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Summary 

A cDNA clone encoding a K+ channel polypeptide with 
72% amino acid sequence identity to Drosophila Shd 
was isolated from rat hippocampus. Functional expres- 
sion of thecDNA in Xenopusoocytes generated 4-amino- 
pyridine-sensitive K+ channels displaying rapid inactiva- 
tion kinetics. The fastest component of inactivation was 
slowed by the deletion of 3 basic residues in the amino- 
terminal region. Northern blots revealed that the mRNA 
encoding this K+ channel polypeptide was expressed at 
a similar level in the brain and in the heart. In situ hybrid- 
ization revealed that the mRNAencodingthis K+channel 
appeared concentrated in the hippocampus, dentate gy- 
rus, and habenular nucleus in the brain. Thus, this K+ 
channel polypeptide is likely to form some of the A-type 
K+ channels expressed in the mammalian nervous system 
and heart. 

Introduction 

In the nervous system voltage-sensitive K+ channels 
play an essential role in sensory transduction, signal 
propagation, and processing (Hille, 1984; Jan and Jan, 
1989). In particular, the voltage-sensitive and rapidly 
inactivating A-type K+ channel (Hagiwara and Siato, 
1959; Connor and Stevens, 1971; Neher, 1971; Rogaw- 
ski, 1985) has been proposed to be involved in control- 
ling action potential frequency(Connor, 1978; Segal et 
al., 1984) and waveform (Kaczmarek and Strumwasser, 
1984), the establishment of a delay in the initiation of 
burst of action potentials (Byrne, 1980; Getting, 1983), 
and the postsynaptic modulation of synaptic potential 
amplitude(Daut, 1973; Cassell et al., 1986). In addition, 
the activities of these K+ channels may be modulated 
by different neurotransmitter actions (Levitan, 1985; 
Aghajanian, 1985; Nakajima et al., 1986; Atkins et al., 
1990). Thus, this subset of K+ channels contributes to 
the control of timing, duration, frequency, and num- 
ber of action potentials, which is important for the 
coding and processing of information in the nervous 
system. Furthermore, the biological role of these K+ 
channels in controlling excitability and synaptic effi- 
cacy has been implicated in learning and memory 
(Nelson et al., 1990). 

The A-type K+ channels in the nervous system ex- 
hibit characteristics such as rapid activation in re- 
sponse to membrane depolarization followed by a 
relatively rapid phase of inactivation. The time course 

of the process of inactivation can vary greatiy de- 
pending on the A-current being examined, but inacti- 
vation is usually complete within hundreds of milli- 
seconds. In addition, these currents are blocked in a 
dose-dependent manner by Qaminopyridine (4AP). 
A-type K+ currents that are sensitive to 4AP have also 
been detected in cardiac cells, including Purkinje fi- 
bers (Coraboeuf and Carmeliet, 1982; Kenyon and 
Sutko, 1987), the crista terminalis (Giles and Van Gin- 
neken, 1985), quiescent atrioventricular node cells 
(Nakayama and Irisawa, 1985), ventricular myocytes 
(Josephson et al., 1984; Tseng and Hoffman, 1989), and 
human atrial cells (Escande et al., 1987). They may 
moderate action potential waveform and duration, 
prevent arrhythmogenic slow-response action poten- 
tials, and help maintain a high resting membrane po- 
tential in latent pacemaker cells. In Purkinje cells, this 
transient outward current is modulated by norepi- 
nephrine, a neurotransmitter involved in the neural 
control of heartbeat (Nakayama and Fozzard, 1988). 
Indeed, some of the antiarrhythmic drugs are block- 
ers of K+ channels (Bacaner et al., 1986; lmaizumi and 
Giles, 1987; Cook, 1988). However, the proteins consti- 
tuting components of the A-type K+ channels in the 
mammalian nervous system and heart remain largely 
uncharacterized. 

The Shaker locus of Drosophila melanogaster en- 
codes an A-type K+ channel (Jan et al., 1977; Salkoff 
and Wyman, 1981; Tanouye et al., 1981; Wu and 
Haughland, 1985; Timpe and Jan, 1987; Papazian et al., 
1987; Tempel et al., 1987; lverson et al., 1988; Timpe et 
al., 1988a, 1988b). At least five different proteins are 
derived from the Shaker gene by alternative splicing 
(Schwarz et al., 1988; Pongs et al., 1988; Kamb et al., 
1988). The gene products share a common core se- 
quence but differ at their amino- and carboxy-termi- 
nal regions, and they produce channels with different 
inactivation kinetics in Xenopus oocytes (Timpe et al., 
1988a, 198813; lverson et al., 1988). The”core”sequence 
is composed of the S4 sequence, five potential trans- 
membrane sequences, and the highly conserved, partly 
hydrophobic H5 sequence. From this arrangement 
and the absence of defined signal peptide sequences 
it is proposed that the amino- and carboxyl-termini of 
these polypeptides are located intracellularly. Recent 
studies have shown that the amino-terminal region is 
involved in inactivation, perhaps as part of the cyto- 
plasmic inactivation gate (Hoshi et al., 1990; Zagotta 
et al., 1990). 

