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Abstract. SgKv1A is a cDNA that encodes a Kvl Introduction
(Shakertype) a-subunit expressed only in the giant axon

and the parental giant fiber lobe (GFL) neurons of the i )
squid stellate ganglion. We incorporated SqKv1A into aVoltage-gated potassium (Kv) channels confer diverse

recombinant baculovirus for expression in the insect Sfglectrical properties on neurons and other types of excit-
cell line. Whole-cell patch-clamp recordings reveal that@P!e cells (Rudy, 1988), and products of numerous Kv
very few cells display functional potassium currehg)( a_—subunl't genes anq spllcg—varlants form K channe[s that
if cultured at the standard postinfection temperature ofdiffér widely in biophysical and pharmacological

27°C. At 18°C, less SqKV1A protein is produced than atProperties (Jan & Jan, 1997). Functipnal diversity is fur-
27°C, but cells witH . currents are much more numerous ther extended through heteromultimer formation by

and can survive for at least 20 days postinfection [&s. a-subunits within a subfamily (Isacoff, Jan & Jan, 1990;
days at 27°C). Activation and deactivation kinetics of McCormack et al., 1990; Ruppersberg et al., 1990,
SqKv1A in Sf9 cells are slowefB- and 10-fold, respec- Sheng etal., 1993; Wang etal., 1993; Weiser etal., 1994;
tively) than those of native channels in GFL neurons, butBlainé & Ribera, 1998), post-translational modifications
have similar voltage dependencies. The two cell typeff KV a-subunits (Drain, Dubin & Aldrich, 1994; Levi-
show only subtle differences in steady-state voltage!@n, 1994; Thornhill etal., 1996), and by association with
dependence of conductance and inactivation. Ratgs of KvB-Subunits (reviewed in Xu & Li, 1998; Pongs et al.,
inactivation in 20 nw external K are identical in the two 1999). These mechanisms lead to a rich assortment of
cell types, but the sensitivity of inactivation to external KV phenotypes (Jan & Jan, 1990). = _
tetraethylammonium (TEA) and K ions differ: inactiva-  ©omparison of native channels with their cloned
tion of SqKV1A in Sf9 cells is slowed by external TEA Counterparts in heterologous expression systems is fun-
and K ions, whereas inactivation of Gl is largely damental in evaluating the biological relevance of phe-
insensitive. Functional differences are discussed iflomena identified through approaches like mutagenesis
terms of factors that may be specific to cell-type, includ-OF CO-expression. Although it is now routine to isolate

ing the presence of presently unidentified Kv1 subunitsV CONAS and carry out heterologous expression stud-
in GFL neurons that might form heteromultimers with €S, It remains problematic to analyze functional and bio-
SgKV1A. 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.
E— Potassium currentl ) of the squid giant axon, re-
* Present agd_ressDepartment of Neuroscience, Albert Einstein Col- sponsible for the falling phase of the propagated action
lege of Medicine, Bronx, NY 10461, USA potential, is arguably the most extensively characterized
** Present addressDepartment of Immunology, Stanford University nativel,.. This has b.e.en facilitated by the. systgm’s un-
School of Medicine, Stanford, CA 94305 USA paralleled amenability to electrophysiological ap-

proaches and by its relatively simple complement of Kv
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from giant axons (Conti & Neher, 1980; Llano, Webb Materials and Methods

& Bezanilla, 1988) and cell bodies of the parental

giant fiber lobe (GFL) neurons (Llano & Bookman,

1986) indicate the predominant contribution of one chan-PRODUCTION OF RECOMBINANT BACULOVIRUS

nel type to the classical ‘delayed rectifidg in Loligo

peleai and L. opalescengPerozo, Jong & Bezanilla, Recombinant baculovirus was constructed, isolated, and purified by

1991; Perozo et al., 1991; Nealey et al., 1993; Mathes ejtandard procedures (Summers & Smith, 1987). Deletion of the codon
al., 1997) for valine at position 5 of the SqKv1A coding sequence was carried out

. . . by PCR-based mutagenesis of a previously described SqKv1A-pBSTA
SqKV1A is a squid cDNA encodqa K channel o (Rosenthal et al., 1996; Rosenthal, Liu & Gilly, 1997). Func-
a-subunit homologous to those encoded by the Drosjonal expression of Sqkv1AV5 mRNA in Xenopusocytes is 5-10-

sophilaShakergene and Kvl genes in mammals. Thefold higher than that of wild type SgKv1A, but channel functional
proposal has been made that SqKv1A subunits form theroperties in oocytes are indistinguishable (Liu, 1999; ampublished
delayed rectifier K channels in the squid giant axon Sysﬂ?sults). The full co_ding sequence of this mutant, flanked by tharkl
tem (Rosenthal, Vickery & Gilly, 1996). Arguments 3’ untranslated regions of thé&enopug-globin gene (part of pBSTA),

. . . . . was subcloned into the baculovirus transfer vector pVL1392 (Strata-
supporting this assignment include: (') SqKv1A mRNA gene, La Jolla, CA). Sf9 cells were cotransfected with this final con-

is found within the stellate ganglion only in the somata of struct and wild-type baculovirus (AcMNPV) DNA. Recombinant virus

the monotypic GFL neurons. (i) Immunoblots reveal was isolated by plague assay and purified by two rounds of plaque

protein corresponding to SqKv1lA-subunits in both  purification. Recombinant viral stocks were prepared from purified

GFL somata and in the fused giant axons. (iii) Whenplaquhes, titered, aTddstlored at 4°C. Rd%combiﬂ?nt bscllilovirus contain-
. . ing the N-terminal deletion mutant ddrosophila ShakeB cDNA

eXpreSsed |_r)(er_10pu3)ocytes_, SqulA channels m?dl- (ShBA6-46; Hoshi, Zagotta & Aldrich, 1990) was a gift of Dr. Min Li,

ate an inactivatindy that is similar to that of the native  ;onns Hopkins University, Baltimore, MD.

delayed rectifier at both macroscopic and single channel

levels cee alsalerng & Gilly, 2000). (iv) SqgKv1A and

native channels are blocked by tityustoxirkKand in MAINTENANCE AND INFECTION OF SFO CELLS

both cases this block depends strongly on pH (Dudlak,

Jerng & Gilly, 2000). (v) Native channels and SqKV1A gpodoptera frugiperdaells of the Sf9 line (ATCC, Rockville, MD)

are sensitive to the Kvl-selective blocker, S-were maintained in suspension at 27°C in Grace’s Insect Medium (Life

nitrosodithiothreitol (Brock, Mathes & Gilly, 1997; Technologies, Gaithersburg, MD) supplemented with 3.3 mg/ml lact-

