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Abstract. The KvLQT1 and minK subunits that coas- also because of post-translational attachment of acidic
semble to forml,c channels, contain potential N- carbohydrate moieties. Mutagenesis studies and detailed
glycosylation sites. To examine the role of glycosylationanalyses of cloned channel behavior have shown that
in channel function, a Chinese hamster ovary cell linecharged amino acids can have important functional roles.
deficient in glycosylation (Lec-1) and its parental cell For example, positively charged arginine and lysine resi-
line (Pro-5) were transiently transfected with human Kv-dues in the S4 domain of Nand K" channels function
LQT1 (hKvLQT1) cDNA, alone and in combination as a voltage sensor (Papazian et al., 1991), while the total
with the rat (rminK) or human minK (hminK) cDNA. net charge in extracellular loops of Shakef ¢hannels
Functional KvLQT1 andg currents were expressed in contributes to fixed surface charge that can be screened
both cell lines, although amplitudes were larger in Pro-5by divalent and trivalent cations (Elinder, Madeja &
than Lec-1 cells transfected with hKvLQT1 and hKv- Arhem, 1996; Hice et al., 1994).
LQT1/hminK. For lg,, but not KvLQT1, the voltage- The ways in which oligosaccharide chains attached
dependence of activation was shifted to more positiveo asparagine residues in ion channel proteins affect
voltages and the activation kinetics were slower in thechannel function are variable and ill defined. Site-
Lec-1 compared to the Pro-5 cells. The effect of extra-directed mutagenesis studies that rely on Xemnopus
cellular acidification on recombinant KvLQT1 arldc  oocyte expression system have suggested that N-
currents was investigated in Pro-5 and Lec-1 cellsglycosylation exerts negligible effects on surface mem-
Changing external pH (py) from 7.4 to 6.0 significantly brane expression and gating of Shaket &hannels
decreased the amplitude and increased the half-activatiafDeal, Lovinger, & Tamkun, 1994; Santacruz-Toloza et
voltage {/,,,) of KvLQT1 currents in Pro-5 and Lec-1 al., 1994). However, expression of Kvl.1 channels in
cells. In Pro-5 cells, decreasing pieduced ampli-  mammalian cells deficient in glycosylation significantly
tude without increasiny, ,, whether rminK or hminK altered voltage-dependence of activation, activation ki-
was coexpressed with hKVLQT. In contrast, changingnetics, and sensitivity to extracellular €4 Thornhill et
pH, from 7.4 to 6.0 did not significantly change,  al., 1996). This discrepancy may be a consequence of
amplitude in Lec-1 cells. Thus, oligosaccharides at-the different expression systems. Carbohydrate process-
tached to the minK subunit affect not only the gatinging occurs in a host-dependent fashion; both qualitative
properties, but also the pH sensitivity Qf. and quantitative differences in glycosylation have been
noted betweerXenopusoocytes, yeast, and mammalian
Key words: I — minK — KvLQT1 — Lec mutant —  systems (Roitsch & Lehle, 198%). N-linked glyco-
Glycosylation — External pH sylation is required for surface membrane expression of
HERG in HEK 293 cells (Petrecca et al., 1999). More-
over, N-glycosylation dramatically alters the open prob-
Introduction ability of the inward rectifier K channel ROMK1 (Kir
1.1a) expressed in Sf9 cells (Schwalbe et al., 1995). Si-

Like other proteins, ion channels are charged, not onlyijase treatment of isolated muscle cells has produced
because of sequences which contain acidic and basif.onsistent effects on native ion channel function. En-

amino acids that are charged at physiological pH, butymatic removal of the sialic acid associated with N-

linked oligosaccharide affected functional properties of
- the sodium (Recio-Pinto et al., 1990; Zhang, Hartmann,
Correspondence td:.C. Freeman & Satin, 1999) and L- and T-type calcium currents (Fer-
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mini & Nathan, 1991), but not the calcium-activated K Rat
current (Wann & Richards, 1994), hyperpolarization ac- LRDDS
tivated pacemaker current (Fermini & Nathan, 1990), or
composite cardiac delayed rectifief Kurrent (McDon-
agh & Nathan, 1990). i I

The slowly activating, noninactivating component '
of the cardiac delayed rectifier'kcurrent (o) has been
associated with two protein subunits: the six transmem-
brane domain K channel protein known as KvLQT1 or
KCNQ1, and the single transmembrane domain protein
known as minK,lg,, or KCNE1. Simultaneous expres-
sion of both these subunits is required to reproduce &ig. 1. Schematic diagram showing membrane topology of KvLQT1
current with the kinetic properties of native cardiag and minK subunits that assemble to fotgy channels. Potential N-
(Barhanin et al., 1996; Sanguinetti et al., 1996). How-linked glycosylation sites are shown in the S5-P segment of hKvLQT1,
ever, the stoichiometry of the underlying channels anqa‘”d at positions 5 and 26 in the extracellular N-terminus of mink.

. . . nterspecies variation in the number of negatively charged amino acid

the nature of the interaction between minK and K\/I‘Q-_rj'residues proximal to the hydrophobic domain of minK (positions 37—-40
are incompletely understood (Romey et al., 1997; Tai &in the rat mink sequence) is also shown. The indicated residues con-
Goldstein, 1998; Tai, Wang & Goldstein, 1997; Wang ettribute to interspecies differences in the’t.aensitivity ofl, (Hice et
al., 1998). al., 1993, 1994).

Both KvLQT1 and minK possess charged amino ac-
ids in the extracellular portions of the channel proteins; o . N
furthermore, both channel subunits contain potential N-ENC€S the activation properties or pH sensitivity of re-

o : ; . combinantlg, currents in Chinese hamster ovary (CHO)
glycosylation sites (Fig. 1) (Takumi, Ohkubo & Nakani cells with normal (CHO-K1, Pro-5) and deficient glyco-

shi, 1988; Folander et al., 1990; Varnum et al., 1993; .

Zhang et al., 1994; Barhanin et al., 1996; Sanguinetti e§ylat|on (Lec-1). Hu_man_KvLQTl (hKvLQT1) cDNA .

al., 1996). There is virtually no information about the was Coexpressed With elther_ the_ rat or human species
o ' variants of minK to determine if the effects of N-

functional significance of these moieties in KvLQT1. X .
Existing information about the functional significance of glycosylat_lon are mflqencgd by th_e number.of extracel-
lular, acidic amino acids in the minK subunit.

charged amino acids and N-linked oligosaccharide in the
minK subunit has come exclusively from studies that
rely on heterologous expressionfenopuoocytes (Ta- Materials and Methods

kumi et al., 1991; Hice et al., 1993, 1994; Salata et al.,

1996). The nature of the oligosaccharide attached to

minK has been studied in Sf9 cells transfected with MATERIALS

man_ alone without KVLQT1, but 'r.] the absence of any tpe CHO-K1, Pro-5 and Lec-1 cells were obtained from American
functional correlate. These experiments suggested thatpe culture Collection (Rockville, MD). As described previously,

the attached sugar moiety was not rich in negativelyCHO-K1, parental of Pro-5, and Pro-5, parental of Lec-1, are control
charged sialic acid (Lesage et al., 1993). cell lines with normal glycosylation, while Lec-1 is mutant cell line that

Interspecies variation in the number of negaﬂvewproduces truncated glycoproteins (Stanley, Caillibot & Siminovitch,
3975; Stanley, 1984, 1989). The hKvLQT1 clone was a gift from Mark

RSSDG
Human

KvLQT1
minK

charged amino acid r_eS|due_s prOX|maI_ to the pujcatlv eating, University of Utah (Sanguinetti et al., 1996). The human
transmembrane doma'n of minK (see Fig. 1) '53 believe inK (hminK) clone was a gift from Robert Kass, Columbia University
to underlie observed differences between thé&’Lsen- (Wang, Xia & Kass, 1998). The wild-type rat minK was provided by
sitivity of recombinantl, currents associated with co- Steve Goldstein, Yale University (Hausdorff et al., 1991). The N5,26A
expression of rat and human minK ¥enopusoocytes = minK was a gift from Andreas Busch and Karen Wild (University of
(Hice et al., 1993, 1994). It has also been suggested thdt'ePingen). The M2 FLAG antibody, pFLAG-CMV-2, and all other

. ) ; . reagents were obtained from Sigma Chemical (St. Louis, MO) unless
protons, which block the recombinant current in a con- .

