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Kv4 potassium channels produce rapidly inactivating cur-
rents that regulate excitability of muscles and nerves. To recon-
stitute the neuronal A-type current ISA, Kv4 subunits assemble
with DPP6, a single transmembrane domain accessory subunit.
DPP6 alters function—accelerating activation, inactivation, and
recovery from inactivation—and increases surface expression.
We sought here to determine the stoichiometry of Kv4 and
DPP6 in complexes using functional and biochemical methods.
First, wild type channels formed from subunit monomers were
compared with channels carrying subunits linked in tandem to
enforce 4:4 and 4:2 assemblies (Kv4.2-DPP6 and Kv4.2-
Kv4.2-DPP6). Next, channels were overexpressed and puri-
fied so that the molar ratio of subunits in complexes could be
assessed by direct amino acid analysis. Both biophysical and
biochemical methods indicate that ISA channels carry four
subunits each of Kv4.2 and DPP6.

Kv4 subunits are molecular components of the neuronal
voltage-gated potassium current ISA (1–3). Assemblies of these
pore-forming subunits do not manifest the characteristics of
native currents on their own. Rather, the single transmembrane
accessory subunit dipeptidyl aminopeptidase 6 (DPP6)3 is
required to produce the appropriate surface expression and
biophysical gating parameters (4). DPP10 is also found to asso-
ciate with Kv4 subunits and yield similar effects (5–7). Potas-
sium channel-interacting protein KChIP (8–12) may also be
requiredwithDPP6 and/orDPP10 to render native ISA currents
(6). Because DPP subunits are important to determine natural
properties of these channels, we sought to establish the struc-
tural basis for their operation, specifically, their number in each
channel complex.
Previously, we found cardiac IKs channels to be formed with

two single transmembrane span MinK subunits and four
KCNQ1 pore-forming subunits via functional assays (13, 14)

and cardiac Ito channels to carry four soluble KChIP2 subunits
and four Kv4 subunits using electron microscopy and direct
amino acid analysis (15, 16). Here, the stoichiometry of chan-
nels naturally assembled with DPP6 and Kv4.2 subunits is first
inferred through comparison of the activity of channels formed
by Kv4.2 or linked Kv4.2-Kv4.2, Kv4.2-DPP6, or Kv4.2-Kv4.2-
DPP6 pore-forming subunits with or without DPP6 andwith or
without KChIP2. Next, channels are formed with DPP6 and
Kv4.2 carrying epitope tags to allow purification and determi-
nation of the molar ratio of subunits by direct amino acid anal-
ysis. Electrophysiological and biochemical interrogation
reveals four DPP6 and four Kv4.2 subunits in each ISA channel
complex.

EXPERIMENTAL PROCEDURES

Molecular Biology—Human charybdotoxin-sensitive Kv4.2
(15, 16), KChIP2 (accession number AF199598), and DPP6-s
(previously DPPX and DPL-1, accession number NP_001927)
were expressed in pRAT, a dual purpose vector, for expression
in mammalian cells and in vitro transcription. C-terminal 1d4-
tagged Kv4.2 was used for both electrophysiological and bio-
chemical studies, as previously reported (15, 16). For biochem-
ical studies, a linker and hemagglutinin (HA) epitope were
introduced at the C terminus of DPP6 using PCR with a primer
for the protein sequence (TRYPYDVPDYA).
To create the tandem, Kv4.2-Kv4.2 (KK), an AscI site was

introduced into the twelfth residue, and a MluI site was intro-
duced before the termination codon of Kv4.2. Subsequently, a
Kv4.2 fragment was released by digestion with AscI and MluI
and inserted into a Kv4.2-containing plasmid opened by MluI;
the last residue of the first Kv4.2 subunit is thus linked to the
twelfth residue of the second Kv4.2 subunit by an additional
arginine residue. To produce Kv4.2-DPP6 (KD) and Kv4.2-
Kv4.2-DPP6 (KKD) constructs, anAscI sitewas introduced into
the second residue, and a MluI site was introduced before the
termination codon of DPP6. A fragment of DPP6 was released
with AscI and MluI and inserted into Kv4.2 or KK containing
plasmid opened by MluI. Correct orientation of the insert was
confirmed by enzyme digestion and DNA sequencing. cRNA
was synthesized after linearization with NotI using the T7 pro-
moter andmMessagemMachine kit (Ambion, Austin, TX) and
quantified by spectroscopy.
Electrophysiology and Data Analysis—Oocytes from Xeno-

