THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 2001 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 276, No. 24, Issue of June 15, pp. 21070-21076, 2001
Printed in U.S.A.

Structural Compatibility between the Putative Voltage Sensor of
Voltage-gated K™ Channels and the Prokaryotic KcsA Channel*

Received for publication, January 18, 2001, and in revised form, March 21, 2001
Published, JBC Papers in Press, March 26, 2001, DOI 10.1074/jbc.M 100487200

Marco Caprinii}§, Stefano Ferronii, Rosa Planells-Cases$§, Joaquin Ruedal, Carmela Rapisardaf,
Antonio Ferrer-Montiel§|, and Mauricio Montal**

From the iDepartment of Human and General Physiology, University of Bologna, Via San Donato 19/2, 40127 Bologna,
Italy, the §Centro de Biologia Molecular y Celular and the YDepartamento de Histologia, Universidad Miguel Herndndez,
03202 Elche Alicante, Spain, and the **Department of Biology, University of California at San Diego,

La Jolla, California 92093

Sequence similarity among and electrophysiological
studies of known potassium channels, along with the
three-dimensional structure of the Streptomyces livi-
dans K* channel (KesA), support the tenet that voltage-
gated K* channels (Kv channels) consist of two distinct
modules: the “voltage sensor” module comprising the
N-terminal portion of the channel up to and including
the S4 transmembrane segment and the “pore” module
encompassing the C-terminal portion from the S5 trans-
membrane segment onward. To substantiate this modu-
lar design, we investigated whether the pore module of
Kv channels may be replaced with the pore module of
the prokaryotic KcsA channel. Biochemical and immu-
nocytochemical studies showed that chimeric channels
were expressed on the cell surface of Xenopus oocytes,
demonstrating that they were properly synthesized, gly-
cosylated, folded, assembled, and delivered to the
plasma membrane. Unexpectedly, surface-expressed ho-
momeric chimeras did not exhibit detectable voltage-de-
pendent channel activity upon both hyperpolarization
and depolarization regardless of the expression system
used. Chimeras were, however, strongly dominant-neg-
ative when coexpressed with wild-type Kv channels, as
evidenced by the complete suppression of wild-type
channel activity. Notably, the dominant-negative pheno-
type correlated well with the formation of stable, glyco-
sylated, nonfunctional, heteromeric channels. Collec-
tively, these findings imply a structural compatibility
between the prokaryotic pore module and the eukary-
otic voltage sensor domain that leads to the biogenesis
of non-responsive channels. Our results lend support to
the notion that voltage-dependent channel gating de-
pends on the precise coupling between both protein do-
mains, probably through a localized interaction surface.

Ton channels are multisubunit membrane proteins involved
in action potential propagation, neurotransmitter release, and
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excitation-contraction coupling in excitable tissues. Protein se-
quence information obtained from recombinant DNA technol-
ogy has revealed that voltage-gated ion channels form a large
superfamily of related proteins that include Na™, Ca%*, and K*
channels. Voltage-gated K" channels are involved in a host of
cellular processes, from setting the resting membrane potential
and shaping action potential waveform and frequency to con-
trolling synaptic strength (1). The first K* channel cloned from
the Drosophila Shaker locus (2) seemed to code for a unit
similar to one of the four internal repeats of the more complex
Na™ and Ca®* channels, consisting of six a-helical transmem-
brane segments (S1-S6) and a pore-forming loop (P-loop) (3, 4).

The sequence similarity between voltage-gated K™ channels
and voltage-dependent Na® and Ca®?" channels suggested a
modular architecture of the voltage-gated ion channel family.
In this modular context, the N-terminal portion of the eukary-
otic voltage-gated proteins up to and including the S4 segment
may represent a sensor module, responsible for detecting
changes in transmembrane potential (5). This notion appears
warranted since work in several laboratories combining mu-
tagenesis and biophysics has demonstrated that perturbation
of this domain selectively affects channel gating without alter-
ing the permeation properties (6—13). The S5-P-S6 region of
voltage-gated channels may represent a “pore” module within
the larger protein. Indeed, conduction can be abolished by a
pore mutation without affecting channel gating (14).

