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A B S T R A C T  The electrophysiological properties of HK2 (Kvl.5), a K + channel 
cloned from human ventricle, were investigated after stable expression in a mouse 
L t k  - cell line. Cell lines that expressed HK2 mRNA displayed a current with delayed 
rectifier properties at 23°C, while sham transfected cell lines showed neither specific 
HK2 mRNA hybridization nor voltage-activated currents under  whole cell condi- 
tions. The expression of the HK2 current has been stable for over two years. The 
dependence of the reversal potential of this current on the external K + concentra- 
tion (55 mV/decade) confirmed K + selectivity, and the tail envelope test was 
satisfied, indicating expression of a single population of K ÷ channels. The activation 
time course was fast and sigmoidal (time constants declined from 10 ms to < 2 ms 
between 0 and +60 mV). The midpoint and slope factor of the activation curve were 
Eh = --14 -- 5 mV and k = 5.9 - 0.9 (n -- 31), respectively. Slow partial inactivation 
was observed especially at large depolarizations (20 -+ 2% after 250 ms at +60 mV, 
n -- 32), and was incomplete in 5 s (69 -+ 3%, n = 14). This slow inactivation 
appeared to be a genuine gating process and not due to K + accumulation, because 
it was present regardless of the size of the current and was observed even with 140 
mM external K + concentration. Slow inactivation had a biexponential time course 
with largely voltage-independent time constants of ~240 and 2,700 ms between 
- 1 0  and +60 mV. The voltage dependence of slow inactivation overlapped with 
that of activation: Eh = --25 -- 4 mV and k = 3.7 -- 0.7 (n = 14). The fully activated 
current-voltage relationship displayed outward rectification in 4 mM external K + 
concentration, but was more linear at higher external K + concentrations, changes 
that could be explained in part on the basis of constant field (Goldman-Hodgkin- 
Katz) rectification. Activation and inactivation kinetics displayed a marked temper- 
ature dependence, resulting in faster activation and enhanced inactivation at higher 
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temperature. The current was sensitive to low concentrations of 4-aminopyridine, 
but relatively insensitive to external TEA and to high concentrations of dendro- 
toxin. The expressed current did not resemble either the rapid or the slow 
components of delayed rectification described in guinea pig myocytes. However, this 
channel has many similarities to the rapidly activating delayed rectifying currents 
described in adult rat atrial and neonatal canine epicardial myocytes. Therefore 
human Kvl.5 may contribute to the initial fast repolarization and to the K + 
conductance during the plateau phase of the cardiac action potential. 

I N T R O D U C T I O N  

K + channels play important roles in cardiac excitability as they are involved in 
maintaining the resting potential, in early fast repolarization, in control of plateau 
and action potential duration, and in pacemaking activity (see Gintant, Cohen, 
Datyner, and Kline, 1991 for a review). However, detailed quantitative study of 
cardiac K + channels is complicated by the presence of multiple overlapping ionic 
currents in native cardiac myocytes. A combination of ion substitution and pharma- 
cological dissection has been used to eliminate all but the current of interest (Baker, 
Bennett, and Roden, 1990; Sanguinetti and Jurkiewicz, 1990a). Although valuable, 
this procedure may introduce experimental difficulties: for instance, the use of 
divalent cations to block Ca 2+ currents may modify gating properties of K + channels 
(Agus, Dukes, and Morad, 1991; Fan and Hiraoka, 1991; Follmer, Lodge, Cullinan, 
and Colatsky, 1992). In addition, kinetic analysis may be problematic if block of other 
currents by drugs is not time and voltage independent (Campbell, Qu, Rasmusson, 
and Strauss, 1993; Snyders, Bennett, and Hondeghem, 1991a). 

Based on homology with Shaker K + channels (Papazian, Schwarz, Tempel, Jan, and 
Jan, 1987), several K + channels have recently been cloned from rat heart (Tseng- 
Crank, Tseng, Schwartz, and Tanouye, 1990; Paulmichl, Nasmith, Hellmiss, Reed, 
Boyle, Nerbonne, Peralta, and Clapham, 1991; Roberds and Tamkun, 1991a), and 
human heart (Tamkun, Knoth, Walbridge, Kroemer, Roden, and Glover, 1991). One 
of these human channels, designated HK2, was cloned from a human ventricular 
eDNA library. Analysis of tissue-specific expression indicated that this channel mRNA 
is expressed in the ventricle and more abundantly in the atrium (Tamkun et al., 
1991). This human channel displays 86% overall homology with a channel cloned 
from rat heart (RK4) (Roberds and Tamkun, 1991a) and 96% identity in the central 
core region (containing the six membrane-spanning domains). Under a proposed 
nomenclature for cloned vertebrate K + channels (Chandy, 1991), these channels, 
although not identical, represent human and rat cardiac isoforms of Kvl.5. 

The purpose of this study was to stably express this human cardiac K + channel in a 
mammalian cell line and to determine its functional characteristics in order to 
compare this current to the known phenotypes of time- and voltage-dependent K + 
currents in native myocytes. The expressed current displayed high K + selectivity, 
outward rectification, activation at depolarized potentials with fast activation kinetics, 
and slow inactivation. Therefore, this cloned channel may correspond to the very fast 
activating currents seen in rat atrial myocytes (Boyle and Nerbonne, 1991) and 
canine neonatal epicardial ventricular myocytes (Jeck and Boyden, 1992). Under the 
experimental conditions used in this study, no contaminating voltage-activated 
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currents  were observed.  In  conjunct ion  with the stable na ture  of  the express ion ,  this 
express ion  system provides  an impor t an t  new tool to study funct ional  and  pha rma-  
cological  characterist ics  of  cardiac ion channels  (Snyders, Knoth,  Roberds ,  and  
Tamkun ,  1992a; Snyders,  Roberds ,  Knoth,  Bennet t ,  and  T a m k u n ,  1992b). 

Pre l iminary results were p re sen ted  at  the 64th annual  scientific mee t ing  of  the  
Amer ican  Hea r t  Associat ion (Snyders, Knoth,  Roberds ,  and  Tamkun ,  1991c). 

M E T H O D S  

Transfection and Cell Culture 

The SphI-EcoRV fragment (basepairs 161-2059) of the HK2 cDNA (Tamkun et al., 1991) was 
blunted with Klenow and subcloned in the EcoRV site of pMSVNeo (Chung, Wang, Potter, 

FIGURE 1. Transfection vector 
and mRNA expression. (A) Dia- 
gram of pMSVneo vector. 
MMTV, murine mammary tu- 
mor virus promotor; dexa, 
dexamethasone; SV40, simian 
virus SV40 early promotor; neo, 
neomycin resistance gene; 
HK2, coding sequence for HK2 
K ÷ channel, inserted at the 
polylinker site. The constitu- 
tively active SV40 promoter 
confers neomycin resistance to 
cells that successfully incorpo- 
rate the construct, allowing 
them to survive under continu- 
ous G418 selection. Channel 
expression is activated by dexa- 
methasone induction of the 

MMTV promotor. The construct for sham transfection lacked the HK2 coding sequence. (B) 
High stringency Northern analysis of a HK2 transfected cell line (lane I) and a sham 
transfected cell line (lane 2) after induction with 1 ~M dexamethasone for 24 h. 10 p~g of total 
L cell RNA was fractionated by formaldehyde gel electrophoresis and hybridized as described 
previously (Tamkun et al., 1991). Ethidium bromide staining confirmed that equal amounts of 
intact RNA had been loaded on the agarose gel. The hybridization probe was the full-length 
HK2 cDNA. The specific band of the appropriate size for HK2 message was only detected in 
the HK2 transfected cell line (lane 1). 

Venter, and Fraser, 1988). This vector contains the dexamethasone-inducible murine mam- 
mary tumor virus promoter controlling transcription of the eDNA inserted at the polylinker 
site, and a gene conferring neomycin resistance driven by the SV40 early promoter (Fig. 1 A). 
The HK2-pMSVNeo construct contained the entire coding sequence and in addition 22 and 59 
bp of the 5' and 3' untranslated sequence, respectively. The cDNA-containing expression 
vector was transfected into mouse Ltk- cells (L cells) using the calcium phosphate method as 
described previously (Takeyasu, Tamkun, Siegel, and Fambrough, 1987). After 24 h, selection 
with 0.5 mg/ml G418 (a neomycin analogue) was initiated for 2 wk or until discrete foci formed. 
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Individual foci were isolated, maintained in 0.25 mg/ml  G418, and screened for HK2 mRNA 
expression by Northern analysis as previously described (Tamkun et al., 1991). Specific 
hybridization was obtained in each of 10 cell lines randomly selected from the 30 foci surviving 
G418 selection. Two of these positive cell lines were assayed for functional current expression, 
which was indistinguishable, and one (L-HK2.7) was chosen for further study. Cell lines 
transfected with the same vector, but lacking the HK2 cDNA, were prepared in parallel and 
served as negative controls (sham transfected cell lines). The sham transfected cells did not 
display specific mRNA hybridization on Northern analysis at high stringency with a HK2- 
specific probe (Fig. 1 B) and did not express HK2 currents (see Results). 

Cells were cultured in DMEM supplemented with 10% horse serum and 0.25 mg/ml  G418 
under  a 5% CO2 atmosphere. The cultures were passed every 4-5  d using a brief trypsin 
treatment. Before experimental use, subconfluent cultures were incubated with 2 IzM dexa- 
methasone for 24 h to induce efficient channel expression. The cells were removed from the 
dish with a rubber policeman, a procedure that left the majority of the cells intact. The cell 
suspension was stored at room temperature and used within 12 h for all the experiments 
reported here. However, up to 24 h of storage at room temperature did not yield significantly 
different results. Trypsin treatment of the cells before use was avoided since the HK2 channel 
has six potential tryptic cleavage sites on its presumed extracellular face (Tamkun et al., 1991). 