Brock & GiIIy, 2000)_ albumin hydrolysate, 3.3 mg/ml yeastolate, p@/ml streptomycin,

: : ; 50 units/ml penicillin, 1.25.g/ml fungizone, and 10% fetal bovine
For many types of eleCtrOphySIOIOglcal anaIySIS’ th(_?serum (Sigma, St. Louis, MO) according to standard protocols (Sum-

Oocyte. exprelssmn'sys.tem.presents I|m|'tat|.0ns. Analys'?ners & Smith, 1987). For infections, log-phase cells were seeded in 35

of rapid gating kinetics is problematic in the two- mm culture dishes (for electrophysiology and immunoblots) or onto

electrode configuration, and patches are often too shoriterile 12 mm round glass coverslips in 24-well culture plates (for

lived for complex experimental protocols. A whole-cell immunocytochemistry) at 1 x f@ells/ml and allowed to attach for 30

recording environment is often desirable for these reat® 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

sons. T.O this end, W.e have incorporated SGKV1A I.nto .awith fresh medium. Infected cells were maintained at 18°C or 27°C as

recombinant baculovirus for hetemIOgOUS EXPression Myescribed below. For electrophysiological and immunoblot studies,

Sf9 insect cells, which do not display any endogenousresh medium (0.5 ml) was added to each culture dish every three days.

voltage-gated currents (Klaiber et al., 1990). Assays were performed at the indicated time points.

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 charlSOLATION AND MAINTENANCE OF GFL NEURONS

acteristic of native expression in the squid was found to

be permissive_ Whole-cell patch-clamp recordings indi-Adult squid (oligo opalescenswere obtained from Monterey Bay,

cate that most functional properties of SqKV1A channel<CA and housed in circular laboratory tanks plumbed with flow-through

are similar to those of native channels and those of® water for up to 1 week. GFL cell bodies were isolated from the

. R . posterior tip of the stellate ganglion and maintained in primary culture
SqgKv1Ain oocytes. However, several significant differ- at 16°C as previously described (Gilly, Lucero & Horrigan, 1990).

ences in_V0|tage'de.pendem .gating parameters and phagz|is were normally used for recording within two days of isolation.
macological properties do exist between the cloned chan-

nels and their putative native counterparts. Some of

these differences suggest the existence of important inANTIBODIES

fluences of presently unknown cellular factors on chan-

nel function. The possibility of heteromultimer forma- Production and purification of polyclonal Ab,,5 directed against a
tion between SgKv1A and a presently unidentified Kv1 pacterial fusion protein containing amino acids 87-215 of SqKV1A, has
subunit in GFL neurons is also raised. been previously described (Rosenthal et al., 1996), Alvas directed
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against a synthetic peptide (Protein and Nucleic Acid Facility, Stanfordtotal) and 206 ma sucrose (291 m total); 4 nm MgATP was added
University) corresponding to amino acids 1-15 of SgKv1A with an from aliquots of 200 ma frozen stock to the internal solutions imme-
acetylated N-terminus. This peptide was conjugated via a C-terminatiately before use (Mathes et al., 1997), and pH was readjusted using
cysteine to keyhole limpet hemocyanin and used for antisera proTMA-OH.
duction in New Zealand white rabbits (Immuno-Dynamics, La Jolla, Sf9 external solution (pH 7.2) contained (invin 20 KCI, 168
CA). Antibodies were affinity-purified using the peptide coupled to a NaCl, 10 CaCJ, 10 MgCl, 10 MgSQ, 5 HEPES, 1.6 NaOH. GFL
thiopropyl-Sepharose 6B column (Pierce, Rockford, IL). 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-
IMMUNOBLOTTING crose), so that the ionic strength matched that of Sf9 solutions. This
difference in ionic strength caused no marked differences in kinetic or
Crude Sf9 cell membranes were prepared as described by DeTomasog@ady state properties of, and did not increase sensitivity of
al. (1993) with minor modifications. Lysis buffer contained 258 m  jnactivation to external K or TEAdata not illustratedl. In experiments
sucrose, 20 m HEPES (pH 7.4), 1 m EDTA, 1 mv PMSF, 10ug/ml where external TEA or K concentrations were varied, these cations

leupeptin, and 1Q.g/ml aprotinin. Final spins were for 30 min at repjaced Na on an equimolar basis. Solution changing was carried out
50,000 xg. Protein concentration was determined using a standardyiih a flow-through system.

BCA assay. Samples were subjected to SDS-PAGE electrophoresis  gqr electrophysiological recording a 10 volume of Sf9 cells
(7.5% gels) and transferred to a PVDF membrane which was theRyas harvested from an infected master dish by gently withdrawing
incubated in phosphate-buffered saline (PBS: 137 NaCl, 2.7 nm medium from the bottom of the dish using a sterile pipette tip. The
KCI, 10 mv Na,HPQ,, 1.8 mu KH,POQ, pH 7.2) containing 10%  ce|is were then transferred directly to a recording chamber containing
nonfat dry milk (pH 7.4). Both primary antisera were used at a dilution external solution. In this manner, cells from the same infected dish
of 1:1000 in PBS. For blocking controls, undiluted antisera were in-could be studied on different days following infection. Peak outward
cubated overnight at 4°C with their respective peptide antigen at afina|K at +40 mV was used to assay the level of functional expression in
concentration of 0.5 mg/ml. Goat anti-rabbit secondary antibodies coningividual cells. Whole-cell capacitance was estimated from the inte-
jugated to horseradish peroxidase (Sigma, St. Louis, MO) were used qua| of the capacity current accompanying a —10 mV voltage step, and
a 1:5000 dilution. Detection employed enhanced chemiluminescenceis value was used to derive pebk density at +40 mV (units of
(Renaissance, NEN, Boston, MA). 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 cells were processed following conventional procedures