Examination of the sequence of subsequently cloned potas-
sium channels from diverse sources also substantiates the ex-
istence of modularity within the voltage-gated potassium chan-
nels (15-17). The genes coding for the inward rectifier class of
potassium channels code for a protein analogous to the carbox-
yl-terminal portion of the voltage-gated potassium channels,
the S5-P-S6 region (18). These genes are sufficient to form
potassium-selective pores, but with poor intrinsic voltage sen-
sitivity. Further evidence for the modular organization of the
potassium channels was provided by the identification of a
class of channels consisting of two pore modules, with (19) or
without (20, 21) an attached “sensor” module. More recently, a
novel structural class of mammalian potassium channels has
been discovered, with four transmembrane segments and two
pore regions (TWIK-1, TREK-1, TRAAK, TASK, and TASK-2),
and activated by different kind of stimuli such as membrane
stretch and modification of pH (22).

The identification of the KcsA channel from Streptomyces livi-
dans has shown that this channel has the closest kinship to the
S5-P-S6 region of the Kv channel family. Moreover, KcsA is most
distantly related to eukaryotic inwardly rectifying channels with
two putative predicted transmembrane segments (23). Single-
channel recording, flux measurements, and ligand binding as-
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says have shown KcsA to be a high-conductance, tetrameric,
K" -selective channel with an externally located receptor site for
charybdotoxin family peptides (24—26). In addition, the recent
crystallization of the KcsA protein has provided a structure for
such a pore module, enlightening our knowledge of the molecular
basis of ion permeation (27). The sequence similarity between
KcsA and Kv channels has led to the notion that the prokaryotic
channel may be the bacterial ancestor of the pore module present
in eukaryotic channels (23).

Thus, it appears reasonable that voltage-gated potassium
channels are structurally modular. It has been recently dem-
onstrated, in channel proteins consisting of the sensor module
from mouse Kv1.1 (mKv1.1)! and the pore module from fly
Shaker with inactivation ball removed channel (Shaker), and
vice versa, that these putative modules can operate outside
their native context (28). To further substantiate the modular
design of the Kv channel family, we examined whether it would
be feasible to confer voltage sensitivity to the voltage-insensi-
tive prokaryotic ancestor KcsA channel by linking its pore
domain to the voltage sensor of eukaryotic Kv channels. Thus,
we constructed chimeric channels by replacing the pore domain
of mKv1.1 and Shaker with the pore module of the KcsA chan-
nel (23). Chimeric Kv channels appear to proceed via appropri-
ate biogenesis pathways, as evidenced by their normal trans-
lation, glycosylation, folding, and delivery to the plasma
membrane of the injected oocytes. Heterologously expressed
chimeras did not show detectable voltage-gated ionic current,
although they behaved as strong dominant-negative subunits,
completely inhibiting the channel activity of wild-type mKv1.1
and Shaker channels. Taken together, these results lend sup-
port to the notion of structural compatibility of both protein
domains. Our findings also suggest a higher degree of molecu-
lar adaptability for functional coupling of both protein modules.

MATERIALS AND METHODS
Molecular Biology of Chimeric Design

Standard molecular biological techniques were as described (29).
Shaker (30) was a gift of L. Toro (UCLA), and KcsA was from S. Choe
(Salk Institute). Three versions of KcsA-containing chimeras were de-
signed, and a hemagglutinin (HA) peptide tag was included at the
carboxyl-terminal end of mKv1.1 and all chimeric coding regions for
immunodetection of the expressed protein.

The mKv1.1(S1-S4,5)-KcsA chimera was constructed by replacing
the region of mKv1.1 encompassing the S5 segment to the C-terminal
end (amino acids 321-481) with the corresponding residues of KcsA
(amino acids 27-160). Polymerase chain reaction was used to introduce
a silent Clal site in mKv1.1 at amino acids 321 and 322. Two oligonu-
cleotide primers were also used to amplify KesA from amino acid 27
through the stop codon while simultaneously introducing a Clal site at
amino acid 27 and a BamHI at amino acid 160, subsequently used to
subclone KcsA into pGEMHE/mKv1.1. Note that this cloning strategy
left a 14-amino acid segment from mKv1.1 (amino acids 482—-495) at the
C-terminal end of KesA. The mKv1.1(S1-S4)-KcsA chimera was con-
structed by replacing the region encompassed by the S4—S5 loop up to
the C-terminal end of mKv1.1 (amino acids 311-481) with the complete
KCSA gene. Polymerase chain reaction was used to introduce a silent
Pstl site in mKv1.1 at amino acids 311 and 312. KcsA was amplified by
polymerase chain reaction, inserting Pst] and BamHI sites at amino
acids 1 and 160, respectively. The amplified fragment was then sub-
cloned into a silent Pst1 site and the BamHI site into pPGEMHE/mKv1.1.
The Shaker(S1-S4,5)-KcsA chimera was constructed by replacing the
region of Shaker from amino acid 351 onward with KesA. A silent Clal
site was introduced in Shaker at amino acids 350 and 351. A fragment
of KesA from the first chimera cut at the Clal and EcoRV sites 3’ of the
stop codon was subcloned into pBluescript/Shaker between the Clal site
and a blunted Xhol site 3’ of the stop codon. The sequences of the
transferred segments were verified by both restriction analysis and