Electrical Recording 

Recordings were made with an Axopatch-lA patch clamp amplifier (Axon Instruments, Inc., 
Foster City, CA) using the whole cell configuration of the patch clamp technique (Hamill, 
Marty, Neher, Sakmann, and Sigworth, 1981). Micropipettes were pulled from starbore 
borosilicate glass (Radnoti Co., Monrovia, CA) and were heat polished. All currents were 
recorded at room temperature (21-23°C) unless indicated otherwise. The current records were 
sampled at 3-10 times the anti-alias filter setting, stored on the hard disk of an IBM PC-AT for 
subsequent analysis, and archived on optical disk. Data acquisition and command potentials 
were controlled by a versatile custom-made programmable stimulator. Gain, filter frequency, 
and temperature were stored with each record. To ensure voltage clamp quality, electrode 
resistance was kept below 3.5 M~; the average resistance was 2.2 +- 0.5 MI~ (n = 46). Junction 
potentials were zeroed with the electrode in the standard bath solution. The electrodes were 
gently lowered onto the cells and gigaohm seal formation was achieved by suction (17 +-- 9 GO; 
range 5-50 GO). 

After establishing the whole cell configuration, the capacitive transients elicited by symmetri- 
cal 10-mV voltage clamp steps from - 8 0  mV were recorded at 50 kHz (filtered at 10 kHz) for 
subsequent calculation of capacitive surface area, access resistance, and input impedance (Fig. 
2). Thereafter, capacitance and series resistance compensation were optimized and 80% 
compensation was usually obtained. With an average current of 1.6 nA at +60 mV (i.e., worst 
case analysis of largest currents associated with strongest depolarization), no significant voltage 
errors ( < 5 mV) due to series resistance were expected with the electrodes used, and this was 
confirmed by the calculated access resistance (Ra) (Table I). Fig. 2 illustrates that, compared 
with ventricular myocytes, the low capacitance enabled fast clamp control: "r = 45-200 Ixs 
before compensation (Table I), which improved further after compensation. 

Solutions 

The intracellular pipette filling solution contained (mM): 110 KCI, 10 HEPES, 5 K4BAFI'A, 5 
K2ATP, and 1 MgCI2, and was adjusted to pH 7.2 with KOH, yielding a final intracellular K + 
concentration of ~ 145 raM. The bath solution contained (mM): 130 NaCI, 4 KCI, 1.8 CaCI2, 1 
MgCl2, 10 HEPES, and 10 glucose, and was adjusted to pH 7.35 with NaOH. To obtain higher 
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3000 I f~, p.4, FIGURE 2. Passive properties. The 
8 0 0  capacitive transient for a 10-mV depo- 

larization from - 8 0  to - 7 0  mV is 
3 0  shown after linear leak subtraction. 

" " 0~3 Numerical integration of the area un- 
~ . . . ~  der the curve yielded a capacitance of  

21 pF. The  time constant of  the fall- 
ing phase was 52 V,s (semilogarithmic 
graph in inset). Calculated uncom- 

. . . . . . . .  - . ,  pensated access resistance was 2.5 
. . . . . . . . . . . .  MI~. Data were sampled at 50 kHz 

0 0 .5  1.0 and filtered at 10 kHz. 
m s  

extracellular K + concentrations, equimolar substitution of KC1 for NaC1 was used. Tetraethyl- 
ammonium (TEA) and 4-aminopyridine (4-AP) were added to the extracellular solution as 
needed, and for concentrations > 5 raM, equimolar substitution with NaCI was used. All these 
chemical compounds were obtained from Sigma Chemical Co. (St. Louis, MO). 

Dendrotoxin (DTX-I) was kindly provided by Dr. R. Hartshorne (Oregon Health Sciences 
University, Portland, OR). DTX-I was purified as described previously (Benishin, Sorensen, 
Brown, Krueger, and Blaustein, 1988). Because dendrotoxin did not block this channel in 
concentrations up to 100 nM, the following controls were done: after superfusion with DTX-I 
for 10-15 rain, the perfusion was switched to 75 mM extracellular K ÷ to confirm that the 
solution switch had been complete within 2-3 min, as assessed by the change in the reversal 
potential. Biological activity of  this DTX-I lot was confirmed by 125I-DTX-I binding to brain 
synaptosomes and by full suppression of Kvl.1 (RK1) current in transfected L cells with only 5 
nM DTX-I. The  latter is consistent with the high affinity of Kvl.1 for DTX (Stiihmer, Stocker, 
Sakmann, Seeburg, Baumann, Grupe, and Pongs, 1988; Hurst, Busch, Kavanaugh, Osborne, 
North, and Adelman, 1991). 

Pulse Protocols and Analysis 

The holding potential was - 8 0  mV unless indicated otherwise. Repriming kinetics of HK2 
(deactivation and recovery from slow inactivation; see Results) were sufficiently fast to allow for 
pulse trains up to 0.5 Hz without decrement  of  the current (250-ms pulses). However, to ensure 
identical conditions throughout the protocols, the cycle time was 10 s or slower (with the 
exception of specific pulse trains). In the case of  drug application or changes in external K + 

T A B L E  I 

Properties of the L Cell Expression System 

Size SA C m Cm/SA RME "re Ra 16o 16o/Cm 16o/SA 

I.Lm ~m 2 pF pF/Izm 2 M~  ,us MO n.A pA/pF pA/~m 2 
Mean 16.0 813 18.3 2.2 2.2 114 6.6 1.6 92 2.0 
SD 1.3 129 5.2 0.5 0.5 53 3.1 1.2 61 1.4 
N 46 46 40 40 46 40 40 40 40 40 

Size: cross-sectional diameter, measured with eyepiece micrometer at ×40. SA: surface area, calculated 
assuming smooth spherical shape. Cm: cell capacitance obtained by integration of uncompensated capacitive 
transients (see Methods). "re: time constant of uncompensated capacitive transient. RME: electrode DC 
resistance. Ra: uncompensated access resistance (Ra = "rc/Cm). 160: maximum current at +60 mV. 
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concentration, the change in solution was monitored with test pulses from - 8 0  to +50 mV, 
applied every 15 or 30 s until steady state was obtained. 

The protocol to obtain current-voltage relationships and activation curves consisted of 
250-ms pulses that were imposed in 10-mV increments between - 8 0  and +60 mV, with 
additional interpolated pulses to yield 5-mV increments between - 3 0  and + 10 mV (activation 
range of HK2). The steady-state current-voltage relationships were obtained by measuring the 
current at the end of the 250-ms depolarizations. Between - 8 0  and - 4 0  mV, only passive 
linear leak was observed; least-squares fits to these data were used for passive leak correction. 
Capacitive transients were subtracted using an appropriately scaled average of 16-32 hyperpo- 
larizing pulses from - 8 0  to - 1 0 0  inV. Deactivating tail currents were recorded at - 3 0  or - 5 0  
mV. The activation curve was obtained from the tail current amplitude immediately after the 
capacitive transient, or from the amplitude of the exponential fit to its time course: both gave 
similar results. For steady-state curves, raw data points were averaged over a small time window 
(2-5 ms). Peak currents were obtained from the best second-order polynomial fit to the raw 
data points using a moving window of 10-20 ms, as used previously for analyzing INa (Snyders 
and Hondeghem, 1990). Raw tracings shown in this paper were corrected for linear leak and 
capacitive transients as described above and digitally filtered at 2 kHz in the frequency domain 
after Fourier transformation. 

The voltage dependence of channel opening or inactivation (activation and inactivation 
curves) was fitted with a Boltzmann equation y = 1/{ 1 + exp [ - (E  - Eh)/k]}, where k represents 
the slope factor and Eh the voltage at which 50% of the channels are open or inactivated. 
Because inactivation was usually incomplete, data were normalized after subtraction of the 
noninactivating fraction at the test potential. The time courses of tail currents and slow 
inactivation were fitted with a sum of exponentials. Activation kinetics were fitted with a single 
exponential to the latter 50% of activation (White and Bezanilla, 1985; Spires and Begenisich, 
1989) (dominant time constant of activation), or with an equation of the form 
[1 - A x exp (-t/%)]", with n = 4 to reflect independent  activation of four subunits (Koren, 
Liman, Logothetis, Nadal-Ginard, and Hess, 1990; Zagotta and Aldrich, 1990; MacKinnon, 
1991). The curve-fitting procedure used a nonlinear least-squares (Gauss-Newton) algorithm; 
results were displayed in linear and semilogarithmic format together with the difference plot. 
Goodness of the fit and required number  of exponential components were judged by 
comparing ×2 values statistically (F test) and by inspection for systematic, nonrandom trends in 
the difference plot (see Fig. 8 C). 

Results are expressed as mean _+ SD. Analysis of variance with appropriate post hoc 
comparisons was used to compare the differences in mean values; P < 0.05 was considered 
significant. 

R E S U L T S  

Expressed HK2 Current 

Fig. 3 A  shows reco rd ings  f rom a m o u s e  L cell exp res s ing  HK2.  T rac ings  for 
depo l a r i za t i on  f rom - 8 0  mV to po ten t i a l s  be tween  - 1 0 0  a n d  + 6 0  mV were 
s u p e r i m p o s e d  f rom co mp a r i s on .  Between  - 1 0 0  a n d  - 3 0  mV, no  vol tage  act ivated 
c u r r e n t  was observed.  With  fu r the r  depo la r iza t ion ,  a progress ively  la rger  ou tward  
c u r r e n t  was recorded .  T h e  act ivat ion o f  the  cu r r en t  p r o c e e d e d  with a s igmoidal  t ime  
course,  a n d  the  rate  of  act ivat ion inc reased  with depo la r iza t ion .  At the  mos t  posit ive 
voltages,  the  cu r r en t  dec l ined  ~ 10% d u r i n g  depo la r i za t i on  m a i n t a i n e d  for 250 ms. 
Th i s  slow inac t iva t ion  is ana lyzed  in  m o r e  detai l  below. U p o n  repo la r i za t ion  to - 3 0  
mV, ou tward  tail cu r ren t s  were recorded .  In  this cell, the  size of  the  expressed  cu r r en t  
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at + 5 0  mV was 1,320 pA or  87 pA/pF .  Average values at + 6 0  mV were 1.6 -+ 1.2 nA 

or  92 -+ 60 p A / p F  (n = 40). 
Wi thout  induct ion of  the  t ransfected cells, these typical HK2 whole cell currents  

were not  observed.  After 8 -24  h induct ion with 2 IxM dexamethasone ,  outward 
currents  r ang ing  from 0.5 to 20 nA were ob ta ined  at  + 5 0  mV. Because o f  inheren t  
series resistance p rob lems  associated with h igher  cur ren t  densit ies,  the la t ter  value 
(20 nA at +50  mV) should only be cons idered  an a p p r o x i m a t e  indicat ion o f  the 
h ighest  levels o f  express ion;  cells that  expressed  these cur ren t  densi t ies  were not  used 

for fur ther  analysis. 