(DeTomaso et al., 1993). Primary antibodies {Ab,s and Ab ;9

were diluted 1:500. Goat anti-rabbit secondary antibodies conjugatedseg Ce | ViaBILITY ASSAY

to Texas Red (Molecular Probes, Eugene, OR) were used at a dilution

of 1:1000. Upon completion of processing, the coverslip carrying thep 1 wl volume of 4% trypan blue was added to 10 of Sf9 cells

cells was inverted and placed onto a drop of anti-bleaching solutionygjlected as described above, and the mixture was transferred onto a
(Slowfade, Molecular Probes, Eugene, OR) on a glass slide for viewinghemacytometer. Fractional viability was calculated as the number of

and photography using an Olympus BH2 microscope with an RFCAponstained cells divided by the total number of cells.
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. Results

IMMUNOCYTOCHEMISTRY

ELECTROPHYSIOLOGY ExPRESSION OFSQKV1A IN SF9 CELLS

Recordings of  from Sf9 cells were obtained with an EPC7 amplifier . i X
(HEKA, Lambrecht/Pfalz, Germany) using standard whole-cell patch-EX_preSSIon of SgKv1Aa-subunit protein was assayed

clamp techniques. Recordings from GFL cells were obtained using atSing two different polyclonal antisera directed against
amplifier of conventional design with a 20Mfeedback resistor. Data  distinct domains of the predicted amino acid sequence.
sampling and pulse generation were controlled with software written byAb, , - was directed against a portion of the SqKv1A
Dr. D.R. Matteson, University of Maryland, Baltimore, MD. Elec- nrotein that includes the well conserved T1 (Shen et al.,
trodes of 0.5-1.5 M2 resistance were pulled from borosilicate glass 1993) or NAB (Yu, Xu & Li, 1996) domain of Kv1

(for Sf9 cells; VWR, So. Plainfield, NJ) or 7052 glass (for GFL cells; buni A di d . h . N
Garner, Claremont, CA), fire-polished, and coated with Sylgard (Dowo"Su units. A5 was directed against the unique N-

Corning, Midland, MI) to reduce pipette capacitance. Holding poten-t€rminal sequence of SqKv1A.

tial was —80 mV throughout. Records were filtered at either 5.0-8.0 Figure 1 shows immunoblots of crude membrane

kHz for sampling at 20 kHz and down to 0.5 kHz for 2 kHz sampling. fractions prepared from Sf9 cells maintained at 27°C for

All recordings were made at 18°C. 3 days postinfection (p.i.). In samples from SgqKv1A-
Recording solutions for Sf9 and GFL cells were designed to haveinfected cells, both antibodies recognize a major band of

compositions as similar as possible. Unless otherwise indicated, Sfg .
internal solution (pH 7.0) contained (i 20 KCI, 50 KF. 80 K- $0-52 kD and at least one minor band closer to the 55.7

glutamate, 3 lysine, 10 HEPES, 1 EGTA, 1 EDTA, 26 glycine, 85 KD Size predicted for the SqKv1A core-polypeptide (Fig.
sucrose, and 4 tetramethylammonium hydroxide. GFL internal solu-LA and B_, lane 1). Neither antibody recognizes pro_teln
tion was identical but contained an additional 358 giycine (381 nw from noninfected cells (lane 4), cells infected with wild-
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T standard for the Sf9 cell system, very few SqKv1A-
< g ¢ E <o infected cells incubated at this temperature express func-
T F g E s tional channelsgee beloyw However, 18°C was found
2 2 2 § %38 to be permissive for functional expression. Figuri 2
A. Abg.015 ‘:’ f “; f “"sm illustrates a family of \(vhole-cellK records obtained
—— — from a typical SgKv1A-infected cell incubated at 18°C
200 kD — B8 — (4 days p.i.). Selectivity for K ions was confirmed by
testing the dependence of reversal potential on external
120 — - K concentration data not showp These records are
87— — similar to cell-attached patch recordings frofenopus

' oocytes injected with SqKv1A cRNA and from squid
2 . GFL neurons in which this gene is expressed (Rosenthal
48 — ’ — et al., 1996;see also beloyv Very little, if any, I« with
similar voltage- and time-dependent properties is present
in a typical SqKv1A-infected cell incubated 4 days p.i. at
B. Ab 27°C (Fig. Bi). In a very small number of 27°C-
1-15 > incubated cells, however, smal can be detected, and a
200 — : _ more detailed analysis of levels at both p.i. tempera-
tures is presented below.
120 —‘ ] 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. . through
’ — SgKV1A 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 x 1®hm), but the
relative contributions of seaks.membrane nonlinearities
Fig. 1. Identification of SgKv1A protein in infected Sf9 cells with is not clear. Noninfected cells, cells infected with wild-

immunoblots using affinity-purified polyclonal antibodies Ab.,5(A) - _
or Ab,_,5(B). Cells were processed 3 days after infection with SQKv1A _type baculovirus ((ata not ShOW)’] and most SgKv1A

baculovirus Lanes }, wild-type AcCMNPV virus (anes 2 or ShBA6- infected cells incubated at 27°C (FIQ3Q show Only this
46 virus (anes 3. Lanes 4show results with noninfected cellsanes €@k current.

5 show results with antibodies that had been blocked by pre-absorption

of the respective antigerséeMaterials and Methods). Bands of the

expected size for SgKv1A monomersbQ kD) are present only in  IMMUNOCYTOCHEMICAL LOCALIZATION OF

samples from SqKv1A-infected cells. Material of higher apparent mo- SQKv1A PROTEIN

lecular weight (>120 kD) presumably represents aggregated SqKv1A

protein. All cells were maintained at 27°C p.i.

