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Abstract. SqKv1A is a cDNA that encodes a Kv1
(Shaker-type)a-subunit expressed only in the giant axon
and the parental giant fiber lobe (GFL) neurons of the
squid stellate ganglion. We incorporated SqKv1A into a
recombinant baculovirus for expression in the insect Sf9
cell line. Whole-cell patch-clamp recordings reveal that
very few cells display functional potassium current (IK)
if cultured at the standard postinfection temperature of
27°C. At 18°C, less SqKv1A protein is produced than at
27°C, but cells withIK currents are much more numerous
and can survive for at least 20 days postinfection (vs.∼5
days at 27°C). Activation and deactivation kinetics of
SqKv1A in Sf9 cells are slower (∼3- and 10-fold, respec-
tively) than those of native channels in GFL neurons, but
have similar voltage dependencies. The two cell types
show only subtle differences in steady-state voltage-
dependence of conductance and inactivation. Rates ofIK

inactivation in 20 mM external K are identical in the two
cell types, but the sensitivity of inactivation to external
tetraethylammonium (TEA) and K ions differ: inactiva-
tion of SqKv1A in Sf9 cells is slowed by external TEA
and K ions, whereas inactivation of GFLIK is largely
insensitive. Functional differences are discussed in
terms of factors that may be specific to cell-type, includ-
ing the presence of presently unidentified Kv1 subunits
in GFL neurons that might form heteromultimers with
SqKv1A.
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Introduction

Voltage-gated potassium (Kv) channels confer diverse
electrical properties on neurons and other types of excit-
able cells (Rudy, 1988), and products of numerous Kv
a-subunit genes and splice-variants form K channels that
differ widely in biophysical and pharmacological
properties (Jan & Jan, 1997). Functional diversity is fur-
ther extended through heteromultimer formation by
a-subunits within a subfamily (Isacoff, Jan & Jan, 1990;
McCormack et al., 1990; Ruppersberg et al., 1990;
Sheng et al., 1993; Wang et al., 1993; Weiser et al., 1994;
Blaine & Ribera, 1998), post-translational modifications
of Kv a-subunits (Drain, Dubin & Aldrich, 1994; Levi-
tan, 1994; Thornhill et al., 1996), and by association with
Kvb-subunits (reviewed in Xu & Li, 1998; Pongs et al.,
1999). These mechanisms lead to a rich assortment of
Kv phenotypes (Jan & Jan, 1990).

Comparison of native channels with their cloned
counterparts in heterologous expression systems is fun-
damental in evaluating the biological relevance of phe-
nomena identified through approaches like mutagenesis
or co-expression. Although it is now routine to isolate
Kv cDNAs and carry out heterologous expression stud-
ies, it remains problematic to analyze functional and bio-
chemical properties of specific Kv gene products in na-
tive neurons and most other cell types. Such efforts are
hampered by difficulty in isolating monotypic cells ex-
pressing the channel of interest, by potential mixtures of
Kv gene-products in single cells, and by complex cellular
geometry.

Potassium current (IK) of the squid giant axon, re-
sponsible for the falling phase of the propagated action
potential, is arguably the most extensively characterized
native IK. This has been facilitated by the system’s un-
paralleled amenability to electrophysiological ap-
proaches and by its relatively simple complement of Kv
channels. Macroscopic and single-channel recordings
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from giant axons (Conti & Neher, 1980; Llano, Webb
& Bezanilla, 1988) and cell bodies of the parental
giant fiber lobe (GFL) neurons (Llano & Bookman,
1986) indicate the predominant contribution of one chan-
nel type to the classical ‘delayed rectifier’IK in Loligo
peleai and L. opalescens(Perozo, Jong & Bezanilla,
1991; Perozo et al., 1991; Nealey et al., 1993; Mathes et
al., 1997).

SqKv1A is a squid cDNA encoding a K channel
a-subunit homologous to those encoded by the Dro-
sophilaShakergene and Kv1 genes in mammals. The
proposal has been made that SqKv1A subunits form the
delayed rectifier K channels in the squid giant axon sys-
tem (Rosenthal, Vickery & Gilly, 1996). Arguments
supporting this assignment include: (i) SqKv1A mRNA
is found within the stellate ganglion only in the somata of
the monotypic GFL neurons. (ii) Immunoblots reveal
protein corresponding to SqKv1Aa-subunits in both
GFL somata and in the fused giant axons. (iii) When
expressed inXenopusoocytes, SqKv1A channels medi-
ate an inactivatingIK that is similar to that of the native
delayed rectifier at both macroscopic and single channel
levels (see alsoJerng & Gilly, 2000). (iv) SqKv1A and
native channels are blocked by tityustoxin Ka, and in
both cases this block depends strongly on pH (Dudlak,
Jerng & Gilly, 2000). (v) Native channels and SqKv1A
are sensitive to the Kv1-selective blocker, S-
nitrosodithiothreitol (Brock, Mathes & Gilly, 1997;
Brock & Gilly, 2000).

For many types of electrophysiological analysis, the
oocyte expression system presents limitations. Analysis
of rapid gating kinetics is problematic in the two-
electrode configuration, and patches are often too short-
lived for complex experimental protocols. A whole-cell
recording environment is often desirable for these rea-
sons. To this end, we have incorporated SqKv1A into a
recombinant baculovirus for heterologous expression in
Sf9 insect cells, which do not display any endogenous
voltage-gated currents (Klaiber et al., 1990).

Functional expression of SqKv1A was virtually non-
existent at the standard Sf9 culture temperature of 27°C.
However, a lower culture temperature (18°C) more char-
acteristic of native expression in the squid was found to
be permissive. Whole-cell patch-clamp recordings indi-
cate that most functional properties of SqKv1A channels
are similar to those of native channels and those of
SqKv1A in oocytes. However, several significant differ-
ences in voltage-dependent gating parameters and phar-
macological properties do exist between the cloned chan-
nels and their putative native counterparts. Some of
these differences suggest the existence of important in-
fluences of presently unknown cellular factors on chan-
nel function. The possibility of heteromultimer forma-
tion between SqKv1A and a presently unidentified Kv1
subunit in GFL neurons is also raised.

Materials and Methods

PRODUCTION OF RECOMBINANT BACULOVIRUS

Recombinant baculovirus was constructed, isolated, and purified by
standard procedures (Summers & Smith, 1987). Deletion of the codon
for valine at position 5 of the SqKv1A coding sequence was carried out
by PCR-based mutagenesis of a previously described SqKv1A-pBSTA
construct (Rosenthal et al., 1996; Rosenthal, Liu & Gilly, 1997). Func-
tional expression of SqKv1ADV5 mRNA in Xenopusoocytes is 5–10-
fold higher than that of wild type SqKv1A, but channel functional
properties in oocytes are indistinguishable (Liu, 1999; andunpublished
results). The full coding sequence of this mutant, flanked by the 58 and
38 untranslated regions of theXenopusb-globin gene (part of pBSTA),
was subcloned into the baculovirus transfer vector pVL1392 (Strata-
gene, La Jolla, CA). Sf9 cells were cotransfected with this final con-
struct and wild-type baculovirus (AcMNPV) DNA. Recombinant virus
was isolated by plaque assay and purified by two rounds of plaque
purification. Recombinant viral stocks were prepared from purified
plaques, titered, and stored at 4°C. Recombinant baculovirus contain-
ing the N-terminal deletion mutant ofDrosophila ShakerB cDNA
(ShBD6-46; Hoshi, Zagotta & Aldrich, 1990) was a gift of Dr. Min Li,
Johns Hopkins University, Baltimore, MD.