Stable Transfection and Electrophysiological Properties of L Cells 

Sham transfected cells (cell lines that  underwent  the full t ransfect ion p rocedu re  with 
a pMSVneo vector  lacking the HK2 coding  sequence;  see Methods)  d id  not  display 

- 3 0  

fl 

, ~ + 6 0  

I • 
i ~ - 5 0  

- 8 0  

0"IL 
100 ms I00  ms 

FIGURE 3. HK2 currents ex- 
pressed in a mouse L cell com- 
pared with sham transfected 
cells. (A) HK2 transfected cell. 
Superimposed current tracings 
for depolarizations from a 
holding potential of - 8 0  mV to 
voltages between -100  and 
+50 mV (top); tail currents were 
obtained at - 3 0  mV. Tracings 
for -100  to - 3 0  mV all super- 
impose (lowermost tracing). Lin- 

ear leak (3.1 GI2) and capacitive transients were subtracted as described in Methods. Data were 
sampled at 10 kHz and filtered at 5 kHz (4-pole Bessel filter). Cell capacitance 15.1 pF; size 15 
I~m; resting potential - 2 8  mV. (B) Sham transfected cell. Tracings are shown for depolarization 
from - 8 0  mV to voltages up to +60 mV in 20-mV increments (inset). Raw tracings are displayed 
without subtraction of linear leak or capacitive transients. The current-voltage relationship was 
linear from - 8 0  to +60 mV with 5.1 Gfl input impedance. 

specific m R N A  hybr id iza t ion  on N o r t h e r n  analysis at h igh str ingency with a HK2- 
specific p robe  (Fig. 1 B). No vol tage-ga ted  K + channels  were observed in these cells 
(Fig. 3 B) u n d e r  the r eco rd ing  condi t ions  used in this study (n = 6). Only a 
t i m e - i n d e p e n d e n t  leak cur ren t  was observed,  which was l inear  between - 1 0 0  and 
+40  mV and  reversed close to 0 mV. This  cur ren t  was typically less than  - 8 0  pA at 
the ho ld ing  poten t ia l  of  - 8 0  mV, indica t ing  a whole cell impedance  > 1 GI2. At +50  
and  +60  mV a small addi t iona l  outward cur ren t  was occasionally observed.  This  
cur ren t  was < 3 p A / p F  or  40 pA/cel l ,  or  < 2% of  typical whole cell HK2 current .  
Sham t ransfected cells (ei ther  induced  or  not)  or  non induced  L-HK2.7 cells d i sp layed  
low rest ing potent ia ls  ( - 6  mV or  less). In contrast ,  the HK2 t ransfected cells had  a 
res t ing potent ia l  of  - 2 9  -+ 6 mV (n = 26) 24 h after induct ion of  HK2 express ion.  
No sodium or  calcium currents  were observed in e i ther  sham or  truly t ransfected cell 
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lines (n > 300). Average values for cell size, capacitance, and access resistance are 
provided in Table I. 

Envelope of Tai ls  Test  

If  the expressed current  represents a single homogenous  class of  channels, then the 
magni tude  of  the deactivating tail currents should be proport ional  to the current 
activated dur ing the depolarizing test pulse eliciting those tails (Hodgkin and 
Huxley, 1952). Fig. 4 shows the results o f  this envelope o f  tails test. The  activation 
time course during the depolarization to 0 mV was sufficiently slow to easily obtain 
tail currents in conditions where the current  dur ing depolarization changed about 
fivefold. Fig. 4A  shows that the tail current  ampli tude indeed rose up to 150 ms and 
then tapered off slightly, as did the current  recorded during depolarization to 0 mV. 

A J i l l  I I I I I 
- 8 0  - 3 0  

+0 mV 

100 ms 

FIGURE 4. Envelope of tails 
test. (A) Superimposed tracings 
of currents obtained during de- 
polarization (0 and +20 mV), 
and subsequent tail currents. 
Symbols superimposed on the 

• Tails, current during the step indicate 
o sca led  the scaled tail amplitude using 

a single scaling factor (2.75 for 
0 mV, 4.1 for +20 mV). Pulse 
protocol (top): a variable dura- 
tion depolarization to 0 mV or 
+20 mV was followed by a step 
to - 30  mV for tail current mea- 

Ratio Ir~Clsne surement. Holding potential 
B .so - 80  mV. Residual uncompen- 

- - :  - -  ~ = * O m V  
I "  " "  0 ~" +20 m V  Mlq. (B) Ratio of tail current 

.as sated access resistance was 1.2 

o amplitude (/tail) and current ac- 
tivated during depolarization (/step)' The horizontal line is a linear fit to the data points with the 
following parameters. For depolarization to 0 mV: intercept 0.36, slope 2 x 10-5/ms, r = 0.34; 
for depolarization to +20 mV: intercept 0.24, slope 3 × 10-5/ms, r = 0.07 (i.e., not correlated 
with time in either case). 

These results were quantitated in two ways. In Fig. 4 A, the tail current measured 
after the longest step to 0 mV was scaled to match the current  at the end o f  the 
preceding depolarizing test pulse. This scaling factor (2.75 in this example) was then 
applied to all o ther  tail currents, and the resulting values are indicated by the circles. 
These points all super imposed on the tracing during depolarization, indicating that 
the test was satisfied. This was confirmed by the more  stringent test shown in Fig. 4 B 
(Sanguinetti and Jurkiewicz, 1990a). For each test depolarization, the ratio o f  the tail 
current  size (/tail) to the amount  of  current  activated dur ing the eliciting depolariza- 
tion ( / s t ep )  w a s  obtained and displayed as a function o f  the durat ion of  the 
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corresponding  depolarization (filled symbols). This ratio was independent  o f  time 
and current  size. The  bot tom part  of  Fig. 4 A shows the results obtained in the same 
cell at + 20  mV and illustrates that the test remained satisfied during the slow 
inactivation phase (open symbols in Fig. 4 A). The  latter was confirmed by the ratio 
analysis (4 B, open  symbols). Similar results were obtained in five other  cells for 
different combinations o f  step and tail potential (Table II) in which the tail envelope 
test remained satisfied dur ing the slow inactivation at large depolarizations as well. 

Potassium Selectivity 

The  increase of  current  with depolarization, and the outward tails at - 5 0  and - 3 0  
mV (Fig. 3) are consistent with the behavior of  a K + channel. To  test whether  K ÷ was 
indeed the main charge carrier and to determine the selectivity of  this channel,  
reversal potentials were obtained in different external K + concentrations. The  
current  was fully activated using a 25-ms depolarization to +50  mV, and the 

T A B L E  I I  

Envelope Tail Current Ratio 

Expected Observed Observed/ 
Experiment E 1 / E2 ratio ratio* expected 

9 1 0 1 2 5 a - 5  0 / - 3 0  .62 .360 ± .009 .48 

9 1 0 1 2 5 a - 6  3 0 / - 3 0  .50 .244 ± .003 .58 

9 1 1 1 2 7 a - 1 3  1 0 / - 5 0  .33 .18 ± .01 .54 

911127c -2  1 0 / - 5 0  .33 .201 ± .009 .61 

9 1 1 2 0 4 a - 8  0 / - 5 0  .37 .17 ± .01 .46 

9 1 1 2 0 4 b - 7  0 / - 5 0  .37 .13 ± .02 .35 

9 1 1 2 0 4 c - I 2  0 / - 4 0  .50 .303 ± .004 .60 

911204c -13  3 0 / - 4 0  .33 .170 ± .005 .51 

El: step potential. E2: tail potential. Expected ratio: calculated from (E2 
for Ere,,- 
*Mean ± SD (n = 7-10). 

- Er~)/(E1 - Er~), using -80 mV 

subsequent tail current  amplitudes were measured at potentials between - 1 1 0  and 
+40  mV. Because o f  the fast deactivation kinetics negative to - 6 0  mV, the tail 
current  amplitudes at these voltages were obtained from the ampli tude of  exponen-  
tial fits to the time course. The  reversal potential was obtained from a linear fit to the 
values obtained at four or  five voltages bracketing the reversal potential (5-mV 
intervals). Average values were (extracellular [K ÷] in parenthesis): - 8 1  --. 3 mV (4 
mM, n = 6 ) , - 4 9 - 2 m V ( 1 6 m M ,  n = 3 ) , - 1 3 _ _ 4 m V ( 7 5 m M ,  n = 3 ) , a n d + 7 m V  
(140 mM, n -- 2). Fig. 5 shows the dependence  of  the reversal potential on the 
external K + concentrat ion.  The  solid line represents the fitted Nernst  equation (see 
legend). The  resulting slope factor o f  55 mV/decade  indicated that the HK2 encoded 
channel was indeed highly selective for K +. A fit o f  these data with the Goldman-  
Hodgkin-Katz voltage equation (Goldman, 1943; Hodgkin  and Katz, 1949) yielded a 
relative selectivity (PNa/PK) of  0.007 + 0.001. 
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Current-Voltage Relationship and Rectification 

Fig. 6 A shows the current-vol tage relationships for the maximum current  during a 
250-ms depolarization and the instantaneous (fully activated) current-vol tage rela- 
tionship. The  current-vol tage curves have been corrected for passive background 
leak as described in Methods. This current-vol tage relationship illustrates that the 
current  is activated at voltages positive to - 3 0  mV. Before leak subtraction, the 
current-vol tage curve crossed the zero-current axis at - 2 9  mV, corresponding to the 
resting potential of  this cell measured in current clamp mode  ( - 2 8  mV). The  
sigmoidicity between - 3 0  and + 10 mV reflects the voltage dependence  of  channel 
opening  (see below). Positive to 0 mV, the relationship was nearly linear. However, 
this quasi-linear section did not extrapolate to the reversal potential of  the current, 
but to - 2 6  mV. This is suggestive of  outward rectification. Another  indicator of  
outward rectification was provided by the analysis of  the ratio o f  tail to step current in 
the envelope o f  tails test. As shown in Table II, this ratio was systematically lower than 
the ratio expected for a K+-selective channel with ohmic (linear) conductance.  