pus laevis were defolliculated with collagenase and microin-
jected with 0.05–0.50 ng of a mixture of pore former and DPP6
subunit cRNAs at 1:2molar ratio, a ratio chosen to reproducibly
recapitulate the effects of DPP6 on Kv4.2 (4) studied 18–48 h
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post-injection.Whole cell currentsweremeasured by two-elec-
trode voltage-clamp (oocyte clamp OC-725A; Warner Instru-
ments, Hamden, CT). The electrodes were filled with 3 M KCl
and had resistances of 0.1–0.6M�. The data were sampled at 1
kHz. Data recording was performed using Clampex v8.0 and
assessed with Clampfit v9.0 (Molecular Devices, Inc.), Excel
(Microsoft, Inc.) and Origin ver6.1 (Rockware, Inc.). All of the
experiments were performed at room temperature. The stand-
ard bath solution was ND-96 (96 mM NaCl, 2 mM KCl, 1 mM
MgCl2, 1.8 mM CaCl2, 5 mM HEPES-NaOH, pH 7.5). The volt-
age families were obtained from a holding potential of �110
mVwith test steps from�80 to�60mV for 250mswith 10-mV
increments every 10 s; subtraction of currents recorded at test
potentials following a 1-s prepulse to �40 mV like others (17)
or P/4 protocols were employed. Steady state inactivation was
examined from a holding potential of�100mVwith test pulses
from �110 to �20 mV held for 2.5 s with a second pulse to 40
mV to measure currents that were not inactivated. V0.5 of acti-
vation and V0.5 of steady state inactivation were calculated by
fitting the normalized conductance-voltage relationships with
a Boltzmann function (18). Recovery from inactivation was
measured by driving channels to an inactivated state at �40
mV, hyperpolarizing to �110 mV, and then applying a second
pulse to �40 mV for various intervals (increments of 10 or 25
ms). Inactivation was fitted with a double exponential equation
and recovery from inactivation with a single exponential equa-
tion. One way analysis of variance was used for statistical tests
using Origin ver6.1 software.
Expression in COS7 Cells and Purification and Amino Acid

Analysis—COS7 cells were transfected with 5 �g of Kv4.2, 10
�g of DPP6, and 10 �g of KChIP2 cDNA/150-mm plate using
Lipofectamine 2000 (Invitrogen). Two days after transfection,
the cells were incubated in cross-linking buffer containing 150
mM KCl, 50 mM HEPES, pH 7.4, and 1 mg/ml dimethyl 3,3�-
dithiobispropionimidate (DTBP; Pierce) for 1 h at room tem-
perature to preserve protein-protein interactions between
Kv4.2 and DPP6 (4). The cells from 10–20 plates were solubi-
lized for 1 h at 4 °C in lysis buffer containing 2.5% CHAPS, 100
mM NaCl, 40 mM KCl, 1 mM EDTA, 20 mM HEPES-KOH, pH
7.4, and 10% glycerol with complete protease inhibitors (Roche
Applied Science). Soluble material was collected after centrifu-
gation at 100,000 � g for 45 min. The extract was incubated
with an anti-1d4 antibody immobilized on Sepharose beads
(19) for 1 h at 4 °C with agitation. The beads were washed with
100 ml of wash buffer containing 0.7% CHAPS, 300 mM NaCl,
40 mM KCl, 1 mM EDTA, 20 mM HEPES-KOH, pH 7.4. Protein
was then eluted with 0.7% CHAPS, 100mMNaCl, 40mMKCl, 1
mM EDTA, 20 mM HEPES-KOH, pH 7.4, complete protease
inhibitor, and 0.1 mg/ml 1d4 peptide (Yale University Keck
Facility, New Haven, CT). Finally, cross-links were cleaved by
reduction with 2.5% 2-mercaptoethanol in SDS-PAGE sample
loading buffer for 30min at room temperature.Mouse anti-1d4
(NCCC, Minneapolis, MN) and rat anti-HA (Roche Applied
Science) monoclonal antibodies were purchased, and KChIP2
antibodies were a generous gift (J. Trimmer, University of Cal-
ifornia, Davis). After SDS-PAGE and staining with Coomassie
Brilliant Blue, bands corresponding toKv4.2, DPP6, and a blank
portion of the gel were excised with a sterile scalpel. The sam-

ples were hydrolyzed, and the amino acids were quantified
(Yale University Keck Facility). Amino acids determined for the
blank gel sample were subtracted from test samples to correct
for background. Thesemethods have previously been described
in detail (15).

