fast
inactivation involving blockage of open Kv4.2 channels by the MNQTA ID of DPP10a.

DISCUSSION
We have examined the mechanism of the fast inactivation process conferred by DPP10a and
DPP6a, two auxiliary subunits of Kv4 channels. This study shows that DPP6a is a paralog of
DPP10a, DPP6a and DPP10a confer similar fast inactivation, and the highly-conserved N-
terminal MNQTA motif is a novel ID underlying fast inactivation kinetics in a significant
subclass of neuronal ISA channels. This discovery of this N-terminal ID explains previously
published observations showing: (1) Attenuation of accelerated fast inactivation by N-
terminal tagging of DPP10a with a hemagglutinin epitope, (2) transfer of DPP10a-mediated
fast inactivation from DPP10a to DPP6-S by N-terminal chimera construction, and (3)
specific association of fast inactivation with the DPP10a N-terminal variant and not DPP10c
or DPP10d.7, 11 Furthermore, additional results indicate that interactions between the
MNQTA motif and an internal site in the pore of Kv4 channels are critical in conferring fast
inactivation by open-channel blockage.
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MNQTA Confers Fast Kv4 Channel Inactivation with Pore-blocking Features
The experimental evidence presented here demonstrates that the MNQTA motif in DPP10a
is responsible for introducing fast Kv4 inactivation. A molecular mechanism where the N-
terminal MNQTA peptide rapidly binds and blocks the inner pore of Kv4 channels similar to
N-type inactivation of Shaker-type channels provides the simplest explanation for our
observations. The MNQTA sequence functions as a soluble inhibitory peptide that blocks
the channel reversibly from the intracellular side of the membrane. The tethered MNQTA
peptide mediates fast inactivation that competes with TEA for an internal pore blocking site
(Fig. 10). Since TEA binds within an internal cavity of Kv channels and blocks the pore,30–
32 the DPP10a N-terminal ID may do the same to produce fast inactivation. Importantly,
elevating external K+ concentration accelerates recovery from MNQTA-induced fast
inactivation, suggesting that the sequence may enter the open pore to block the conducting
pathway.

Our finding that slow inactivation is impeded by the presence of intact MNQTA ID, internal
TEA, and internally perfused MNQTA peptide also suggests that they are working by the
same open-channel block mechanism. In Kv4 channels, slow inactivation is associated with
closed-state inactivation (CSI). In CSI, Kv4 channels may inactivate directly from partially-
activated closed states; and whenever the channels open (C → O), they prefer to close (O →
C) to reach the absorbing closed-inactivated states (C → IC; Fig. 10).1, 33, 34 Another
important property of CSI in Kv4 channels is that it slows with stronger depolarizations of
the membrane potential because voltage-dependent gating promotes opening and thereby
decreases the probability of entering the inactivation-permissive pre-open closed state.35

Similarly, internally-applied TEA rapidly blocks open channels, which stabilizes the open
state. Since blocked channels cannot close, TEA effectively slows CSI of Kv4 channels.
Both the intact MNQTA ID and free MNQTA peptide are likely to work by blocking the
open channel, stabilizing the open state and thus slowing CSI.

We also provide evidence against modulations of P/C-type inactivation and CSI by the
DPP10a MNQTA motif. In Kv4 channels, elevated external K+ concentrations slow
vestigial P/C-type inactivation by a “foot-in-the-door” mechanism directly and promote
entry into CSI indirectly. 29, 36, 37 In contrast, the rate of fast Kv4.2 channel inactivation
conferred by the DPP10a MNQTA ID is insensitive to elevated external K+ concentrations
(Fig. 8). Moreover, patch excision of Kv4.2/Δ2-40+DPP10a/ΔNQTA channels dramatically
accelerates the slow inactivation process associated with CSI, but it does not affect the fast
inactivation of Kv4.2/Δ2-40+DPP10a channels. Consistent with a distinct open-channel
blocking mechanism of fast inactivation determined by the MNQTA ID, DPP10a
consistently confers fast inactivation with identical kinetics (τ = ~4–6 ms) in spite of various
manipulations that modify gating, including co-expression with KChIP3a or KChIP4a, and
N-terminal deletion.11 The similarity between the inactivation kinetics of Kv4.2+KChIP3a
+DPP10a currents and ISA from DPP10a-expressing cortical pyramidal neurons suggests
that fast inactivation determined by MNQTA-induced pore blockage is present under native
conditions.11