. . . ._otherwise stated.
centration-dependent, voltage-independent fashion, bind
to these acidic residues (Yamane et al., 1993). In con-
trast, N-glycosylation of minK has not been shown to CULTURE AND TRANSFECTION OFCHO CeLL LINES
affect significant IsK channel function iXenopusoo-
cytes. minK mutants devoid of N-glycosylation sites ™ ) _ _
tial medium supplemented with fetal bovine serum (FBS, 10%) and

elicit currents comparable in size, kinetics, and pharma—penicillin (100 U/mL)-streptomycin (10@.g/mL) at 37°C under 5%

cology to the WiId-_type (Sglata et al., 1996). .. CO,. CHO-K1 cells were similarly maintained in F12 medium supple-
The primary aim of this report was to determine if mented with L-glutamine (2 m), FBS (10%), and penicillin (100
N-glycosylation of minK and KvLQT1 subunits influ- U/mL)-streptomycin (10Qug/mL). The hKvLQT1, rminK, and hminK

Pro-5 and Lec-1 cells were maintainedoirmodified minimum essen-
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cDNAs were subcloned into the eukaryotic expression vectorthe maximum measured amplitudg {.,), and the voltage dependence
pcDNA3.1, and transiently transfected into the CHO cell lines by li- of activation was fit to a Boltzmann distribution of the fol.; /| kmax
pofection using the conditions described by Sanguinetti et al. (1996).= 1/[1+ exp{V,,, — V)/k}] with a nonlinear least squares fitting routine
Forty-eight hours after transfection, CHO-K1, Pro-5, or Lec-1 cells (Origin, Microcal Software, Northampton, MA) to estimate the half-
were lifted off the 35 mm dishes using a nonenzymatic solution (No-activation voltage\(,,,) and slope factork] for this relationship. The
zyme™, JRH Biosciences, Lenexa, KS), and assayed for expression dime courses of . activation and deactivation were fit with a double-
I« using standard whole-cell patch-clamp methods (described in detaiéxponential relationship of the fortp= Ay + A,e ™ + Ae™2 using
below). a Chebyshev noniterative fitting technique (pClamp, Axon Instru-
ments). The time course &f, activation was also described using a
model-independent parameter; the isochronal 90% rise time was de-
fined as the time required for the whole cell current to reach 90% of its

Membrane currents were recorded using the whole-cell configuratiorin@! value following a 4 sec depolarization from -40 to +60 mv.

of the patch clamp technique (Hamill et al., 1981). Recording pipettes Currents a_ssomated'wnh expressmn_of KvLQT1 alope'were elic-
were pulled to resistances of 2.5-6 Mohms when filled with intracel- ited from a h°'_d'”9 potential of __50 mV using a protocol similar to the

lular solution containing (m): 110 potassium aspartate; 1 MgCL1 standard . activation protocol with shorter duration (2 sec) test pulses.
EGTA; 1 CaCl; 10 HEPES; 10 KATP (pH 7.3 was attained by ad- The voltage dependence of KvLQT1 channel activation was deter-
dition of 1 N KOH to bring the final potassium concentration to 140). Mined by fitting normalized extrapolated tail curresttest potential to
This concentration of HEPES has been shown previously to adequatel? Boltzmann function, as described by Tristani-Firouzi & Sanguinetti
buffer intracellular pH over the range of extracellular pH (pHe) used in 1998). Time constants for activation of KvLQT1 channel current were

these experiments (Krafte & Kass, 1988). Extracellular recording so-détermined by fitting currents activated during the test-pulse with a
lutions consisted of (m): 132 NaCl: 1.2 MgCJ; 1 CaCl; 5 glucose; 4 double exponential function as described previously. Time constants

KCI; and one of the following buffers, as indicated: 10 HEPES (pKa for recovery from_inactiva_tic_)n (initial increase) a_lnd deactivat_ion (slow
7.5) for pHe 7.4; 10 MES (pKa 6.1) for pHe 6.0. d(_ecllne) yvere derived by_flttlng th_e relevgnt p_ort_lons gf the tail ct_Jrrer_]ts
The reference electrode was an Ag/AgCl half-cell connected tOWIth a single exponential function (Tristani-Firouzi & Sanguinetti,
the bath via a 3v KCl-agar salt bridge. Tip potentials were zeroed )-
prior to seal formation. Liquid junction potentials calculated for the pH
7.4 and pH 6.0 recording solutions were 18.4 and 18.5 mV, respec-
tively, (pClamp 7.0). Measured liquid junction potentials ranged from STATISTICAL ANALYSIS
13.8 to 14.7 mV. Data were not corrected for either the calculated or
the measured liquid junction potentials. Because the parameters relhe data are presented as meases unless otherwise indicated (=
ported are differences or changes in half-activation voltage, and alno. of cells). The statistical significance of species (rat or human) and
cells were studied under identical recording conditions, errors in volt-Cell line (Pro-5 or Lec-1) was determined using analysis of variance to
age values due to liquid junction potential would have little effect on test for these two main effects and their interaction (GLM ANOVA,
interpretation of the data. Statististix Analytical Software, Tallahassee, FL). Where independent
As reported previously (Thornhill et al., 1996), Pro-5 and Lec Main effects of species and cell line were detected in the absence of any
mutant cells exhibited statistically indistinguishable membrane capaciinteraction, data obtained using rminK and hminK were analyzed sepa-
tances and series resistances. Membrane capacitance, calculated as/@€ly. Pairwise comparisons were performed using Least Significant
time integral of the capacitive responseat5 mVhyperpolarizing step ~ Differences ort-test for independent samples, as appropriate. Effects
from a —40 mV holding potential was 29.2 + 32 £ 13); this value  Of changing extracellular pH were analyzed using the pafrtast.
was similar to that reported previously for the parental CHO-K1 cell A P < 0.05 was considered significant.
line (21 + 7 pF, Reterson & Nerbonne, 1999). Series resistance, esti-
mated by dividing the time constant of the decay phase of the uncom-
pensated capacitive transient by the calculated membrane capacitanddMUNOBLOT ANALYSIS
was 12.7 + 1.9vQ (n = 13), and was electrically compensated to
minimize the duration of the capacity transient (75—-95%). Peak tailTo confirm the expected difference in glycosylation between Lec-1 and
currents used to derive activation curves did not exceed 1.6 nA, and th€ro-5 cells (Stanley et al., 1975; Stanley, 1984, 1989), Pro-5 and Lec-1
voltage errors associated with uncompensated series resistafce ( cells were transiently transfected with cDNAs encoding hminK and
mV) were not corrected. FLAGM2-tagged hKvLQT1. Whole cell lysates were made from con-
All recordings were performed at room temperature (22—24°C)fluent monolayers 48 hr after transfection by standard techniques using
from a plexiglass chamber mounted on an inverted microscope (Nikora lysis buffer consisting of PBS with 1% Nonidet P40, 0.5% sodium
Diaphot 300). Data acquisition and analysis was accomplished usingleoxycholate, 0.1% SDS and protease inhibitor cocktail (Sigma). Ly-
an IBM compatible computer interfaced to an Axopatch 200-A ampli- sis buffer was added to the culture dish after washing with cold PBS 3
fier driven by pClamp software (Axon Instruments, Burlingame, CA). times. The culture dishes were scraped and the lysate was aspirated
Rundown ofl, over time was rare; runup was observed occasionallyinto a syringe with a 21 gauge needle to shear DNA. The lysates were
after achieving whole-cell patch clamp. Only cells with stable IsK rocked in the cold for 1 hr and centrifuged for 10 min at 10,008. x
currents (no rundown or runup over 5-15 min) were included in theProtein was determined by the Micro BCA method (Pierce). For im-
investigation. munoprecipitations, 10Q.L aliquots of lysate containing 1 mg/mL
The standard voltage clamp protocol for activationlf con- protein were incubated overnight at 4°C witlng FLAGM2 antibody.
sisted of a series of 3—4 second depolarizing test pulses to test potetmmune complexes were then precipitated by incubation withwR0
tials (V,) ranging from —40 to +60 mV at an interpulse interval of 14 protein G-agarose (Pierce). Immunoprecipitated proteins were re-
sec; the standard holding potential was -40 mV. Deviations from thissolved by SDS-PAGE and transferred to nitrocellulose. The membrane
protocol are noted in figure legends. Isochronal activation curves forwas blocked by overnight incubation in 5% nonfat dry milk in TBS at
Is were determined from the amplitudes of tail currents recorded or4°C, probed with the FLAGM2 antibody (10g/mL) in TBS for 1 hr
return to the holding potential. Tail currentg(;) were normalizedto  at room temperature. After extensive washing, the membrane was in-