MAINTENANCE AND INFECTION OF SF9 CELLS

Spodoptera frugiperdacells of the Sf9 line (ATCC, Rockville, MD)
were maintained in suspension at 27°C in Grace’s Insect Medium (Life
Technologies, Gaithersburg, MD) supplemented with 3.3 mg/ml lact-
albumin hydrolysate, 3.3 mg/ml yeastolate, 50mg/ml streptomycin,
50 units/ml penicillin, 1.25mg/ml fungizone, and 10% fetal bovine
serum (Sigma, St. Louis, MO) according to standard protocols (Sum-
mers & Smith, 1987). For infections, log-phase cells were seeded in 35
mm culture dishes (for electrophysiology and immunoblots) or onto
sterile 12 mm round glass coverslips in 24-well culture plates (for
immunocytochemistry) at 1 × 106 cells/ml and allowed to attach for 30
to 60 min. The media was then removed and inoculum was added at a
multiplicity of infection of 5–10. After 1 hr the inoculum was replaced
with fresh medium. Infected cells were maintained at 18°C or 27°C as
described below. For electrophysiological and immunoblot studies,
fresh medium (0.5 ml) was added to each culture dish every three days.
Assays were performed at the indicated time points.

ISOLATION AND MAINTENANCE OF GFL NEURONS

Adult squid (Loligo opalescens) were obtained from Monterey Bay,
CA and housed in circular laboratory tanks plumbed with flow-through
sea water for up to 1 week. GFL cell bodies were isolated from the
posterior tip of the stellate ganglion and maintained in primary culture
at 16°C as previously described (Gilly, Lucero & Horrigan, 1990).
Cells were normally used for recording within two days of isolation.

ANTIBODIES

Production and purification of polyclonal Ab87-215, directed against a
bacterial fusion protein containing amino acids 87-215 of SqKv1A, has
been previously described (Rosenthal et al., 1996). Ab1-15was directed
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against a synthetic peptide (Protein and Nucleic Acid Facility, Stanford
University) corresponding to amino acids 1–15 of SqKv1A with an
acetylated N-terminus. This peptide was conjugated via a C-terminal
cysteine to keyhole limpet hemocyanin and used for antisera pro-
duction in New Zealand white rabbits (Immuno-Dynamics, La Jolla,
CA). Antibodies were affinity-purified using the peptide coupled to a
thiopropyl-Sepharose 6B column (Pierce, Rockford, IL).

IMMUNOBLOTTING

Crude Sf9 cell membranes were prepared as described by DeTomaso et
al. (1993) with minor modifications. Lysis buffer contained 250 mM

sucrose, 20 mM HEPES (pH 7.4), 1 mM EDTA , 1 mM PMSF, 10mg/ml
leupeptin, and 10mg/ml aprotinin. Final spins were for 30 min at
50,000 ×g. Protein concentration was determined using a standard
BCA assay. Samples were subjected to SDS-PAGE electrophoresis
(7.5% gels) and transferred to a PVDF membrane which was then
incubated in phosphate-buffered saline (PBS: 137 mM NaCl, 2.7 mM

KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.2) containing 10%
nonfat dry milk (pH 7.4). Both primary antisera were used at a dilution
of 1:1000 in PBS. For blocking controls, undiluted antisera were in-
cubated overnight at 4°C with their respective peptide antigen at a final
concentration of 0.5 mg/ml. Goat anti-rabbit secondary antibodies con-
jugated to horseradish peroxidase (Sigma, St. Louis, MO) were used at
a 1:5000 dilution. Detection employed enhanced chemiluminescence
(Renaissance, NEN, Boston, MA).

IMMUNOCYTOCHEMISTRY

Sf9 cells were processed following conventional procedures
(DeTomaso et al., 1993). Primary antibodies (Ab87-215 and Ab1-15)
were diluted 1:500. Goat anti-rabbit secondary antibodies conjugated
to Texas Red (Molecular Probes, Eugene, OR) were used at a dilution
of 1:1000. Upon completion of processing, the coverslip carrying the
cells was inverted and placed onto a drop of anti-bleaching solution
(Slowfade, Molecular Probes, Eugene, OR) on a glass slide for viewing
and photography using an Olympus BH2 microscope with an RFCA
fluorescence attachment and Kodak TMAX 400 film. Control experi-
ments utilized noninfected Sf9 cells processed in the above manner and
infected Sf9 cells incubated with secondary antibody only.

ELECTROPHYSIOLOGY

Recordings ofIK from Sf9 cells were obtained with an EPC7 amplifier
(HEKA, Lambrecht/Pfalz, Germany) using standard whole-cell patch-
clamp techniques. Recordings from GFL cells were obtained using an
amplifier of conventional design with a 20 MV feedback resistor. Data
sampling and pulse generation were controlled with software written by
Dr. D.R. Matteson, University of Maryland, Baltimore, MD. Elec-
trodes of 0.5–1.5 MV resistance were pulled from borosilicate glass
(for Sf9 cells; VWR, So. Plainfield, NJ) or 7052 glass (for GFL cells;
Garner, Claremont, CA), fire-polished, and coated with Sylgard (Dow
Corning, Midland, MI) to reduce pipette capacitance. Holding poten-
tial was −80 mV throughout. Records were filtered at either 5.0–8.0
kHz for sampling at 20 kHz and down to 0.5 kHz for 2 kHz sampling.
All recordings were made at 18°C.

Recording solutions for Sf9 and GFL cells were designed to have
compositions as similar as possible. Unless otherwise indicated, Sf9
internal solution (pH 7.0) contained (in mM): 20 KCl, 50 KF, 80 K-
glutamate, 3 lysine, 10 HEPES, 1 EGTA, 1 EDTA, 26 glycine, 85
sucrose, and 4 tetramethylammonium hydroxide. GFL internal solu-
tion was identical but contained an additional 355 mM glycine (381 mM

total) and 206 mM sucrose (291 mM total); 4 mM MgATP was added
from aliquots of 200 mM frozen stock to the internal solutions imme-
diately before use (Mathes et al., 1997), and pH was readjusted using
TMA-OH.