RESULTS

DPP6 Impacts Current Magnitude in Channels with Fixed
Subunit Ratios—A canonical effect of DPP6 is an increase cur-
rent density (4). Thus, natural assembly of DPP6 (D) and Kv4.2
(K) subunits inXenopus oocytes produced a significant increase
in current when assessed by two electrode voltage clamp (Fig.
1A); augmentation led to �10-fold greater current than with K
subunits alone (Fig. 1B). To assess the number of D subunits
required in each channel to enhanceK currents, fusion proteins
were created to enforce subunit ratios. This was accomplished
via synthesis of genes encoding proteins linking two K subunits
(KK), two K with one D (KKD), and one K with one D (KD).
Because D has an intracellular N terminus, it was fused to the
cytoplasmic C terminus of Kv4.2.
KKD proteins enforce a subunit ratio of 2:1 and were

designed to yield channels with four K subunits and two D (Fig.
1A); although KKD channels were active, their current magni-
tudes were small like channels formed only with Kv4.2 sub-
units. Conversely, KD proteins with a 1:1 subunit ratio
(designed to incorporate four D subunits per channel) showed
an �5-fold augmentation in currents compared with KKD
channels. Supporting the idea that channels formed by KKD
required additional D subunits, co-expression of monomer
D with K, KK, and KKD subunits resulted in an �10-fold
increase in current amplitude (Fig. 1B); conversely, KD current
levels were less sensitive to free D, increasing just 3-fold.
Although any effect of D on KD channels raised concern that
more than four D subunits were required in each channel, gat-
ing and protein composition studies suggested otherwise.
KD Channels Operate Like Those Naturally Formed of Kv4.2

and DPP6 Subunits—Studies of gating kinetics indicated a 4:4
ratio of K:D subunits was required and sufficient to yield the
biophysical characteristics of naturally assembled channels
(Table 1). Further, the characteristics of KD channels were not
significantly altered by additional D subunits, suggesting that
they were complete (Table 1).
To display the effects of D on the various linked pore-form-

ing subunits, representative current traces in the absence and
presence of monomer D at 0 mV were normalized to peak cur-
rent and overlaid for comparison (Fig. 2). Assembly with mon-
omer D sped activation and inactivation of K as expected (Fig.
2A) and impacted KK and KKD similarly (Fig. 2, B andC). Con-
versely, monomer D had no effect on KD channel gating (Fig.
2D), and kinetics of activation and inactivation of KD channels
were similar to channels formed naturally by K � D subunits
(Fig. 2E).
These impressions gleaned by visual inspection were sup-

ported by the determined gating parameters (Fig. 3 and Table
1). Thus, monomer D produced a 20-mV hyperpolarizing shift
in the voltage dependence of half-maximal activation of K
channels (V0.5� ��23mV) comparedwith those assembled of
K�Dsubunits (V0.5� ��43mV; Fig. 3A, top panel, andTable
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1. Whereas linkage-enforced 1:1 association in KD channels
also led to a 20-mV shift (V0.5 � ��45 mV), KKD channels
showed only an intermediate shift to V0.5 � ��35 mV (signif-
icantly different from KD) unless assembled with monomer D
(V0.5 � ��45 mV) (Fig. 3, A and B, top panels, and Table 1).
Similarly, comparison of K andK�Dchannels revealedD to

produce a hyperpolarizing shift in the voltage dependence of
steady state inactivation (from V0.5 � ��58 mV to �71 mV)
that was recapitulated by linkage-enforced 1:1 subunit associa-
tion to yield KD channels (V0.5 � ��72mV). In contrast, KKD
channels shifted to an intermediate level significantly different
from KD (V0.5 � ��64 mV) unless assembled with additional
monomer D (V0.5 � ��72mV) (Fig. 3,A and B,middle panels,
and Table 1).Moreover, the kinetic components of inactivation
(fast �, slow �, and their weighting) modified by assembly of K
with D were recapitulated in KD channels and not KKD chan-
nels (Table 1).
Further, speeding of time to peak bymonomerD (from33ms