Although the presence df. in SqKv1A-infected cells
incubated at 18°C indicates the existence of functional
type baculovirus (lane 2) or cells infected with a virus SQKv1A channels in the cell membrane at 4 days p.i.,
encoding theDrosophilaShBA6-46 potassium channel. immunocytochemical examination of infected cells using
Specificity of both antisera for SQKv1A protein is further Abg;_,,5indicates that most SqQKv1A protein appears to
demonstrated by controls in which immunoreactivity be intracellular (Fig. &ii). Although the signal intensity
with SgKv1A was blocked by pre-absorbing each anti-varies from cell to cell, nearly every cell shows fluores-
serum with its respective antigen (lane 5). cence far above the background level seen in noninfected
Bands above 120 kD are also recognized by bottcells processed in an identical manner (Figii or of
antibodies. These bands are absent in all control experlSgKv1A-infected cells treated only with secondary anti-
ments and presumably represent aggregation of SgKvlAody (Fig. 2\iv). Experiments using Ab, s yielded re-
protein. Similar results have been reported in work onsults similar to those described here at 1, 4 and 7 days p.i.
Shakerchannels (Klaiber et al., 1990; Santacruz-Toloza(not showi).
et al., 1994). Under our experimental conditions, disul- Despite the poor expression of functional SqKv1A
fide bond formation should be minimal, but noncovalentchannels at 27°C, a large amount of SqQKv1A protein is
association may still occur (Schulteis, Nagaya & Papaproduced at this temperature. FiguBii2shows immu-
zian, 1996). nocytochemical results with cells that were incubated at
Although SgKv1A protein is readily detected in 27°C but were otherwise treated, processed, and photo-
cells incubated at a p.i. temperature of 27°C, which isgraphed identically to the 18°C-incubated cells. Label-
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A.18°C

' i i v
Ay
r W\“
e 140 MV
,f'm +20
.-.‘ O — _ — 4

B.27°C

Fig. 2. Expression of SgKV1A in Sf9 cells at 18°@)(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-depgrdlento functional SgKv1A channels are
present at 18°CA) but not at 27°C B) where only small nonspecific leak currents are evident. This difference is typical. (i) Immunocytochemical
analysis of expression in SgKv1A-infected cells usingAb sand 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
SqgKv1A-infected cells exposed to secondary antibody only. All experiments were carried out 4 days p.i. The scale bar in the loweApanel of
represents 1@um and applies to all micrographs in this figure.

ing is visibly more intense in the 27°C-incubated cellsp.i. at 27°C, and its level peaks around day 3 (Fig).3
and again appears to be predominately intracellular. N&t 18°C, SgKv1A protein is not detected until day 2, and
labeling is seen with noninfected cells (FigBiR) or  the peak level is attained on days 3-4 (Figd)3
infected cells treated with secondary antibody only (Fig.Although the time courses of protein expression are
2Biv). roughly similar, there is more SgKv1A protein at 27°C
than at 18°C at all times.
These results contrast with those obtained for func-
TEMPERATURE DEPENDENT EXPRESSION OFSQKV1A tional SqKV1A channels assayed by whole-cell record-
PROTEIN vS. FUNCTIONAL CHANNELS ings from cells of the same infections used for the im-
munoblot analyses. Peak outwdrddensity (in pA/pF)
Results above reveal a disparity between the totafor a voltage step to +40 mV was used as an indicator of
amount of SgKv1A protein produced in infected Sf9 the density of functional channels, and results from all
cells and the level of functional channels attained. Thiscells studied are presented in FigC.3l, is first detect-
phenomenon was explored further using immunoblotsable on day 3 p.i. at each temperature. At 27°C, average
and whole-cell recordings. I« density is maximal on this day, although very small,
Crude membrane fractions from cells infected with and declines to an undetectable level by day 5. At 18°C,
SgKv1A and then incubated at 27°C or 18°C were pre-however, averagg, density rises dramatically between
pared each day for 5 days p.i., and immunoblots weralays 3 and 4, and remains high on day 5. Expression
performed with equal amounts of total cellular protein of functional channels with respect to the amount of
from these fractions. SqKv1A protein appears on day la-subunit protein is thus far more efficient at 18°C than
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Fig. 3. Comparison of the time course of expression for total SqQKv1A @ 0.6 —
protein vs. functional channels at 18°C and 27°@\) (Immunoblot (8
analysis of total SqKv1A protein in crude membrane fractions from % 0.4
cells maintained at 18°C and processed on days 1-58).Résults of I 0.2
the same experiment as Abut carried out on cells maintained p.i. at >
27°C. Total SgKv1A protein at 27°C is greater than that at 18°C at all 0.0 _hl T
days tested.§) Functional SgKv1A channels were assayed by whole- 0 5 10 15 20

cell voltage-clamp (peakg at +40 mV) using cells from the same
infections as those providing material fArandB. Functional expres-

sion at 18°C is much more robust and peaks on day 4, with diﬁerence?:, 4 Ch in functional . f SaKVIA ch |
in averagd density (calculated for all cells assayed, including those 9. 4. L-hanges In functional €xpression of SqRvLA channels over

with no detectablé,) between the two temperatures being significant Ilgngelrt tlm;s p"'d'(\) Tthe fl';’:lCtIOﬂ tOf cells tshowmgddert]ectabl,e (see i
on days 4 and 5K < 0.05). esults) depends strongly on temperature and changes over time.

Closed circlesare from cells maintained at 27°C papen circlesare
from cells at 18°C p.i. (Means 2£wm). (B) I density as determined in
individual cells at early times (days 3 and 4) is comparable in cells
at 27°C. This phenomenon does not reflect differencesnaintained at 27°Cc{osed diamondsand at 18°Cgpen circles. I in

in the efficiency of infection, as a higher multiplicity of 18°C cells tends to increase over time, and cells expressingliacge

infection did not augment functional expression at eitheree found after 2 weeks p.iCj The time course of the decline in

temperaturec{ata not ShOW)] v!ablllty of SgKv1A-infected cells (detgrmlned by trypan blue e)jclu—
Even though immunofluorescence data indicate thag'c.m) depends on temperatu@losed circlesare from cells at 27°C

. : g .i.; open circlesare from cells at 18°C p.i. (Means ewm).

virtually every infected cell expresses SqKv1A protein at

either temperature, the fraction of cells displaying func-

tional 1, depends strongly on temperature. Individual Figure 4A also illustrates that at 18°C,+ cells can

cells were studied at different times p.i. (up to 20 days)be found until at least day 20 p.i. At these later times,

and were scored as being either positive+] or negative individual I, densities (Fig. B) reach levels much

for |, as described in conjunction with Fig. 2. Pooled higher than the averages for early time points displayed

results from several infections are summarized in Figin Fig. 3C. Individual | densities at these later times

4A. The fraction ofl «+ cells is much higher at 18°C than (11,000 pA/pF) are comparable to those of native GFL

at 27°C at all times after day 2, byt density in indi-  neurons @npublished data

vidual cells does not appear to depend on temperature on A similar analysis with 27°C-incubated cells after

days 3 and 4 (Fig. B). These data indicate that the day 5 p.i. was not possible, because the fragility of the