Sf9 external solution (pH 7.2) contained (in mM): 20 KCl, 168
NaCl, 10 CaCl2, 10 MgCl2, 10 MgSO4, 5 HEPES, 1.6 NaOH. GFL
external solution (pH 7.6) contained an additional 312 NaCl. A num-
ber of experiments with GFL neurons were also carried out in external
solutions lacking this additional NaCl (osmolality maintained with su-
crose), so that the ionic strength matched that of Sf9 solutions. This
difference in ionic strength caused no marked differences in kinetic or
steady state properties ofIK, and did not increase sensitivity ofIK

inactivation to external K or TEA (data not illustrated). In experiments
where external TEA or K concentrations were varied, these cations
replaced Na on an equimolar basis. Solution changing was carried out
with a flow-through system.

For electrophysiological recording a 10ml volume of Sf9 cells
was harvested from an infected master dish by gently withdrawing
medium from the bottom of the dish using a sterile pipette tip. The
cells were then transferred directly to a recording chamber containing
external solution. In this manner, cells from the same infected dish
could be studied on different days following infection. Peak outward
IK at +40 mV was used to assay the level of functional expression in
individual cells. Whole-cell capacitance was estimated from the inte-
gral of the capacity current accompanying a −10 mV voltage step, and
this value was used to derive peakIK density at +40 mV (units of
pA/pF). Series resistance was electronically compensated as much as
possible, and the effective access resistance was estimated from the
integral and time course of the capacity current (Armstrong & Gilly,
1992). Data from experiments with a calculated voltage error of more
than 10 mV were discarded.

SF9 CELL VIABILITY ASSAY

A 1 ml volume of 4% trypan blue was added to 10ml of Sf9 cells
collected as described above, and the mixture was transferred onto a
hemacytometer. Fractional viability was calculated as the number of
nonstained cells divided by the total number of cells.

Results

EXPRESSION OFSQKV1A IN SF9 CELLS

Expression of SqKv1Aa-subunit protein was assayed
using two different polyclonal antisera directed against
distinct domains of the predicted amino acid sequence.
Ab87-215 was directed against a portion of the SqKv1A
protein that includes the well conserved T1 (Shen et al.,
1993) or NAB (Yu, Xu & Li, 1996) domain of Kv1
a-subunits. Ab1-15 was directed against the unique N-
terminal sequence of SqKv1A.

Figure 1 shows immunoblots of crude membrane
fractions prepared from Sf9 cells maintained at 27°C for
3 days postinfection (p.i.). In samples from SqKv1A-
infected cells, both antibodies recognize a major band of
50–52 kD and at least one minor band closer to the 55.7
kD size predicted for the SqKv1A core-polypeptide (Fig.
1A and B, lane 1). Neither antibody recognizes protein
from noninfected cells (lane 4), cells infected with wild-

149M.W. Brock et al.: Expression of SqKv1A in Sf9 Cells



type baculovirus (lane 2) or cells infected with a virus
encoding theDrosophilaShBD6-46 potassium channel.
Specificity of both antisera for SqKv1A protein is further
demonstrated by controls in which immunoreactivity
with SqKv1A was blocked by pre-absorbing each anti-
serum with its respective antigen (lane 5).

Bands above 120 kD are also recognized by both
antibodies. These bands are absent in all control experi-
ments and presumably represent aggregation of SqKv1A
protein. Similar results have been reported in work on
Shakerchannels (Klaiber et al., 1990; Santacruz-Toloza
et al., 1994). Under our experimental conditions, disul-
fide bond formation should be minimal, but noncovalent
association may still occur (Schulteis, Nagaya & Papa-
zian, 1996).

Although SqKv1A protein is readily detected in
cells incubated at a p.i. temperature of 27°C, which is

standard for the Sf9 cell system, very few SqKv1A-
infected cells incubated at this temperature express func-
tional channels (see below). However, 18°C was found
to be permissive for functional expression. Figure 2Ai
illustrates a family of whole-cellIK records obtained
from a typical SqKv1A-infected cell incubated at 18°C
(4 days p.i.). Selectivity for K ions was confirmed by
testing the dependence of reversal potential on external
K concentration (data not shown). These records are
similar to cell-attached patch recordings fromXenopus
oocytes injected with SqKv1A cRNA and from squid
GFL neurons in which this gene is expressed (Rosenthal
et al., 1996;see also below). Very little, if any, IK with
similar voltage- and time-dependent properties is present
in a typical SqKv1A-infected cell incubated 4 days p.i. at
27°C (Fig. 2Bi). In a very small number of 27°C-
incubated cells, however, smallIK can be detected, and a
more detailed analysis ofIK levels at both p.i. tempera-
tures is presented below.

Both infected and noninfected Sf9 cells sometimes
show small, nonlinear outward leak currents at positive
voltages, and this current is responsible for the initial
jump at the beginning of the records in Fig. 2.IK through
SqKv1A channels can easily be distinguished from this
leak by its sigmoidal activation time course and promi-
nent tail currents. The leak current is obvious only in
cells with low input resistance (<1 × 109 ohm), but the
relative contributions of sealvs.membrane nonlinearities
is not clear. Noninfected cells, cells infected with wild-
type baculovirus (data not shown), and most SqKv1A-
infected cells incubated at 27°C (Fig. 2Bi) show only this
leak current.

IMMUNOCYTOCHEMICAL LOCALIZATION OF

SQKV1A PROTEIN

Although the presence ofIK in SqKv1A-infected cells
incubated at 18°C indicates the existence of functional
SqKv1A channels in the cell membrane at 4 days p.i.,
immunocytochemical examination of infected cells using
Ab87-215 indicates that most SqKv1A protein appears to
be intracellular (Fig. 2Aii). Although the signal intensity
varies from cell to cell, nearly every cell shows fluores-
cence far above the background level seen in noninfected
cells processed in an identical manner (Fig. 2Aiii ) or of
SqKv1A-infected cells treated only with secondary anti-
body (Fig. 2Aiv). Experiments using Ab1-15 yielded re-
sults similar to those described here at 1, 4 and 7 days p.i.
(not shown).

Despite the poor expression of functional SqKv1A
channels at 27°C, a large amount of SqKv1A protein is
produced at this temperature. Figure 2Bii shows immu-
nocytochemical results with cells that were incubated at
27°C but were otherwise treated, processed, and photo-
graphed identically to the 18°C-incubated cells. Label-

Fig. 1. Identification of SqKv1A protein in infected Sf9 cells with
immunoblots using affinity-purified polyclonal antibodies Ab87-215(A)
or Ab1-15 (B). Cells were processed 3 days after infection with SqKv1A
baculovirus (Lanes 1), wild-type AcMNPV virus (Lanes 2) or ShBD6-
46 virus (Lanes 3). Lanes 4show results with noninfected cells.Lanes
5 show results with antibodies that had been blocked by pre-absorption
of the respective antigen (seeMaterials and Methods). Bands of the
expected size for SqKv1A monomers (∼50 kD) are present only in
samples from SqKv1A-infected cells. Material of higher apparent mo-
lecular weight (>120 kD) presumably represents aggregated SqKv1A
protein. All cells were maintained at 27°C p.i.
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ing is visibly more intense in the 27°C-incubated cells
and again appears to be predominately intracellular. No
labeling is seen with noninfected cells (Fig. 2Biii ) or
infected cells treated with secondary antibody only (Fig.
2Biv).