ELECTROPHYSIOLOGICALRECORDING
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cubated with the horseradish peroxidase-linked secondary antibodA

(sheep anti-mouse 1gG) in TBS for 1 hr at room temperature. After
additional washing, bound antibodies were detected using enhance LEC-1 PRO-5
chemiluminescence (ECL, Amersham). . = Sialic acid . . .
The total carbohydrates of protein in the cell lysates were bio- l.
tinylated using an Immuno-Blot Kit for Glycoprotein Detection (Bio- l = Galactose % - I
Rad). The resulting proteins were analyzed by SDS-PAGE, transferre: ééﬁ
to nitrocellulose, probed with a streptavidin-alkaline phosphatase con B = GicNac i§§§
jugate and detected by a colorimetric alkaline phosphatase reaction. § = Mannose g B
B
Asn Asn
Results
B # -
CONFIRMATION OF DEFICIENT GLYCOSYLATION IN . _
Lec-1 MuTANT 41.5 —

The cDNAs encoding hKvLQT1 and either hminK or

rminK were cotransfected into a control cell line, Pro-5

(the parental cell line of Lec-1), and one glycosylation

mutant line, Lec-1 (Stanley et al., 1975; Stanley, 1984, ~ Lec1  Pro5
1989). Lec-1 cells produce truncated cell surface glyco- C ; ]
proteins, because decreased activity of N- —°
actylglucosamine transferase (GICNAc) results in mature
carbohydrate blocked at the Asparagine-GIcNAc
Mannoseg intermediate (Fig. ). Immunoblot analysis

of FLAGM2-tagged hKvLQT1 protein expressed in
CHOK1, Pro-5 and Lec-1 cell lines showed a more dis-
crete band in Lec-1 compared to the broader bands see

in the CHOK1 and Pro-5 lanes (FigBR These results

are consistent with the expected glycosylation deficiency
(Thornhill et al., 1996) for Lec-1. To demonstrate this Fig. 2. (A) Theoretical comparison of N-linked glycoprotein oligosac-
glycosylation deficiency further, the carbohydrate moi_charides in Pro-5 and Lec-1 cells. Lec-1 was derived from the parental
eties of the proteins expressed in Lec-1 and Pro-5 ce HO clone Pro-5. Lec-1 cells lack GLcNAc glycosyl transferase so

. . . .. that N-linked carbohydrates are truncated at the Man5-GIcNAC2-Asn
lines cotransfected with hKvLQT1/hminK were biotinyl- ;. icrmediate. (Man= mannose: GLcNAc= N-acetylglucosamine).

ated, th_en subsequently ana'YZ_ed by SPS_'PAGE: trange) FLAGM2-tagged KvLQT1 protein was immunoprecipitated, and
fer to nitrocellulose and detection of biotinylated pro- subsequently detected using anti-FLAGM2 antibody in lysates from
teins by streptavidin_“nked alkaline phosphatase. Thdl(.eft toright) Lec-1, .CHO-K.l, and Pro-5 cells transiently cotransfected
differences in glycosylation between Lec-1 and Pro-5 areVith cDNAs encoding hmink and FLAGM2-tagged hKvLQTICX
shown in Fig. . At the molecular Weights expected for Blotln_ylat_lon of glycoproteins in Lec-1 and Pro-5 cells lysates. Glycq-

. roteins in cell lysates from Lec-1 and Pro-5 cells cotransfected with
both KvLQT1 and minK, broad dark bands are apparenﬁ

. . . . hminK/hKvLQT1 were labeled by biotinylation of carbohydrate moi-
in Pro5 compared to faint, more discrete bands in Lec-1gties. Equal amounts of protein (35) for Lec-1 and Pro-5 were

this result is consistent with relatively deficient glyco- treated and loaded on an SDS-PAGE gel. After transfer to nitrocellu-

sylation of the heterologously expressed channel proteiniese, biotinylated proteins were detected by probing with an streptavi-

in the Lec-1 mutant. din-linked alkaline phosphatase conjugate followed by a standard col-
orimetric alkaline phosphatase assay. The brackets indicate reported
molecular weight ranges for KvLQT1 and minK.

ExPrEssION oFminK AND KvLQT1 SusuniTs IN CHO
CELL LINES

did not produce similar currents (= 3, 12 cells total,
Pro-5 and Lec-1 cells transiently cotransfected withdata not showph There was no significant difference in
rminK/KvLQT1 or hminK/KvLQT1 exhibited robust the amplitudes of thé, currents expressed in Pro-b (
outward K currents with the slow activation and lack of = 12) and Lec-11§f = 16) cells after transfection of
inactivation characteristic of natidg, and recombinant rminK/KvLQT1; time-dependent currents measured at
I« currents ¢eeFigs. 3 and 7). As expected from pre- the end of 4 sec depolarizing test pulse to +60 mV av-
vious reports describing a lack of overlapping voltage-eraged 2.96 + 0.51 and 2.96 + 0.38 pA, respectively.
gated currents in CHO cells (Lesage et al., 1993; Sank contrast, the mean amplitude of similarly measured
guinetti et al., 1996), identical depolarizations of eithertime-dependent current was significantly greater for
untransfected or sham-transfected Pro-5 or Lec-1 cellsminK/KvLQT1 expressed in Pro-5 (6.91 = 0.8 pA=
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Pro-5

1.04

0.8 4

0.64

0.44

0.24

Normalized Tail Current

0.04

-40 -20 0 20 40 60
Test potential (mV)

Fig. 3. l4« associated with coexpression of hminK/hKvLQT1 in Pro-5 and Lec-1 cells. Upper panels: Representative currents eliminated by a seri
of depolarizing test pulses (-40 to +60, step 20) from the —40 mV holding potential. Lower left: Isochronal (4 sec) activation curves for families
of current traces shown in upper panels. Normalized tail currents are plotted as a function of test potential. Continuous lines are best fit Boltzma
functions of the form/l ..., = 141 + exp[(V,,» — V)/K]}. For Pro-5,V,,, = 6.8 mV andk = 14.9 mV. For Lec-1V,,, = 13.5 mV ank = 14.5

mV. Lower right: Superposition of time-dependent currents recorded glarih sec pulse to +60 mV. For Pro- and Lec-1, the times required for
elicited currents to reach 90% of their final amplitudes were 1787 and 2448 msec, respectively.