Voltage-sensitive K+ channels with extensive se- 
quence similarity to Shaker have been isolated from 
mammalian brain (Tempel et al., 1988; Baumann et al., 
1988; Sttihmer et al., 1989; Grupe et al., 1990; Swanson 
etal.,1990).Theyshowextensiveaminoacidsequence 
identity with Shaker K+ channels over the putative 
membrane-spanning core region, but not at the 
amino or carboxyl termini. Although these proteins 



may constitute a component of the A-type channel if 
theycoassemblewithan inactivatingsubunit(Christie 
et al., 1990; lsacoff et al., 1990; Ruppersberg et al., 
1990), most of these mammalian homologs, when ex- 
pressed individually in Xenopus oocytes, produce 
noninactivating or very slowly inactivating currents. 
The exception to this generalization is the mammalian 
Shaker K+ channel homolog RCK4, which elicits 
an inactivating A-type current in Xenopus oocytes 
(Stuhmer et al., 1989). This K+ channel is encoded by a 

4.4 kb mRNAexpressed in rat brain (Beckh and Pongs, 
1990). Since the major A-type K+current has been de- 
tected in fractions of rat brain mRNA of larger size 
when injected into Xenopus oocytes (Rudy et al., 
1988), most likely there are other mammalian genes in 
addition to RCK4that also encode A-type K+channels. 

In Drosophila, there is genetic and biophysical evi- 
dence that genes other than Shaker encode other 
A-type K+channels (Sole et al., 1987; Baker and Salkoff, 
1990). One candidate for an A-type K+ channel has 
been cloned based on its sequence similarity to 
Shaker cDNAs (Butler et al., 1989). Expression of this 
cDNA, Shal, in Xenopus oocytes gives rise to relatively 
rapidly inactivating K’ currents (Wei et al., 1990). 

Here we describe the cloning of a rapidly inactivat- 
ing voltage-sensitive K+channel cDNAfrom rat hippo- 
campus. The deduced protein sequence shows exten- 
sive amino acid identity to Drosophila Shal over the 
amino terminus as well as the putative membrane- 
spanning region. Becauseof this strong similarity, this 
K’ channel will be referred to as rat Shall. Rat Shall 
is encoded by a 6 kb mRNA present in different re- 

gions of the rat brain and in the heart. When ex- 
pressed in Xenopus oocytes, it gives rise to 4-AP- 
sensitive channels that resemble A-type K+ channels. 
Deletion of 3 basic residues in the amino-terminal re- 
gion significantly slowed the rate of fast inactivation. 
Thus, like Shaker K’ channels (Timpe et al., 198813; 
Hoshi et al., 1990; lsacoff et al., 1990), the amino- 

terminal region of rat Shall appears to be involved in 
inactivation. 

Results 

Novel K+ Channel Sequences from Rat Hippocampus 
Isolated by Polymerase Chain Reaction Using 
Degenerate Oligonucleotide Primers 
To identify novel voltage-sensitive K+ channels ex- 
pressed in mammalian brain, we screened rat hippo- 
campal mRNA bythe polymerase chain reaction (PCR) 
(Girgis et al., 1988; Lee et al., 1988) using K+ channel- 
specific degenerate oligonucleotide primers. The prim- 
ers corresponded to amino acid sequences that are 
highly conserved in all known K’ channel sequences 
(amino acids 440-446 and 473-479 of Shaker K+ chan- 
nels). In this screen we identified several sequences 
consistent with K+ channels that had not been identi- 
fied previously and a sequence identical to RCK4 
(Stuhmer et al., 1989). One PCR-derived sequencewas 
noted as having 88% amino acid identity, excluding 

primer sequences, to the Drosophila Shal K+channel 
(Wei et al., 1990)and only58%-65% identitywith other 
known K+ channel sequences (Stuhmer et al., 1989; 

Frech et al., 1989; McCormack et al., 1990; Swanson et 
al., 1990). This PCR fragment was used to isolate cDNA 
clones from a rat hippocampus cDNA library. The se- 
quence of the PCR fragment differed from that of the 
cDNA by 1 amino acid; whereas the 5’ primer se- 
quence included a codon for Val, the corresponding 
codon in the cDNA was for Leu (amino acid 371) 
(Figure 1). 

Isolation of Rat .%a/ cDNAs 
We isolated 64 cDNA clones from 300,000 phage of a 
rathippocampuscDNAlibraryusingtheSha/-IikePCR 
fragment described above. Analysis by restriction 
mapping suggested that the majority of these cDNAs 
were identical. We chose the cDNA clone with the 
longest 5’ untranslated sequence for sequence analy- 
sis and expression in Xenopus oocytes. This cDNA 
was composed of 3350 bp, of which 1890 bp contained 
a single open reading frame, with 551 bp of 5’ untrans- 
lated and 909 bp of 3’ untranslated sequence (Figure 
l).Thededuced protein sequencecontains630amino 
acids, and the predicted molecular mass of the pri- 
mary translation product is 71 kd. Analysis of the 
amino acid sequence predicted six hydrophobic seg- 
ments, of which five have been modeled to be mem- 
brane spanning. Furthermore, the sequence con- 
tained an S4 sequence characteristic of voltage-gated 
ion channels. The proposed S4 sequence of rat Shall 
had 6 basic residues. 