MNQTA, a Novel Sequence Evolutionarily Conserved for Fast Inactivation
We have demonstrated that the MNQTA sequence functions as an ID that blocks the
channel pore, and the MNQTA sequence specifically produces the kinetic properties of
DPP10a-conferred fast inactivation. Most of the individual conservative substitutions in the
tethered MNQTA sequence cause dramatic disruptions of fast inactivation, suggesting a
rationale for evolutionary preservation. Furthermore, scrambling of the NQTA sequence in
the intact DPP10a protein also produces severe changes in the inactivation kinetics. Whereas
the MANQT mutant fails to mediating fast inactivation, the MQANT mutant induces an
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even faster inactivation. Therefore, fast inactivation induced by DPP10a and DPP6a depends
on interactions specifically constrained by the MNQTA sequence at the N-terminus of these
ancillary subunits.

The free MNQTA peptide blocks the Kv4 channel but does not induce time-dependent fast
inactivation as observed for other free K+ channel ID peptides.16, 19, 38 This suggests that
studies using free MNQTA peptide, unconstrained by the rest of DPP10a, may not truly
mimic fast inactivation induced by DPP10a or DPP6a. Similar to our result, a 4-mer peptide
corresponding to the first four amino acids of the rat Kvβ1 N-type ID also produces fast
instantaneous blockage of Kv1.4 channels without inducing a time-dependent blockage.39 In
another similar case, the KIFMK peptide corresponding to the ID of voltage-gated Na+

channels induces open channel blockage that does not mimic native fast inactivation.40

Therefore, in contrast to the tethered IDs or long ID peptide, small free peptides most likely
act like TEA as fast pore blockers and are not likely to produce mechanistic information
relevant to the intact tethered ID.

Our NQTA point mutations, in combination with sequence scrambling mutations, provided
more insights into the nature of the MNQTA motif. The DPP10a N2T mutant cannot induce
fast inactivation, suggesting a critical role of N2 residue in fast inactivation. Interestingly,
the MANQT mutant, with a non-conservative, polar-to-hydrophobic mutation the second
position also abolishes fast inactivation. The Q3N mutant shows that fast inactivation might
be more tolerant to alterations at the third position. Indeed, when alanine is located at
position 3 in the MQANT scrambled mutant, fast inactivation became faster. In addition, the
Q3N and MQANT mutants show that residues in the N-terminal ID can also affect the
kinetics of recovery from inactivation. A significant difference in the kinetics of recovery
from inactivation was also detected between Kv4.2+KChIP3a channel co-expressed with
either DPP10a or DPP6a (Fig. 2D). We propose that the difference may be due to specific
interactions formed during pore block that stabilize the blocked structure.

Interestingly, the novel MNQTA motif differs significantly from the ID sequence generally
described for Shaker N-type, “ball-and-chain” inactivation; in sharp contrast to the ShakerB
ID, the MNQTA sequence is not significantly hydrophobic. Since such hydrophobic
residues have been shown to be crucial determinants of the ShakerB ID binding affinity,41,
42 it is probable that the interactions between the MNQTA sequence and the channel may
differ from those in the ShakerB channel, thereby affecting association and dissociation rate
constants. We can estimate the peptide unbinding rate constant (kub) by assuming a two-
state model where 1) channels are either open or blocked by MNQTA and 2) the amplitude
of the non-MNQTA-induced component represents a good estimate of the unblocked level
of the current after MNQTA ID block. According to this model, kub = Is/τfast, (where Is is
the fractional amplitude of the unblocked current and τfast is the time constant of the fast
component). The results show that the kub values for Kv4.2+KChIP3a+DPP10a (37 ± 2 s−1,
n=6), Kv4.2+KChIP3a+DPP6a (50 ± 3 s−1, n=4), and Kv4.2/Δ2-40+DPP10a (95 ± 16 s−1,
n=4) are all significantly larger than those of the peptides corresponding to the IDs of ShB
(~14 s−1) and Kv3.4 (~11 s−1).42 For the Kv4.2 N-terminal ID, Gebauer et al. (2004)
reported an unbinding rate constant of the order of 9–19 s−1, which are comparable to those
of the ShakerB and Kv3.4 IDs. Although the ShakerB, Kv3.4 and Kv4.2 IDs share weak
similarity, their binding may depend mainly on hydrophobic interactions.19, 41 Indeed, the
interacting residues between the Shaker Kv channel ID and its receptor have been identified
in the proximal N-terminus and in S6,39 and Gebauer et al. (2004) showed by using mutant
cycle analysis that a putative interaction exists between the hydrophobic residues Ala3 and
Val406 of Kv4.2.19 Interestingly, in contrast with the importance of residue 3 in the studies
by Zhou et al. (2001) and Gebauer et al. (2004), our Q3N mutant shows the least amount of
disruption to MNQTA-conferred inactivation among the mutations examined. Further work
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will be necessary to determine how the more polar character of the MNQTA ID influences
its ability to bind to a putative pore site in Kv4.2 channels.