TEMPERATURE-DEPENDENT EXPRESSION OFSQKV1A
PROTEIN VS. FUNCTIONAL CHANNELS

Results above reveal a disparity between the total
amount of SqKv1A protein produced in infected Sf9
cells and the level of functional channels attained. This
phenomenon was explored further using immunoblots
and whole-cell recordings.

Crude membrane fractions from cells infected with
SqKv1A and then incubated at 27°C or 18°C were pre-
pared each day for 5 days p.i., and immunoblots were
performed with equal amounts of total cellular protein
from these fractions. SqKv1A protein appears on day 1

p.i. at 27°C, and its level peaks around day 3 (Fig. 3B).
At 18°C, SqKv1A protein is not detected until day 2, and
the peak level is attained on days 3–4 (Fig. 3A).
Although the time courses of protein expression are
roughly similar, there is more SqKv1A protein at 27°C
than at 18°C at all times.

These results contrast with those obtained for func-
tional SqKv1A channels assayed by whole-cell record-
ings from cells of the same infections used for the im-
munoblot analyses. Peak outwardIK density (in pA/pF)
for a voltage step to +40 mV was used as an indicator of
the density of functional channels, and results from all
cells studied are presented in Fig. 3C. IK is first detect-
able on day 3 p.i. at each temperature. At 27°C, average
IK density is maximal on this day, although very small,
and declines to an undetectable level by day 5. At 18°C,
however, averageIK density rises dramatically between
days 3 and 4, and remains high on day 5. Expression
of functional channels with respect to the amount of
a-subunit protein is thus far more efficient at 18°C than

Fig. 2. Expression of SqKv1A in Sf9 cells at 18°C (A) and 27°C (B). Both parts of the figure are arranged in the following order: (i) Currents
recorded using whole-cell patch-clamp at three different voltages are displayed. Voltage-dependentIK due to functional SqKv1A channels are
present at 18°C (A) but not at 27°C (B) where only small nonspecific leak currents are evident. This difference is typical. (ii) Immunocytochemical
analysis of expression in SqKv1A-infected cells using Ab87-215and a Texas Red-labeled secondary antibody. Upper panel displays epi-fluorescence
image; lower panel displays matching bright-field image. (iii) Control using same antibodies as in ii but with noninfected cells. (iv) Control using
SqKv1A-infected cells exposed to secondary antibody only. All experiments were carried out 4 days p.i. The scale bar in the lower panel ofAii
represents 10mm and applies to all micrographs in this figure.
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at 27°C. This phenomenon does not reflect differences
in the efficiency of infection, as a higher multiplicity of
infection did not augment functional expression at either
temperature (data not shown).

Even though immunofluorescence data indicate that
virtually every infected cell expresses SqKv1A protein at
either temperature, the fraction of cells displaying func-
tional IK depends strongly on temperature. Individual
cells were studied at different times p.i. (up to 20 days)
and were scored as being either positive (IK+) or negative
for IK as described in conjunction with Fig. 2. Pooled
results from several infections are summarized in Fig.
4A. The fraction ofIK+ cells is much higher at 18°C than
at 27°C at all times after day 2, butIK density in indi-
vidual cells does not appear to depend on temperature on
days 3 and 4 (Fig. 4B). These data indicate that the
strong temperature-dependence for averageIK density
described in conjunction with Fig. 3C is primarily due to
the very small fraction ofIK+ cells at 27°C.

Figure 4A also illustrates that at 18°C,IK+ cells can
be found until at least day 20 p.i. At these later times,
individual IK densities (Fig. 4B) reach levels much
higher than the averages for early time points displayed
in Fig. 3C. Individual IK densities at these later times
(∼1,000 pA/pF) are comparable to those of native GFL
neurons (unpublished data).

A similar analysis with 27°C-incubated cells after
day 5 p.i. was not possible, because the fragility of the
cells prevented successful whole-cell recordings. This
reflects a difference between temperatures in viral patho-
genesis that was also evident from viability assays (Fig.

Fig. 3. Comparison of the time course of expression for total SqKv1A
protein vs. functional channels at 18°C and 27°C. (A) Immunoblot
analysis of total SqKv1A protein in crude membrane fractions from
cells maintained at 18°C and processed on days 1–5 p.i. (B) Results of
the same experiment as inA but carried out on cells maintained p.i. at
27°C. Total SqKv1A protein at 27°C is greater than that at 18°C at all
days tested. (C) Functional SqKv1A channels were assayed by whole-
cell voltage-clamp (peakIK at +40 mV) using cells from the same
infections as those providing material forA andB. Functional expres-
sion at 18°C is much more robust and peaks on day 4, with differences
in averageIK density (calculated for all cells assayed, including those
with no detectableIK) between the two temperatures being significant
on days 4 and 5 (P < 0.05).

Fig. 4. Changes in functional expression of SqKv1A channels over
longer times p.i. (A) The fraction of cells showing detectableIK (see
Results) depends strongly on temperature and changes over time.
Closed circlesare from cells maintained at 27°C p.i.;open circlesare
from cells at 18°C p.i. (Means ±SEM). (B) IK density as determined in
individual cells at early times (days 3 and 4) is comparable in cells
maintained at 27°C (closed diamonds) and at 18°C (open circles). IK in
18°C cells tends to increase over time, and cells expressing largeIK can
be found after 2 weeks p.i. (C) The time course of the decline in
viability of SqKv1A-infected cells (determined by trypan blue exclu-
sion) depends on temperature.Closed circlesare from cells at 27°C
p.i.; open circlesare from cells at 18°C p.i. (Means ±SEM).
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4C). Viability, as assayed with a standard trypan-blue
test, remained high (>90%) for both 18°C- and 27°C-
incubated cells through day 3, after which viability at
27°C fell precipitously. At 18°C, viability declined more
slowly and remained higher than at 27°C for the duration
of the experiment. This extension of cell-viability at
18°C was also observed for cells infected with the re-
combinant ShBD6-46 baculovirus (data not shown).

FUNCTIONAL COMPARISON OFSQKV1A CHANNELS IN

SF9 CELLS WITH NATIVE CHANNELS IN GFL NEURONS

Activation and Deactivation Properties

Sf9 cells provide an excellent whole-cell recording en-
vironment which allows a relatively straightforward
comparison of SqKv1AIK with the native delayed rec-
tifier IK in GFL neurons. Although the general appear-
ance ofIK is quite similar in the two preparations (Fig.
5A), some significant differences exist.

Probably the most obvious difference concerns
channel deactivation responsible for the tail currents fol-
lowing a depolarizing voltage step. Figure 5B showsIK

tails for both preparations following 5 msec depolariza-
tions that produced no inactivation. Deactivation kinet-
ics are well described by a single exponential decay
(tOFF) at each voltage illustrated. Figure 5C establishes
the voltage dependence oftOFF from a population analy-
sis of Sf9 cells and GFL neurons. At every voltagetOFF

is about 10-fold slower in the Sf9 cells, but the actual
voltage-dependence oftOFF is comparable in both cases,
changing e-fold in 54 mV.