The deduced amino acid sequence of rat Shal? re- 
vealed a number of potentially biologically significant 
sites and signatures for posttranslational modification 
(Figure 1). These included a potential CAMP- and 
cGMP-dependent protein kinase phosphorylation site 
in the amino-terminal region (Thr-38) and a potential 
protein kinase C site in the sequence between S4 and 

H4 that is highly conserved in K+ channels (Thr-316). 
The functional expression in Xenopus oocytes of two 
Shaker K’ channel proteins joined in tandem (Isacoff 
et al., 1990) supports the notion that both amino and 
carboxyl termini are located intracellularly. Because 
the glycosylation consensus sequences are located in 
the amino- and carboxyl-termini at Asn-46, Asn-408, 
and Asn-536, it appears that rat Shal? channels lack 
any N-linked glycosylation consensus sequences that 
would be exposed to the extracellular side of the 
membrane. The other known K+channels that do not 
have such consensus sequences in the presumed ex- 
tracellular sequences are RCK2 (Grupe et al., 1990), 
drk? (Frech et al., 1989), and Drosophila Shal (Wei et 
al., 1990), although they also contain N-glycosylation 
consensus sequences in the amino- and carboxyl- 
termini. 

The amino acid sequences predicted from rat Shall 
andDrosophilaSha/(Weietal.,l990)exhibit72% iden- 
tity. In addition, 8.6% of the nonidentical residues in 
rat Shall are similar to the corresponding amino acids 
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Figure 1. Nucleotide Sequence and Deduced Amino Acid Se- 
quence of Rat Shall 

The deduced amino acid sequence is displayed beneath the nu- 
cleotide sequence of the coding strand of the rat Shall cDNA. 
The amino acids are numbered as groups of ten starting at the 
Met of the predicted amino terminus. The nucleotides are num- 
bered at the side of the sequence. Positive numbers are assigned 
to nucleotides 3’ to the A of the initiation codon, which is as- 
signed as +I. Nucleotides 5’to this codon are assigned negative 
numbers. The periods at the ends of the sequence indicate that 
the cDNA is incomplete. Although there is a stretch of A residues 
at the 3’ end of the clone it is unlikely to represent a poly(A) 
tract, since there is no signal for adenylation upstream of these 
residues. There is one potential CAMP- and CGMPdependent 
protein kinase phosphorylation siteat amino acid T-36. Thereare 
nine potential protein kinase C phosphorylation sites at S-70, 
T-101, T-166, T-291, T-316, S-447, S-531, S-537, and S-548, and there 
are twelve potential casein kinase II phosphorylation sites at 
T-54, S-70, S-113, S-263, T-280, S-459, S-460, S-472, T-489, S-502, 
S-552, and T-606 and one tyrosine kinase phosphorylation site at 
Y-592 (Aitken, 1990). 

The amino acids of the rat Shall and Drosophila (fly) Shal were 
aligned as described by Myers and Miller (1988). A colon indi- 
catesaminoacididentity;aperiod indicatesaminoacidsimilarity 
whereaminoacidswithineachof thefollowinggroupsareclassi- 
fied as similar: A, S, and T; D and E; N and Q; R and K; I, L, M, 
and V; F, Y, and W. Dashes indicate gaps introduced into the 
sequence to improve alignment. The proposed transmembrane 
regions HI, H2, H3, H4, and H6, the S4 sequence, and the hy- 
drophobic sequence H5 are identified as boxed sequences. They 
were deduced from comparing models predicted by the algo- 
rithms of Eisenberg et al. (1984), Rao and Argos (1986), Klein et 
al. (1985), and Kyte and Doolittle (1982) and by alignment to se- 
quences as described by Jan and Jan (1990). 

in Drosophila Shal (Figure 2). The regions of strong 
sequence similarity are unevenly distributed in the 
protein and include the amino terminus. In contrast, 
sequence similarity between members of the Shaker/ 
RCK family of K+ channels does not extend to the 
termini of the protein. The most conserved regions 
between rat and Drosophila Shal are the proposed 
membrane-spanning regions and H5, each of which 
demonstrates between 86%-100% amino acid iden- 
tity, much higher than that between rat Shall and the 
ShakerlRCK family of K+ channels (73% identity over 
54, 74% identity over H6, and only 5%~68% identity 
over the other hydrophobic sequences) (Table 1). 
However, this sequence analysis also suggests that 
the Shal family of K+ channels is more closely related 
to the ShakerlRCK family than the Shabldrkl or Shaw 
family of K+ channels. 