9) than Lec-1 (3.70 £ 0.57 pA&y = 11). Overall, current isochronal 90% rise time and slow time constant of ac-
amplitudes associated with coexpression of hminK#ivation. Gating parameters fdg, currents associated
KvLQT1 were significantly greater than those associatedvith hminK and rminK are summarized in Tables 1 and
with coexpression of rminK/KvLQT1. Moreover, hKv- 2, respectively.

LQT1 current amplitude measured at the end of a +40  Irrespective of the expressed minK species variant,
mV test pulse was significantly larger in Pro-5 (2.00 * I activation was slower and exhibited more positive
0.36 nA,n = 11) than in Lec-1 cells (0.96 + 0.33 nA,  V,, in the glycosylation mutant Lec-1 cells than in the
= 11), when hKVLQT1 was expressed without minK. control Pro-5 cells. The isochronal 90% rise time and
slow time constant of activation were significantly
longer for recombinant, currents expressed in Lec-1
cells compared to Pro-5 cells, although the fast time con-
stant of activation did not differ significantly between
To determine if glycosylation influences KvLQT1 by,  cell lines (Tables 1 and 2).

channel function, the kinetics and gating of recombinant  In contrast, there was no significant differen&e=
currents expressed in Pro-5 and Lec-1 were compared.32) in theV,,, for currents associated with expression
Data obtained using hminK and rminK were analyzedof hKvLQT1 alone in CHO-K1 (-14.7 £ 2.2 m\h =
separately, because the slow activation time constants), Pro-5 (-14.2 £ 2.8 mVip = 12) and Lec-1 (-17.9 =
(Ts1ow) @nd the isochronal 90% rise time (time required2.4 mV,n = 10) cells. Slope factors were also similar
for whole cell current to reach 90% of its final value (P = 0.89) for hLKvLQTL1 currents expressed in CHO-K1
following a 4 sec depolarization from -40 to +60 mV) (11.6 £ 0.8), Pro-5(11.2+0.7 mV) and Lec-1 (11.4 £1.2
were influenced independently by cell line and minK mV). The effects of glycosylation on the activation and
species variant. As reported previously (Hice et al.,inactivation kinetics of KvLQT1 channel current are
1994; Yang & Sigworth, 1998) associated with ex- shown in Fig. 4. The fast time constant of activation was
pression of hminK activated faster thag associated significantly faster for KvLQT1 currents in Lec-1 cells
with expression of rminK, as evidenced by the shorterthan Pro-5 cells, at 0, +20, +40 and +60 mV, but there

FUNCTIONAL ANALYSIS OF I4 AND KVLQT1 CURRENTS
ExPRESSED INCHO CELL LINES



70 L.C. Freeman et al.: Glycosylation Affectsc

Table 1. I« Characteristics: coexpression of hKvLQT1 and hminK cDNAs

Cell line Isochronal 7 Activation 7 Deactivation V,,, (MV) k (mv)
(n) 90% rise-time (msec) (msec)
(msec)
Trast Tslow Trast Tslow
Pro-5 (10) 2042.4 +£130.9 367.9+63.8 743.0+46.1 246.1+81.8 1885.1+289.4 -0.3+3.8 16.3+0.9

Lec-1 (11) 2448.8 + 93.9* 236.2+24.2 1165.9 + 24.2* 340.0+89.1 1889.1 +460.9 11.1+1.7* 159+0.4

Each value is mean sewm (*, significantly different from Pro-5 aP < 0.05).

Table 2. | Characteristics: coexpression of hKvLQT1 with wild-type and N5,26A mutant rminK cDNAs

Cell line (n) 90% Rise-time 7 Activation 7 Deactivation Vi, (MV) k (mv)
minK cDNA (msec) (msec) (msec)

Trast Tslow Trast Tslow
Pro-5 (12) wt rminK 2466.8 £ 154%5 262.5+43.9 1255.6+1424 206.5+ 51.5 1980.4+238.8 42+39 18.0+£0.6
Lec-1 (16) wt rminK 2931.2+112% 383.3+53.2 2280.6+34%°1 2899+ 759 1755.3+280.4 14.0+2.6 17.2+0.6

Pro-5 (12) N5,26A rminK ~ 2739.8 + 1041 274.3+38.8 1564.6+166™ 335.4+110.8 2014.1+332.7 7.3+25 16.2+05

Each value is mean sem. Different superscripts indicate a statistically significant difference between a given parameter among the different cell
lines (rows) atP < 0.05. wt = wild type.

were no significant differences in the slow time constantstants, and/;,, for N5,26A were intermediate between

of activation (Fig. 4, upper right). The relative ampli- those determined for Pro-5 and Lec-1 (Table 2).

tude of the fast component of activation was similar at all

test potentials for KvLQT1 expressed in Pro and Lec

cells (Fig. 4, lower left). The time constant for deacti- PH SENSITIVITY OF I AND KVLQT1 CURRENTS

vation was slower in Lec-1 than Pro-5 cells at all volt- EXPRESSED INCHO CeLL LINES

ages; however, the difference was statistically significant

only at +20 mV (Fig. 4, lower right). Time constants for The pH sensitivities of recombinant KvLQT1 currents

recovery from inactivation were similar for recombinant expressed in Pro-5 and Lec-1 were determined by the

KVLQTL1 currents expressed in Pro-5 and Lec-1 cellsmeasuring the changes \f,,, k, and current amplitude

(Fig. 4, lower right). associated with changing external pH from 7.4 to 6.0.
To provide additional evidence that differences in Decreasing extracellular pH significantly decreased the

glycosylation contribute to the differences observed inamplitude and induced a positive shift in the half-

gating between recombinamg, currents expressed in activation voltage of KvLQT1 currents expressed in

Pro-5 and Lec-1, the kinetics and voltage-dependence d®ro-5 and Lec-1 cells (Fig. 5). In Pro-5 celis & 5),

I« associated with expression of rminK/hKvLQT1 in tail current amplitudes were decreased by 69 + 1, 63 1,

these cells were compared to those associated with c&1 + 1, and 63 £ 1% following test depolarizations to 0,

expression of a mutant rminK (N5,26A) and hKvLQT1 +20, +40 and +60 mV, an¥,,, was increased signifi-

in Pro-5 cells. The N5,26A mutant lacks the two N- cantly by +6.9 + 2.3 mV. In Lec-1 cellsn(= 5), talil

glycosylation sites found in rat and human species varicurrent amplitudes were decreased by 66 + 1, 61 + 1, 61

ants of minK. We hypothesized that if glycosylation of + 1, and 58 + 1% following test depolarizations to 0, +20,

the minK subunit were a significant determinant of ac-+40 and +60 mV, an¥,;,, was increased significantly by

tivation rate and/, ,, then the .. current associated with +8.3 £ 2.5 mV. The magnitudes of the pH 6.0-induced

expression of the N5,26A rminK mutant in Pro-5 would block and shift were not significantly different in Pro-5

activate more slowly and exhibit a more positivg,,  and Lec-1 cells. The slope of the Boltzmann relationship

than current associated with similar expression of wild-was significantly decreased by changing external pH

type rminK. The data obtained are consistent with thisfrom 7.4 to 6.0 in Pro-54k = —-2.5 = 0.2 mV), but not

prediction. The N5,26A mutant expressed as well as théec-1 cells Ak = 0.3 + 0.7 mV).

wild-type rminK in Pro-5 cells; the mean amplitude of The pH sensitivities of recombinaht, currents ex-

time-dependent current recorded at the end of 4 sec deressed in Pro-5 and Lec-1 were determined by the mea-

polarizing test pulse to +60 mV was 3.67 + 0.51 pA= suring the changes i, k, and current amplitude as-