! The abbreviations used are: mKv1.1, mouse Kv1.1; HA, hemagglu-
tinin; GFP, green fluorescent protein; mAb, monoclonal antibody; TES,
2-{[2-hydroxy-1,1-bis(thydroxymethyl)ethyllamino}ethanesulfonic acid.
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dideoxy sequencing (31). For in vitro transcription, chimeric and wild-
type channel clones were linearized and used as templates with the
mMESSAGE mMACHINE kit (Ambion Inc., Austin, TX). For expres-
sion in COS-7 mammalian cells, mKv1.1(S1-S4,5)-KcsA, Shaker(S1—
S4,5)-KesA, and wild-type mKv1.1 were subcloned into the mammalian
expression vector pCIneo (Promega). Enhanced green fluorescent pro-
tein (GFP; gift of R. Tsien, University of California, San Diego) was also
subcloned into pClneo.

Cell Culture Methodology

COS-T7 cells (gift of M. Canossa, University of Bologna) were cultured
as described (32). The day prior to transfection, COS-7 cells were
replated in 35-mm Petri dishes at a density of 2-5 X 10* cells/dish and
maintained in supplemented Dulbecco’s modified Eagle’s medium.
COS-7 cells were transfected with the constructs and GFP by the
DEAE-dextran method and assayed for electrophysiological measure-
ments 48—72 h post-transfection (33).

Protein Immunoprecipitation and Immunoblotting

Protein analysis for the different clones was carried out by Western
immunoblotting. Oocytes (8—10/sample) were collected and lysed as
described (34).

Soluble materials from homogenized oocytes were separated on an
SDS-polyacrylamide gel and transferred to a nitrocellulose membrane.
The nitrocellulose was blocked and probed with 4 pug/ul anti-HA mono-
clonal antibody (mAb) (Roche Molecular Biochemicals, Mannheim, Ger-
many), anti-Shaker polyclonal antibody (gift of F. Tejedor, Consejo
Superior de Investigaciones Cientificas, Universidad Miguel Hernan-
dez), or anti-mKv1.1 antibody (Alomone), and proteins were detected
with an alkaline phosphatase-conjugated antibody (Sigma). The bands
were later visualized using the alkaline phosphatase conjugate sub-
strate kit (Bio-Rad). Immunoprecipitation was carried out with an
anti-HA monoclonal antibody (2.5 ug/ml) as described (35). Samples
were then boiled in SDS-polyacrylamide gel electrophoresis loading
buffer and electrophoresed as described above.

Immunocytochemical Labeling of Channel Protein

Xenopus oocytes injected with transcripts of mKv1.1-HA or HA-
tagged chimeras or water were selected 48 and 72 h post-injection,
embedded in optimal cutting temperature resin (ProSciTech, Thurin-
gowa, Australia), and quickly frozen. 12-um-thick sections were cut and
fixed in 2% formaldehyde in phosphate-buffered saline for 1 h at room
temperature. Immunocytochemical labeling was carried out using an
indirect alkaline phosphatase method. After blocking overnight 4 °C in
phosphate-buffered saline containing 2% bovine serum albumin and
0.2% Triton X-100, sections were incubated with 2.5 pug/ul anti-HA mAb
for 90 min at room temperature. After washing in phosphate-buffered
saline, sections were incubated for 90 min at room with an alkaline
phosphatase-conjugated anti-mouse secondary antibody (diluted
1:2000; Roche Molecular Biochemicals) in phosphate-buffered saline.
The reaction was detected using the Bio-Rad alkaline phosphatase kit.
The coverslips were mounted in Eukitt (O. Kindler GmbH & Co.,
Freiburg, Germany), analyzed, and photographed using a Leica DMRB
microscope.

Electrophysiological Recordings

Xenopus Oocytes—In vitro transcribed RNA was injected into Xeno-
pus oocytes (~10 ng/oocyte) as described (36). Ionic currents were
recorded 2—4 days after injection using a two-electrode voltage clamp
(TEC 10CD, NPI Electronic, Tamm, Germany) and PULSE Version
8.09 acquisition software (Heka Electronic, Lambrecht, Germany). The
oocytes were continually perfused in barium-containing Ringer’s solu-
tion (3.8 mm K*, 114.2 mm Na™, 2 mm Ba®*, and 10 mm TES, pH 7.4).
Electrodes were pulled from Corning 7052 glass (Garner Glass, Claire-
mont, CA) on a P-97 puller (Sutter Instrument Co., Novato, CA). Elec-
trodes were filled with 1 M KC1 buffered with 10 mm TES and typically
had a resistance of <500 kilo-ohms. The currents were sampled at 4-5
kHz after filtering at 1 kHz. Leak subtraction was accomplished with
two inverted quarter amplitude prepulses that were scaled and sub-
tracted from the test pulse. All recordings were made at room temper-
ature (~21 °C).