To evaluate the rectification properties, the instantaneous fully activated cu r ren t -  

25-  

o -  

o 

o .  - 5 0  " 

-100 

_ _ ~  O 

. . . . . . .  i'0 . . . . . .  i o o  s o o  
[K], [mM] 

FIGURE 5. K ÷ selectivity. The pulse 
protocol is shown in the inset on the 
left. The inset on the right shows 
tracings obtained in 4 mM external 
K +. Calibration, 20 ms and 500 pA. 
The horizontal bars indicate, from 
top to bottom, the initial size of the 
tail current at -50,  -80,  and - l l 0  
mV. The solid line represents the fit 
of the Nernst equation Er~ = A x 
log ([K+]o/[K+]i) + Vo~, with A = 55.1 
mV and Volts = 4.8 mV. 

voltage relationship of  HK2 was determined.  In the example of  Fig. 6A (filled 
circles), this curve was obtained from tail currents after a short depolarizing step to 
+50  mV by extending the protocol of  Fig. 5 to more  positive potentials. The  upward 
curvature in Fig. 6 A indicates that the HK2 current displayed outward rectification. 
The  solid line represents a fit with using the constant field current  equation 
(Goldman, 1943; Hodgkin  and Katz, 1949). 

Because constant field rectification depends on permeant  ion concentration,  the 
effect o f  varying external K + concentrat ion was determined.  In the exper iment  shown 
in Fig. 6 B, the instantaneous current-vol tage relationships were obtained from tail 
current  amplitudes at voltages negative to - 3 0  mV (as in Figs. 5 and 6A). At more  
positive potentials data were obtained from peak currents during depolarizing steps. 
In the voltage range between - 3 0  and + 10 mV, the currents f rom either protocol 
were corrected for the degree o f  partial activation or deactivation. Both methods  to 
obtain this instantaneous current-vol tage relationship gave similar results. Fig. 6 B 
shows that the outward rectification of  HK2 indeed depended  on the external K + 
concentration.  Rectification was less p ronounced  at higher external K + concentra-  
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tions. With 75 mM (Fig. 6 B) and  140 mM external  K + (other experiments)  the 

relat ionship was almost linear. The  solid lines in Fig. 6 B represent  the fit of the 
constant  field current  equat ion to these data (see Discussion). The  fitted value for the 
K + premeabil i ty (PK) in 4 mM [K+]o in this exper iment  was 5 × 10 -s  s/cm. 

A B 
• 

• I • 7 5  

~ 0 . 5  ~. 

- 0 . 5  
-i;o - ;o  o s', - loo -so o so 

Membrane Potential (mY) Membrane Potential (mY) 

FIGURE 6. HK2 current-voltage relationships. (A) Current-voltage relationships. Maximum 
current attained during depolarization indicated by open squares. The dashed line represents 
current at the end of the 250-ms depolarizations. The difference between both curves is the 
amount of slow inactivation within 250 ms. The solid circles represent the fully activated 
current-voltage relationship. Instantaneous tail current amplitudes were obtained at different 
voltages after a 25-ms prepulse to +50 mV (protocol from Fig. 4). Current tracings were 
corrected for linear leak, and tail current amplitude was determined using exponential fits to 
the decaying current. The solid line was drawn according to the constant field current equation 
I = PK x z × F x E x ~x × {[K+]i/(1 - exp (-c~ x E)) + [K+]o/(l - exp (ct x E))} with ¢x = (z × 
F)/(R x T). R, T, F, and z have their usual meaning; subscripts i and o indicate inside and 
outside concentrations, respectively; I is current density (per unit surface area); PK represents 
the K + permeability. (B) Dependence of the fully activated current-voltage relationship on 
[K+]o, obtained in another cell at three K + concentrations. For negative potentials, data were 
obtained as in A. Positive to - 2 0  mV, the fully activated current was obtained from the 
maximum current during depolarization, with corrections for the degree of activation (see 
Methods). The solid lines are drawn according to the constant field equation, with PK = 5 x 
10 -s cm/s for 4 mM. Relative values for 4, 16, and 75 mM were 1, 1.05, and 0.90, respectively. 

Activation Curve and Activation Kinetics 

Because of the non l inea r  ins tantaneous  current -vol tage  relationship,  the voltage 
dependence  of HK2 activation was obtained from the deactivating tail current  
ampl i tude  at - 5 0  mV (or - 3 0  mV) as sF.own in Fig. 7A after normalizat ion to 
averaged m a x i m u m  tail cur rent  (filled circles). Average values for the midpo in t  and  
slope factor from Bol tzmann fits to these activation curves were Eh --- - 1 4  --+ 4 mV 
and  k = 5.9 -+ 0.9 (n = 31). A similar voltage dependence  of channel  open ing  was 
obtained using the normalized permeabil i ty approach (P/P . . . .  open  circles), in which 
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FIGURE 7. Activation curve and acti- 
vation kinetics. (A) Quasi-steady-state 
activation curve obtained from tail 
current amplitude at - 30  mV after 
250-ms depolarizing steps to poten- 
tials between - 80  and +60 mV (filled 
circles). The solid line represents the 
fit of the Bohzmann equation with the 
following parameters: midpoint - 13 
mV, slope factor 5.3 mV. Open circles 
represent the activation curve ob- 
tained with the normalized perme- 
ability method (peak current-voltage 
divided by fully activated current- 
voltage). The triangles and dashed 
line show the normalized conductance 
for the same experiment, using a re- 
versal potential of - 80  inV. A Bohz- 
mann fit through these points yielded 
a midpoint of - 2  mV and a slope 
factor of 13 inV. (B) Sigmoidal time 
course of channel opening. Raw cur- 
rent tracings for depolarizations to 
voltages between - 20  and +50 mV in 
10-mV increments. Monoexponential 
fits are superimposed (solid line). Dig- 
ital subtraction of linear leak and ca- 
pacitive transient. (C) Voltage depen- 
dence of activation and deactivation 
time constants. Time constants at pos- 
itive potentials were obtained from 
the time course of current during de- 
polarization using exponential fits 
(open circles) or the n = 4 model 
(diamonds). At negative potentials the 
time constant (filled circles) was ob- 
tained from exponential fits to the 
deactivating tail currents (as in Fig. 5, 
inset). Negative to - 50  mV a single 
exponential was used. Between - 20  
and - 40  mV double exponential fits 
were superior. The fast time constant 
is displayed. 

the current  at each voltage (Fig. 6 A) was normalized to the ins tantaneous  ma x i mum 
value at that voltage (Fig. 6 B). The  dashed line in Fig. 7 A represents  the normalized 

conductance G(E)/Gmax = I ( E ) / ( E -  Erev) for the same exper iment .  The  voltage 
dependence  de te rmined  in this way was more  shallow than with both the tail cur rent  
and  P/Pmax methods, as expected because of the non l inea r  instantaneous c u r r e n t -  
voltage relationship. 
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The current activated after a delay, which resulted in a sigmoidal time course of the 
activation (Fig. 7 B). We attempted to fit this time course with the equation l ( t )  = 

Imax × [ 1 -- exp (--t/%)]", in which the value of n was set to 4, reflecting the assumed 
four-subunit composition of the channel (MacKinnon, 1991). The voltage depen- 
dence of the activation time constants obtained in this way are shown as the solid 
diamonds in Fig. 7 C. However, the initial delay of the activation time course was 
poorly fitted at any potential, especially between - 3 0  and + 10 mV, which may have 
distorted the time constants. Therefore an alternate procedure was also used, in 
which the latter part of  the activating current was fitted with a single exponential to 
obtain the dominant time constant of activation (White and Bezanilla, 1985; Spires 
and Begenisich, 1989). In addition, this allowed for comparison with results obtained 
for other homologous channels. This approach yielded very similar results over the 
voltage range between +20 and +60 mV, but differed at lower voltages (Fig. 7 C, 
open circles). Because no current activated at voltages negative to - 3 0  mV, time 
constants were obtained from deactivating tail currents at potentials between - 3 0  
and - 1 1 0  mV (indicated by the solid circles in Fig. 7 C). 

Slow Inact ivat ion 

As shown in Figs. 3 and 8A, slow partial inactivation was observed at large 
depolarizations. After 250 ms at +60 mV, the current was reduced by 20 - 2% 
(n = 31) compared with the early peak current. This slow inactivation was more 
pronounced at the larger depolarizations (Fig. 3), and was incomplete even when the 
test pulse duration was increased to 5 s (69 +- 3% inactivation; Fig. 8 A). This slow 
inactivation was independent of the size of the expressed K ÷ current, and was 
observed with all external K + concentrations tested (4-140 mM), indicating that it 
represented a genuine gating property. 

The voltage dependence of slow inactivation (Fig. 8 B) overlapped with that of 
activation: the midpoint and slope factor obtained from Boltzmann fits were Eh = 
- 2 5  -+ 4 mV and k = 3.7 - 0.4 (n = 14), respectively. In eight experiments, the 
average difference between the midpoints for activation and inactivation was 8.6 -+ 
0.8 mV (P < 0.05). The time course of slow inactivation was fitted by a sum of 
exponentials. With 5-s depolarizing pulses, two exponential components could be 
resolved (Fig. 8 C). One component had a time constant of 200-300 ms, while the 
slower component had a time constant of 2-3 s. In contrast to the marked voltage 
dependence of the activation kinetics, both the fast and the slow time constants of 
inactivation displayed only a weak voltage dependence (Fig. 8 D). The relative 
contribution of the fast and slow components was also almost independent of  
membrane potential (Fig. 8 E). In four additional experiments, slow inactivation was 
not complete even with 30- and 45-s depolarizations (30 s: 86 -+ 1% inactivation, 
n = 3). In all experiments, the voltage dependence of inactivation overlapped with 
the threshold for channel opening, such that inactivation was observed only if at least 
a small degree of channel opening had occurred. 