Physiological Implications in Native ISA Channels
The molecular basis of DPP10a- and DPP6a-mediated fast inactivation is particularly
relevant for understanding ISA inactivation in neurons in which these isoforms are
expressed. In adult rats, DPP10a transcript is selectively expressed in cortical pyramidal
neurons of layers 2/3 and 5, and ISA from cortical neurons can be recapitulated by transient
currents generated upon heterologous coexpression of Kv4.2, KChIP3a, and DPP10a.11

According to a recent report, the DPP6a transcript is expressed in the hippocampus,
intermediary layer of the superior colliculus, and cerebellar granule neurons of p30 mouse
brain, and coexpression of DPP6a (DPP6-E) and DPP6-S at a 1:2 ratio is needed to
reproduce the inactivation kinetics of ISA from cerebellar granule neurons.10 Our own
determination of the DPP6a mRNA expression pattern in p12 rat brain provided a slightly
different result, with detection of DPP6a transcripts in cerebellar granule neurons and
neurons of the superior colliculus, red nucleus, piriform cortex, thalamus, magnocellular
preoptic nucleus, central medial nucleus, paracentral nucleus thalamus, and mediodorsal/
medial nucleus thalamus, brachium of the inferior colliculus, and pontine grey.22 We do not
know whether differences in species, age, or technique (in situ hybridization with
digoxigenin- or radio-labelled probes) accounts for the differences. Nevertheless, these
expression patterns indicate that DPP6a and DPP10a are putative molecular determinants of
fast ISA inactivation in several neuronal populations in the adult brain. Future experiments
will be necessary to determine the DPP10a and DPP6a protein levels in their respective
neuronal types and directly demonstrate their role in shaping the inactivation of neuronal
ISA.

The results of Kv4 ternary complex studies imply that DPP10a and DPP6a confer fast
inactivation of ISA by a pore blocking mechanism in neurons expressing these specific
isoforms. Since Kv4-based channels dampen neuronal excitability, drugs that oppose Kv4
inactivation would be useful for treating pathological hyperexcitability resulting from
neurological disorders such as epilepsy. Recently, small molecular inhibitors have been
discovered that can “disinactivate” N-type inactivation of Kv1.4 and Kv1.1+Kvβ1 channels,
increasing time constant of inactivation.43, 44 Future development of a disinactivator
specific for fast inactivation mediated by DPP10a or DPP6a may have potentially
therapeutic applications for specific neuronal populations where they are expressed. Second,
DPP10a and DPP6a may play important roles in firing properties. Saito & Isa (2000)
showed a correlation between ISA inactivation kinetics and firing properties of neurons from
the superior colliculus, where DPP6a is strongly expressed.10, 45, 46 Altering the expression
levels of specific DPLP isoforms in these neurons, using strategies such as RNA
interference, should allow us to examine the influence of modulating inactivation kinetics on
somatodendritic excitability. These and other pharmacological and molecular approaches to
target DPP6 and DPP10 modulation of ISA may prove useful, as genetic variations in these
auxiliary subunits are increasingly linked to neurological disorders such as amyotrophic
lateral sclerosis, autism spectrum disorder, progressive spinal muscular atrophy.47–50