COS-7 Cells—Membrane currents were recorded in the whole-cell
configuration as described in detail (37). Patch pipettes were made from
borosilicate glass capillaries (Clark Electromedical, Pangbourne,
United Kingdom) using a horizontal puller (P-87, Sutter Instrument
Co.) and heat-polished (MF-83, Narishige, Tokyo, Japan) to have a
resistance of 2—4 megaohms when filled with the standard internal
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solution (144 mm KCl, 2 mMm MgCl,, 10 mM TES, and 5 mMm EGTA,
buffered with KOH to pH 7.2). All experiments were performed with an
external solution containing 140 mM NaCl, 4 mm KCl, 2 mMm CaCl,, 2 mm
MgCl,, 10 mM TES, and 5 mM glucose, buffered with NaOH to pH 7.4.
Voltage stimulation and current recordings were obtained with a patch-
clamp amplifier (Jens Meyer, Munich, Germany) interfaced (Labmaster
TL-1, Axon Instruments, Inc., Foster City, CA) with a microcomputer
equipped with pClamp Version 5.5.1 software (Axon Instruments, Inc.).
The currents were low pass-filtered at 3 kHz (-3 dB) and acquired at
different sampling rates according to the stimulation protocols. Capac-
itive transients and series resistance were minimized with the analog
circuits of the amplifier. In some experiments, membrane currents were
leak-subtracted by using a P/4 protocol (38). An agar bridge electrode,
filled with 150 mm NaCl, was used as the reference electrode. All
experiments were performed at room temperature (~21 °C).

RESULTS

Design of Chimeric Channels—Given that KcsA exhibits sig-
nificant sequence similarity to the S5-P-S6 region of Kv chan-
nels, it was hypothesized that a chimeric construct consisting of
the ancestor KcsA linked to the putative eukaryotic voltage
sensor would exhibit voltage-dependent gating properties. For
this task, we constructed chimeric channels that combined the
S1-S4 domain of mKv1.1 or Shaker and the S5-P-S6 domain of
the KcsA channel (Fig. 1, A-C, left panels). These chimeras are
referred to as mKv1.1(S1-S4)-KcsA, mKv1.1(S1-S4,5)-KcsA,
and Shaker(S1-S4,5)-KcsA, where S1-S4 denotes the N-termi-
nal domain of the Kv channels up to and including the S4
transmembrane segment and S1-S4,5 additionally incorpo-
rates the S4—S5 loop from the eukaryotic channels. We consid-
ered the intracellular S4—S5 loop because of its contribution to
pore properties (39). The C-terminal end of all chimeras was
tagged with a hemagglutinin epitope to facilitate the biochem-
ical and immunological analyses.

Designed Chimeras Do Not Exhibit Voltage-dependent Chan-
nel Activity in Xenopus QOocytes or Mammalian Cells—We first
assessed whether the designed chimeras exhibit voltage-de-
pendent channel gating. As illustrated in Fig. 1(A-C, right
panels), at variance with wild-type mKv1.1 and Shaker, heter-
ologous expression of the mKv1.1(S1-S4,5)-KesA, mKv1.1(S1-
S4)-KesA, and Shaker(S1-S4,5)-KesA chimeras did not elicit
voltage-activated outward currents from oocytes held at —80
mV and depolarized from —70 to +100 mV (n = 32). The lack
of functional expression was not overcome by larger hyper- or
depolarizing steps, by injecting increasing amounts of cRNA, or
by co-injecting the a- and B-subunits (data not shown). At
variance with homomeric wild-type Shaker-expressing oocytes,
chimera-injected cells did not display gating currents (data not
shown). The absence of functional expression was not due to
lack of protein synthesis, as evidenced by immunodetection of
the heterologously expressed chimeras (Fig. 1E). The immuno-
blot displays the presence of two bands with molecular masses
of ~60 and ~62 kDa in oocytes injected with mKv1.1(S1-54,5)-
KcesA (Fig. 1E, lanes 2 and 6) and Shaker(S1-S4,5)-KcsA (lanes
3 and 7) chimeras, respectively. mKv1.1-injected oocytes exhib-
ited a band of ~67 kDa (Fig. 1E, lanes 1 and 5). These proteins
were selectively immunopurified with anti-HA mAb (Fig. 1E,
lanes 5-7)