Monoexponential analysis of recovery from inactivation (after a 5-s depolarization 
to +50 mV) indicated a time constant of 1,650 - 110 ms (n = 3) at - 5 0  mV. 
However, with brief depolarizations (up to 250 ms), no decline of outward current 
was observed at stimulation rates up to 0.5 Hz (holding potential - 8 0  mV, n = 5). 



A B 

i 

2 5 0 0  ms 

1500 ,  

pA 

1 0 0 0 .  

S00 • 

0 
- 1 0 0  

" m  • 

r 

-so s'o 
Membrane Potential [mV] 

- 1  

Q 

(.) 

q l  

C 
Residuals 

¢. i.o 

loo I . . . .  ~ .~. I. exp ..: 
pA I ~p,~F'w,rv " "  " v ~  ~ ' 0 . 5  

j,., J..,4k, , . , -  ~ ~ . . . . .  ~ J 4 . .  J. ,,,..~,. 
rql" ~ "wP4~ " . . . .  . . . . ,  w, v'~d-'r . . . .  

2 exp ~ o.o 
1000  

pA 

100 

10 

i 10000 

• : ~ ~.: 1000 

m s  IOO 
i . . . .  i . . . .  i 

0 2 5 0 0  5 0 0 0  

E 

I ~ Z Z T z 
• T i 1 .L V " = 

D 

i i i i i 

- 2 0  0 20 4 0  6 0  

Membrane Potential [mV] 

FIGURE 8. Slow inactivation. (A) Superimposed recordings for 5-s depolarizations from - 8 0  
mV to voltages between - 3 0  and +50 mV in 10-mV steps. Tail currents at - 5 0  mV. Horizontal 
bar above top tracing indicates 250 ms (duration of steps as in Fig. 3). (B) Voltage dependence 
of inactivation. Peak current was measured at +50 mV (see inset) after 5-s conditioning 
prepulses to voltages between - 1 0 0  and +20 inV. Full inactivation was not achieved in 5 s (see 
A). Calibration for inset: 25 ms, 1 nA. (C) The current during the depolarizing step to +40 mV 
(A) is displayed in semilogarithmic format. The  two components of the double exponential  fit 
are shown. The slow component  is superimposed on the original data points; the fast 
component  was superimposed on data points calculated by subtracting the slow component.  
The  residuals of  the fit, i.e., the deviation of the data points from the fitted curve, are shown in 
the top section. The  residuals for the double exponential fit (shown in the main panel) are 
labeled 2 exp. For comparison, the residuals of the monoexponential  fit (1 exp) are also shown. 
The latter showed nonrandom runs of positive and negative deviations, which were eliminated 
in the double exponential fit. A single exponential was therefore not sufficient to describe the 
time course of slow inactivation. (D, E) Voltage dependence of kinetics of slow inactivation, and 
the relative amplitude of the fast component  (average 46 _+ 3% of total inactivating current). 
Data from five to eight experiments (mean _+ SD). 
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Effect of Temperature 

Fig. 9 shows a superposit ion of  HK2 currents obtained at +50  mV under  s tandard 
conditions (room temperature)  and after cooling to 17°C (Fig. 9 A) or  warming to 
34°C (Fig. 9 B). Reduction of  temperature  resulted in a slower activation time course. 
At the higher  temperature  a larger peak current level was attained, and channel  
activation proceeded faster with a time constant of  350 I~s (compared with 1.8 ms at 
24°C in this cell). This faster and enhanced  activation was followed by a more  
extensive inactivation. Qualitatively similar results were obtained in four other  cells. 

Effects of 4-AP, La 3+, Dendrotoxin, Clofilium, and TEA 

Several mammalian  Shaker-derived K + channels differ in their sensitivity to classical 
K + channel  blockers such as 4-AP and TEA, and neurotoxins such as DTX-I. For 
comparison with other  mammal ian  K + channels, the sensitivity o f  HK2 to these 
agents was determined.  The  reduct ion of  HK2 current  by 4-AP (500 IxM) is illustrated 
in Fig. 10 A. Using the suppression of  current  at the end of  a 250-ms depolarization 
to +50  mV as an index of  block, a concentra t ion-response  curve was obtained with 
an apparen t  affinity (ICs0) of  180 I~M (Fig. 10 B). In contrast to this high sensitivity 
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FIGURE 9. Temperature de- 
pendence of HK2 kinetics. Su- 
perimposed tracings for depo- 
larization from - 8 0  to +50 mV 
at different temperatures. (A) 
Decrease from 22 to 15°C. (B) 
Increase from 24 to 34°C. Re- 
sults are from different experi- 
ments. 

for 4-AP, the HK2 current  was not very sensitive to TEA: the reduct ion was < 20% 
(n = 3) for either the peak current  or  250 ms current  with 10 mM external TEA (Fig. 
10E).  

To  help in the discrimination between Kvl.2 and Kvl.5 as cloned channels 
potentially corresponding to a rapidly activating cardiac K ÷ channel, the sensitivity of  
HK2 to DTX-I  was determined.  HK2 was essentially unaffected by a high concentra-  
tion of  DTX-I:  the reduct ion of  current  was 3 --- 2% (n = 3) with 100 nM DTX-I. 

In cardiac myocytes, 10 I~M La 3+ completely blocks the "rapid" componen t  (Igr) of  
delayed outward K + current  (Balser et al., 1990; Sanguinetti  and Jurkiewicz, 
1990a, b). Fig. 10 C shows that a 20-fold higher  concentrat ion (200 txM La 3+) 
reduced the HK2 current  by only 13%. Nevertheless, La 3÷ had a marked effect on the 
voltage dependence  of  HK2 activation. Fig. 10 D shows that the activation curve was 
shifted by 23 mV in the depolarizing direction, with a concomitant  slowing of  the 
activation kinetics. Similar results were obtained in three experiments.  

Fig. 10 F shows that 1 I~M clofilium reduced the HK2 current  dur ing depolariza- 
tion in a t ime-dependent  manner  to 35% of  control at the end of  the step. Similar 
results were obtained for this concentrat ion in four experiments.  
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FIGURE 10. Effects of 4-AP, TEA, La 3+, and clofilium on HK2. (A) Effect of 4-AP on HK2 
current. The  current (obtained at +20 mV) was reduced by 75% compared with control after 
application of 500 I~M 4-AP. (B) Concentrat ion-response curve. The relative reduction of  the 
250-ms current at +50 mV was used as an index of block. Pooled data from 10 experiments• 
The  solid line is drawn according to the Hill equation y = 1/(1 + KD/[4-AP])" f t t ed  to the data 
with the following parameters: apparent affinity IC~0 = 181 I~M and Hill coefficient n = 0.85• 
(C) Modification of HK2 current by La 3+. Tracings for this pulse protocol (top) are shown for 
control and after 200 p.M La 3+. The current at the end of  the step was reduced by 13%. 
Electrode resistance was 1.25 Mg~, and residual access resistance (see Methods) was estimated at 
0.7 MI~. (D) Voltage dependence of channel opening. Data were obtained from tail currents at 
- 3 0  mV as in Fig. 7A. Open circles, control; filled circles, 200 I~M La 3÷. Solid lines are drawn 
using the Bohzmann equation with respective midpoints of  - 1 4  and +9  mV. The amplitude in 
La 3+ was 85% of control. (E) Effect of extracellular application of 10 mM TEA. Current was 
reduced by only ] 6% at the end of the 250-ms step. (F) Effect of 1 p,M clofilium. Reduction of 
HK2 current by 65% at the end of a 1-s depolarization after a 30-rain equilibration with 
clofilium. Note the compressed time scale. 
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D I S C U S S I O N  

Under the experimental  conditions used in this study, voltage-gated K + currents 
were only observed in the HK2-transfected mouse L cells. This tissue culture system 
has potential advantages over the commonly used oocyte expression system. The  
clonal cell line has been stable for over two years with highly reproducible results: this 
may alleviate problems associated with variability in oocyte quality. The mammalian 
cells may also process the channel protein more similar to the native cells: glycosyla- 
tion may, for instance, be incomplete in oocytes (Sutton, Davidson, and Lester, 1987; 
Thornhill  and Levinson, 1987; Pfaff, Tamkun,  and Taylor, 1990), and anomalous 
gating behavior has been reported for ~I Na ÷ channels expressed in oocytes but not 
in mammalian cells (Ukomadu, Zhou, Sigworth, and Agnew, 1992). Using clonal cell 
lines with adequate expression levels, channel protein isolation and purification will 
be more practical and more easily achieved. 

Compared with native myocytes, this model system offers improved voltage clamp 
quality and speed due to small cell size. In addition, the absence of other contami- 
nating K + and non-K + currents eliminates the need for various ionic substitution or 
subtraction techniques. We will now discuss in more detail the expression system and 
the channel properties compared with other Shaker-like channels and with currents in 
native myocytes. Where possible, we will also discuss properties in relation to the 
primary structure. 

Stable Expression 

This is the first detailed characterization of a K + channel cloned from human heart 
and expressed in mammalian cell lines. In the HK2 transfected cell lines, a current 
with delayed rectifier properties was observed that was absent in nontransfected and 
sham transfected cells. Other  L cell lines transfected with different K + channels from 
the rat cardiovascular system displayed clone-specific phenotypes in the same 
expression system (Snyders, Fish, Roberds, Knoth, Tamkun,  and Bennett, 1991b). In 
addition, the rat K + channel Kvl.1 cloned from rat aorta as RK1 (Roberds and 
Tamkun,  1991a), which is identical to RCK1 cloned from rat brain (Stiihmer et al., 
1988) has now been expressed in three different mammalian cell lines with identical 
phenotype: Sol-8 cells (Koren et al., 1990), L cells (Snyders et al., 1991b), and CHO 
cells (Snyders, D. J., S. L. Roberds, K. M. Deal, and M. M. Tamkun,  unpublished 
observations). 