12). The isochronal 90% rise time, activation time con-sociated with changing external pH from 7.4 to 6.0. In
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Fig. 4. Glycosylation influences KvLQT1 current amplitude, fast component of KvLQT1 channel activation, and KvLQT1 channel deactivation.
Upper left: Currents recorded from Pro-5 and Lec-1 cells transfected with hKvLQT1 cDNA during 4 sec pulses from the -50 mV holding potentia
to —20, 0 and +20 mV. Deactivating tail currents were elicited by repolarization to —40 mV. Upper right: Time constants for activation of KvLQT1
channel current in Pro-5 (Pro, # 12) and Lec-1 cells (Lec, r= 12), determined from two-exponential fits to the activating phase. Lower left:
Relative amplitude of the fast component of KvLQT1 channel activation in Pro5 (P£0,9) and Lec-1 (Lecn = 8) cells. Lower right: Time
constants of deactivation (slow decline) and recovery from inactivation (initial increase in current). KvLQT1 tail currents were measured in Pro-
(n = 12) and Lec-1 cellsn( = 11) at -40 mV after 2 sec depolarizing pulses to —40 to +60 mV (step 20).

Pro-5 cells, this decrease in external pH was associated, 4 + 3% and 3 * 3%respectively; these changes in
with a significant decrease in IsK amplitude whethercurrent amplitude were not statistically significant. In
rminK or hminK was coexpressed with hKvLQT (Fig. Lec-1 cells, the decrease in thg,, of I, activation
6). Changing external pH from 7.4 to 6.0 decreased Islkassociated with changing external pH from 7.4 to 6.0 was
tail current amplitude in Pro-5 cells, measured at —40 mVnot statistically significant (Table 3). The slopes of the
after 4 sec pulses to +20, +40 and +60 mV by 19 * 6% Boltzmann relationships describirlg activation were
21 + 5% and 23 + 7%, respectivelp & 12). The H- unaltered by changing extracellular pH in Lec-1 and
induced block ofl,, in Pro-5 cells was neither strongly Pro-5 cells (Table 3).
voltage-dependent, nor associated with a positive shiftin ~ To provide additional evidence that differences in
the voltage-dependence of activation (Table 3). In factglycosylation contributed to the significant differences in
the V,,, of Iy« activation significantly decreased when pH sensitivity between recombinamg, currents ex-
external pH was decreased from 7.4 to 6.0 (Table 3). pressed in Pro-5 and Lec-1 cells, the currents associated
In contrast to Pro-5, changing extracellular pH from with expression of rminK/hKvLQT1 in these cells were
7.4 10 6.0 did not decreasg amplitude in Lec-1 cells. compared to the currents associated with coexpression of
Tail current amplitudes measured at —40 mV after 4 seeminK and hKvLQT1 in CHO-K1 cells (parental cell line
pulses to +20, +40 and +60 mV were increased by 3 #of Pro-5), and coexpression of rminK N5,26A (the
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Fig. 5. Glycosylation does not affect pH sensitivity of KvLQT1 currents. Pro-5 (lefts= 5) and Lec-1 1t = 5) cells were transfected with
hKvLQTL1. Top panels: Representative currents recorded from Pro-5 (left) and Lec-1 (right) cells in respadisseic depolarizing pulse to +60

mV from the -50 mV holding potential at extracellular pH of 7.4 and 6.0. Tail currents were measured at a —40 mV return potential. Middle panels
Extrapolated tail current amplitude as a function of test potential for the Pro-5 (left) and Lec-1 (right) cells shown in top panels. The curves al
Boltzmann fits to the data at each pH. Data in pH 6.0 were described by curves which incorporated both depolarized shifts in gating, ar
scaled-down current amplitudes. Bottom panels: Normalized tail current amplitude as a function of test potential at pH 7.4 and pH 6.0 for Pro
(left, n = 5) and Lec-1 1§ = 5, right) cells. Continuous lines are best fit Boltzmann functions of the fékm, = 1/{1 + exp[(V,, — VY/KI}.
Decreasing the extracellular pH from 7.4 to 6.0 significantly induced a significant positive shiftVf thef KvLQT1 currents expressed in Pro-5
(AVy, = +7.0 mV) and Lec-14V,,, = +7.2 mV) cells.

rminK mutant devoid of N-glycosylation sites) and hKv- KvLQT1 and the N5,26A rminK mutant in Pro-5 cells
LQTL1 in Pro-5 cells. In CHO-K1 cells transfected with were relatively pH insensitive, like the IsK currents ex-
rminK/KvLQT1, changing external pH from 7.4 to 6.0 pressed in the glycosylation mutant Lec-1 cells (Figs. 4
decreased tail current amplitude measured at —40 m\and 5).

after 4 sec pulses to +20 mV, +40 mV and +60 mV by 53

+ 18%, 53 £ 18% and 53 + 17%, respectively € 4).  piscussion

Thus, I currents expressed in CHO-K1 cells were pH

sensitive, likelg currents expressed in Pro-5 cells. In Although the role of glycosylation in Kchannel func-
contrast,l  currents associated with co-expression oftion is not completely understood, previous investiga-



L.C. Freeman et al.: Glycosylation Affects, 73

Hl Pro-5 minK or a relatedB-subunit from the KCNE family

CHOK1 (Barhanin et al., 1996; Sanguinetti et al., 1996; Marcus &
—_ ] 2 Lo ] Shen, 1994; Kim & Greger, 1999; Schroeder et al.,
g 207 N5,26A  rat human 2000). Together, these findings suggest that synthesis,
§ 0 ] trafficking, assembly and/or turnover of homomeric Kv-
e i LQT1 channels may be relatively inefficient and more
= vulnerable to disruption in the absence of KCNE subunits.
g 207 In the present study, we observed a significant re-
5 1 human duction in the amplitude of whole-cell KvLQT1 currents
_L__3 -40 rat expressed in Lec-1 cells, as compared to Pro-5 cells.
& 1 This difference occurred in the absence of significant
< -601 differences in either cell membrane capacitance or time

course of transfection. These results suggest that the
density and/or the activity of KvLQT1 channels may be
Fig. 6. Glycosylation of minK subunit affects pH sensitivity of, ~ altered by incomplete glycosylation. Fluctuation analy-
Pro-5, Lec-1, and CHO-K1 cells were transfected with hKvLQT1 in sis of KvLQT1 channels in Pro-5 and Lec-1 cells could
combination with one of the following minK constructs: wild-type rat he used to determine if deficient glycosylation dimin-
minK (rminK: Pro-5,n = 9; Lec-1n = 9; CHO-KL,n = 4); wild-type - jshag the number of functional channels expressed on the

human minK (hmink: Pro-5n = 7; Lec-1,n = 9) or rminK mutant cell surface, their open probability, or their unitary con
lacking N-glycosylation sites (N5, 26A: Pro-§, = 5). Tail current ’ p P Y y

amplitudes were measured at a -40 mV return potential following aductance. Any of these is plausible. N-glycosylation is
depolarizing test pulse to +40 mV. Changes in tail current amplitudebelieved to play a role in trafficking and assembly of
induced by decreasing extracellular pH from 7.4 to 6.0 are shownother six transmembrane domain voltage-gated potas-
Asterisks indicate significant difference from Pro-5 transfected with sjyum channek-subunits (Shi & Trimmer, 1999), and is
hKVLQT1/hminK (P < 0.05). known to be essential for cell surface expression of
HERG (Petrecca et al., 1999), anothessubunit that

interacts with minK and related peptide subunits of the

tions of Kvl and HERG channels have shown that th . .
nature and extent of N-glycosylation may dramaticalI;}_KCI\IEfamIIy (Abbott etal., 1999). Furthermore, dimin-