IK activation was analyzed using the method of
Schoppa and Sigworth (1998a) in which the sigmoidal
activation time course is approximated by a delay pa-
rameter (d) and an exponential time constant (tON; see
inset in Fig. 5C). tON is derived from a single exponen-
tial fit to the IK waveform between 50–100% of peak
amplitude. d is calculated as the time between the onset
of the activating depolarization and the extrapolated
zero-current intercept of the aforementioned exponential
fit. In an activation scheme involving multiple state tran-
sitions,tON approximates the time constant of the rate-
limiting transition at a given voltage, andd describes a
latency compounded by all other transitions.

Activation kinetics are also slower in Sf9 cells. Re-
sults in Fig. 5C indicate that the voltage-dependence ofd
is nearly identical for Sf9 cells and GFL neurons, and
thatd is about 2.5-fold slower at all voltages in Sf9 cells
than in GFL neurons.d values for both cell types fall
into two distinct ranges of exponential voltage-
dependence. A range of higher voltage-dependence ex-
ists between −10 to +20 mV (K1), and a less voltage-
dependent range lies between +30 and +60 mV (K2).
Similar ‘breaks’ in the voltage-dependence ofd have

been observed for ShB (Schoppa & Sigworth, 1998a).
Comparison oftON is more complicated, because the
overalltON-V relationships become parallel only near the
upper limit of the tested voltages, where Sf9 values are
about 2-fold slower. Positive to this range, the same
voltage-dependent transition is likely to be rate-limiting
in both cases. The nonexponential shape of both curves
at more negative voltages suggests that no single transi-
tion is rate-limiting, making interpretation difficult. A
detailed model of activation for SqKv1A channels or for
the native channels has yet to be developed.

A more subtle difference exists between the two
preparations in the voltage-dependence of peak K con-
ductance (gK). gK was measured asDIK/DV from depo-
larizing pulses that were terminated at the time of peakIK

(seeinset in Fig. 6A), and thegK-V relations for a rep-
resentative SqKv1A-infected Sf9 cell and GFL neuron
are plotted in Fig. 6A. In both preparationsgK reaches its
50% level at a similar voltage, but the overallgK-V re-
lation rises more steeply in the Sf9 cell. In order to com-
paregK-V curves in the two cell types, we used fits to
4th-power Boltzmann relationships to derive parameters
for slope and position on the voltage axis. We do not
wish to imply that this equation accurately describes the
mechanism of activation gating in the present case
(Zagotta, Hoshi & Aldrich, 1994; Zagotta et al., 1994;
Baker et al., 1998; Schoppa & Sigworth, 1998a,b), and
use it only as a matter of convenience and convention.
The solid curves in Fig. 6A are fits (seeFig. 6 legend) to
the data sets with single-subunit midpoints (V1/2) of
−19.0 mV (Sf9) vs. −28.5 mV (GFL) and equivalent
charges (z) of 2.82 e0 (Sf9) vs. 1.77 e0 (GFL). Similar
results were obtained in four cells of each type (seeFig.
6 legend). Thez value for Sf9 cells is significantly
higher than that for GFL cells (P < 0.01 by Student’s
t-test). V1/2 values for the two cell types are not signifi-
cantly different.

Figure 6B directly compares the slope of thegK-V
relations for an Sf9 cell and a GFL neuron at voltages
where conductance is relatively low. The Sf9 data are
shifted along the voltage axis by −20 mV for compari-
son. At very negative voltages, the slopes are similar
(∼ e-fold change in 6 mV), but as described above, in Sf9
cellsgK rises more steeply between −40 mV and +20 mV
than it does in GFL neurons.

Inactivation Properties

Long depolarizations produce substantial inactivation of
IK in both Sf9 cells and GFL neurons (Fig. 7A). Inacti-
vation kinetics at positive voltages were characterized by
fitting a single exponential (tINAC) to the decay of out-
ward IK during a depolarization of 250 msec. At +40
mV tINAC is 48 ± 6 msec (mean ±SEM) in Sf9 cells and
42 ± 3 msec in GFL neurons (n 4 5 in both cases), and
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there is very little voltage-dependence in this parameter
in either preparation positive to +20 mV, where thegK-V
relation is essentially saturated (Fig. 7B). Differences
between the values oftINAC for Sf9 cells and GFL neu-
rons are insignificant at all illustrated voltages (P > 0.05
by Student’st-test).

Inactivation at negative voltages is more difficult to
compare. Inactivation of nativeIK in GFL neurons and
giant axons is complex, exhibiting fast and slow kinetic
components (Mathes et al., 1997). The relative impor-
tance of these components depends on both voltage and
temperature, with more positive voltages (above 0 mV)
and higher temperatures (above 12°C) favoring the fast
fraction. Inactivation revealed in GFL neurons with the
above test is thus predominately of the fast type. At

negative voltages where few channels open, e.g. −40
mV, inactivation of nativeIK is primarily slow (tINAC 4
300 msec; Mathes et al., 1997). At the intermediate volt-
ages, i.e. those spanned by thegK-V curve, both compo-
nents are significant and produce bi-exponential inacti-
vation kinetics. SqKv1A data from Sf9 cells orXenopus
oocytes are well described by a single exponential decay
at these intermediate voltages (data not shown), and in-
activation of the cloned channel thus does not show a
multi-exponential character.

Figure 7C compares the steady-state voltage depen-
dence of inactivation (measured with 1.5 sec duration
prepulses;seeinset) in a typical Sf9 cell and GFL neu-
ron. The solid curves are fits of the Boltzmann distribu-
tion (modified to account for the nonzero current at

Fig. 5. IK activation and deactivation kinetics
recorded from Sf9 cells expressing SqKv1A and
from GFL neurons. (A) IK elicited with 25 msec
depolarizations from −80 mV to the indicated
voltages. (B) Deactivation tails at the indicated
voltages following 5 msec depolarizations to
+40 mV (Sf9) or +60 mV (GFL). (C)
Voltage-dependence ofIK activation and
deactivation kinetics for Sf9 (open symbols) and
GFL (closed symbols) cells. Points represent
mean ±SEM for 4 cells of each type. Note
difference in range of right and left axes. Values
of tOFF (circles) were obtained by fittingIK tails
at each voltage with a single exponential decay
by the least-squares method (not illustrated).
The hand-fitteddotted lineshave identical
logarithmic slopes of e-fold/54 mV. Activation
parameters were derived by fitting the final 50%
of activation (denoted witharrowheads) with
the function,