Rat Shall Is Encoded by a 6 kb mRNA Expressed 
in All Major Regions of the Rat Brain and Heart 
On Northern blots of poly(A)’ RNA from the brain 



Table 1. Extents of Amino Acid Identity over Proposed Transmembrane Regions and H5 of Different K+ Channels 

Transmembrane Regions 

K+ Channels HI H2 H3 s4 H4 H5 H6 

Rat Sha/l-fly Shal 94 95 86 100 90 95 86 
Rat Shall-Shaker 15 40 45 73 31 60 74 
Rat Shall-MBKIIRCKI 10 36 45 73 36 64 74 
Rat Shall-BKURCK5 5 40 50 73 36 68 74 
Rat Shall-RCK3 10 40 45 73 36 68 74 
Rat Shall-RCK4 10 36 45 73 36 64 74 
Rat Shall-KvllRCK2 0 50 59 68 36 64 78 

Shaker-RCK 70 60 63 100 95 76 100 
Rat Shall-drkl 0 36 45 38 45 60 60 
Rat Shall-Shab 5 31 40 47 41 52 52 

drkl-Shab 75 77 68 92 77 68 73 
Rat Shall-Shaw 0 36 36 47 45 60 70 
Rat Shall-NCK2 10 31 40 57 31 64 60 
Rat Shall-RKShlllA 5 31 36 57 36 60 56 

The proposed transmembrane regions of rat Shall were aligned to those of Shaker B sequences (Schwarz et al., 1988), Drosophila Shal 
(Wei et al., 1990), MBKI TTempel et al., 1988), RCKI-5 (Baumann et al., 1988; Stiihmer et al., 1989), Shab, Shaw (Butler et al., 1989), drkl 
(Frech et al., 1989), Kvl (Swanson et al., 1990), NCK2 (Yokoyama et al., 1990), and RKShlllA (McCormack et al., 1990) as described by 
Jan and Jan (1990). Alignment of S4 sequences was made from the first Arg of the S4 of rat Shall and the second Arg of the S4 sequences 
of other K+ channels. 

The “families” of K+ channels are identified by underlining, and the numbers associated with them represent amino acid identities 
between all members of the family over the conserved hydrophobic regions. 

and the heart, a 6 kb mRNA band hybridized to the 
full-length rat Shal? cDNA probe (Figure 3A). In addi- 
tion, a number of generally weaker bands of l-3 kb 
hybridized with the rat Shall cDNA probe. Hybridiza- 
tion of the same filter with a-tubulin sequences re- 
vealed no extensive degradation of the RNA during 
isolation (Figure 3B). Furthermore, the 6 kb band and 
the l-3 kb smear were also recognized by a probe 
specificforthecarboxy-terminalaminoacid sequence 
of rat Shal? (data not shown). Thus, the weaker bands 
of smaller size may result from a higher sensitivity of 
the rat Shal? transcript to degradation or alternative 
polyadenylation. Normalization of the signal ob- 
tained with rat Shall to that obtained with a-tubulin 
suggests that rat Shall mRNA is expressed at a similar 
abundance in the brain and the heart. 

In situ hybridization to coronal sections of the adult 
rat brain illustrates that rat Shall is widely distributed; 
it is expressed at a similar level in the cortex and hypo- 
thalamus but at much higher levels in the hippocam- 
pus, dentate gyrus, and the habenular nucleus of the 
thalamus (Figure 3C). In the hippocampus rat Shall 
mRNA appears more abundant in CA1 than CA3. Hy- 
bridization with the sense strand, instead of the anti- 
sense strand, of the rat Shall mRNA revealed little 
signal, even in the layers of hippocampus that are 
densely packed with neuronal cell bodies (Figure 3D). 
In contrast, in the heart in situ hybridization revealed 
that rat Shal? mRNA is uniformly distributed with no 
selective accumulation associated with the atria or 
ventricles (data not shown). 

Rat Shall Gives Rise to Rapidly Inactivating K+ 
Channels When Expressed in Xenopus Oocytes 
Injection of rat Shall mRNA into Xenopus oocytes 

resulted in the expression of voltage-gated, rapidly 
inactivating K+ channels. Activation of these channels 
was evident at membrane potentials above -40 mV 
(Figures 4A and 4B). The reversal potential of tail cur- 
rents is a function of external K+concentration, which 
approximates the Nernst equation expected for a 
channel selective for K+ (Hille, 1984); the reversal po- 
tential shifted by 52 mV per IO-fold change in extracel- 
lular K+ concentration (Figures 4E and 4F). This K+ cur- 
rent showed moderately rapid inactivation: if the 
membrane potential was raised from a holding poten- 
tial of -100 mV to +60 mV or more depolarized poten- 
tials, the current inactivated fairly rapidly and com- 
pletely (the major time constant was 155 ms at II’C 
k l°C) (Figure 4C; Table 2). It took a few seconds at 
-100 mV (time constant for recovery was approxi- 
mately 1 s) for the channels to recover from inactiva- 
tion (Figure 4D). Holding the membrane potential at 
levels more depolarized than -100 mV led to various 
degrees of inactivation; all of thechannels were inacti- 
vated by holding the membrane potential at or above 
0 mV (Figure 4B). The midpoints for activation and 
inactivation were -4.0 mV and -48 mV, respectively 
(Figures 4A and 4B). These kinetic and voltage- 
dependent properties were similar to the properties 
of A-channels recorded from neurons (Rogawski, 
1985) or from Xenopus oocytes injected with rat brain 
mRNA (Rudy et al., 1988). This similarity also extends 
to the pharmacological properties; the rat Shal7 K+ 
channels were sensitive to 4-AP (46% ~fr 8% block; 
mean + standard deviation; N = 9, at 5 mM 4-AP) 
(Figure 4C). Note, however, that 4-AP was more effec- 
tive in blocking the component with the fastest rate 
of inactivation, even though a single type of cDNA 
was responsible for generating the K+ current with 
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Figure 3. Expression of Rat Shall mRNA 