It has been suggested that continuous overexpression of exogenous K + channels 
might pose a growth disadvantage for transfected cells (Koren et al., 1990). In our 
hands, a cell line expressing a rat cardiovascular channel (RK2, Kvl.2) driven by a 
constitutively active CMV promoter  yielded over time fewer cells expressing this 
current (Snyders, D. J., S. L. Roberds, K. M. Deal, and M. M. Tamkun,  unpublished 
observations). Therefore, we used a dexamethasone inducible promoter  in the 
transfection construct (Fig. 1 A) to establish the HK2 cell line. In addition, the same 
vector included the neomycin resistance gene and therefore it would be expected that 
a cell that lost the HK2 gene would also lose neomycin resistance and not survive 
under  the culture conditions. The  stable expression for over two years demonstrates 
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the success of  this approach and indicates that the hardly detectable expression (if 
any) without induction did not pose a problem for this cell line. 

Lack of  Contaminating Currents 

Although no at tempt was made to eliminate Na + and Ca ~+ currents, none were 
observed in either sham or HK2 transfected cells (n > 300). The lack of detectable 
Ca z+ current is consistent with the lack of endogenous dihydropyridine receptors or 
Ca 2+ current in a similar mouse L cell line (Perez-Reyes, Kim, Lacerda, Home ,  Wei, 
Rampe, Campbell, Brown, and Birnbaumer, 1989; Varadi, Lory, Schultz, Varadi, and 
Schwartz, 1991). 

In other L cell lines, Ca~+-activated K + channels have been observed, or at least 
implicated indirectly to explain hyperpolarizing responses to various stimuli (Hosoi 
and Slayman, 1985; Okada, Yada, Ohno-Shosaku, and Oiki, 1986). We failed to 
identify any such currents, if present in our cell line, possibly due to the intracellular 
buffering with BAFTA (which was chosen for its faster Ca 2+ binding rate compared 
with EGTA). In some mouse L cell lines, a nonselective cation channel with a 
conductance of 25-30 pS has been reported (Frace and Gargus, 1985), which was 
activated by platelet-derived growth factor. We have observed a similar channel in 
cell-attached patches and it is possible that this channel contributed to the time- 
independent leak current observed in the whole cell recordings. 

It may be difficult to compare the various cell lines because the L cell strains kept 
in different laboratories are not identical. However, the main point here is that 
although some other ion channels may exist in this cell line, they did not generate 
currents (under the experimental  conditions used) that contaminated or complicated 
the analysis of selectivity, rectification, and gating of the expressed human cardiac K + 
channel. In addition, the envelope of tails test (Hodgkin and Huxley, 1952) was 
satisfied, indicating expression of a homogenous population of channels. 

HK2 Is a Highly Selective K + Channel 

The HK2 clone was obtained from a human ventricular cDNA library and displayed 
homology with Shaker K + channels. The K + selectivity of  the HK2 channel was 
confirmed by the dependence of its reversal potential on the external K + concentra- 
tion (Fig. 5). The slope of 55 mV/decade compares well with the values generally 
obtained for other K + channels of  the Shaker family, and is close to the theoretically 
expected value of 59 mV/decade calculated from the Nernst equation. Based on the 
32-mV change in reversal potential between 4 and 16 mM external K +, and assuming 
that only mono.valent cations would permeate  through the channel, a selectivity ratio 
et = PNa/PK of 0.007 can be obtained from AE = R T / F  × In [(etNaol + Kol)/(etNao2 + 
Ko2)], with AE = - 3 2  mV, Naol = 145, Kol = 4, Nao2 = 133, and Ko2 = 16. The same 
result was obtained by fitting the GHK voltage equation (Goldman, 1943; Hodgkin 
and Katz, 1949) to the data in Fig. 5: PNa/PK = 0.007 +-- 0.001. 

Rectification 

A second important feature of this channel is its outward rectification. This is clearly 
illustrated by the fully activated current-voltage relationship in Fig. 6, A and B. The 
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rectification is also evident in the smaller than expected tail current amplitudes at 
- 3 0  and - 5 0  mV. For example, in Fig. 3 the current at +50 mVwas 1,320 pA, while 
the tail current at - 3 0  mV was only 205 pA, a ratio of  0.16. For a linear 
current-voltage relationship a value of 0.38 would be expected (using a reversal 
potential of - 8 0  mV). This smaller than expected ratio was observed in all envelope 
of tails experiments, in which the ratio was measured for different combinations of  
step and tail potentials (Table II). For the results shown in Fig. 4, the observed ratios 
were 0.36 and 0.24, compared with 0.62 and 0.50 expected in the absence of 
rectification. 

The curves superimposed on the data in Fig. 6, A and B were calculated from the 
GHK constant field equation (Goldman, 1943; Hodgkin and Katz, 1949). The degree 
of rectification in this model is determined by the K + concentrations (more correctly, 
ion activities) on either side of  the membrane,  scaled by PK (the only free parameter).  
The curves in Fig. 6, A and B were well described by this GHK equation. The values 
of  PK obtained from fitting the equation to the data points in 4 mM [K]o and 16 mM 

..S5 I 0 ~I 16 27 ~. 

-~.. E A D N Q G  TH FSS I I~DA FWWA V V T M T T  VG Y G D M q P  I TV G G I ~ -  HK2 ~ . . . .  H . S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
shBKVl 417 - - G S E N S F - K - -  : I . . . . . . . . .  , . . . . . . . . .  "~ - V G - W- -'~_- 

FIGURE 11. K channel pore region. Comparison of the amino acid sequence of HK2, Kvl, 
and Shaker B (ShB) between the putative transmembrane-spanning domains $5 and $6 
(open-ended box at either end). Amino acids are shown in one-letter code. Dashes indicate 
amino acids conserved between HK2 and Kvl or ShB, respectively. 417, 448, and 444 refer to 
the positions in the respective channel sequences of the first amino acid shown, which were 
used for sequence alignment. The central box indicates the core of the ion conducting pore, 
numbered according to Durell and Guy (1992). The only difference between pore sequence of 
ShB and of ilK2 and Kvl is at pore position 20: the neutral amino acid (T, threonine) in ShB is 
replaced by a positively charged residue (R, arginine) in HK2 and Kvl. 

[K]o were similar, but the value for 75 mM was smaller. Thus, the constant field 
prediction holds well for the 4 and 16 mM [K]o data, but predicts more outward 
current for 75 mM than experimentally observed. The latter suggests that the GHK 
model may not fully explain the rectification behavior, and that other factors such as 
ion-ion interactions or other models - - fo r  instance, based on rate theory- -may  be 
required (Eyring, Lumry, and Woodbury, 1949; Hille, 1991). 

It is known that several K + channels of  the Shaker family display inward rectifica- 
tion with symmetrical t ransmembrane K + concentrations (Koren et al., 1990; Mac- 
Kinnon and Yellen, 1990; Yool and Schwarz, 1991). This characteristic appears to 
depend on the charge of the residue at the T449 equivalent position: when the 
threonine at this site was mutated to a positively charged arginine or lysine, inward 
rectification was absent (MacKinnon and Yellen, 1990); HK2 has an arginine at 
this position (Fig. 11; Tamkun et al., 1991). Therefore, the approximately linear 
current-voltage relationship of HK2 in high external K + is  consistent with the 
rectification properties observed for Shaker channels and their mutants. Molecular 
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modeling of the pore has suggested that this residue is located at the external end of 
the narrow section of the pore (Durell and Guy, 1992). 

At lower K + concentrations, a GHK formalism described the rectification of the 
current-voltage relationship reasonably well. As the cell dialysis presumably pre- 
vented significant changes in internal K + concentration, the pronounced rectification 
effect should result from the external K + ion concentration. This reduction of inward 
current, especially at low external K + concentration, could thus be due to the 
concentrated positive charge resulting from the putative ring of four arginine 
residues at the external mouth of the HK2 channel (Durell and Guy, 1992). In 
support of this, the loss of rectification in Shaker mutations at this site was due to a 
reduced inward conductance (MacKinnon and Yellen, 1990). Similar effects of 
concentrated positive and negative charges at either end of the pore have been 
observed for the rectification properties of the muscle acetylcholine receptor channel 
(Imoto, Busch, Sakmann, Mishina, Konno, Nakai, Bujo, Mori, Fukuda, and Numa, 
1988). Site-directed mutagenesis of  this cloned cardiac K + channel will allow the 
hypothesis that these charged residues are responsible for the observed rectification 
to be tested, which may help to elucidate the molecular basis for rectification in 
cardiac ion channels in general. 

Channel Activation Kinetics 

The lack of overlapping currents in this system clearly revealed that the time course 
of HK2 channel opening was sigmoidal (Fig. 7 B). This delayed activation requires 
multiple nonconducting states before the open state. Based on the probable 
four-subunit composition of this channel (MacKinnon, 1991; Liman, Tytgat, and 
Hess, 1992), activation kinetics were fitted using an n = 4 formalism (Hodgkin and 
Huxley, 1952). In many cells this resulted in a reasonable fit of the activating current. 
However, this result cannot be taken as firm evidence to propose that channel 
opening results from the independent gating of four subunits. At low depolarizations, 
tracings were better fit with a lower power, and when tracings were well fit with n = 4, 
it was difficult to differentiate statistically among n = 3, 4, or 5. In addition, at strong 
depolarizations, an n 4 model usually resulted in an insufficient initial delay, in which 
case a better fit for the initial delay would have required a much higher power, as 
observed, for instance, for the DRKI (Kv2.1) channel (VanDongen, Frech, Drewe, 
Joho, and Brown, 1990). Furthermore, the implicit assumption that activation of the 
four subunits proceeds independently is probably an oversimplification. Although the 
present results cannot discriminate reliably between the exact number of activation 
subunits, and whether each activates independently, the sigmoidicity of the activation 
time course does require a transition through multiple nonconducting states, and is 
consistent with a four-subunit activation scheme, including a permissive state from 
which opening occurs in a voltage-independent manner, as proposed for other 
channels of the Shaker family (Koren et al., 1990; Zagotta and Aldrich, 1990). 