I 4 Ipeak (1 − e(d−t)/tON),

where the delay parameterd (diamonds)
represents the extrapolated zero-current
time-point of an exponential relaxation with
time constanttON (squares) and peak amplitude
Ipeak (see insetand Results). ThetON-V
relationships for Sf9 cells and GFL neurons
approach a similar slope at very positive
voltages, and the hand-fittedsolid lineshave
identical slopes of e-fold/−80.8mV. The value of
d has a similar voltage-dependence for Sf9 cells
and GFL neurons, and falls into two distinct
ranges of exponential voltage-dependence,
denoted byK1 andK2. The slope of the
hand-fitteddashed linesthrough the data points
in the K1 andK2 ranges are e-fold/−38.9mV and
e-fold/−79.1mV respectively for Sf9 cells, and
e-fold/−45.5mV and e-fold/−88.7mV for GFL
neurons.
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maximum inactivation,ISS; seelegend) withV1/2, z, and
ISS values of −28.9 mV, −8.5e0, and 0.08 in Sf9 cells
versus −26.7 mV, −5.1e0, and 0.31 in GFL neurons.
Similar results were obtained in 4 cells of each type (see
Fig. 7 legend). SqKv1A data from Sf9 cells has a sig-
nificantly greaterz value and a significantly lower level
of ISS (P < 0.05 by Student’st-test in both cases). The

latter result seems consistent with the more complete
inactivation of SqKv1A in Sf9 cells at positive voltages.

Effects of External TEA and K on Inactivation

Inactivation in Kv1 channels occurs through at least two
distinct mechanisms. N-type inactivation is a fast pro-
cess that involves the occlusion of the pore by a “ball and
chain” domain of the intracellular N-terminal of
an a-subunit (Hoshi, Zagotta & Aldrich, 1990; Zagotta,
Hoshi & Aldrich, 1990). A more widespread and slower
mechanism of inactivation called C-type involves resi-
dues near the extracellular end of the pore, in the selec-
tivity filter, and in the S6 transmembrane helix (reviewed
in Yellen, 1998). These two mechanisms can be phar-
macologically distinguished in wild-type ShB channels
with the impermeant blocker tetraethylammonium
(TEA), which has both internal and external blocking
sites (Choi, Aldrich & Yellen, 1991). N-type inactiva-
tion is slowed by internal but not external TEA, whereas
C-type inactivation is slowed only by external
TEA. Moreover, the degree of K channel block by TEA
(fold IK reduction) is equal to the relative increase in the
inactivation time constant (foldtINAC increase), a result
predicted by simple competition between TEA block and
inactivation for a single open state.

External TEA reducesIK in both SqKv1A-infected
Sf9 cells and GFL neurons, but the sensitivity to TEA in
the two cases is quite different with the cloned channel
appearing to be∼10-fold more sensitive (Figs. 8A andB).
Inactivation kinetics in Sf9 cells are substantially slowed
by TEA, but this effect is not evident with GFL neurons.
Fits to the traces in Fig. 8A andB give values fortINAC

of 58 msec (control)vs.184 msec (50 mM TEA) for the
Sf9 cell and 43 msec (control)vs. 50 msec (500 mM
TEA) for the GFL neuron. Figure 8C shows the rela-
tionship between the fold increase intINAC and the fold
reduction in IK produced by a range of external TEA
concentrations from experiments with both preparations.
Inactivation in Sf9 cells is clearly slowed by TEA in a
concentration-dependent manner, and the slope of the
linear fit to these data is 0.79, a value close to 1 as
predicted by the competition model. Inactivation kinet-
ics in GFL neurons, however, are little affected by TEA,
and the slope of the illustrated fit is 0.07.

C-type inactivation in a number of Kv1 channels is
also slowed by high external K (Lopez-Barneo et al.,
1993; Marom et al., 1993; Baukrowitz & Yellen, 1995;
Rasmusson et al., 1995; Levy & Deutsch, 1996). This
feature is also evident in SqKv1A-infected Sf9 cells (Fig.
9A), but not with the nativeIK in GFL neurons (Fig. 9B).
Results from several Sf9 cells and GFL neurons obtained
over a range of K concentrations are summarized in Fig.
9C, which plots relativetINAC (normalized to the value in

Fig. 6. Comparison ofgK-V relationships for Sf9 cells expressing
SqKv1A and for GFL neurons.gK was calculated asDI/DV upon re-
polarization from the indicated voltage to −80 mV at the time of peak
outwardIK (seeinset), and values for each cell were normalized to the
highest calculated value for that cell. (A) gK-V relationships from a
representative Sf9 cell (open diamonds) and a GFL cell (closed dia-
monds). The solid lines are least-squares fits of the fourth-power Bolt-
zmann function,

gK = gmaxS 1

1 + e−z~V − V1/2!/kTD4

,

wheregmax is maximumgK, z is the equivalent number of elementary
gating charges (e0) per subunit,V is voltage in mV, V1/2 is the half-
activation voltage in mV for a single subunit,k is Boltzmann’s con-
stant, andT is temperature (291.2°K). The illustrated functions (solid
lines) haveV1/2 values of −19.0 mV (Sf9)vs. −28.5 mV (GFL) and
equivalent charges (z) of 2.82e0 (Sf9)vs.1.77e0 (GFL). Similar results
were obtained in four cells of each type, with mean (±SEM) V1/2 4

−21.3 ± 2.5 mV (Sf9)vs.−29.0 ± 2.9 mV (GFL) andz 4 2.7 ± 0.1e0

(Sf9) vs.1.6 ± 0.1e0 (GFL). Only the difference inz is significant (P
< 0.01) by Student’st-test. (B) Slope of gK-V relationships at low
relativegK for an Sf9 cell and a GFL neuron. Sf9 data are shifted in the
negative direction by 20 mV for comparison. Note that the slopes are
similar (≈ e-fold/6 mV) at low relativegK.

155M.W. Brock et al.: Expression of SqKv1A in Sf9 Cells



20 mM K) vs. external K concentration. The rate of in-
activation depends strongly on external K in Sf9 cells but
not in GFL neurons.

Discussion

TEMPERATURE-DEPENDENT FUNCTIONAL EXPRESSION

Although a higher level of SqKv1A protein at 27°Cvs.
18°C is consistent with a 27–30°C optimum for expres-
sion in Sf9 cells (Hara et al., 1992; Reuveny et al., 1993),
markedly higher functional expression at 18°C has not
been previously described for this system. A similar
phenomenon has been reported for heterologous expres-
sion in mammalian cells, however. Temperatures below
37°C enhance surface expression ofTorpedoacetylcho-
line receptors, because functional pentameric receptors

are not assembled at 37°C due to misfolding of indi-
vidual subunits early in biosynthesis (Claudio et al.,
1987; Paulson & Claudio, 1990). Reduced temperature
can also rescue functional expression of mutant CFTR
channels and lutropin/chorogonadotropin receptors that
do not fold properly at 37°C (Denning et al., 1992; Ja-
quette & Segaloff, 1997).

SqKv1A protein is naturally expressed in squid be-
low 18°C, and low temperature might be expected to
increase the fidelity of folding of this protein in Sf9 cells,
either directly or through the action of specific molecular
chaperones (reviewed in Hartl, 1996 and Feder & Hof-
mann, 1999). Alternately, low temperature could stabi-
lize inter-subunit interactions necessary for assembly of
functional channels or for ensuring long-term stability of
the mature channel. Our attempts to express SqKv1A in
mammalian HEK293 cells have been unsuccessful, pre-
sumably because of the even higher temperatures re-
quired.