(A and B) Northern blot analysis of poly(A)’ RNA from tissues expressing rat Shal?. Poly(A)’ RNA (1 pg) isolated from brain and heart 
tissue of the rat was fractionated by electrophoresis in a formaldehyde-agarose (0.7%) gel, transferred to Nytran, and hybridized first 
to 3ZP-labeled rat Shall cDNA (A) then stripped and reprobed with a rat a-tubulin cDNA (Et). The major band of 6 kb mRNA hybridizing 
to rat Shall is indicated with an arrow. The a-tubulin probe hybridized to a 1.6 kb mRNA. The lanes are (1) whole rat brain mRNA and 
(2) rat heart mRNA. The positions of RNA size standards (9.49, 7.46, 4.40, 2.37, 1.35, and 0.24 kb) are indicated at the right of the blot 
(A). The filter was exposed to X-ray film with an intensifying screen at -70°C for 16 hr (A) or without an intensifying screen for 3 hr 
in (B). 
(C and D) Expression of rat Shall mRNA in the brain by in situ hybridization. Coronal sections (10 urn thick) of rat brain were hybridized 
with radiolabeled rat Shall RNA. (C) illustrates the hybridization pattern obtained with the antisense RNA probe; (D) illustrates the 
pattern obtained with the sense RNA probe. The antisense probe reveals a relatively even distribution of rat Shall mRNA throughout 
the brain; however, there appears to be a concentration of mRNA in the CA1 (1) and CA3 (2) regions of the hippocampus, the dentate 
gyrus (3), and the habenular nucleus (4) of the thalamus. In contrast the sense RNA probe gives little hybridization signal. The autoradio- 
grams were exposed to X-ray film for 5 days at room temperature. Bar, 5 mm. 

three time constants of inactivation. Compared with 
other K+ channel cDNAs that give rise to inactivating 
K+ currents when expressed in Xenopus oocytes, the 
fastest component of inactivation for rat Shal? is ap- 
proximately 3 times faster than for Drosophila Shal 
(480 ms at 11%; Wei et al., 1990), but considerably 
slower than those reported for Shaker K+ channels 
(Timpe et al., 1988b; lverson et al., 1988; lsacoff et al., 
1990) and comparable with the fastest component of 
inactivation for RCK4 and a RCKQlike clone, RHKI, 
from heart (65 ms at 20°C-23%; Sttihmer et al., 1989; 
W. Sttihmer, personal communication of recording 
temperature for RCK4; Tseng-Crank et al., 1990). 

Single-K+ channel activities were detected in patch- 
clamp recordings of Xenopus oocytes expressing rat 

Shall (Figure 5). The amplitude of the single-channel 
current was approximately half that seen with Shaker 
B (Isacoff et al., 1990). Furthermore, the outward and 
inward currents evoked during depolarizing and hy- 
perpolarizing phases of the voltage step were approx- 
imately equal in amplitude. Thus, unlike Shaker B 
(MacKinnon and Yellen, 1989) rat Shal? does not dem- 
onstrate obvious open-channel inward rectification. 
The single-channel records and the ensemble aver- 
ages of the records (obtained at 22OC f 2OC) confirm 
the observation made from the whole-cell clamp re- 
cordings (obtained at ll°C) that rat Shall encodes an 
inactivating A-type K+channel, except that the inacti- 
vation rates are much greater at higher temperatures. 

Because rat Shall encodes a K+ channel with mod- 
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Figure 4. Expression of Transient Outward Currents in Xenopus 
Oocytes Injected with Rat Shall mRNA 
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(A) Transient outward currents recorded in oocytes at II’C. The 
tracesshowthemembranecurrentsevokedbydepolarizingvolt- 
age steps from -100 mV to levels between -80 and +60 mV in 
20 mV increments and applied every 30 s. Records were leak 
subtractedassumingalinearleakcurrentusinga20mVhyperpo- 
larizing test pulse (p/4 method; Bezanilla and Armstrong, 1977). 
The capacitive current is not shown. 
(B) Conductance-voltage relations (closed circles) and steady- 
state inactivation properties (closed squares) of rat Shall. To de- 
termine the conductance, the amplitude of the leak-subtracted 
peak current was divided by the driving force across the mem- 
brane using a reversal potential of -100 mV obtained by extrapo- 
lation from measured reversal potential at 20, 40, and 89 mM 
external K+. The conductance values were normalized to the 
maximal conductance and plotted against the membrane poten- 
tial. The symbols represent data from a single representative 
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erately rapid inactivation, we examined its amino- 
terminal region to determine whether there were se- 
quences that might correspond to a region in the 
amino-terminal region of the Shaker K+ channel that 
is necessary for fast inactivation of those channels 
(Zagotta et al., 1990; Hoshi et al., 1990; lsacoff et al., 
1990). In both the rat and Drosophila Shal K+channel 
the amino terminus is hydrophobic and is followed 
by a cluster of positively charged amino acid residues 
(35-37 of rat Shall; 37-39 of Drosophila Shal). The 
latter is analogous to amino acids 17-19 of Shaker B, 
which also follow a hydrophobic amino terminus 
(Schwarz et al., 1988) and are involved in fast inactiva- 
tion (Isacoff et al., 1990; Hoshi et al., 1990). Similar 
to what has been found for the Shaker K+ channel, 