Voltage Dependence of Channel Opening 

The voltage dependence of opening of this channel occurs at fairly positive 
potentials. This is similar to the voltage dependence of activation of an insulinoma 
K + channel  hPCN1 (Philipson, Hice, Schaeffer, LaMendola, Bell, Nelson, and 
Steiner, 1991). This channel displayed 98% homology with HK2, and activated at ~ 8 
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mV more positive potentials when expressed in Xenopus oocytes. It is unclear whether 
this small difference is significant. In addition, the activation time courses for HK2 
and hPCN1 were similar. For hPCN1, the activation time constants were obtained 
from monoexponential  fits (Philipson et al., 1991) and the resulting values were 
similar to those obtained for HK2 using the same method (Fig. 7 C, Table III). 

The slope factor of the activation curve k = 5.9 mV obtained in this study is 
somewhat steeper that the value obtained for hPCN1 in oocytes ( k - - 6 . 9  mV; 
Philipson et al., 1991), but both are much steeper than the value (k = 15 mV) 
obtained for the rat homologue brain channel Kvl (Swanson, Marshall, Smith, 
Williams, Boyle, Folander, Luneau, Antanavage, Oliva, Buhrow et al., 1990). This 
could be due to the lower degree of homology between HK2 and Kvl (86%); 
however, the number  of charges in the $4 domain (putative voltage sensor) are 
identical. Therefore, the difference may be due to the different methods used to 
obtain the activation curve. For Kvl the value refers to the voltage dependence of 

T A B L E  I I I  

Comparison of Cardiac Delayed Rectifier and Cloned K + Channels 

I~  lv~ IKp IKd HK2 hPCN 1 Kv I 

Vh +20 --9 ~ --20 --2* --14 --6 ~0"  
k 15 22 Shallow 14* 6 6.7 17 * 
~'(0/+60) 5,000/1,000 50/15 5 (+80 mV) 5/I.4: 5/1.5: NR 

(0/+50 mV) 10/1.8§ 8.3/1.48 
Inactivation No (5,000 ms) No (225 ms) No (500 ms) Partial Partial Partial NR 
Rectification Linear Inward Linear? Outward Outward NR NR 

NR, not reported. Activation curves: Vn, midpoint (millivolts); k, slope factor (millivolts). 
*Activation curve obtained from G/Gmax. % time constant (ms) for activation at 0 and +60 mV. 
:HH fit, n = 4. 
~Exponential fit. 

normalized conductance (G/Gmax), an analysis in which the conductance at each 
voltage was obtained by dividing current by driving force assuming a linear current -  
voltage relationship. If  the Kv 1 channel displays outward rectification similar to HK2, 
then this method of estimating the voltage dependence would result in an underesti- 
mation of the slope factor as illustrated by the dotted line in Fig. 7 A (see also 
VanDongen et al., 1990; Hille, 1991) and explain the difference in the numerical 
values. Of  interest in this regard is the Kvl pore sequence that is identical to HK2, 
including the arginine at the Shaker T449 equivalent site (Fig. 11). 

Comparison of the Slow Inactivation to Inactivation Mechanisms of Other 
Shaker-related K + Channels 

We consider the slow inactivation of HK2 (Fig. 8) to be a genuine gating property 
and not an artifact from K ÷ accumulation, because it (a) was independent  of the size 
of  the current, (b) was present in 140 mM [K+]o, and (c) was steeply voltage 
dependent  in a voltage range where minimal K + current is activated ( - 3 0  to - 2 0  
mV). 

This slow inactivation observed for HK2 appears to be a property shared by other 
K + channels of the Shaker family (Iverson and Rudy, 1990; Hoshi, Zagotta, and 
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Aldrich, 1991). In ShB, two modes of inactivation can be distinguished: N-type and 
C-type (Choi, Aldrich, and Yellen, 1991; Hoshi et al., 1991). The N-type inactivation 
appears to occur by a "ball-and-chain" mechanism (Hoshi, Zagotta, and Aldrich, 
1990), in which the intracellular NHz-terminal end of the channel blocks the 
ion-conducting pore. Most evidence indicates that inactivation by this mechanism 
requires prior channel opening (Bezanilla, Perozo, Papazian, and Stefani, 1991; 
Demo and Yellen, 1991; Ruppersberg, Frank, Pongs, and Stocker, 1991), and that 
the putative receptor for this inactivating "ball" is part of the intracellular mouth of 
the ion-conducting pathway (Isacoff, Jan, and Jan, 1991). This mode of inactivation is 
generally fast. The second mode of inactivation, C-type inactivation, appears to 
involve the last membrane-spanning helix $6 (Hoshi et al., 1991); i.e., the transmem- 
brane domain closest to the COOH-terminal end of the channel. This mode of 
inactivation was initially considered to occur only on a slow time scale, but more 
recent data indicate that ShB can be mutated to inactivate rapidly by this mechanism. 
The amino acid at position 463 in ShB has been shown to influence the rate of 
inactivation. An alanine at this position results in inactivation time constants of ~ 3 s, 
while with a valine at this position, much faster time constants of <30 ms are 
obtained (Hoshi et al., 1991). In ShB the (slow) time constant for C-type inactivation 
is virtually independent of membrane potential (Hoshi et al., 1991). Based on the 
functional results obtained for HK2 (Fig. 8) and on sequence homology, we infer that 
the inactivation mechanism of HK2 is probably C-type because (a) the kinetics of slow 
inactivation of HK2 were almost voltage independent, (b) HK2 has an alanine at the 
equivalent position in the $6 domain, and (c) HK2 does not have a long NHe- 
terminal domain with homology to the N-type inactivation ball (Tamkun et al., 1991). 

The steep voltage dependence of this inactivation process contrasts sharply with 
the near voltage independence of the time constants. The latter suggests that the 
slow inactivation process derives its voltage dependence not from voltage-sensitive 
rate constants, but from the voltage dependence of channel opening or activation 
(Hoshi et al., 1990, 1991). In our experiments, (a) the voltage dependence of 
inactivation overlapped with the lower part of the curve describing the voltage 
dependence of channel opening, (b) the difference between activation and inactiva- 
tion midpoints was ~ 8 mV, and (c) inactivation could be detected in a test pulse only 
if some degree of channel opening could be detected during the preceding pulse. 
With a more negative midpoint, the latter would result in an inactivation curve with 
steeper voltage dependence compared with that of activation (Zagotta and Aldrich, 
1990). In fact, it has been proposed that under these conditions the slope factor of 
passive voltage dependence of inactivation may be a reasonable estimator of the 
gating charge involved in channel activation (Zagotta and Aldrich, 1990). The slope 
factor of 3.7 would in this case suggest a gating charge of at least 6.9 elementary 
charges for HK2 activation. 

In the insulinoma channel hPCNI (Philipson et al., 1991), slow inactivation has 
also been observed. The voltage dependence of inactivation of hPCN 1 (midpoint 
- 2 5  mV, slope factor 3.8 mV) was similar to that of HK2 and overlapped with the 
voltage dependence of activation, as was observed for HK2. The kinetics of slow 
inactivation showed only weak voltage dependence. However, contrary to HK2, only 
a single time constant for inactivation was described. This difference could be due to 
the small differences in the channel sequence (2%) or to the different heterologous 
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expression systems (oocytes for hPCN1, mammalian cells for HK2), as has been 
observed for Na + channel inactivation kinetics in amphibian and mammalian 
expression systems (Ukomadu et al., 1992). However, a monoexponential  fit of  a 
biexponential process with time constants as in Fig. 8 could also result in an 
intermediate time constant of  ~ 1 s. The distinction between the number  of  kinetic 
components in the slow inactivation is important,  because the observation of two time 
constants in the inactivation process indicates the presence of  at least two inactivated 
states (either in parallel or consecutive). In other experiments where 30-45 second 
depolarizations were used, an additional very slow component  was observed with time 
constants > 10 s). 

Comparison of the Expressed Current to Currents Recorded in Native Myocytes 

Table III  compares several properties of  delayed rectifiers in cardiac myocytes with 
the characteristics of  HK2. The  main properties of HK2 are activation at fairly 
positive potentials (plateau range of cardiac action potential), fast activation kinetics, 
slow inactivation, and outward rectification dependent  on external K + concentration. 
Based on these properties, we will discuss the K + currents identified in native cardiac 
myocytes to which the HK2 current may correspond. 

The  delayed outward rectifier current in guinea pig myocytes is composed of at 
least two components  (Balser et al., 1990; Sanguinetti and Jurkiewicz, 1990a): a 
slowly activating component  (IK~) and a rapidly activating one (Iv~). It does not 
appear  that the HK2 current corresponds to either of  these currents. IKs activates at 
more positive voltages with a time course that is about three orders of magnitude 
slower than HK2 activation (Matsuura, Ehara, and Imoto, 1987; Balser et al., 1990; 
Sanguinetti and Jurkiewicz, 1990a). I ~  does not inactivate during 5-10-s depolariza- 
tions, and its rectification is either linear or slightly inward. In addition, heterologous 
expression of a different cloned K + channel (IsK) resulted in a current with 
characteristics that correspond reasonably well to those of  I ~  (Takumi, Ohkubo, and 
Nakanishi, 1988; Murai, Kakizuka, Takumi, Ohkubo, and Nakanishi, 1989; Folan- 
der, Smith, Antanavage, Bennett, Stein, and Swanson, 1990). The rapid component  
I ~  activates in the same voltage range as HK2, but has several features that are quite 
different from the HK2 current. First, although designated rapid, the activation time 
course of  this current component  is about an order of  magnitude slower than that of 
HK2. Second, I ~  displays marked inward rectification: at +50 mV, the maximum 
current is only 30% of  that at 0 mV (Sanguinetti and Jurkiewicz, 1990a). Third, the 
I ~  current is fully suppressed by 10 o,M La s+ (Sanguinetti and Jurkiewicz, 1990b), 
whereas HK2 is hardly affected at 200 0,M. Whether this current inactivates during 
longer depolarizations is unclear at present, but the observed differences make it 
unlikely that the HK2 clone corresponds to this current in native myocytes. In guinea 
pig myocytes another K ÷ current, designated IKp, has been described (Yue and 
Marban, 1988). This IKp current  did not inactivate during a 500-ms depolarization to 
+80 mV, and compared with HK2 appeared to activate with a more shallow voltage 
dependence and at more negative potentials (Yue and Marban, 1988). In addition, 
the 14-pS conductance of IKp was insensitive to changes in external K + concentration 
between 1 and 7 mM, and declined slightly at higher concentrations. No outward 
rectification was reported for this current. These differences make it unlikely that the 
HK2 current corresponds to the IKp current.  
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K + currents with delayed outward rectifier properties and fast activation kinetics at 
room temperature have recently been described in rat atrial myocytes (Boyle and 
Nerbonne, 1991) and neonatal canine epicardial ventricular myocytes (Jeck and 
Boyden, 1992). These currents could be abbreviated IKd (depolarization). In both 
cases, the voltage range of activation, activation kinetics, and rectification properties 
correspond well to those observed for HK2 (Table III). In addition, both rat and 
canine IKd display slow inactivation during 250-ms depolarizations, which is more 
complete during longer depolarization (Boyle and Nerbonne, 1992; Jeck and 
Boyden, 1992). In addition, this IKd channel in rat atrial myocytes displayed a 
biexponential time course of slow inactivation. While this might be due to two 
functionally different currents (Boyle and Nerbonne, 1992), the results compare very 
closely to our observations regarding the slow inactivation of HK2 (human Kv 1.5). An 
important point in this comparison is that a closely related channel cloned from rat 
heart (RK4, rat Kvl.5) is expressed more abundantly in rat heart than in other tissue 
and is the first K + channel detected during early embryonic cardiogenesis, whereas 
all other rat cardiac K + channels cloned to date only appear  later during develop- 
ment  (Roberds and Tamkun,  1991b). 