Days Post-Infection

strong temperature-dependence for averhgelensity
described in conjunction with FigQGis primarily due to
the very small fraction of+ cells at 27°C.

cells prevented successful whole-cell recordings. This
reflects a difference between temperatures in viral patho-
genesis that was also evident from viability assays (Fig.
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4C). Viability, as assayed with a standard trypan-bluebeen observed for ShB (Schoppa & Sigworth, 1898
test, remained high (>90%) for both 18°C- and 27°C-Comparison ofrgy is more complicated, because the
incubated cells through day 3, after which viability at overalltoy-V relationships become parallel only near the
27°C fell precipitously. At 18°C, viability declined more upper limit of the tested voltages, where Sf9 values are
slowly and remained higher than at 27°C for the durationabout 2-fold slower. Positive to this range, the same
of the experiment. This extension of cell-viability at voltage-dependent transition is likely to be rate-limiting
18°C was also observed for cells infected with the re-in both cases. The nonexponential shape of both curves
combinant ShR6-46 baculovirusdata not showhn 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-
Activation and Deactivation Properties ductance ). gx was measured asl,/AV from depo-

larizing pulses that were terminated at the time of peak
Sf9 cells provide an excellent whole-cell recording en-(seeinset in Fig. &), and theg,-V relations for a rep-
vironment which allows a relatively straightforward resentative SqKvi1A-infected Sf9 cell and GFL neuron
comparison of SqKv1Ay with the native delayed rec- are plotted in Fig. 8. In both preparationg, reaches its
tifier 1, in GFL neurons. Although the general appear-50% level at a similar voltage, but the overgll-V re-
ance ofly is quite similar in the two preparations (Fig. lation rises more steeply in the Sf9 cell. In order to com-
5A), some significant differences exist. paregc-V curves in the two cell types, we used fits to

Probably the most obvious difference concerns4th-power Boltzmann relationships to derive parameters
channel deactivation responsible for the tail currents folfor slope and position on the voltage axis. We do not
lowing a depolarizing voltage step. FigurB Showsl,  wish to imply that this equation accurately describes the
tails for both preparations following 5 msec depolariza-mechanism of activation gating in the present case
tions that produced no inactivation. Deactivation kinet-(Zagotta, Hoshi & Aldrich, 1994; Zagotta et al., 1994;
ics are well described by a single exponential decayBaker et al., 1998; Schoppa & Sigworth, 1898, and
(Toeg) at each voltage illustrated. Figur€®stablishes use it only as a matter of convenience and convention.
the voltage dependence &, from a population analy- The solid curves in Fig. & are fits 6eeFig. 6 legend) to
sis of Sf9 cells and GFL neurons. Atevery voltaggr  the data sets with single-subunit midpointg, () of
is about 10-fold slower in the Sf9 cells, but the actual-19.0 mV (Sf9)vs. -28.5 mV (GFL) and equivalent
voltage-dependence of is comparable in both cases, charges ) of 2.82 g (Sf9) vs. 1.77 g, (GFL). Similar
changing e-fold in 54 mV. results were obtained in four cells of each typedFig.

I« activation was analyzed using the method of6 legend). Thez value for Sf9 cells is significantly
Schoppa and Sigworth (1988in which the sigmoidal higher than that for GFL cellsP(< 0.01 by Student’s
activation time course is approximated by a delay pat-test). Vy, values for the two cell types are not signifi-
rameter §) and an exponential time constant,(; see  cantly different.
inset in Fig. ). 7oy is derived from a single exponen- Figure 8 directly compares the slope of tlg-V
tial fit to the I, waveform between 50-100% of peak relations for an Sf9 cell and a GFL neuron at voltages
amplitude. 8 is calculated as the time between the onsetwhere conductance is relatively low. The Sf9 data are
of the activating depolarization and the extrapolatedshifted along the voltage axis by -20 mV for compari-
zero-current intercept of the aforementioned exponentiason. At very negative voltages, the slopes are similar
fit. In an activation scheme involving multiple state tran- (Je-fold change in 6 mV), but as described above, in Sf9
sitions, ToN @pproximates the time constant of the rate-cellsgy rises more steeply between -40 mV and +20 mV
limiting transition at a given voltage, ar&ldescribes a than it does in GFL neurons.
latency compounded by all other transitions.

Activation kinetics are also slower in Sf9 cells. Re-
sults in Fig. & indicate that the voltage-dependence of
is nearly identical for Sf9 cells and GFL neurons, and
thatd is about 2.5-fold slower at all voltages in Sf9 cells Long depolarizations produce substantial inactivation of
than in GFL neuronsd values for both cell types fall |, in both Sf9 cells and GFL neurons (FigA)! Inacti-
into two distinct ranges of exponential voltage- vation kinetics at positive voltages were characterized by
dependence. A range of higher voltage-dependence efitting a single exponentialt(yac) to the decay of out-
ists between -10 to +20 mV (K and a less voltage- ward I, during a depolarization of 250 msec. At +40
dependent range lies between +30 and +60 mV).(K mV 7,yac iS 48 + 6 msec (mean %ewm) in Sf9 cells and
Similar ‘breaks’ in the voltage-dependence ®fhave 42 + 3 msec in GFL neuron® (= 5 in both cases), and

FuncTIONAL COMPARISON OF SQKV1A CHANNELS IN
SF9 CeLLs wiTH NATIVE CHANNELS IN GFL NEURONS

Inactivation Properties
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A

Fig. 5. I« activation and deactivation kinetics
recorded from Sf9 cells expressing SqKv1A and
from GFL neurons.4) | elicited with 25 msec
depolarizations from —80 mV to the indicated
+60 mV voltages. B) Deactivation tails at the indicated
voltages following 5 msec depolarizations to
+40 mV (Sf9) or +60 mV (GFL). )

/"’"—. 0 Voltage-dependence ¢f activation and
y 50 deactivation kinetics for Sf9open symbo)sand
‘ ) ? GFL (closed symbo)scells. Points represent

mean *sem for 4 cells of each type. Note

difference in range of right and left axes. Values
B of Toee (circles) were obtained by fittind ¢ tails
T at each voltage with a single exponential decay
5 ”Al by the least-squares method (not illustrated).
The hand-fitteddotted lineshave identical
T Y logarithmic slopes of e-fold/54 mV. Activation
60 parameters were derived by fitting the final 50%
80 of activation (denoted witlarrowhead$ with
100 the function,
-120 | = Ipeak (1 — e(&—l)l-rON)Y

where the delay paramet&r(diamond$
represents the extrapolated zero-current
time-point of an exponential relaxation with
time constantro,, (square} and peak amplitude
Ipeak (S€€ insetind Results). ThegyV
relationships for Sf9 cells and GFL neurons