MATERIALS & METHODS
Molecular Biology

Plasmids containing DPP10a and DPP6-S cDNAs were described previously.7 DPP6 Exon
1a was amplified from whole brain cDNA of p21 Sprague-Dawley rat and used to swap out
DPP6 Exon 1s by subcloning, resulting in full-length DPP6a cDNA. Kv4.2/Δ2-40, DPP10a/
Δ2-20, and DPP10a/ΔNQTA coding sequences were amplified by PCR using primers
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designed with nested restriction enzyme sites, and the cDNAs were maintained in
pBluescript-based vectors. N2T, Q3N, and A5G constructs were generated by QuikChange
Site Directed Mutagenesis (Stratagene) using appropriate primers, and T4N, MQANT, and
MANQT constructs were generated by first amplifying an insert containing the mutations
(located right in the overlapped segment) by overlap extension and then subcloning the
fragment into DPP10a construct. For hetereologous expression in tsA-201 cells, Kv4.2/
Δ2-40, DPP10a, DPP10a/ΔNQTA, and DPP10a/Δ2-20 cDNAs were maintained in pCMV-
N/C (Clonetech). All sequences were checked and verified by automated sequencing (DNA
sequencing core facility at Baylor College of Medicine, Houston, TX).

Heterologous Expression of Kv4 Constructs
Experiments on Xenopus laevis frogs were performed in accordance with a protocol
approved by the Institutional Animal Care and Use Committees (IACUC) of Baylor College
of Medicine. For oocyte harvest, frogs were anaesthetized with 0.1% ethyl 3-aminobenzoate
methanesulfonate (Tricane) absorbed through the skin. Stage V–VI oocytes were surgically
harvested through a small incision in the lower abdomen and defolliculated by collagenase I
treatment. The incision was sutured immediately after oocyte harvest. Each frog is used for
2–5 surgeries before euthanasia by decapitation and double pithing under anaesthesia. A
Nanoinjector (Drummond, Broomall, PA) was used to inject oocytes with Kv4.2 cRNA
(typically 2–4 ng/oocyte) with or without auxiliary subunit cRNAs. Before testing, injected
oocytes were incubated at 18°C for 1–3 days in standard ND96 solution (in mM: 96 NaCl, 2
KCl, 1.8 CaCl2, 1 MgCl2, and 5 HEPES, pH 7.4 adjusted with NaOH) supplemented with 5
mM Na-pyruvate and 5 μg/ml gentamycin. For studies in mammalian cells, tsA-201 cells (a
gift from Dr. Richard Horn, Thomas Jefferson University) were transfected using the
calcium-phosphate method.51 Co-transfection of a plasmid containing the CD8 gene allows
the identification of individual transfected cells by labelling them with beads bearing anti-
CD8 antibody (Dynal).52

Electrophysiology
Whole-cell currents from injected oocytes were elicited using the two-electrode voltage
clamp technique. The microelectrodes, with <1 MΩ tip resistance, were filled with 3 M KCl
solutions. The voltage-clamp amplifier (Oocyte Clamp OC-725, Warner Instruments,
Hamden, CT) operated under the control of either the pClamp6 (Axon instruments, Foster
City, CA) or WinWCP software (John Dempster, University of Strathclyde, Glasgow, UK).
The data were digitized and low-pass filtered (Frequency Devices, Haverhill, MA) at
various frequencies depending on the sampling rate. The capacitative transients were
subtracted off-line by scaling up transients at voltages without ionic currents (at either −70
or −90 mV) and subtracting them from total currents. Only recordings with offsets <2 mV
were analysed, and the average leak current was <0.2 μA and subtracted off-line, assuming
Ohmic leak.

Macroscopic K+ currents from tsA-201 cells, a transformed HEK293 cell line,53 were
measured using the cell-attached and inside-out patch clamp configuration with the
following solutions: bath solution (internal; in mM) 105 KF, 35 KCl, 10 EGTA, and 10
HEPES, pH 7.41 with KOH, and pipette solution (external; in mM) 150 NaCl, 2 KCl, 1.5
CaCl2, 1 MgCl2, 10 HEPES, pH 7.38. KCl was replaced by TEA-Cl in internal solutions
containing TEA. Currents were elicited by 400 ms step depolarizations to +42 mV from a
holding potential of −108 mV every 10 seconds. Currents were filtered at 2 KHz and
sampled at 10 KHz. The calculated liquid junction potential was subtracted off-line.
Recordings of both oocyte and tsA-201 membrane currents were performed at room
temperature (22–25°C).
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The MNQTA peptide with C-terminal amide was synthesized and HPLC purified (Protein
Chemistry Core Laboratory of Baylor College of Medicine). After establishing a stable
current baseline, the MNQTA peptide was added to the bath until the current reached a new
stable level. Then, washout was implemented to evaluate recovery.