We next addressed the question of whether the heterologous
expression system was inadequate for expression of chimeras.
cDNAs encoding chimeric channels were then cotransfected in
COS-7 cells with GFP to facilitate detection of transfected cells.
Fluorescent cells were selected for electrophysiological meas-
urements (Fig. 2A). As for oocytes, transfection of chimeras did
not result in the expression of voltage-dependent ionic currents
in response to either depolarizing steps up to +60 mV or
hyperpolarization to —130 mV (n = 23) (Fig. 2, B and C). In
contrast, cells transfected with mKv1.1 or Shaker channels
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Fic. 1. A-C, topological models of mKv1.1, Shaker, and chimeras (left
panels) and voltage-dependent channel activities of mKv1.1, Shaker,
and chimeras (right panels), respectively, in Xenopus oocytes injected
with the corresponding transcripts. Oocytes were held at —80 mV and
depolarized up to +100 mV in voltage steps of 10 mV. D, molecular
design of chimeras containing mKv1.1 and KcsA as voltage sensor and
pore module, respectively. In mKv1.1(S1-S4,5)-KcsA, the S4-S5 loop is
from mKv1.1, whereas in mKv1.1(S1-S4)-KcsA, it is absent, and KcsA
is full-length. Shaker(S1-S4,5)-KcsA is formed by Shaker as voltage
module and KcsA as pore module, identical to the mKv1.1(S1-S4,5)-
KcsA chimera. The S4-S5 loop arrow and the vertical lines indicate the
approximate location of the chimeric joint. Scale bar = 200 base pairs.
E, immunochemical analysis of protein expression in Xenopus oocytes.
After cRNA injection in oocytes, proteins were extracted and blotted as
total fractions, or immunoprecipitates (IP) were generated with the
anti-hemagglutinin antibody. Non-injected oocytes were used as a neg-
ative control, and mKvl.1-injected oocytes were used as a positive
control. Lane 1-3, mKv1.1, mKv1.1(S1-S4,5)-KcsA, and Shaker(S1—
S4,5)-KesA total proteins, respectively; lanes 5-7, immunoprecipitated
fractions. Lane 4 was non-injected.

expressed sustained outward currents with kinetic properties
overlapping those obtained in oocytes (data not shown).

Since strong acidification (pH < 5) favors KcsA channel
gating (25), we investigated whether extra- and intracellular
acidification (pH 4) could promote the appearance of voltage-
gated channel activity in chimera-transfected cells. The data
indicate that neither extracellular (n = 4) (Fig. 2D) nor intra-
cellular (n = 5) (data not shown) acidification evoked channel
activity in response to voltage steps. These observations indi-
cate that the linkage of the putative voltage sensor of Kv
channels to KcsA does not endow the prokaryotic channel with
voltage-dependent channel gating activity.
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Fic. 2. Chimeric constructs expressed in COS-7 cells. A, shown
is a fluorescence photomicrograph of COS-7 cells cotransfected with
GFP and the mKv1.1(S1-S4,5)-KesA chimera and visualized 72 h post-
transfection. Scale bar = 60 um. B, a voltage stimulation protocol was
employed to activate tight-seal, whole-cell currents in COS-7 cells and
consisted of hyperpolarizing and depolarizing steps from —130 to +60
mV in 10-mV increments. The holding potential was —60 mV. C, none
of the chimeric constructs produced voltage-gated currents. Shown is a
representative example of a COS-7 cell transfected with mKv1.1(S1—
S4,5)-KesA at extracellular pH 7.4. D, in the same cell, no currents were
elicited by lowering the extracellular pH to 4.0 for 2 min.