Oﬁ approach a similar slope at very positive

Z voltages, and the hand-fittexblid lineshave

©n  identical slopes of e-fold/-80.8mV. The value of
—
3
X2

—_
(@]

T
(63}

@]
w
o
. | |||[||||l||u[mﬂm1|m

3 has a similar voltage-dependence for Sf9 cells
and GFL neurons, and falls into two distinct
ranges of exponential voltage-dependence,
denoted byK; andK,. The slope of the

-1 hand-fitteddashed lineghrough the data points
in the K; andK, ranges are e-fold/-38.9mV and
e-fold/=79.1mV respectively for Sf9 cells, and

L 0.5 e-fold/-45.5mV and e-fold/-88.7mV for GFL
neurons.

-120 -100 -80 -60 -40 20 O 20 40 60
Voltage (mV)

there is very little voltage-dependence in this parametenegative voltages where few channels open, e.g. —40
in either preparation positive to +20 mV, where eV~~~ mV, inactivation of nativd is primarily slow yac =
relation is essentially saturated (FigB)7 Differences 300 msec; Mathes et al., 1997). At the intermediate volt-
between the values afy,c for SfO cells and GFL neu- ages, i.e. those spanned by theV curve, both compo-
rons are insignificant at all illustrated voltagdsX 0.05 nents are significant and produce bi-exponential inacti-
by Student’st-test). vation kinetics. SqKv1A data from Sf9 cells Benopus
Inactivation at negative voltages is more difficult to oocytes are well described by a single exponential decay
compare. Inactivation of nativig in GFL neurons and at these intermediate voltagegata not show) and in-
giant axons is complex, exhibiting fast and slow kinetic activation of the cloned channel thus does not show a
components (Mathes et al., 1997). The relative impor-multi-exponential character.
tance of these components depends on both voltage and Figure T compares the steady-state voltage depen-
temperature, with more positive voltages (above 0 mV)dence of inactivation (measured with 1.5 sec duration
and higher temperatures (above 12°C) favoring the fasprepulsesseeinset) in a typical Sf9 cell and GFL neu-
fraction. Inactivation revealed in GFL neurons with the ron. The solid curves are fits of the Boltzmann distribu-
above test is thus predominately of the fast type. Attion (modified to account for the nonzero current at
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A latter result seems consistent with the more complete
or inactivation of SgKv1A in Sf9 cells at positive voltages.

All 0.8 +

0.6 Effects of External TEA and K on Inactivation

- 0.4
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
60  -40 20 0 20 40 80 chain” domain of the intracellular N-terminal of
Voltage (mV) an a-subunit (Hoshi, Zagotta & Aldrich, 1990; Zagotta,
Hoshi & Aldrich, 1990). A more widespread and slower
B oo 3% 5 2K 2R A J 4 mechanism of inactivation called C-type involves resi-
00” .
Ceo® dues near the extracellular end of the pore, in the selec-
2’ tivity filter, and in the S6 transmembrane helix (reviewed
3 01 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-
L tion is slowed by internal but not external TEA, whereas
60  -40  -20 0 20 40 60 C-type inactivation is slowed only by external
Voltage (mV) TEA. Moreover, the degree of K channel block by TEA
_ ) o ~ (fold I« reduction) is equal to the relative increase in the
Fig. 6. Comparison ofg,-V relationships for Sf9 cells expressing jn4ctivation time constant (foldac inCrease), a result

SgKv1A and for GFL neurongy, was calculated adl/AV upon re- - . .
polarization from the indicated voltage to —80 mV at the time of peak predicted by simple competition between TEA block and

outwardl, (seeinset), and values for each cell were normalized to the IN@ctivation for a single open state.

highest calculated value for that cell)(gy-V relationships from a External TEA reducesy in both SgKv1A-infected
representative Sf9 celbpen diamondsand a GFL cell ¢losed dia-  Sf9 cells and GFL neurons, but the sensitivity to TEA in
mondj. The solid lines are least-squares fits of the fourth-power Bolt- the two cases is quite different with the cloned channel

T 0.2

Normalized gi

Normalized gk

0.01 4

zmann function, appearing to b&l0-fold more sensitive (FigsA8andB).
1 4 Inactivation kinetics in Sf9 cells are substantially slowed
Ok :gmax<w> , by TEA, but this effect is not evident with GFL neurons.