affect either the voltage-dependence of channel activa'—Sth glycosylation has been shown to decrease the open

tion (Thornhill et al., 1996; Bennett et al., 1997), or the Probability of ROMK1 (Kir 1.1) channels (Schwalbe et
cell surface expression and subunit assembly (Petrecca @L' 1995). ) -

al., 1999). Data presented here demonstrate that N- A Previous study showed no significant effect of
glycosylation of KvLQT1 and minK can not only influ- 9lycosylation onlg current density irxenopuspocytes
ence the size of expressed KvLQT1 dndcurrents, but injected with mRNA encoding either wild-type or N5Q

also profoundly impack channel function and pH sen- (glycosylation mutant) rabbit minK (Salata et al., 1996).
sitivity. However, the general applicability of this result is ques-

tionable. The rabbit species variant of minK is unique

among cloned KCNE subunits in having only one rather
GLYCOSYLATION AFFECTS THEAMPLITUDE OF hKVLQT1  than two NH-terminal N-glycosylation sites (Salata et
AND hKvLQT1/minK CURRENTS al., 1996). Thus) channels formed with this species

variant of minK may be less influenced by N-glycosyl-
Whole-cell currents associated with expression of KvLQT 1ation than other recombinahy channels. Alternatively,
have been shown to be substantially smaller in amplitud¢he lack of observed effect of N-glycosylation on current
than whole-cell currents associated with coexpression oflensity could be specific to théenopusoocyte expres-
KvLQT1 and minK in variety of heterologous expression sion system and the interaction between the endogenous
systems (Barhanin et al., 1996; Sanguinetti et al., 1996XenopuskKvLQT1 (xKvLQT1) and rabbit minK. Ex-
Romey et al., 1997; Yang & Sigworth, 1998; Sesti & pression environment can profoundly impact ¢urrent
Goldstein, 1998). Our data are consistent with these preproperties (Petersen & Nerbonne, 1999).
vious reports. Coexpression with minK is believed to In the present study, there was no significant differ-
increase not only the number of functional channels exence between the amplitudes of thg currents ex-
pressed on the cell surface (Romey et al., 1997), but alspressed in Pro-5 and Lec-1 cells cotransfected with hKv-
their unitary conductance (Yang & Sigworth, 1998; SestiLQT1 and rminK. Howeverl|,, amplitude was signifi-
& Goldstein, 1998; Pusch, 1998). Although indirect evi- cantly larger for hKvLQT1 and hminK coexpressed in
dence suggests that some homomeric KvLQT1 channelBro-5 than Lec-1. Furthermore, the amplitudes of IsK
may contribute td in cardiac myocytes (Salata et al., associated with coexpression of hKvLQT1 and hminK
1998), in most native cellks has been linked to func- were significantly greater than those associated with co-
tional channels formed by coassembly of KvLQT1 with expression of hKvLQT1 and rminK.

rat
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Table 3. Effect of decreasing external pH from 7.4 to 6.0 on Boltzmann parameters associated with coexpression of hKvLT1 and either hminK ¢
rminK in Pro-5, and Lec-1

Cell Line (n) cDNAs pH 7.4 pH 6.0

Vy/2 (MV) k (mv) Va2 (MV) k (mv)
Pro-5 (7) hKvLQT1/hminK -0.3+3.3 16.9+0.8 -8.6 +4.9* 17.8+1.0
Lec-1 (9) hKvLQT1/hminK 12.3+1.8 15.9+0.5 7.3+23 16.7+0.8
Pro-5 (5) hKvLQT1/rminK 12+46 17.7+0.9 -4.6 £5.1* 18.6 £2.0
Lec-1 (9) hKvLQT1/rminK 95+21 16.9+0.6 6.2+25 17.6+0.7

Each value is mean sewm (*, significantly different from pH 7.4 aP < 0.05).

It is unlikely that the difference in current amplitude Lec-1 compared to Pro-5 cells. The unchanged activa-
associated with transfection of ras. human minK re-  tion midpoint and altered kinetics of KVLQTL1 currents in
flects a difference in the unitary conductance of theLec-1 compared to Pro-5 cells cannot be explained easily
formedlk channels, because the single channel condudsy surface charge considerations. The different re-
tances ofl channels formed by hKvLQT1 in combina- sponses of Kv1.1 and KvLQT1 channels to deficient gly-
tion with hmink and rminK have been reported to be cosylation are likely to reflect the distant phylogenetic
similar (Yang & Sigworth, 1998). The larger current relationship (Barhanin et al., 1996) and distinct gating
amplitudes associated with coexpression of conspecifibehavior (Pusch et al., 1998; Tristani-Firouzi & Sangui-
hminK and hKvLQT1 cDNAs, and N-glycosylation of netti, 1998) of these Kchannels.
these channels, could result from increased cell surface Both the Kv1.1 and the KvLQTX-subunits have
expression and/or greater open probability of these charmne extracellular N-glycosylation site (Barhanin et al.,
nels. Additional experiments are necessary to determin&996; Sanguinetti et al., 1996). The site in Kv1 channels
if differences in the synthesis, assembly, trafficking, cellis on the extracellular loop between S1 and S2 (Shi &
surface expression, or turnover IQf channels occur as Trimmer, 1993), while the site in KvLQT1 is on the
the result of varying either the minK species variant ex-extracellular region between S5 and the pore (P loop)
pressed with hKvLQT1, or the degree of glycosylation of (Barhanin et al., 1996; Sanguinetti et al., 1996). In
hminK/hKvLQT1 channel proteins. Differences in the Shakerchannels, fixed charges associated with amino
gating of hKvLQt1/hminK and rminK/LvLQT1 channels acids on the S5-P loop have been identified as the func-
expressed in Pro-5 and Lec-1 cells are discussed belowional surface charges that influenceg MElinder et al.,

1996). We were unable to demonstrate a similar role for

negative charge associated with N-linked oligosaccha-

GLYCOSYLATION AFFECTShKVLQTL ride attached to the S5-P region of KVLQT1. Mutations
CHANNEL FUNCTION that cause accelerated activation of KvLQT1 involve
) ) o ) residues in the cytoplasmic S4-S5 linker (Wang et al.,

A previous investigation of recombinant Kv1.1 channels1ggg) rather than any extracellular region. Thus, the ba-
expressed in CHOK1, Pro-5 and Lec mutant cell linessjs for the similar influence of deficient glycosylation is

found that the voltage dependence of activatid,  not obvious. The mechanism underlying the observed

was shifted to more positive potentials and the activationsffect of deficient glycosylation on KvLQT1 channel de-
kinetics were slower in the Lec mutant cell lines, com- gctivation is also unclear.

pared to the controls (Thornhill et al., 1996). These
findings suggest that reducing the amount of N-linked
carbohydrate on Kv1.1 channels lessens the negative pésLYCOSYLATION AFFECTS|g,c CHANNEL FUNCTION
tential detectable by the voltage sensor. Deficient gly-
cosylation may either reduce the negative surface potern Xenopusoocytes, expression of hminK (in combina-
tial, or induce conformational changes that shift negation with the endogenous xKvLQT1) produces.
tively charged amino acids to positions that no longercurrents that not only activate faster, but also exhibit a
influence the voltage sensor. more positive half-activation voltage thdg, currents