at �30 mV for K channels to 12 ms for those assembled with D
subunits) was recapitulated in KD channels, whereas KKD
channels showed an intermediate time course that was
enhanced on assembly with additional monomer D (Fig. 3, A
and B,middle panels, and Table 1). All of these findings were
consistent with a 4:4 subunit ratio in naturally assembled
channels.
A 4:4 subunit ratio was not implied by the observation that

both KD and KKD channels had rapid rates of recovery from
inactivation as if just two D subunits were sufficient to pro-
duce this behavior (Table 1). Further, KKD channels assem-
bled with monomer D failed to inactivate like K � D chan-
nels, revealing that KKD subunits did not fully recapitulate
the attributes of channels formed solely with monomer
subunits.
KChIP2 Does Not Alter Stoichiometry Inferred by Function—

The ratio of K and D subunits in naturally assembled channels
appeared to be preserved in the presence of KChIP2. KChIP2
assembles with Kv4 subunits with a 4:4 ratio to produce cardiac
Ito currents (15, 16, 20, 21). Jerng et al. (6) suggest that neuronal
ISA channels include Kv4 and DPP6 (and/or DPP10) as well as
KChIPs based on their co-purification. The effects of D were
therefore studied with added KChIP2.
KChIP2 induces a hyperpolarizing shift in the voltage

dependence of activation of Kv4.2 channels (although less than
DPP6) and a small depolarizing shift in the voltage dependence
of steady state inactivation (15). KChIP2 and D assembled with
K, KK, or KKD subunits decreased the hyperpolarizing shift in
voltage-dependent activation and steady state inactivation in all
cases by�50%while leaving accelerated time to peak unaltered
(Table 1). Further, KD and K � D channels showed the same
gating parameters with KChIP2 (Table 1), whereas there was a
significant difference between the time to peak of KD �
KChIP2 (�13 ms) and KKD � KChIP2 (�20 ms) channels.
Amino Acid Analysis of Naturally Assembled Channels—Be-

cause KChIP2 increased the solubility (22) and yield (15) of Kv4
channels and did not appear to alter the stoichiometry of K�D
channels, naturally assembled channels were expressed with
KChIP2 for amino acid analysis. Purification was achieved via
antibodies to an epitope tag encoded on the Kv4.2 C terminus

FIGURE 1. DPP6 impacts current magnitude in channels with fixed sub-
unit ratios. A, schematic of subunits and representative current traces at �40
mV for channels assembled with K and D or the linked subunits KKD and KD
measured in Xenopus oocytes by two-electrode voltage clamp. B, relative
peak current density at �40 mV for various pore-forming subunits in the
absence and presence of D. These were calculated from three to six different
groups of oocytes, each group with 5–16 cells. The raw currents from one
group (�A mean � S.E.) at �40 mV with indicated subunits were: K, 0.64 �
0.15 (n � 10); K � D, 8.28 � 0.5 (n � 6); KK, 0.64 � 0.09 (n � 8); KK � D, 6.26 �
0.46 (n � 9); KKD, 0.78 � 0.05 (n � 7); KKD � D, 8.23 � 0.81 (n � 8); KD,
3.4 � 0.2 (n � 9); KD � D, 10.2 � 0.4 (n � 7).
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(Fig. 4). Thus, K, D, and KChIP2 were transiently expressed in
COS7 cells, channels in the plasma membrane were cross-
linked with DTBP, and immunopurification was achieved after
detergent solubilization. SDS-PAGE andWestern blot analysis
confirmed co-purification of the three subunit types (Fig. 4A).
Ready staining with Coomassie Brilliant Blue confirmed the
channel complex to be rich in the channel subunits (Fig. 4B).