Fits to the traces in Fig.BandB give values forryac
whereg,,.,is maximumgy, zis the equivalent number of elementary Of 58 msec (controlys. 184 msec (50 m TEA) for the
gating chargesef) per subunitV is voltage in nv, Vy, is the half-  Sf9 cell and 43 msec (control)s. 50 msec (500 m
activation voltage in mV for a single subunk,is Boltzmann's con-  TEA) for the GFL neuron. Figure ®@ shows the rela-
stant, andT is temperature (291.2°K). The illustrated functiosslid tionship between the fold increaseipac and the fold
lines) f:a"e\/ﬁ/z Va'uestf ‘19-0me (St9ys.-28.5 mvV (_?FL) a'l‘d reduction inl, produced by a range of external TEA
T e o e e ok s e concentraions ffom experiments with both preparations.
~21.3+2.5mV (Sf9)s.-29.0 + 2.9 mV (GFL) and = 2.7 +0.1e,  Inactivation in Sf9 cells is clearly slowed by TEA in a
(Sf9) vs. 1.6 + 0.1e, (GFL). Only the difference izis significant CONcentration-dependent manner, and the slope of the
< 0.01) by Student's-test. 8) Slope ofg,-V relationships at low linear fit to these data is 0.79, a value close to 1 as
relativegy for an Sf9 cell and a GFL neuron. Sf9 data are shifted in the predicted by the competition model. Inactivation kinet-
n_eg_ative direction by 20 mV for cqmparison. Note that the slopes argics in GFL neurons, however, are little affected by TEA,
similar (= e-fold/6 mv) at low relativeg. 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.,
maximum inactivation|sg seelegend) withVy,,, z,and ~ 1993; Marom et al., 1993; Baukrowitz & Yellen, 1995;
Isgvalues of -28.9 mV, —-8.%,, and 0.08 in Sf9 cells Rasmusson et al., 1995; Levy & Deutsch, 1996). This
versus —26.7 mV, -5.%, and 0.31 in GFL neurons. feature is also evident in SqKv1A-infected Sf9 cells (Fig.
Similar results were obtained in 4 cells of each typee( 9A), but not with the nativé, in GFL neurons (Fig. B).
Fig. 7 legend). SgKv1A data from Sf9 cells has a sig-Results from several Sf9 cells and GFL neurons obtained
nificantly greaterz value and a significantly lower level over a range of K concentrations are summarized in Fig.
of Isg(P < 0.05 by Student’s-test in both cases). The 9C,which plots relativer,y,c (normalized to the value in
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Fig. 7. Inactivation properties off, in Sf9 cells expressing SqKv1A and in GFL neuron) Representativé, families elicited with 250 msec
depolarizations to the indicated voltageB) Voltage-dependence of inactivation kinetics. Time constants of inactivatjonf were derived from
fits of a single exponential decay function using the least squares method. Data points represent s@aifsr 5 cells of each type.Q)
Voltage-dependence ¢f ‘steady-state’ inactivation for a representative Sfpgn diamondsand GFL €losed diamondscell. Noninactivated
was assayed as pedk at +40 mV following a 1.5 sec prepulse to the indicated voltageg (nset The solid linesare least-squares fits of a
Boltzmann function modified to account for non-zero relatiyeat maximum inactivationl¢g:

. 1_ISS
relativel = l—m.

The illustrated fits havé#/y,,, z, andlggvalues of -28.9 mV, -8.8,, and 0.08 for the Sf9 cells.-26.7 mV, -5.1e,, and 0.31 for the GFL neuron.
Similar results were obtained in 4 cells of each type with meaanfit values of:V,, = -26.1 +2.9 mV,z = 7.6 + 0.6e,, Iss= 0.07 £ 0.01
for Sf9 cells, and/y, = -26.3 0.1 mVz = -3.9 £ 0.6€,, Iss = 0.29 £ 0.06 for GFL neurons. Differenceszmndlssare significant P < 0.05).

20 mm K) vs. external K concentration. The rate of in- are not assembled at 37°C due to misfolding of indi-
activation depends strongly on external K in Sf9 cells butvidual subunits early in biosynthesis (Claudio et al.,
not in GFL neurons. 1987; Paulson & Claudio, 1990). Reduced temperature
can also rescue functional expression of mutant CFTR
channels and lutropin/chorogonadotropin receptors that
Discussion do not fold properly at 37°C (Denning et al., 1992; Ja-
quette & Segaloff, 1997).

SgKv1A 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,
Although a higher level of SqKV1A protein at 2746G.  either directly or through the action of specific molecular
18°C is consistent with a 27—-30°C optimum for expres-chaperones (reviewed in Hartl, 1996 and Feder & Hof-
sion in Sf9 cells (Hara et al., 1992; Reuveny et al., 1993)mann, 1999). Alternately, low temperature could stabi-
markedly higher functional expression at 18°C has notlize inter-subunit interactions necessary for assembly of
been previously described for this system. A similarfunctional channels or for ensuring long-term stability of
phenomenon has been reported for heterologous expretiie mature channel. Our attempts to express SgKv1A in
sion in mammalian cells, however. Temperatures belownammalian HEK293 cells have been unsuccessful, pre-
37°C enhance surface expressionTofpedoacetylcho- sumably because of the even higher temperatures re-
line receptors, because functional pentameric receptorguired.

TEMPERATUREDEPENDENT FUNCTIONAL EXPRESSION
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Fig. 8. Effect of external TEA orl inactivation in Sf9 cells express-
ing SqKv1A and in GFL neurong, was elicited with depolarizations
to +40 mV, and values of y.c Were obtained from least squares fits
of a single exponential decay functiom)(External application of 50
mm TEA to Sf9 cells reduces peadk [B-fold and slows inactivation by
about the same factor. Thikistrated exponential fithaver,,c values

of 58 msec (control) and 184 msec (TEAR) (500 mv TEA is nec-
essary to reduce GFL, by a similar amount, and inactivation is not
markedly slowed by this concentration. Tillastrated exponential fits
haveryac Values of 43 msec (control) and 50 msec (TEA)) Rela-
tionship betweerl reduction and slowing of inactivation in Sfgs.
GFL cells. Peak, andt,ysc Were measured in the absentgandy)

or presence of various concentrations of external TEA(andtgy)

in one Sf9 cell ¢pen squargsand two GFL cells losed squareand
circles). The fold-increase i ,c at a given TEA concentration{g o/

7o) was plotted against the fold-reduction in pdak(l/ltgs). For SfO
I, the data follow a slope of 0.7%¢lid line). Inactivation of GFLI

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

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 GFL and SgKv1A in Sf9 cells
are summarized for comparison in the Table. Also in-
cluded are values for SqQKV1A expressedenopuso-

157
5K
1 nAI
100 K
5K
5 nA| \
_J 100 K
C 50 ms
15 X
‘;,:) T ’
z B ’
(S . ’ v
ko] - 4 —
g 1.0 *//‘ X
[
5
bz

0.5 AT T T T 1
o™ 50 100 150 200 250

(Klou (MM)

Fig. 9. Effect of external K orl inactivation in Sf9 cells expressing
SgKVv1A and in GFL neuronsl, traces and values ofjyac Were
obtained as in Fig. 8.4) External K slowsl inactivation in an Sf9
cell. Values ofryac for the illustrated fitswere 16.1 msec (5 mK)
and 33 msec (100 mK). (B) Inactivation kinetics in a GFL neuron are
much less sensitive to external K. Valuesrgfac for theillustrated fits
were 58.8 msec (5 mK) and 67 msec (100 mK). (C) Dependence
of Tyac ON external K in two Sf9 cellsopen symbojsand 3 GFL cells
(closed symboj)s For each cell, values af,c at various external K
concentrations were obtained, and normalized,{gc at 20 nm ex-
ternal K (o). Took IS thus equal to 1 by definition and is represented
by anasteriskon the plot. Note that s for Sf9 cells changes 2-fold
between 0 and 100 external K, whereas values for GFL cells are stable
well beyond this range.