KcsA-containing Chimeras Exhibit a Dominant-negative
Phenotype—To investigate if the translated chimeric subunits
have the ability to interact with wild-type channel subunits, we
examined whether the chimeras disturbed the channel activity
exhibited by wild-type mKv1.1 and Shaker channels in a coex-
pression experiment. Xenopus oocytes were co-injected with
both types of subunits, and the channel activity of the pre-
sumed heteromeric proteins was compared with that displayed
by homomeric proteins. Total cRNA injected was constant in all
samples. As illustrated in Fig. 3A, oocytes injected with wild-
type subunits showed robust voltage-dependent channel activ-
ity. By contrast, coexpression of wild-type and chimeric
subunits resulted in a virtually complete suppression of wild
type-like channel activity. This negative dominance of chimeric
subunits was more effective with wild-type mKv1.1 subunits
than with wild-type Shaker subunits, as evidenced by the lower
amount of chimeric subunit required to inhibit the functional
activity of mKv1.1 channels (Fig. 3A). The reduction of wild-
type channel activity was not due to injection of lower wild-type
subunit cRNA amounts since the magnitude of voltage-elicited
ionic currents remained fairly invariant as the cRNA injected
was decreased from 20 ng (8.2 + 2.1 uA for mKv1.1 (n = 4) and
12.2 += 3.0 pA for Shaker (n = 4)) to 5 ng (6.1 = 1.9 pA for
mKv1l.1l (n = 4) and 11.2 = 2.7 pA for Shaker (n = 4)). There-
fore, these data indicate a dominant-negative phenotype of the
chimeras on wild-type channels.

The occurrence of a dominant-negative phenotype suggests
the formation of stable, nonfunctional, heteromeric channels
composed of chimeric and wild-type subunits. We used an im-
munology-based strategy to evaluate this hypothesis. Oocytes
co-injected with different molar ratios of wild-type (mKv1.1 or
Shaker) and chimeric (mKv1.1(S1-S4,5)-KcsA or Shaker(S1-
S4,5)-KcsA) subunits were lysed 72 h post-injection, and chi-
meric subunits were immunoprecipitated with anti-HA mAb,
followed by SDS-polyacrylamide gel electrophoresis. Coprecipi-
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tation of mKv1.1 and Shaker subunits was revealed by immu-
noblotting using either an anti-mKv1.1 antibody raised against
the C-terminal domain or an anti-Shaker antibody raised
against the N-terminal portion, respectively. As shown in Fig.
3B (upper panel), immunoblots probed with anti-Kv1.1 mAb
revealed a band of >62 kDa corresponding to mKv1.1 in oocytes
co-injected with mKv1.1 and mKv1.1(S1-S4,5)-KcsA. A band of
=62 kDa was also evident as the ratio of mKv1.1(S1-S4,5)-
KcsA was increased, indicating that the chimeric channels
were also recognized by anti-mKv1.1 antibody, consistent with
the presence of a small portion of the epitope in the chimeric
subunit (Fig. 1D). As expected, these protein bands were absent
in mKv1.1-injected and non-injected oocytes. The intensity of
the coprecipitated mKv1.1 subunit declined as the amount of
mKv1.1(S1-S4,5)-KcsA increased. In contrast, probing the
same immunoblots with anti-HA mAb exposed a band of =62
kDa only in oocytes injected with mKv1.1(S1-S4,5)-KcsA,
which was augmented as the ratio of the chimeric subunit was
increased (Fig. 3B, lower panel). These data are consistent with
the formation of stable hetero-oligomers composed of wild-type
mKv1.1 and the mKv1.1(S1-S4,5)-KcsA chimera.

Similarly, immunoblots probed with an anti-Shaker anti-
body raised against the N-terminal domain unmasked the pres-
ence of two major bands of ~75 kDa corresponding to Shaker in
oocytes injected exclusively with Shaker and Shaker(S1-S4,5)-
KcsA subunits and a band of ~62 kDa corresponding to Shak-
er(S1-S4,5)-KcesA in oocytes containing chimeric subunits (Fig.
3C). The intensity of the ~75 kDa band became more faint
while that of the ~62 kDa band increased as the amount of
chimeric transcripts was augmented in the coexpression sys-
tem, indicating that the composition of the assembled hetero-
meric channels is a function of the subunit concentration. The
presence of higher molecular mass bands (=115 kDa) in the
immunoprecipitates (Fig. 3C), which may correspond to fully
N-glycosylated subunits in agreement with other reports (40,
41), is also noteworthy. Indeed, treatment of immunoprecipi-
tates with N-glycosidase F resulted in the complete and selec-
tive disappearance of the higher molecular mass bands for both
homomeric Shaker(S1-S4,5)-KcsA and heteromeric Shaker:
Shaker(S1-S4,5)-KcsA complexes (Fig. 3D). Accordingly, as for
mKv1.1-containing chimeras, these findings indicate the for-
mation of stable heteromers between Shaker and Shaker(S1-
S4,5)-KcsA subunits. Furthermore, it appears that the hetero-
meric complexes are N-glycosylated, suggesting that they may
fold correctly and even be distributed to the plasma membrane.