Other proteins that co-purifiedwere identified bymass spec-
trometry to be a heat shock protein, tubulin, trypsin precursor,
and actin (Fig. 4). To accurately assess the relative amounts of K
and D subunits, the bands visualized by staining with dye were
excised from the gel for amino acid analysis by hydrolysis, ion
exchange chromatography, and ninhydrin detection (Table 2).
Because the sequences of the subunits were known, expected
and observed amino acid content of the bands were used to
calculate the moles of each subunit from analysis of five to nine
residues in five independent trials. The ratio of K:D in purified
complexeswas 1.1� 0.3 (Table 2), indicative of a 1:1molar ratio

and thus four K and four D subunits in each channel. In agree-
ment with previous findings (4, 6), we observed the association
of K andD subunits to be better preserved in the presence of the

FIGURE 2. Natural and KD channels show similar kinetic properties. Nor-
malized and superimposed representative current traces at 0 mV for channels
with D (filled symbols, dark lines) or without D (open symbols, gray lines) and the
pore-forming subunits K, KK, KD, and KKD. A, K versus K � D. B, KK versus KK �
D. C, KKD versus KKD � D. D, KD versus KD � D. E, overlay of KD and K � D;
inactivation fast component for traces shown: K � D and KD, �fast � 13.4 and 11.8
ms, respectively.

FIGURE 3. Biophysical properties of natural and engineered channels.
A, conductance-voltage relationships, steady state inactivation-voltage rela-
tionships, and time to peak for K (open square), KKD (open triangle), KD (open
diamond), and K � D (filled square) for biophysical parameters listed in Table 1.
The insets show voltage protocol as described under “Experimental Proce-
dures” with arrowheads to indicate where current was measured. B, assembly
with monomer D (filled symbols) shifts KKD channel (triangle) G-V and steady
state inactivation-voltage relationships and time to peak (dashed line from
data in A) to those measured for natural K � D (square) and KD (diamond)
channels. The biophysical parameters are listed in Table 1.

TABLE 1
Channel gating parameters for various Kv4.2 channel complexes
Voltage clamp was performed as described under “Experimental Procedures” (number of oocytes). One-way analysis of variance was used for statistical tests using Origin ver6.1.

Channel subunits
expressed

Activation
V0.5

Inactivation
V0.5

Time to peak at
�30mV

Inactivation Recovery from
inactivation at

�40mVFast Slow Afast/(Afast �Aslow)
mV mV ms ms ms ms

Monomer
K �22.5 � 1.7 (5) �57.6 � 1.5 (7) 32.8 � 1.8 (6) 18.6 � 0.9 (9) 199 � 31 (9) 0.83 � 0.01 (9) 139.8 � 9.4 (7)
K � D �43.1 � 0.9 (8) �71.1 � 1.3 (8) 11.5 � 0.4 (8) 13.4 � 0.8 (10)c 145 � 35 (10) 0.95 � 0.01 (10)c 40.2 � 3.3 (6)
K � D � KChIP2 �34.4 � 1.7 (7) �55.7 � 0.9 (7) 12.1 � 0.8 (7) ND ND ND 12.5 � 0.8 (7)

Linked
KD �44.8 � 1.1 (8) �72.0 � 0.9 (8) 12.1 � 0.5 (7) 11.8 � 0.4 (6) 127 � 15 (6) 0.92 � 0.01 (6) 43.9 � 1.8 (6)
KD � KChIP2 �33.0 � 1.9 (7) �57.7 � 1.1 (7) 13.0 � 0.8 (7) ND ND ND 8.8 � 0.6 (4)
KKD �34.5 � 1.0 (7)a �64.3 � 1.0 (9)a 18.0 � 0.6 (8)a 21.9 � 1.8 (9) 186 � 38 (9) 0.69 � 0.02 (9) 50.9 � 5.9 (6)
KKD � KChIP2 �29.4 � 1.6 (7) �54.6 � 0.8 (7) 21.3 � 2.0 (6)b ND ND ND 9.7 � 1.0 (4)