Fig. 7. Inactivation properties ofIK in Sf9 cells expressing SqKv1A and in GFL neurons. (A) RepresentativeIK families elicited with 250 msec
depolarizations to the indicated voltages. (B) Voltage-dependence of inactivation kinetics. Time constants of inactivation (tINAC) were derived from
fits of a single exponential decay function using the least squares method. Data points represent means ±SEM for 5 cells of each type. (C)
Voltage-dependence ofIK ‘steady-state’ inactivation for a representative Sf9 (open diamonds) and GFL (closed diamonds) cell. NoninactivatedIK

was assayed as peakIK at +40 mV following a 1.5 sec prepulse to the indicated voltages (see inset). The solid linesare least-squares fits of a
Boltzmann function modified to account for non-zero relativeIK at maximum inactivation (ISS):

relativeIK = 1 −
1 − ISS

1 + e−z~V−V1/2!/kT
.

The illustrated fits haveV1/2, z, andISSvalues of −28.9 mV, −8.5e0, and 0.08 for the Sf9 cellvs.−26.7 mV, −5.1e0, and 0.31 for the GFL neuron.
Similar results were obtained in 4 cells of each type with mean ±SEM fit values of:V1/2 4 −26.1 ± 2.9 mV,z 4 −7.6 ± 0.6e0, ISS4 0.07 ± 0.01
for Sf9 cells, andV1/2 4 −26.3 ± 0.1 mV,z 4 −3.9 ± 0.6e0, ISS4 0.29 ± 0.06 for GFL neurons. Differences inz andISSare significant (P < 0.05).
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Our finding of prolonged viability of infected cells
at lower temperatures should prove useful to those wish-
ing to extend the period during which Sf9 cells infected
with other recombinant viruses are useful for physiologi-
cal experiments.

FUNCTIONAL DIFFERENCESBETWEEN CLONED AND

NATIVE CHANNELS: ACTIVATION GATING

Functional properties of GFLIK and SqKv1A in Sf9 cells
are summarized for comparison in the Table. Also in-
cluded are values for SqKv1A expressed inXenopusoo-

cytes, although certain experimental parameters such as
temperature and divalent ion concentrations were not
identical to those of the present study (Rosenthal et al.,
1996; Jerng, Liu & Gilly, 1999; Liu et al., 2001). In
general, results from Sf9 cells and oocytes are similar but
several specific differences are discussed below. More
negativeV1/2 values from oocytes may partially reflect
the low Ca concentration used (unpublished results).

Differences between heterologously expressed
SqKv1A and GFLIK are of interest in light of the body
of evidence that associates SqKv1A with the bulk ofIK

in squid giant axon system (Rosenthal et al., 1996;
Rosenthal et al., 1997). Some differences, for example
the exact shape of thegK-V relation or the degree of
steady-state inactivation, are fairly small, consistent with
small reported differences between other cloned and na-
tive Kv1 channels (Zagotta et al., 1989; Zagotta, Hoshi &

Fig. 8. Effect of external TEA onIK inactivation in Sf9 cells express-
ing SqKv1A and in GFL neurons.IK was elicited with depolarizations
to +40 mV, and values oftINAC were obtained from least squares fits
of a single exponential decay function. (A) External application of 50
mM TEA to Sf9 cells reduces peakIK ∼3-fold and slows inactivation by
about the same factor. Theillustrated exponential fitshavetINAC values
of 58 msec (control) and 184 msec (TEA). (B) 500 mM TEA is nec-
essary to reduce GFLIK by a similar amount, and inactivation is not
markedly slowed by this concentration. Theillustrated exponential fits
havetINAC values of 43 msec (control) and 50 msec (TEA). (C) Rela-
tionship betweenIK reduction and slowing of inactivation in Sf9vs.
GFL cells. PeakIK andtINAC were measured in the absence (I0 andt0)
or presence of various concentrations of external TEA (ITEA andtTEA)
in one Sf9 cell (open squares) and two GFL cells (closed squaresand
circles). The fold-increase intINAC at a given TEA concentration (tTEA/
t0) was plotted against the fold-reduction in peakIK (I0/ITEA). For Sf9
IK, the data follow a slope of 0.79 (solid line). Inactivation of GFLIK

is slowed very little by external TEA, and the data are fit with a slope
of 0.07 (dotted line). Lines were fit by the least-squares method.

Fig. 9. Effect of external K onIK inactivation in Sf9 cells expressing
SqKv1A and in GFL neurons.IK traces and values oftINAC were
obtained as in Fig. 8. (A) External K slowsIK inactivation in an Sf9
cell. Values oftINAC for the illustrated fitswere 16.1 msec (5 mM K)
and 33 msec (100 mM K). (B) Inactivation kinetics in a GFL neuron are
much less sensitive to external K. Values oftINAC for theillustrated fits
were 58.8 msec (5 mM K) and 67 msec (100 mM K). (C) Dependence
of tINAC on external K in two Sf9 cells (open symbols) and 3 GFL cells
(closed symbols). For each cell, values oftINAC at various external K
concentrations were obtained, and normalized totINAC at 20 mM ex-
ternal K (t20K). t20K is thus equal to 1 by definition and is represented
by anasteriskon the plot. Note thattINAC for Sf9 cells changes 2-fold
between 0 and 100 external K, whereas values for GFL cells are stable
well beyond this range.
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Aldrich, 1989; Grissmer et al., 1990; Pfaffinger et al.,
1991) as well as between genetically identical Kv1 chan-
nels expressed in different heterologous systems (Klaiber
et al., 1990). In the case of the native channel in GFL
neurons, we cannot exclude the possibility that the minor
presence of other K channel types (Llano et al., 1988;
Nealey et al., 1993) might influence these differences.
Other differences between Sf9 cells and GFL neurons
such as activation and deactivation rates are more sub-
stantial, however, and cannot be ascribed to ‘contamina-
tion’ of the nativeIK.

Although we have not yet identified the specific
mechanism underlying these larger differences, even mi-
nor steric changes at residues in transmembrane helices
can alter Kv1 channel gating in ways similar to that
observed for nativevs. cloned squid channels (Smith-
Maxwell, Ledwell & Aldrich, 1998; Kanevsky & Al-
drich, 1999). It is conceivable that such conformational
perturbations could be generated by factors other than
primary structure, such as post-translational modifica-
tions, association with accessory subunits, or protein-
bilayer interactions. This idea is consistent with the in-
termediate nature of kinetics for SqKv1A channels in
oocytes. In the case of SqKv1A, this hypothetical factor
would influence the absolute rates at which channels
undergo transitions through the activation pathway but
not alter the intrinsic voltage-dependencies of these rates,
which are presumably more closely tied to the primary
structure of the channel protein. While glycosylation

and phosphorylation are obvious candidates for such a
cell-specific factor, analysis in oocytes of a number of
mutations of SqKv1A in which all consensus N-linked
glycosylation sites or phosphorylation (PKA and PKC)
sites were eliminated has not revealed any functional
effects like those discussed here (Liu, 1999; andunpub-
lished results). A recently cloned squid Kvb2 cDNA
(Xu & Li, 1998) also has not revealed any effects on
functional properties of SqKv1A channels in oocyte co-
expression studies (unpublished data).