Data Analysis
Digitized voltage-clamp data from oocyte recordings were analysed with Clampfit (Axon
Instruments), WinWCP (John Dempster, University of Strathclyde, Glasgow, UK), and
Origin software (OriginLab Corp., Northampton, MA). Analyses and graphical displays of
tsA-201 data were produced with pClamp (version 10.0; Molecular Devices) and Origin
(version 7.5; OriginLab) software. Peak conductance (Gp) was calculated as

where Ip is the peak current, Vc is the command voltage, and Vrev is the reversal potential
(−90 mV in ND96). Peak conductance-voltage (Gp-V) curves were described using fourth-
powered Boltzmann function:

where Gp/Gpmax is the fraction of maximal conductance, Vm is the membrane potential, Va
is the potential for half-maximal activation of one subunit, and k is the slope factor. The
mid-point voltages of the Gp-V curve (V0.5) were calculated using the following equation:

Steady-state inactivation is also using a single Boltzmann function. The time courses of
recovery from inactivation were measured using a two-pulse protocol. Briefly, two pulses to
+50 mV (inactivating pulse and test pulse) were separated by a variable recovery interval at
−100 mV to determine the time required for channel recovery. The results for recovery from
inactivation were fitted with either a single or double exponential function, depending on the
fit. Data are presented as mean ± standard error of the mean (SEM). Pairs of data were
compared for statistical significance using Student’s two-tailed (independent) t test.
Significance is determined when p < 0.05.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations & Acronyms

DPP6 dipeptidyl peptidase 6

DPP10 dipeptidyl peptidase 10
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DPLP dipeptidyl peptidase-like protein