experiment, and the solid curve is derived by fitting data to the 
Boltzmann equation, GIGmax = I/{1 + exp [(VW - V)/a]} where 
V is the membrane potential. From this fit, the midpoint potential 
(V& and slope parameter (a) are obtained with V1lZ = -4.0 mV 
f 1.9 mV and a = 20.3 mV f 0.9 mV (mean k standard deviation; 
N = 7). For the prepulse inactivation curve, a 500 ms prepulse 
to the indicated membrane potential was followed by a 100 ms 
test pulse to +60 mV. The peak current during the test pulse was 
normalized to the maximal peak current after a prepulse to -90 
mV. The symbols represent data from a single representative 
experiment with the solid curve derived by fitting data to the 
Boltzmann equation, I$, max = I/{1 + exp [(V - V&la]} where V 
is the membrane potential. From this fit, a midpoint potential 
(V,,J and slope parameter (a) are obtained with V,n = -48.0 mV 
+ 2.5 mV and a = -9.2 mV f 0.6 mV (mean * standard deviation; 
N = 7). 
(C) Transient outward current evoked by a 10 s depolarization to 
+60 mV. The record was leak subtracted assuming a linear leak 
current as above. The current trace was fit using three exponen- 
tials (see Table 2). 
(D) Recovery from inactivation. Oocytes were voltage clamped 
at -100 mV, depolarized to +60 mV for 500 ms, and then repolar- 
ized to -100 mV for varying lengths of time (t) prior to a second 
test pulse to +60 mV. Peak current elicited by the second pulse 
was plotted as a function of time (t). Data points were fitted to 
the following equation: Ip = Ire5 + (I,,, - I,,,)(1 - e-1”) where Ip 
is the peak current elicited by the second pulse, and lmdX is the 
peak current elicited by the test pulse after recovery at -100 mV 
for 30 s. lrPI is the residual amount of current that remains at the 
end of the first pulse, and T is the time constant of recovery. 
7 was 1042 ms f 158 ms (mean f standard deviation; N = 7). 
(E) Reversal potential of rat Shall at different external K’concen- 
trations. Reversal of tail currents was measured at 5 mV incre- 
ments from -100 to 0 mV in 20,40, and 89 mM external K+. The 
change of extracellular K+ concentration was accompanied with 
changes of the extracellular Na’ concentration so as to maintain 
the extracellular concentration of monovalent cations con- 
stant. The solid line is a linear regression fit to the data points. 
Each point was made from at least four different oocytes, and 
the error bars indicate the standard deviation. The slope of the 
fit is 52 mV per l&fold change in extracellular K’, which approxi- 
mates the theoretical Nernst relationship for a K’-selective 
channel. 
(F) Reversal of tail currents. Currents in 40 mM K’ were elicited 
by a depolarization from a holding potential of -100 mV to f60 
mV followed by repolarizing steps to potentials between -55 
and -5 mV in 10 mV increments. 
(G) Block of rat %a/? with 5 mM 4-AP. Control traces (500 ms) 
were obtained before and after perfusion of 5 mM QAP. Currents 
were monitored during the perfusion (approximately 2 ml/min) 
of 4-AP for at least 10 min before currents were analyzed. Traces 
were leak subtracted as above. All recordings were done at ll°C 
+ 1°C. 

deletion of 3 basic amino acids (35-37) of rat Shall led 
to a considerable slowing of fast inactivation (Figure 
6). In contrast, deletion of 31 amino acids, including 
1 basic residue and many hydrophobic residues (resi- 
dues 2-32), of a mouse Shal cDNA has much milder 
effects on the inactivation kinetics (Pak et al., 1991). 
Thus the small cluster of basic residues in the amino- 
terminal region of rat Shall and other inactivating K+ 
channel sequences appears to be involved in the fast 
inactivation process. Whereas deletion of 3 basic resi- 
dues slowed inactivation of rat Shall, replacing resi- 
due 35 or 36 with the neutral residue Gln did not alter 
the inactivation rate significantly (Table 2). Similar ob- 
servations have also been reported for the Shaker K+ 
channel (Hoshi et al., 1990). These results indicate that 
more than 1 positively charged residue in the amino- 
terminal region of rapidly inactivating K+ channels is 
involved in the process of the fast inactivation. 

Discussion 

By use of degenerate oligonucleotide primers that 
code for highly conserved amino acid sequences in 
voltage-dependent K+ channels we have identified a 
mammalian K+ channel gene that gives rise to rapidly 
inactivating voltage-sensitive K+ channels when ex- 
pressed in Xenopus oocytes. This rat K+ channel has 
strong amino acid sequence identity to the Drosoph- 
ila K+ channel named Shal and shows similar electro- 
physiological properties when expressed in Xenopus 
oocytes. Thus this channel has been named rat Shal?. 
Northern analysis revealed that the mRNA encoding 
rat Shal? is expressed at a similar level in the rat brain 
and is also expressed at a similar abundance in rat 
heart. Higher resolution of the distribution of tran- 
scripts is achieved by in situ hybridization, which re- 
veals a concentration of the rat Shall mRNA in the 
hippocampus, dentate gyrus, and habenular nucleus 
of the brain. In the hippocampus rat Shal? mRNA ap- 
pears expressed in a gradient where CA1 demon- 
strates a higher level of expression than CA3. The dis- 
tribution pattern throughout the brain and in the 
hippocampus observed with rat Shall is distinct from 
those observed with other K+ channel probes (M.-L. T., 
unpublished data). In contrast, in the heart, rat Shal? 
RNA appears evenly distributed throughout the car- 
diac tissue. In addition to rat Shall, two K+ channel 
genes of the ShakerlRCK family are expressed in the 
heart as well as the brain (Swanson et al., 1990; Tseng- 
Crank et al., 1990). 