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
negativeV,,, values from oocytes may partially reflect
the low Ca concentration usedn(published resuljs
Differences between heterologously expressed
SgKv1A and GFLI, are of interest in light of the body
of evidence that associates SqKv1A with the bulk of
in squid giant axon system (Rosenthal et al., 1996;
Rosenthal et al., 1997). Some differences, for example
the exact shape of thgs-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 &
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Table 1. Selected functional properties of native squid K channels and SqKv1A homotetramers in different expression systems

G-V (seeFig. 6 legend) Activation/deactivation
V5 (MV) Z (&) Limiting Ton (Msec) Torr (MSeC) Torr
slope at +40 mV at —-80 mV slope
GFL I -29.0+29 1.6+0.1 e/6 mV 0.59+0.01 1.0+0.2 e/54 mV
Sf9 SgKv1A -21.5+25 2701 e/6 mV 1.03+£0.09 12.0+0.7 e/54 mV
XenopusSqKv1A -41.2+0.5 23+0.2 n.a. 0.72+0.09 45+0.2 eld4 m\?
Inactivation kinetics Steady-state inactivation
Tinac (MSec) Sensitive to: Vi (MV) Z(ey) lss
at +40 mV
V (>20 mV) K, TEA,
GFL I 42+3 no no no -26.3+0.1 -3.9+0.06 0.29 +0.06
Sf9 SgKv1A 48+6 no yes yes -26.1+2.9 -7.6+0.6 0.07£0.01
XenopusSqKv1A 115+ 1& no? yed yed -49.F -5.7 0.0Z

Entries in bold indicate either a qualitative difference from G[fr a significant numerical difference (whesewas available) from the respective

GFL I value P = 0.05 by Student's-test). Data fromXenopusoocytes were obtained under the following conditiofisu et al. (2001):
Cell-attached patchedl(= 3); [(21°C; external solution (m) — 15 KCI, 127 NaCl, 6 MgCJ, 1 CaCl, 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 function:
expression without altering functional properties of the charfidetng, Liu & Gilly (1999): Two-electrode configuratioi21°C; external solution

(mm) — 2 KCI, 96 NaCl, 1.8 CaGJ 2 MgCl,, 5 HEPES, pH 7.0. Same channel a8.ifRosenthal et al. (1996): Cell-attached patches; 18°C; external
solution (mu) — 20 KCI, 120 NaCl, 4.5 MgSQ 5 EGTA, 5EDTA, 10 HEPES, pH 7. Same channel as in present study~= not available.

Aldrich, 1989; Grissmer et al., 1990; Pfaffinger et al., and phosphorylation are obvious candidates for such a
1991) as well as between genetically identical Kv1 chan-<ell-specific factor, analysis in oocytes of a number of
nels expressed in different heterologous systems (Klaibemutations of SqKv1A in which all consensus N-linked
et al., 1990). In the case of the native channel in GFLglycosylation sites or phosphorylation (PKA and PKC)
neurons, we cannot exclude the possibility that the minosites were eliminated has not revealed any functional
presence of other K channel types (Llano et al., 1988gffects like those discussed here (Liu, 1999; angub-
Nealey et al., 1993) might influence these differenceslished results A recently cloned squid K82 cDNA
Other differences between Sf9 cells and GFL neurongXu & Li, 1998) also has not revealed any effects on
such as activation and deactivation rates are more sulftinctional properties of SqKv1A channels in oocyte co-
stantial, however, and cannot be ascribed to ‘contaminaexpression studiesifipublished data
tion’ of the natively. Lipid composition and cholesterol content of the
Although we have not yet identified the specific plasma membrane also influence functional properties of
mechanism underlying these larger differences, even mimembrane proteins (Barrantes, 1993; Gimpl et al., 1995;
nor steric changes at residues in transmembrane helicédein, Gimpl & Fahrenholz, 1995; Barrantes, 1997,
can alter Kvl channel gating in ways similar to that Gimpl, Burger & Fahrenholz, 1997), but specific effects
observed for nativers. cloned squid channels (Smith- on voltage-gated ion channel function are largely un-
Maxwell, Ledwell & Aldrich, 1998; Kanevsky & Al- known. Mutations of S1, S2 or S3 residues at the puta-
drich, 1999). It is conceivable that such conformationaltive lipid-protein interface produce effects on ShB acti-
perturbations could be generated by factors other thamation gating inXenopusocytes that are very similar to
primary structure, such as post-translational modificathose described in this report for squid channels in dif-
tions, association with accessory subunits, or proteinferent cell-types (Monks, Needleman & Miller, 1999;
bilayer interactions. This idea is consistent with the in-Hong & Miller, 2000). Membranes of Sf9 cells and
termediate nature of kinetics for SqKv1A channels insquid neurons have a striking difference in cholesterol
oocytes. In the case of SqQKV1A, this hypothetical factorcontent: 30% by weight in squid stellate ganglion lipids
would influence the absolute rates at which channelgYamaguchi et al., 198A)s.3% in Sf9 cells maintained
undergo transitions through the activation pathway butat 27°C under conditions employed in the present study
not alter the intrinsic voltage-dependencies of these rategGimpl et al., 1995). Membrane cholesterol content of
which are presumably more closely tied to the primarySf9 cells maintained at 18°C has, to the best of our
structure of the channel protein. While glycosylation knowledge, not been reported. Membrane cholesterol
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levels in Sf9 cells can be manipulated through culturedependence of activation gating, may be preserved. Co-
conditions (Gimpl et al., 1995), and this system may thusoperative effects between these different subunits could
be useful in elucidating potential influences of choles-also conceivably be responsible for the faster activation
terol on K channel function. and deactivation kinetics of GFL,. While a previous
attempt to identify other Kv1 transcripts was unsuccess-

ful (Rosenthal et al., 1997), results of the current study
FuncTiONAL DIFFERENCESBETWEEN CLONED AND have prompted us to revive these efforts.

NATIVE CHANNELS: INACTIVATION
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that the specific expression system can have a S|gn|f|car%
influence on inactivation gating. An intriguing qualita-
tive difference exists in the ‘pharmacology’ of inactiva- References
tion between native and cloned channels in both expres-
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