Homomeric Chimeras Are Delivered to the Plasma Mem-
brane—The dominant-negative strategy suggests that chimeric
subunits could assemble as stable oligomers and be delivered to
the plasma membrane, where they form nonfunctional chan-
nels. However, the retention of these complexes in the endo-
plasmic reticulum cannot be ruled out. To distinguish between
both possibilities, we examined the surface expression of ho-
momeric chimeras in the plasma membrane of Xenopus oocytes
by immunolabeling microscopy. Injected oocytes were collected
72 h post-injection, and frozen sections were probed by an
indirect alkaline phosphatase method using anti-HA primary
antibody. As depicted in Fig. 4, whereas non-injected oocytes
did not show significant labeling of the plasma membrane, a
clear distinct brown ring was evident surrounding wild-type
mKv1l.1- and chimeric mKv1.1(S1-S4,5)-KcsA- and Shak-
er(S1-S4,5)-KesA-injected oocytes. Therefore, this assay indi-
cates that a population of both mKv1.1(S1-S4,5)-KesA and
Shaker(S1-S4,5)-KcsA chimeric oligomers was processed and
not retained in the intracellular compartments. Homo-oligo-
meric proteins assembled in the plasma membrane appear to
be nonfunctional channels.
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Fic. 3. A, chimeric subunits exerted a dominant-negative effect on
Shaker and mKv1.1 expression. Wild-type (WT) Shaker or mKv1.1 was
coexpressed with the indicated chimeric constructs (Chi) at 4:0, 3:1, 2:2,
1:3, and 0:4 molar ratios. Xenopus oocytes were clamped at —80 mV and
depolarized to 0 mV, and current amplitudes were normalized. B,
wild-type mKv1.1 and mKv1.1(S1-S4,5)-KcsA subunit mRNAs were
co-injected in Xenopus oocytes, immunoprecipitated, and subjected to
immunoblot analysis. The anti-HA epitope antibody was used for im-
munoprecipitation (IP), and the immunoblot (IB) was probed with an
anti-mKv1.1 antibody raised against a C-terminal peptide sequence
present only in the wild-type subunits. The molecular mass standards
(MS) are shown in the first lane. The approximate positions of the
protein constructs are indicated on the right. NI, Non-injected. C, Kv
channels and chimeric constructs were coexpressed in Xenopus oocytes,
immunoprecipitated, and subjected to electrophoresis gel. The anti-HA
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DISCUSSION

The remarkable sequence similarity between the prokaryotic
KcsA channel and the pore domain of Kv channels suggests
that KcsA may be a bacterial ancestor of these eukaryotic
channel proteins. Our objective here was to evaluate this model
by examining whether KcsA could structurally and function-
ally replace the pore domain (S5-P-S6) of voltage-gated chan-
nels; and additionally, we explored the possibility of endowing
the prokaryotic KesA channel with voltage-dependent gating
activity. Replacement of the pore domain of mouse brain
(mKv1.1(S1-S4,5)-KcsA) or that of Shaker (Shaker(S1-S4,5)-
KcsA) created chimeric channels that failed to express voltage-
dependent channel activity or gating currents in Xenopus oo-
cytes and a cell line, although they displayed a conspicuous
dominant-negative phenotype when coexpressed with wild-
type mKv1.1 or Shaker subunits (Fig. 1). The lack of functional
expression appeared not to arise from the synthesis of incom-
plete proteins, as evidenced by the presence of proteins of the
expected size in both heterologous expression systems (Fig. 2).
A plausible explanation for the nonfunctional phenotype is the
retention of chimeric channels in the endoplasmic reticulum
because of a misfolding of the subunits that prevents normal
trafficking. However, analysis of the pathway of channel bio-
genesis suggested that chimeras were properly folded and tar-
geted to the cell surface. First, the dominant-negative pheno-
type exhibited by both chimeric subunits correlates with the
formation of stable hetero-oligomers with wild-type subunits
(Fig. 3). Second, a significant population of wild-type and chi-
meric subunits appeared to be heavily glycosylated, presum-
ably at the two glycosylation sites located in the loop connect-
ing the first and second transmembrane segments (40).
Although glycosylation is not an essential requirement for the
assembly of functional channels at the cell membrane, the
presence of two glycosylated forms in the homo- and hetero-
oligomer subunits suggests correct folding, assembly, and en-
doplasmic reticulum/Golgi trafficking of at least a portion of
these channel proteins to the plasma membrane. Indeed, im-
munocytochemical analysis using an anti-HA mAb showed that
homo-oligomers of chimeric channel subunits were efficiently
expressed on the oocyte plasma membrane, exhibiting a level of
expression similar to that of wild-type Kv subunits (Fig. 4).
This is significant since the endoplasmic reticulum contains a
stringent quality control system that retains misfolded, incom-
plete, or incorrectly assembled proteins, and only fully assem-
bled channels are transported to the Golgi for further process-
ing and delivery to their functional location (41, 42).
Collectively, these findings demonstrate that replacement of
the pore module of Kv channel subunits such as mKv1.1 and
Shaker with the pore domain of KcsA gives rise to chimeric
subunits that fold and assemble into stable complexes that are
delivered to the cell surface. Therefore, the prokaryotic pore
module represented by KcsA appears to be structurally com-
patible with the voltage sensor of eukaryotic Kv channels.
However, the molecular linkage of two distinct protein modules
is not sufficient to express functional coupling between them.