Controls
KK �21.6 � 1.8 (7) �56.3 � 1.8 (8) 38.1 � 2.5 (8) 24.2 � 2.1 (6) 252 � 55 (6) 0.71 � 0.02 (6) 154.1 � 7.6 (6)
KK � D �45.1 � 1.0 (7) �69.6 � 1.0 (7) 10.6 � 0.5 (7) 15.5 � 1.2 (7)c 235 � 51 (7) 0.86 � 0.02 (7)c 45.4 � 3.0 (6)
KD � D �47.9 � 0.7 (4) �75.9 � 0.5 (4) 9.5 � 0.2 (5) 11.7 � 0.3 (7) 158 � 24 (7) 0.93 � 0.01 (7) ND
KKD � D �46.1 � 2.1 (5) �71.9 � 0.7 (5) 10.1 � 0.5 (5) 19.1 � 0.6 (5) 124 � 19 (5) 0.79 � 0.01 (5)c ND
KK � D � KChIP2 �34.2 � 1.8 (7) �55.7 � 0.9 (5) 12.8 � 0.5 (7) ND ND ND 13.6 � 1.4 (6)

a Difference significant (p � 0.001) compared with K � D.
b Difference significant (p � 0.005) compared with K � D � KChIP2.
c Difference significant (p � 0.005) compared with no monomer DPP6.
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chemical cross-linking agent, DTBP. Approximately half as
much D protein was recovered on purification of complexes in
the absence of cross-linker (Kv4.2:DPP6, 0.44 � 0.06, n � 5).

DISCUSSION

Auxiliary subunits are an important feature in potassium
channel physiology because they influence channel location,
abundance, sensitivity to stimulation, and pharmacology in
vivo (22–24). Here, we show that D and K subunits assemble
naturally with a stoichiometry of 4:4. Previous studies demon-
strated that D increases K channel trafficking to the plasma
membrane, produces a hyperpolarizing shift in both the con-
ductance-voltage relationship and steady state inactivation,
decreases time to peak, accelerates inactivation kinetics, and
increases the rate of recovery from inactivation (4). Thesemod-
ulatory effects were used here to deduce the stoichiometry of
channel complexes by comparing naturally assembled and
engineered constructs linking K and D proteins. Thereafter,
direct amino acid analysis was performed to support the
inferred subunit ratio.
Whereas linked KD subunits enforcing a 1:1 subunit ratio

generated channel complexes that showed biophysical charac-
teristics comparable with those of channels formed naturally,
KKD subunits did not do so without additional D monomers.
Four D subunits per channel were required to reproduce natu-
ral voltage-dependent activation, voltage-dependent steady
state inactivation, and time to peak,whereas twowere sufficient
to replicate recovery from inactivation. Arguing for the trust-
worthiness of linked subunits in this analysis, the same effects
were observed on assembly of D with K or KK subunits (Table
1). Moreover, linkage to produce KK channels did not alter the
conductance-voltage relationship, steady state inactivation
voltage relationship, time to peak, nor rate of recovery from

inactivation relative to K channels (Table 1). KK channels did
inactivate more slowly than K channels. This was likely due to
linkage of the N and C termini because deletion studies have
suggested that both termini in Kv4.1 are required to confer
rapid inactivation (25). A similar rationale may explain small
differences in inactivation rates of K�D andKD channels (Fig.
2E and Table 1).
Direct biochemical analysis also supported 4:4 stoichiome-

try. In agreement with others (4, 6), we recovered more D via K
isolation when cells were treated with a cross-linking agent
prior to detergent solubilization. Although use of a cross-linker
should arouse suspicion, studies of intact cells showed no
requirement for chemical stabilization to observe similar
attributes for K � D and KD channels (Table 1). This suggests
that D subunit association is not dynamic or variable for chan-
nels in the plasma membrane.
Disruption of membrane complexes on detergent solubiliza-

tion can simply reflect destabilization in the absence of an
enveloping membrane; conversely, it suggests consideration of
a model with D in a lipid-exposed, peripheral location given
that the single-span accessory subunitMinK is detergent-stable
in complexes with KCNQ1 (13) and thought to be deeply inter-
calated/pore-associated (26, 27). Further, the observation that
KD channel surface delivery is enhanced by expression with
added monomer D (Fig. 1B) leaves open the possibility that
more than four DPP6 subunits are associated during intracel-
lular channel trafficking.
Although the extracellular domain of DPP6 has been crystal-

lized and its structure has been solved (28), it remains to be
determined how the single transmembrane domain of D is
incorporated within the channel complex. Studies of DPP6 and
DPP10 suggest that the transmembrane domain is important in
the association with Kv4 channels (7, 29). Indeed, DPP6 desta-
bilized resting and intermediate states in the voltage-depend-
ent activation pathway negatively shifting the gating charge-volt-
age relationship apparently via interaction of the transmembrane
domain and Kv voltage-sensing and pore domains (30). Another
report argues for direct contact of the DPP10 transmembrane
domain and S1 and/or S2 transmembrane domains of Kv4.3 sub-
units (29).
Jerng et al. (6) have suggested that neuronal ISA channels