Comparison with K + Currents in Human Atrium 

Northern analysis has shown that HK2 mRNA is expressed in human atrium to a 
greater extent than in human ventricle (Tamkun et al., 1991). Therefore, it is of  
interest to compare the properties of  the HK2 current with those of human atrial K + 
currents. In human atrial myocytes, several K + currents have been described: an 
inward rectifier IK1, ligand-gated currents IK(ATP) and IK(ACh), and two components of 
transient outward current /TO or IA (Escande, Coulombe, Faivre, Deroubaix, and 
Coraboeuf, 1987; Shibata, Drury, Refsum, Aldrette, and Giles, 1989; HeidbOchel, 
Vereecke, and Carmeliet, 1990). The  question here is whether HK2 represents a yet 
unrecognized current, or whether it represents a voltage-gated component  of Ig in 
these cells. 

At room temperature the time course of inactivation of HK2 is much slower than 
that of  the transient outward currents reported in human atrium (Escande et al., 
1987; Shibata et al., 1989). In both studies recording conditions were used under  
which calcium-activated components were absent or minimized, similar to the whole 
cell recording conditions reported in this paper. Under these conditions, the human 
atrial IA did not fully inactivate. Fig. 5 C of Escande et al. (1987) and Fig. 2A of 
Shibata et al. (1989) reveal a noninactivating component  (20-40% of total outward 
current at +40 mV) with fast activation kinetics. The sustained component  was at 
least as sensitive to 500 o,M 4-AP as the larger inactivating K + current (Fig. 4 B in of 
Shibata et al., 1989). It is not clear whether this sustained component  is noninactivat- 
ing IA or represents a separate current. Important  here is that HK2 is indeed very 
sensitive to 4-AP (75% suppression by 500 ~M 4-AP). It is therefore possible that 
HK2 corresponds to a noninactivating current component  in these human atrial cells. 
In addition, the high sensitivity to 4-AP and the more pronounced/A-like behavior of  
HK2 at higher temperatures raise the question of whether this cloned channel could 
contribute to currents that might be identified as IA current at physiological 
temperature.  
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Pharmacological Properties 

The HK2 current is blocked by quinidine at clinically relevant concentrations 
(Snyders et al., 1992a). Quinidine appeared to block preferentially the open state in a 
voltage-dependent manner consistent with an intramembrane binding site 19% from 
the intracellular face of the membrane. This suggested that a quaternary ammonium 
binding site may be involved (Armstrong, 1971). The results with the quaternary 
ammonium antiarrhythmic agent clofilium (Snyders et al., 1992b) support this idea 
and suggest a high affinity of HK2 for clofilium (Fig. 10 F). The latter may be 
significant because clinically used concentrations of  clofilium are much lower than 
those needed to block IK~ (Snyders and Katzung, 1985; Arena and Kass, 1988) or its 
putative clone IsK (Folander et al., 1990). Therefore, the HK2 current may represent 
the clofilium-sensitive current in human heart. 

The  low sensitivity to external TEA is consistent with the results of mutations of the 
external mouth of  the pore of various K ÷ channels of the Shaker family. With a 
positively charged amino acid at pore position 20 (Fig. 11, corresponding to 480 in 
HK2 476 in Kv 1 and 449 in Shaker B), a low affinity has been observed in all native or 
mutated channels (MacKinnon and Yellen, 1990; Kavanaugh, Varnum, Osborne, 
Christie, Busch, Adelman, and North, 1991). Similar results have been reported for 
the rat homologue Kv 1, which also has a low affinity (ICs0 > 100 mM) and in which 
the mutation of  the arginine at position 476 (Fig. 11) into tyrosine (R476Y) 
introduced high affinity for external TEA (ICs0 = 0.4 mM; Liman, Tytgat, and Hess, 
1992). The low TEA sensitivity of HK2 is also consistent with the lack of effect of 
external TEA on K + current and action potential duration in cardiac preparations 
(Kass, Scheuer, and Malloy, 1982; Gintant et al., 1991). 

In contrast, the sensitivity of this channel to 4-AP is surprisingly high. The > 75% 
suppression by 500 p~M 4-AP observed for HK2 is similar to that reported for closely 
related channels (hPCN 1, Kv 1), and the small differences probably relate to different 
pulse protocols used to determine the degree of block. Indeed, the complicated time, 
voltage, and rate dependency of 4-AP block has long been recognized (Yeh, Oxford, 
Wu, and Narahashi, 1976), and in preliminary experiments we have observed a 
strong dependency of 4-AP block on membrane potential, resulting in > 95% block 
with 500 ~M 4-AP when holding at - 3 0  mV. The sensitivity of HK2 to 4-AP further 
supports the possibility that HK2 corresponds to the native IKd current in rat atrial 
myocytes (Boyle and Nerbonne, 1991). However, a similar current reported in 
neonatal dogs (Jeck and Boyden, 1992) appeared much less sensitive to 4-AP. In 
cardiac Purkinje fibers, suppression of both a transient outward (Kenyon and 
Gibbons, 1978) and a sustained plateau current (Van Bogaert and Snyders, 1982) 
have been described with 4-AP concentrations as low as 100 ~M. 

The HK2 channel was found to be insensitive to nanomolar concentrations of 
DTX-I. This is in agreement with results obtained for the homologous channel Kv 1, 
which was unaffected by 200 nM DTX-I (Swanson et al., 1990). In related mammalian 
K ÷ channels it has also been shown that a negatively charged amino acid at position 
454 is an important determinant for high affinity DTX-I binding (Hurst et al., 1991). 
Both HK2 and Kvl have an identical uncharged residue at this position (G454; Fig. 
11). Although the sensitivity of K + currents in native cardiac myocytes has not yet 
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been reported, the differential DTX-I sensitivity between the RK2 clone (IC50 = 0.4 
nM; Hurst  et al., 1991) and HK2 (IC50 > 100 nM) should be useful in ruling out at 
least one of  these clones as corresponding to the fast activating current in rat atrial 
myocytes. 

The effects of 200 I~M La 3÷ we observed were largely a reflection of a shift in the 
voltage dependence of activation and activation kinetics and may, in addition, involve 
some degree of block at negative potentials similar to effects seen in cardiac cells 
(Sanguinetti and Jurkiewicz, 1990b). Shifts such as these are frequently observed with 
divalent and trivalent cations (Hille, 1991). However, further analysis of  the trivalent 
cation effects was beyond the scope of this paper. 

Electrophysiological and pharmacological correspondence alone are probably 
insufficient to formally identify a cloned K + channel with any K ÷ current present in 
native cells. Small differences in kinetics may be due to some different modulation of 
the channel in each expression system. Formal identification will require in situ 
hybridization and immunohistological localization, and preferably immunoelectro- 
physiological cor respondence- -a  specific monoclonal antibody producing a similar 
functional effect in a channel in native cells and the corresponding putative cloned 
channel in addition to functional and pharmacological correspondence. At present, 
no cloned K ÷ channel has formally been identified with a K ÷ channel in native 
cardiac cells in this way, and it is not known whether the native channels are pure 
homotetramers or consist of  different subunits. 

Possible Function of HK2 

As pointed out earlier, a definite correspondence between this channel clone and a 
K ÷ current in native myocytes remains to be established. However, the functional 
properties suggest that this current can be involved both in early repolarization and 
in control of  plateau duration. It is important to note that the transient outward 
currents produce the early fast repolarization, not because of their transient nature, 
but because of their fast activation kinetics. This property is shared by the cloned 
HK2 and native I~d currents (Boyle and Nerbonne, 1991; Jeck and Boyden, 1992), 
and therefore these currents can easily contribute to a fast repolarization to the 
plateau range of potentials. However, a large sustained outward current could 
repolarize the cardiac action potential prematurely. The  inactivation of IA currents, 
the outward rectification of the 1Kd and HK2 currents, and the level of expression 
provide three mechanisms that would prevent these currents from fully repolarizing 
the action potential, especially with the concomitant activation of the calcium current. 
Therefore, it seems reasonable to expect a modulatory effect of the HK2 current on 
action potential duration, as has been suggested for the very similar native current 
IKd (Boyle and Nerbonne, 1991). In addition, the sensitivity of  the HK2 current to 
quinidine and clofilium would suggest that HK2 is a target for class III  antiarrhyth- 
mic agents. In this respect the stable mammalian cell culture expression provides a 
powerful system for drug development and for elucidating structure-function analy- 
sis of  drug-channel  interactions. 
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