A central question arises: why do chimeric channels fail to
display channel activity? The suppression of channel activity

epitope antibody, present in the C terminus of all chimeric constructs,
was used for immunoprecipitation, and the blot was probed with anti-
Shaker polyclonal antibody. Both mature (upper band) and immature
(lower band) forms of the Shaker protein are visible, as indicated. D,
immunoprecipitates obtained from samples generated at 3:1 and 0:4
molar ratios of wild-type Shaker and Shaker(S1-S4,5)-KcsA were sub-
jected to N-glycosidase F digestion. The glycosidase hydrolyzed all
N-glycosidated chains from either the homomeric or heteromeric
channels.
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Fic. 4. Surface expression of wild-type mKv1.1-HA or homo-
meric chimeras in the plasma membrane of Xenopus oocytes
detected by immunolabeling microscopy. Non-injected oocytes did
not show significant labeling of the plasma membrane (A), whereas a
clear distinct brown ring (arrows) surrounded wild-type mKv1.1-in-
jected (B) and chimeric mKv1.1(S1-S4,5)-KcsA-injected (C) and Shak-
er(S1-S4,5)-KcsA-injected (D) oocytes. Scale bar = 50 p m.

by replacement of the pore domain of Kv channels with KesA
implies that the precise coupling interaction between the
voltage sensor module and the putative docking site on the
pore domain is not effectively restored in the chimeric chan-
nels. Presumably, a discrete set of specific and critical pro-
tein-protein interaction surfaces between both modules are
necessary to couple the movement of the S4 segment to chan-
nel opening, but are not essential for correct protein folding.
Disruption or perturbation of these interactions would spe-
cifically lead to a partial or complete uncoupling of both
domains, thus giving rise to the biogenesis of correctly as-
sembled nonfunctional channels (43). In support of this no-
tion, fluorescence scanning studies have led to the identifi-
cation of protein rearrangements that correlate with voltage-
dependent gating and the postulation of the existence of a
docking site on the pore domain for accommodating the sen-
sor module (44). Furthermore, a tryptophan scanning strat-
egy has identified an interaction surface for voltage-sensing
domains on the pore domain of Shaker near the interface
between adjacent pore domain subunits (45). Mutation of
residues at the cytoplasmic one-third of the pore results in
significant changes in voltage-dependent gating (45). Inter-
estingly, the lowest sequence similarity between the pore
modules of Kv channels and KcsA is constrained to the in-
ternal domain, where the activation gate may be located (43,
46-49), suggesting a plausible structural divergence in this
region. Recent data from blocker protection in the pore of
voltage-gated Kv channels are also consistent with the pres-
ence of a kink at the level of the highly conserved PXP motif
present in the S6 helices of Kv channels (50). A kink on the
cytoplasmic side of the S6 helix may provide the structural
flexibility required to couple voltage sensor movements to the
activation gate in Kv channels. This structural relaxation is
absent in KcsA because this pore lacks the PXP motif in the
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second transmembrane domain (43, 48, 50). The gating mech-
anism of KesA appears to involve rigid body motions of both
transmembrane helices (48). Accordingly, it is plausible that
KecsA-containing chimeras are not functional because the ri-
gidity of the KcsA pore imposes higher activation energies to
couple the voltage-sensing machinery to the channel gate.
Should this hypothesis be valid, the reconstitution of the
interaction surface of the voltage sensor in the pore domain of
KcsA may endow the chimeric channels with voltage-depend-
ent channel activity.

In conclusion, our results indicate that the structural com-
patibility of the voltage sensor and pore modules produces
stable, folded channels, but does not necessarily lead to channel
activity. Functional coupling of protein modules appears to
depend on a constellation of interactions that probably tune the
energetic requirements for efficient voltage gating. Further
experimental work is necessary to understand the intricacies
underlying coupling of both channel modules.
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