In the present study, there were no significant dif-induced by similar expression of rminK (Hice et al.,
ferences in the&/,,, or slope of the Boltzmann distribu- 1994). When rminK and hminK are coexpressed with
tion describing activation of hKvLQT1 channels in hminK in Xenopusoocytes, the difference in activation
CHO-K1, Pro-5, and Lec-1 cells. However, the fastkinetics is still apparent, but the difference in half-
component of KvLQT1 channel activation was acceler-activation voltage is not (Yang & Sigworth, 1998). The
ated, and KvLQT1 channel deactivation was slower inreported difference in half-activation voltage is consis-
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tent with a surface charge effect; rat minK has a highemwith N5,26A and wild-type rminK in Pro-5 cells can be
density of acidic residues in the NH2-terminal domainattributed to lack of glycosylation of the minK subunit.
(Fig. 1). However, the consistently described differenceComparison of thég, channels formed by combination
in activation kinetics cannot be explained easily by aof hKvLQT1 with N5,26A in Pro-5 cells and wild-type
difference in effective surface potential. rminK in Lec-1 cells provides a means to assess the
In the present study, we coexpressed hKvLQT1 withfunctional importance of KvLQT1 glycosylation. The
either rminK or hminK in CHO cell linesl, associated ~data indicate that lack of minK glycosylation affects IsK
with expression of hminK activated more quickly tHap ~ less than deficient glycosylation of both minK and Kv-
associated with expression of rminK, as reported previlLQT1.
ously (Hice et al., 1994; Yang & Sigworth, 1998). There ~ The changes in both activation rate and half-
was no significant effect of minK species variant on theactivation voltage forly channels expressed in Lec-1
V,,5 of Iy currents expressed in the control cell line, Cells are consistent with the hypothesis that negatively
Pro-5 (Tables 1-3). charged sialic acid groups on N-Linked oligosaccharides

Coexpression of minK and KvLQT1 in Lec-1 cells contribute significantly to cell surfaqe negative charges,
was associated with a positive shift in the voltage-a”d that as a result, truncation of N-linked carbohydrates
dependence of, activation and significantly slowed effectively alters the electric field sensed by the channel
activation kinetics. Significant changes in these paramdating mechanism. However, surface charge theory
eters were seen whether rminK or hminK was CoeX_would predict that channel activation and deactivation
pressed with hKvLQT1. Furthermore, the differences in"V€'e eaually affected by loss of negative cell surface

|, gating associated with altered N-glycosylation werecharge. Results shown in Tables 1 and 2 indicate that

; ; ; ficient glycosylation affects activation without signifi-
independent of and comparable in magnitude to thosgIe . o

associated with interspecies variation in the minKCémtly affecting deact|.vat|on. War_lg et al. .(1998)’ re-
amino-acid sequencesde Tables 1 and 2). Negative ported that cotransfection with additional hminK slowed

. . : the activation but had no effect on the deactivatiohpf

fixed charges that influence the gating lof channels : ; :

could reside on acidic phosoholipids such as phos hatlx_:urrents associated with transfection of a tandem con-
phospholip phosp truct consisting of hminK and hKvLQT1 linked 1:1 in

dyl serine, carbohydrates such as sialic acid, or charge ame. These data suggest not only that modulation of

amino acids such as aspartate in the channel pmte'rfg,( gating kinetics may involve minK interaction sites

Our data suggest that the acidic carbohydrate mOdiﬁcaberipheraI to the pore, but also that the ratio of minK to
tions to thel channel subunits play a functional role KVLQT1 may not be ,fixed in assembled, channels.
equal to or greater than that of the charged amino acidgy, ;s the changes in, gating associated with deficient
proximal to the hydrophobic domain in the minK protein. o\ cosylation could be the result of altered subunit stoi-

As discussed above, neither a shift ¥, nor a  chiometry as well as altered surface potential.
slowing of activation kinetics was apparent for homo-

meric KvLQT1 channels in Lec-1 compared to Pro-5 and
CHOK1 cells. Thus, N-linked oligosaccharides appearGLYCOSYLATION AFFECTSPH SENSITIVITY OF | BUT
to contribute more to the functional surface charge of thevoT KvLQT1
I« channels than KvLQT1 channels. This may reflect
not only the presence of two N-glycosylation sites onjon channel modulation by extracellular pH is both bio-
rminK and hminK compared with one N-glycosylation physically interesting and physiologically important. In-
site on hKvLQT1, but also the different stoichiometries vestigation of the effects of Hons on channel behavior
of the assembled channels. Experimental evidence sugras provided not only information about interactions be-
gests that KvLQT1 channels are homotetramers, whileween native channels and their environment in the mem-
Isk channels may contain two or more minK in combi- brane phospholipid, but also a basis for understanding
nation with four KvLQT1 «a subunits (Wang & Gold- the marked effects of myocardial ischemia and acidosis
stein, 1995; Tai & Goldstein, 1998; Wang et al., 1998).on cardiac rate and rhythm (Gende, Camilion & Cin-
The gating properties of channels formed in Pro-5golani, 1978; Orchard & Cingolani, 1994). Many ion
cells with the glycosylation mutant (N5,26A) rminK sug- channels that contribute to the cardiac action potential
gest that deficient glycosylation of both the KvLQT1 and are sensitive to extracellular hydrogen ions, including:
the minK subunits can influendey gating. Iy currents  sodium channels (Yatani et al., 1984; Zhang & Siegel-
associated with coexpression of hKvLQT1 and N5,26Abaum, 1991; Benitah et al., 1997), L-type calcium chan-
rminK in Pro-5 exhibitedv, ,,, isochronal 90% rise time, nels (Krafte & Kass, 1988), HERG (Anumonwo et al.,
and activation time constants intermediate between thos€999; Berube, Chanhine & Daleau, 1999; Jo et al.,
associated with Pro-5 and Lec-1 expression of hKvLQT11999) and Kv1.5 (Furukawa et al., 1995; Steidl & Yool,
and wild-type rminK (Table 2). The differences between1999).
the Iy channels formed by combination of hKvLQT1 The effects of extracellular pH on recombindgg
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currents inXenopusoocytes (Yamane et al., 1993), and age-dependence of activation seen at pH 6.0 in Pro-5
nativel . in guinea pig ventricular myocytes (Davies et cells provides additional support for the hypothesis that
al., 1995; Kass, Davies & Freeman, 1996) have beerd™ ions can affect the gating of normally glycosylated
described previously, and found to differ substantially.KvLQT21 channels by mechanisms other than neutraliza-
External acidification reduces the maximal conductanceion of surface charge. More detailed analysis of proton
of I associated witbXenopusxpression of rminK in a  effects on KvLQT1 channel gating and conductance is
voltage-independent fashion without affecting the volt-warranted, but beyond the scope of this investigation.
age-dependence of activation (Yamane et al., 1993). In  In the present study, where mammalian cell lines
contrast, the effects of extracellular acidification on na-were cotransfected with hKvLQT1 and either rminK or
tive cardiacl,, are mediated by more than one mecha-hminK, decreasing the extracellular pH reduced the am-
nism. Decreasing extracellular pH not only blocks car-plitude oflg,, without inducing a depolarizing shift in the
diacl, but also causes a profound depolarizing shift involtage-dependence of activation (Table 3, Figs. 4 and
the voltage-dependence of activation (Davies et al.5). These observed effects of external acidification on
1995; Kass et al., 1996). recombinant IsK in CHO-K1 and Pro-5 cells are similar
We hypothesized that differences in post-transla-to those obtained previously using the heterologous
tional processing could contribute to the discrepant ef-Xenopugxpression system (Yamane et al., 1993). Thus,
fects of external acidification on recombindgy in the  the previously documented differences between native
Xenopusexpression system and natilyg, in guinea pig  and recombinani currents cannot be characterized as
cardiac myocytes. This investigation was designed tartifacts of theXenopusexpression system, or attributed
determine if N-glycosylation can influence the pH sen-to the lack of an N-glycosylation site in the S5-P loop of
sitivity of I currents expressed in mammalian cells. XenopusKvLQT1 (Sanguinetti et al., 1996).
H* ion effects on homomeric hKvLQT1 channels were Furthermore, it is unclear if differences between the
determined for comparison. surface potentials of cardiac myocytes and epithelial
Recombinant KvLQT1 currents were extremely sen-cells can be responsible for the presence of pH-induced
sitive to extracellular acidification (Fig. 5). Decreasing gating shifts in only the former. Although Pro-5 and
external pH from 7.4 to 6.0 significantly decreased theLec-1 cells may not process minK and KvLQT1 proteins
amplitude and induced a positive shift in the half- in a manner identical to cardiac tissue, the data obtained
activation voltage of recombinant KVLQTL1 currents ex- from heterologous expression of minK and KvLQT1
pressed in Pro-5 and Lec-1 cells. The magnitudes of theubunits in these CHO cell lines suggests that profound
shift in the midpoint of the activation curvél{ mV) and  differences in the extent of N-glycosylation can be asso-
the H™-induced block [60% reduction in current ampli- ciated with an absence of pH-induced gating shifts.
tude) were similar in the control (Pro-5) and the glyco- Another possibility is that the Hinduced shift in the
sylation-deficient (Lec-1) cell lines. However, the slope voltage dependence bf; activation in cardiac myocytes
of the activation curve was significantly decreased at arreflects contributions to native cardigg, of both homo-
external pH of 6.0 in Pro-5Ak = —-2.5+ 0.2 mV), but tetrameric KvLQT1 channels and heteromultimeric
not Lec-1 cells. channels formed by coassembly of KvLQT1 with minK
The depolarizing shift in théd/;,, of KvLQT1 in-  subunits (Salata et al., 1998). Further investigation will
duced by extracellular acidosis is consistent with bindingbe required to resolve the basis of the differences be-
and/or screening of negative surface charges bjoHs.  tween H ion effects on the gating of recombindgt and
Protons have been reported to have similar effects omative cardiads.
voltage-gated Na(Yatani et al., 1984; Zhang & Siegel- Our experimental results also refute the hypothesis
baum, 1991; Benitah et al., 1997), T4Krafte & Kass, that the negatively charged residues just proximal to the
1988) and K channels (Furukawa et al., 1995; Ahn & hydrophobic domain of rminK represent the sites for
Hume, 1997; Anumonwo et al., 1999; Berube, Chanhingoroton binding and IsK block (Yamane et al., 1993).
& Daleau, 1999; Jo et al., 1999; Perez-Cornejo, 1999)The human species variant of minK differs from rminK
Our observation of equivalent gating shifts in Pro-5 andwith respect to the number of charged residues in this
Lec-1 cells indicates that the titratablé4densitive nega- region (Fig. 1), and, as a result, the associated IsK ex-
tive charges on the surface of these CHO cell lines ardibits [B-fold reduced L& sensitivity (Hice et al., 1993,
not associated with the terminal regions of N-linked oli- 1994). In contrast, the Hsensitivity of I, associated
gosaccharides. In addition, the data suggest thabks  with expression of rminK and hminK in Pro-5 cells co-
modulate KvLQT1 current amplitude by more than onetransfected with hKvLQT1 did not differ significantly in
mechanism, because the relatively modegtrfiV) shift ~ magnitude (Fig. 4).
in half-activation voltage does not adequately explainthe ~ Most importantly, our data suggest strongly that N-
profound (160%) block of KvLQT1 currents observed in glycosylation of the minK subunit modulates the volt-
Pro-5 and Lec-1 cells. The decreased slope of the voltage-independent block df, by H" ions. Expression of
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pH 7.4 (initial) pH 6.0 pH 7.4 (wash)