include Kv4, DPP6 (and/or DPP10), and KChIPs. In support of
these findings, we also observed co-purification of the three
subunit types and faster recovery from inactivation with both
KChIP2 and DPP6 compared with channels with either acces-
sory subunit alone (Table 1). Jerng et al. (6) also report inacti-
vation of K4.2-DPP10-KChIP3 channels to be faster than
Kv4.2-DPP6-KChIP3 channels, suggesting that different sub-
unit combinations may produce functional diversity in neu-
rons. We expected to demonstrate a 1:1:1 ratio for K:D:KChIP
subunits because K:KChIP channels show a 1:1 ratio in bio-
chemical (15), electron microscopic (16), and x-ray crystallo-
graphic studies (20). However, KChIP recovery on expression
with K and D was twice the level expected in both the absence
and presence of cross-linker (2.17 � 0.16 and 2.05 � 0.18,
respectively, n � 4–7). We suspect this to be an artifact of the
method but cannot rule out the possibility that D increases the
number of KChIP subunits in channel complexes.

FIGURE 4. Amino acid analysis of naturally assembled channels. Purifica-
tion of channels formed in COS7 cells with K, D, and KChIP2 subunits was
achieved via a 1d4 epitope on K after treatment with DTBP. Purified proteins
were subjected to reducing conditions to reverse DTBP linkages and sepa-
rated by SDS-PAGE. A, proteins detected by Western blotting with anti-1d4
(Kv4.2–1d4), anti-HA (DPP6-HA), and anti-KChIP2 monoclonal antibodies.
B, proteins detected with Coomassie Brilliant Blue. Bands corresponding to K
and D were excised and subjected to amino acid analysis (Table 2). Bands a, b,
c, and d co-purified and were identified by mass spectrometry to be a 90-kDa
heat shock protein, a tubulin, a trypsin precursor, and an actin, respectively
(data not shown).

TABLE 2
Molar ratio of DPP6 and Kv4.2 subunits
Individual amino acids used to quantify yield were within 10% of predicted. The
ratios indicate mol of Kv4.2:DPP6.

Experiment Kv4.2 DPP6 Ratio
Pmol Pmol

1 8.4 6.2 0.74
2 17.4 18.7 1.07
3 3.8 5.8 1.53
4 3.4 3.2 0.94
5 8.2 7.9 0.96
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Recovery of tubulin, actin, and heat shock protein with
Kv4.2, DPP6, and KChIP2 was not unexpected. The cytoskel-
etal proteins have previously been isolated with Kv4 (31), Kv1.5
(32), Kir2.1 (33) and chloride channels (34) and heat shock pro-
teins with HERG (35) and chloride channels (36).
Only two MinK subunits assemble with four KCNQ1 pore-

forming subunits to form cardiac IKs potassium channels (13,
14, 37). In contrast, voltage- and calcium-activated BK potas-
sium channels (38, 39) and Kir6.2 potassium channels (40, 41)
are thought to employ four transmembrane auxiliary subunits
and four pore-forming subunits, as observed here for D and K.
A subunit stoichiometry of 4:4 has also been reported for two
soluble intracellular regulators of potassium channels, KChIP
with Kv4 (16, 20, 21) and Kv�2 with Kv1.1 (42).
It should be noted, however, that variability of BK channel

behavior in vivo has been hypothesized to reflect assemblies
with less than four auxiliary subunits based on studies of mam-
malian subunits expressed inXenopus oocytes (43).Our data do
not rule out the possibility that channels with fewer than four D
may form in native cells, for example, should D and K subunits
be down-regulated asynchronously. However, themajormech-
anism by which DPP subunits augment Kv4.2 current is to
increase surface delivery of channels (5, 7) and both K andKKD
subunits produced small currents unless assembled with mon-
omer D (Fig. 1). It seems likely, therefore, that 4:4 complexes
predominate on the surface of cells producingD andK subunits
and that a 4:4 arrangement is the norm for DPP subunits in
assemblies with Kv pore-forming partners.
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