KChIP Kv channel-interacting protein

ISA subthreshold A-type K+ current

TEA tetraethylammonium

AP action potential

ID inactivation domain

CSI closed-state inactivation

RACE rapid amplification of 5′ complementary DNA ends

EST expressed sequence tag
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Figure 1. The Most Upstream of the Alternatively Spliced First Exons of DPP10a and DPP6a
(Exon 1a) Encode Highly Similar Amino Acid Sequences
(A) Alignment of amino acids sequences encoded by Exon 1a of DPP10 and DPP6 from
various species. Sequences were obtained by mining cDNA and genomic databases.
Identical residues between DPP10a and DPP6a are shown in bold; consensus residues,
underlined. Notice the identity between residues 1-5 (MNQTA) of these DPLP variants. (B)
Genomic organization of rat DPP10 and DPP6 genes, including Exon 1’s of known splice
variants (DPP10: DPP10a, DPP10c, DPP10d; DPP6: DPP6a, DPP6-K, DPP6-L, DPP6-S).
DPP10 rat gene is located on chromosome 13; DPP6, chromosome 4.
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Figure 2. DPP10a and DPP6a Introduce a Similar Rapid Phase of Inactivation in
Kv4.2+KChIP3a Channels
(A) DPP6a produces kinetic effects similar to those of DPP10a and very different from those
of DPP6-S. Families of current traces were elicited by 10-mV step depolarizations of 1- or
5-sec duration from −100 mV to +60 mV, starting from a holding potential of −100 mV.
Only the first 350 ms are shown. Inactivation kinetics at +50 mV were measured using
multi-exponential fits, and based on the residuals (actual current traces minus fitted traces)
Kv4.2+KChIP3a plus DPP10a or DPP6a requires three time constants to properly describe
the decay (τ0, τ1, and τ2). However, the inactivation of Kv4.2+KChIP3a+DPP6-S channel
is well-described by two time constants. Based on similarity of time constant values to
currents modified by a-variants, the time constants were named τ1 and τ2. (B) The time
course of inactivation at +50 mV. Notice the match between the fast time constants of
Kv4.2+KChIP3a+DPP10a and Kv4.2+KChIP3a+DPP6a. (C) The fractional amplitudes of
the inactivating components at +50 mV. The majority of the current undergoes fast
inactivation in the presence of the intact DPP10a and DPP6a N-terminal domains. (D)
Recovery from inactivation of Kv4.2+KChIP3a coexpressed with DPP6-S, DPP6a, and
DPP10a at −100 mV. The standard two-pulse protocol was used, with a 1-sec long prepulse
to +50 mV. (E) The peak conductance-voltage (Gp-V) relationships and steady-state
inactivation curves for the channel complexes under study. Gp-V is best fit with a 4th-
powered Boltzmann. Steady-state inactivation was fit with a single Boltzmann function. The
symbols used are the same as in Fig. 2D, with I/Imax and Gp/Gp-max data points represented
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by open and closed symbols, respectively. The Gp-V and steady-state inactivation curves are
quite similar, despite differing inactivation kinetics. Asterisks indicate statistical significance
with p < 0.05 when compared to corresponding control values.
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Figure 3. Deletion of DPP10a AA2-5 (NQTA) Is Sufficient to Eliminate DPP10a-mediated Fast
Component of Inactivation
(A, B) Representative normalized current traces at +50 mV for Kv4.2/Δ2-40 coexpressed
with DPP10a/Δ2-20 (A) and DPP10a/ΔNQTA (B). Traces were overlapped with
normalized Kv4.2/Δ2-40+DPP10a trace (thin lines) to show kinetic differences. Rapid
inactivation by DPP10a is eliminated by these N-terminal deletions. In panel B inset, traces
are shown in smaller time scale to show similar activation kinetics. (C) Time constants of
inactivating components at +50 mV for the channels under study. (D) Fractional amplitudes
for inactivating components at +50 mV. (E) Normalized peak conductance-voltage (Gp-V)
relationships. The Gp-V curves were analyzed as described in Materials and Methods.
Deletions of MNQTA and residues 2-20 similarly produce ~ 15 mV leftward shift in the
V0.5 value. (F) Measurements of steady-state inactivation at indicated membrane potentials.
According to Boltzmann fit, no significant changes in midpoint or slope were produced by
the deletions. Asterisks indicate statistical significance with p < 0.05 when compared to
corresponding control values.
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Figure 4. Deletion of the NQTA Residues Also Eliminates DPP10a-mediated Fast Inactivation in
Cultured Mammalian Cells
(A) Cell-attached patch recording of Kv4.2/Δ2-40+DPP10a channels expressed in tsA-201
cells. The protocol for step depolarizations is indicated by the voltage trace inset. DPP10a-
mediated fast inactivation is similar between tsA-201 cells and oocytes. (B) Deletion of
NQTA residues leads to loss of DPP10a-mediated fast inactivation and the observed
dramatic slowing of current decay. (C) Normalized current traces at +92 mV illustrate the
dramatic slowing of inactivation due to DPP10a N-terminal truncation. Inset shows no
change in activation kinetics, indicating that NQTA deletion does not affect Kv4.2-DPP10
association.
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Figure 5. DPP10a-mediated Fast Inactivation is Sensitive to Conservative Substitutions and
Sequence Rearrangement of the MNQTA Motif
(A) Normalized whole-ooyte currents at +50 mV from Kv4.2/Δ2-40 channels co-expressed
with the indicated DPP10a point mutant. The traces were overlapped with that of normalized