S

Fig. 7. 14 currents recorded at pH 7.4 and 6.0.
Currents were elicited by depolarizing test pulses
(-40 to +60, step 20) from a =40 mV holding

/ [— potential, at an initial extracellular pH (pk) of
E N 7.4 (left), after changing pkj; to 6.0 (middle),
————— - and then returning to the original gi of 7.4
(left). (A) Currents recorded from a CHO-K1 cell
cotransfected with wild-type rminK and
hKvLQT1. (B) Currents recorded from a Lec-1
cell cotransfected with hminK and hKvLQT1CY
Currents recorded from a Pro-5 cell cotransfected
— with mutant N5,26A rminK and hKvLQT1.

Calibration bars: 500pA (vertical); 2 sec
(horizontal).

SN

=S

KvLQT1/minK in the glycosylation deficient cell line, to altered pH not only in the heart, but also in the CNS
Lec-1 eliminated the reduction ofx amplitude induced and intestines where other KCN&Qsubunits and KCNE

by acid pH in CHO-K1 and Pro-5 cells (Figs. 6 and 7). B-subunits interact to form physiologically important K
Furthermore, coexpression of hKvLQT1 with a rat mu- currents (Schroeder et al., 1998, 2000).

tant minK lacking N-glycosylation sites (N5,26A) had a In summary, data presented here suggest that N-
similar effect. glycosylation of the KvLQT1 and/or minK ion channel

Comparisons between the effects of extracellularsubunits can influence the gating and pH sensitivity of
acidification onlg, and KvLQT1 channels suggests that formed I, channels. The results contribute to our un-
coassembly with the minK subunit alters the pH sensi-derstanding of mechanisms underlying pH regulation of
tivity of the channels formed in at least three ways. First,protein function, and suggest a novel regulatory role for
incorporation of minK limits proton access to the nega-minK in modulating the cardiac electrophysiological re-
tive surface charges that are titratable in homomeric Kvsponse to the extracellular acidosis that can accompany
LQT1 channels. In contrast to KvLQT1, changing pH disease states such as respiratory or renal failure, diabetic
from 7.4 to 6.0 had no effect on the midpoint of ISK ketoacidosis and myocardial ischemia.
activation. Coassembly with minK also diminishes the
reduction inlg, current amplitude induced by acid pH. This work was supported by grants from the American Heart Associa-
Whereas hKvLQT1 currents in Pro-5 cells were blockedtion-Kansas Affiliate (KS-95-GB-7) (LF), and the National Institutes of
on average byb0% at pH 6.0/« currents associated Health, GM19332 (KM), and HD36002 (LF). We thank Drs. Wai-
with similar coexpression of hKvLQT1 and hminK were Meng Kwok and Anna Stadnicka for helpful discussions.
blocked on average byR0%. Finally, N-linked oligo-
saccharide on minK contributes to thg channel’'s pH
sensor.

The correlation b?tween the+_HenSiti\_/ity ofl s« and Abbott, G.W., Sesti, F., Splawskik, I., Buck, M.E., Lehmann, M.H.,
the structure of the oligosaccharide chain attached to the Timothy, K.W., Keating, M.T., Goldstein, S.A.N. 1999. MiRP1
minK subunit is most intriguing. If the nature and extent  forms I, potassium channels with HERG and is associated with
of N-glycosylation can modulate *Hion effects on K cardiac arrhythmiaCell 97:175-187
current amplitude, then differential expression of glyco-Ahn, D.S., Hume, J.R. 1997. pH regulation of voltage-dependént K
transferases may represent a means of fine-tuning tissue channels in canine pulmonary arterial smooth muscle deflse-

. . . . ) . _ gers Arch.433:758-765
response to acidosis and ischemia. Two N-terminal conAnumonwo, JM.. Horta, J., Delmar, M., Taffet, S.M., Jalife, J. 1999.

sgnsus N—glycosylation sites are present not only on the Proton and zinc effects of HERG currenBophys. J77:282-298
m”:‘K subunit (KCNE1), but also on the relat@dsub- . Barhanin, J., Lesage, F., Guillemare, E., Fink, M., Lazdunski, M.,
units, KCNE2-4 (Schroeder et al., 2000). Thus, this Romey, G. 1996. KVLQT1 and,, (MinK) proteins associate to
modulatory mechanism could affect khannel response form the . cardiac potassium curreritlature 384:78-80
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