Lipid composition and cholesterol content of the
plasma membrane also influence functional properties of
membrane proteins (Barrantes, 1993; Gimpl et al., 1995;
Klein, Gimpl & Fahrenholz, 1995; Barrantes, 1997;
Gimpl, Burger & Fahrenholz, 1997), but specific effects
on voltage-gated ion channel function are largely un-
known. Mutations of S1, S2 or S3 residues at the puta-
tive lipid-protein interface produce effects on ShB acti-
vation gating inXenopusoocytes that are very similar to
those described in this report for squid channels in dif-
ferent cell-types (Monks, Needleman & Miller, 1999;
Hong & Miller, 2000). Membranes of Sf9 cells and
squid neurons have a striking difference in cholesterol
content: 30% by weight in squid stellate ganglion lipids
(Yamaguchi et al., 1987)vs.3% in Sf9 cells maintained
at 27°C under conditions employed in the present study
(Gimpl et al., 1995). Membrane cholesterol content of
Sf9 cells maintained at 18°C has, to the best of our
knowledge, not been reported. Membrane cholesterol

Table 1. Selected functional properties of native squid K channels and SqKv1A homotetramers in different expression systems

G-V (seeFig. 6 legend) Activation/deactivation

V1/2 (mV) z (e0) Limiting
slope

tON (msec)
at +40 mV

tOFF (msec)
at −80 mV

tOFF

slope

GFL IK −29.0 ± 2.9 1.6 ± 0.1 e/6 mV 0.59 ± 0.01 1.0 ± 0.2 e/54 mV
Sf9 SqKv1A −21.5 ± 2.5 2.7 ± 0.1 e/6 mV 1.03 ± 0.09 12.0 ± 0.7 e/54 mV
XenopusSqKv1A −41.2 ± 0.5a 2.3 ± 0.2a n.a. 0.72 ± 0.09a 4.5 ± 0.2a e/44 mVa

Inactivation kinetics Steady-state inactivation

tINAC (msec)
at +40 mV

Sensitive to: V1/2 (mV) z(e0) ISS

V (>20 mV) Ko TEAo

GFL IK 42 ± 3 no no no −26.3 ± 0.1 −3.9 ± 0.06 0.29 ± 0.06
Sf9 SqKv1A 48 ± 6 no yes yes −26.1 ± 2.9 −7.6 ± 0.6 0.07 ± 0.01
XenopusSqKv1A 115 ± 18a noa yesb yesb −49.7c −5.7c 0.02c

Entries in bold indicate either a qualitative difference from GLFIK or a significant numerical difference (whereSEwas available) from the respective
GFL IK value (P # 0.05 by Student’st-test). Data fromXenopusoocytes were obtained under the following conditions.aLiu et al. (2001):
Cell-attached patches (N 4 3); ∼21°C; external solution (mM) − 15 KCl, 127 NaCl, 6 MgCl2, 1 CaCl2, 5 HEPES, pH 7.1. The channel used was
identical to that for Sf9 experiments except for an additional mutation (G87R) in the T1 assembly domain, which greatly increases functional
expression without altering functional properties of the channel.bJerng, Liu & Gilly (1999): Two-electrode configuration;∼21°C; external solution
(mM) − 2 KCl, 96 NaCl, 1.8 CaCl2, 2 MgCl2, 5 HEPES, pH 7.0. Same channel as ina. cRosenthal et al. (1996): Cell-attached patches; 18°C; external
solution (mM) − 20 KCl, 120 NaCl, 4.5 MgSO4, 5 EGTA, 5EDTA, 10 HEPES, pH 7. Same channel as in present study.N.A. 4 not available.
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levels in Sf9 cells can be manipulated through culture
conditions (Gimpl et al., 1995), and this system may thus
be useful in elucidating potential influences of choles-
terol on K channel function.

FUNCTIONAL DIFFERENCESBETWEEN CLONED AND

NATIVE CHANNELS: INACTIVATION

Rates of inactivation in 20 mM external K are virtually
identical for SqKv1A in Sf9 cells and GFLIK, but inac-
tivation is ∼2-fold slower in oocytes. This is not due to
coupling to a slower activation process, and illustrates
that the specific expression system can have a significant
influence on inactivation gating. An intriguing qualita-
tive difference exists in the ‘pharmacology’ of inactiva-
tion between native and cloned channels in both expres-
sion systems, however. External TEA and K ions slow
the rate of SqKv1A inactivation in Sf9 cells as well as in
Xenopusoocytes (Jerng et al., 1999; Table), suggesting
that a conventional C-type mechanism controls inactiva-
tion (Yellen, 1998). Inactivation ofIK in GFL neurons is
not slowed by external TEA or K, and an obvious ques-
tion is whether an N-type mechanism is in operation.
This seems unlikely, however, because slowing of inac-
tivation by internal TEA, a characteristic of N-type in-
activation, is also not observed for GFLIK (Mathes et al.,
1997).

Failure of external TEA to slow inactivation of the
native channels does not necessarily preclude a C-type
mechanism. The∼10-fold lower affinity of the native
channel for external TEA suggests that the interaction
with TEA is indeed physically disrupted in some manner,
perhaps resulting in channels that can inactivate and bind
TEA simultaneously. Such an alteration in the TEA
binding site has been proposed for a ShBD point mutant
in which C-type inactivation no longer competes with
external TEA block (Molina, Castellano & Lopez-
Barneo, 1997). Similar arguments can be made in regard
to the differential effects of external K ions on inactiva-
tion in cloned and native squid channels.

Thus the mechanism of inactivation of SqKv1A and
GFL IK may not be fundamentally different. Neverthe-
less, the difference in TEA and K sensitivity points to a
structural difference at the external end of the pore that
we feel is unlikely to be due to secondary processing or
membrane-channel interactions. Co-assembly of Kv1
a-subunits with other Kv1a-subunits must therefore be
seriously considered in the present context. This possi-
bility seems the best way to reconcile the evidence for
the involvement of SqKv1A in GFLIK with the data in
this report. Heteromultimers consisting of SqKv1A and
a presently unknown Kv1a subunit may differ from
SqKv1A homotetramers in some functional features such
as the interaction with external TEA, whereas other fea-
tures, such as the G-V relationship and the voltage-

dependence of activation gating, may be preserved. Co-
operative effects between these different subunits could
also conceivably be responsible for the faster activation
and deactivation kinetics of GFLIK. While a previous
attempt to identify other Kv1 transcripts was unsuccess-
ful (Rosenthal et al., 1997), results of the current study
have prompted us to revive these efforts.
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