Kv4.2/Δ2-40+DPP10a for comparison. (B) The effect of Q3N mutation on the kinetics of
recovery from inactivation at −100 mV. The duration of the control pulse was set at 25 ms to
allow measurement of recovery from fast inactivation. Lines through the points represent the
best fit, assuming a mono-exponential rise. (C) Normalized traces at +50 mV for Kv4.2/
Δ2-40 co-expressed with either wild-type DPP10a, the MQANT mutant, or the MANQT
mutant. (D) The time course of recovery from inactivation at −100 mV for channels co-
expressed with wild-type DPP10a or the MQANT mutant.
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Figure 6. Proportional Inhibition of Peak Current and Slowing of Inactivation of Kv4.2+DPP10a
Channels by TEA Suggest Competition between Internal TEA and DPP10a-mediated
Inactivation
(A) 10 mM internal TEA reduces Kv4.2/Δ2-40+DPP10a peak current by ~ 46%. Current
traces were fitted with 2-exponential functions, and the dashed traces show the decay of the
fast component before (black) and after (red) TEA application. Crossing-over of traces
illustrates the slowdown of inactivation by internal TEA. (B) TEA-induced slowdown of
inactivation, compared by overlapped normalized traces. Both the current inhibition and
slowing of inactivation are reversed by washout. (C) Proportionality of fold inhibition and
fold inactivation slowing by internal TEA. TEA (5 and 10 mM) was tested for potency in
current inhibition and slowing. A direct proportionality is indicated by the identity line
drawn, which indicates a 1:1 ratio between fold slowing and fold inhibition. Numbers
indicate TEA concentration.
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Figure 7. MNQTA Peptide Reversibly Inhibits Kv4.2/Δ2-40 Channel Associated with DPP10a/
ΔNQTA
(A) Outward currents at +42 mV mediated by Kv4.2/Δ2-40 channels co-expressed with
DPP10a/ΔNQTA. Traces show the reversible suppression of peak current by 300 μM
MNQTA peptide application. (B) Timeline of a representative experiment showing the
effect of internal perfusion of MNQTA peptide and TEA. Shaded bars indicate the duration
of the applications.
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Figure 8. External K+ Does Not Affect DPP10a-mediated Fast Inactivation
Outward currents at +50 mV from oocytes injected with cRNAs for (A) Kv4.2/Δ2-40, (B)
Kv4.2/Δ2-40 and DPP10a, and (C) Kv4.2/Δ2-40 and DPP10a/ΔNQTA. Pulses were
repeated after external K+ concentration was increased from 2 mM to 98 mM by replacing
equivalent molar concentrations of Na+. Note that the fast component of inactivation for Fig.
7B is not affected by elevated K+, whereas the slow components are dramatically different.
Inactivation of currents in Figs. 7A and 7C are markedly accelerated by the ion
manipulation. (D) Quantitation of time constants for inactivation at +50 mV for the channels
under study. (E) Quantitation of fractional amplitudes for inactivating components at +50
mV. Red bars and traces represent results from 98 mM external K+; black bars and traces, 2
mM external K+. Asterisks indicate statistical significance for the value under elevated
[K+]ext with p < 0.05.
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Figure 9. Elevated External K+ Concentration Accelerates Recovery from MNQTA-dependent
Fast Inactivation
(A) Representative traces of Kv4.2/Δ2-40+DPP10a currents elicited by a two-pulse protocol
with external K+ at 2 (black) or 98 (red) mM concentrations. After inactivating channels
with +50 mV depolarizing pulse for 25 ms, recovery at −100 mV membrane potential was
checked by a second pulse to +50 mV. Peak current returns more rapidly in elevated
[K+}ext. (B) Time course of recovery from inactivation is significantly faster in 98 mM than
in 2 mM [K+]ext. The lines represent single exponential fits to the data. (C) The kinetics for
recovery from inactivation matches that of channel closing. A representative trace for a two-
pulse experiment in 98 mM [K+]ext is overlapped with the data points of the peak recovered
current, before (closed red symbols) and after the values were vertically offset and
normalized to the tail current. Amplitude of the tail current at the end of the first pulse was
determined by extrapolations of monoexponential fits. (D) Recovery from inactivation of
Kv4.2/Δ2-40 channels coexpressed with DPP10a/ΔNQTA is unaffected by increasing
[K+]ext.

Jerng et al. Page 27

Channels (Austin). Author manuscript; available in PMC 2013 March 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 10. Kv4 inactivation gating and open-state block by MNQTA ID and TEA
Simplified state diagram showing the closed (C), open (O), and closed-inactivated (IC)
states. We hypothesize that during a prolonged depolarization, Kv4 channels coexpressed
with DPP10a or DPP6a open and are transiently blocked by the MNQTA peptide
(BMNQTA). The internal TEA competes with MNQTA peptide for the open channel by
forming the BTEA state, with rapid on- and off-rates. The occupancy of either BMNQTA or
BTEA states impairs the ability of Kv4 channels to close and ultimately accumulate in the IC
state, thought to be the absorbing inactivated state of Kv4 channels.33, 34 Pairs of arrows
represents transitions between states with their respective forward and reverse rates. Dashed
arrows indicate transitions to closed and closed-inactivated states relatively distant from the
open states, which were removed for simplification.
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