Previous studies of rapidly inactivating K+channels 
suggest that inactivation usually follows activation 
and is relatively insensitive to voltage (Zagotta et al., 
1989; Zagotta and Aldrich, 1990). Moreover, cyto- 
plasmic application of proteases can remove the fast 
component of inactivation, suggesting that inactiva- 
tion involves a structural element on the cytoplasmic 

side of the membrane (Matteson and Carmeliet, 1988; 
Hoshi et al., 1990). Studies of splice variants of Shaker 
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Table 2. Macroscopic Inactivation Kinetics of Rat Shall and Mutants 

~7 0-m) Al TV (ms) A2 73 (ms) A3 N 

Shall 155 f a 0.41 * 0.03 688 * 33 0.27 f 0.01 5550 * 409 0.32 f 0.02 9 
Shall A35-37 223 * 11 0.19 f 0.02 1144 * 55 0.24 f 0.01 4139 f 177 0.57 f 0.03 5 
R35Q 153 f 16 0.49 f 0.05 796 + 79 0.19 f 0.04 5832 f a40 0.32 f 0.03 4 
K36Q 149 f 16 0.47 f 0.06 717 + a2 0.22 * 0.04 5837 f 715 0.32 f 0.04 6 

Values were measured from experimental fits to the onset of inactivation of currents recorded from oocytes injected with wild-type 
or mutant mRNA. Currents were evoked by a 10 s depolarizing voltage pulse from a holding potential of -100 mV to + 60 mV. Exponential 
fits were done using pCLAMP’s least squares minimization procedure. The minimum number of exponential required for an adequate 
fit of the currents was 3. The time constants 7,, TV, and 73 (in ms) and amplitudes A,, A*, and Ap represent the relative contribution of 
each component to the peak, so that the current as a function of time (t) corresponds to the equation (A,exp(-t/r,) + A,exp(-t/TJ + 
As exp(-t/r& The means, standard deviation, and number of individual oocytes tested are given. Recording temperature was ll°C 
* 1% 

K’channels suggest that both the amino and carboxyl 
termini are likely to be involved in governing inactiva- 
tion kinetics (Timpe et al., 1988a, 1988b). In particular, 
a group of basic residues that follow the hydrophobic 
amino terminus appears to play an important role in 
inactivation of the Shaker K+ channel (Hoshi et al., 

+loo nv 

Figure 5. Patch-Clamp Recordings of Rat Shall Channels in Xen- 
opus Oocytes 

Inside out patch recordings were done in symmetric K+ concen- 
tration solutions. The internal (bath) solution contained 98 mM 
KCI, 0.5 mM MgCI,, 1 mM ECTA, and 10 mM HEPES-KOH (pH 
7.1), and the external (pipette) solution contained 98 mM KCI, 1.5 
mM MgCI,, 0.3 mM CaCI,, and 10 mM HEPES-KOH (pH 7.1) (22°C 
+ 2OC). Records were leak subtracted using averages of 5-10 
pulses, which evoked no channel openings. Single-channel 
traces, which show openings during the depolarizing (outward 
currents) and hyperpolarizing phases (inward currents) of the 
voltage step, were selected to show both outward and inward 
currents, though reopenings at -100 mVwere seen infrequently. 
The lower trace shows an ensemble average of 50 traces, which 
reveals inactivation at the macroscopic level. Steps were made 
at 4 s intervals to indicated potentials from a holding potential 
of -100 mV. Data were sampled at 5 kHz and low pass-filtered 
at 1 kHz. 

1990). We have obtained preliminary evidence sug- 
gesting that a group of basic residues at an analogous 
location in rat Shall is also necessary for rapid inacti- 
vation of this mammalian K+ channel. Given that only 
moderate levels of sequence identity are found be- 
tween Shaker and rat Shall, the involvement of basic 
residues near the amino terminus in inactivation may 
turn out to be a general phenomenon. Further sup- 
port for this notion is provided by the fact that the rat 
K+ channel RCK4, which appears to inactivate over a 
similar time course to rat Sha/7, also has multiple basic 
residues in the amino-terminal region (Stiihmer et al., 
1989; Tseng-Crank et al., 1990). 

Rudy et al. (1988) showed that injection of rat brain 
mRNA into oocytes gives rise to fast transient K+chan- 
nels (A-channels). Fractionation of brain RNA sepa- 
rated mRNAs of 5-7 kb encoding A-channels from 
mRNAs that produce other voltage-dependent K+ 
channels. However, A-channels induced by the frac- 
tionated mRNA have different pharmacological and 
kinetic properties than unfractionated brain mRNA. 
The kinetic properties of A-channels induced by un- 

. , ,  ,  ‘, 

Time (“‘WC) Time (msec) 

Figure 6. Inactivation Is Reduced in the Mutant A35-37 Shal? 

Normalized currents from wild-type and the mutant in which 
amino acids 35-37 were deleted from rat Shall (A35-37 Shall) 
elicited by a 400 ms (A) or 2000 ms (B) depolarizing voltage pulse 
to +60 mV from a holding potential of -100 mV. Both of the 
fast time constants (5, and ~2) were decreased by the deletion 
mutation (Table 2). It also took longer to reach the peak current 
amplitude in the deletion mutant. Whether this was a conse- 
quence of the mutant effects on inactivation, or a separate effect 
on channel activation, remains to be determined by single- 
channel analysis. Currents were leak subtracted assuming a lin- 
ear leak current using a 20 mV hyperpolarizing test pulse (p/4 
method; Bezanilla and Armstrong, 1977). The capacitive current 
is not shown. Recordings were done at 11% f l°C. 
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fractionated mRNA could be reconstituted by in- 
jecting the 5-7 kb fraction together with a subfraction 
of mRNA in the range of 2-4 kb, which on its own did 
not produce an A-current. Both kinetic and pharmaco- 
logical properties of the rat Shal? K+channel are simi- 

lar to those of the A-current induced by the 5-7 kb 
fraction of rat brain mRNA. Furthermore, since rat 
Shal? hybridizes to a 6 kb mRNA it may correspond 
to a major mRNA species encoding rapidly inactivat- 
ing K+ channels in the rat brain. It is important to 
note that the ability of K+ channels to assemble as 
heteromultimers with different properties (Christie et 
al., 1990; lsacoff et al., 1990; Ruppersberg et al., 1990) 
provides an additional level of diversity that may alter 
the kinetic and pharmacological properties of K’ 
channels formed by rat Shal?. The preferential block 
by 4-AP of the component of rat Shall-induced cur- 
rents in Xenopus oocytes that has the fastest rate of 
inactivation (Figure 4G), on the other hand, may serve 
as a cautionary note for the use of pharmacological 
criteria alone in the dissection of different K+ currents 
recorded from a cell. 

Phosphorylation of channels may regulate channel 
function (Levitan, 1985). For example, Strong (1984) 
and Kaczmarek and Strumwasser (1984) reported that 
the inactivation kinetics of a transient outward K+ cur- 
rent (A-current) in Aplysia bag cell neurons could be 
modified in acAMP-dependent manner. Similarly, the 
modulation by norepinephrine of inactivation kinet- 
ics of the transient outward current of Purkinje cells 
of the canine heart can be mimicked by increasing 
intracellular CAMP concentration (Nakayama and Foz- 
zard, 1988). It is intriguing that a potential CAMP- 

and cGMP-dependent protein kinase phosphoryla- 
tion site (Thr-38) is next to the 3 basic residues (35-37), 
which when deleted led to a slowing of fast inactiva- 
tion. It remains to be determined whether Thr-38 can 
be phosphorylated and, if so, whether the introduc- 
tion of negative charges via a phosphate group next 
to these positively charged residues modulates inacti- 
vation of this mammalian K+ channel. In any case, 
our observation that fast inactivation of rat Shall was 
slowed by deletion of the 3 basic residues, but not 
neutralization of residue 35 or 36, indicates that the 
effect of the deletion mutation on fast inactivation rate 
was due to the removal of multiple basic residues 
rather than the removal of the consensus sequence 
for phosphorylation. This is because all three muta- 
tions should have rendered Thr-38 no longer a poten- 
tial site for CAMP- and cGMP-dependent protein ki- 
nases. 

During the preparation of this manuscript we be- 
came aware of reports in press describing another rat 
and a mouse homolog of Drosophila Shal (Roberds 
and Tamkun, 1991; Pak et al., 1991). The mouse homo- 
log of Shal encodes an inactivating K+ channel with 
properties similar to rat Shall reported here. How- 
ever, there is only 77% amino acid identity between 
rat Shal7 and this mouse Shal. In contrast, the mouse 
and rat Shaker homologs MBKI and RCKI are virtually 

identical at the nucleotide and amino acid level. This 
level of identity also extends to other members of this 
Shaker subfamily; MBK2 and MBK3 (Chandy et al., 
1990) are virtually identical to RCK2 and RCK3, respec- 
tively (Stiihmer et al., 1989). Therefore rat Shall and 
mouse Shal are likely to represent distinct members 
of the mammalian Shal family. Roberds and Tamkun 
(1991) describe the cloning of a rat Shal homolog, 
called RK5, from rat heart. The nucleotide and de- 
duced amino acid sequences of rat Shal? and RK5 
are virtually identical except for a distinct carboxyl 
terminus of RK5 at the amino acid level. However, 
the nucleotide sequence of rat Shal7 and RK5 remain 
almost identical beyond the point of divergence in the 
amino acid sequence in the carboxyl terminus. With 
PCR using primers made to nucleotides 1318-1338 
(sense) and 1555-1573 (antisense) of rat Sha/7 and thus 
correspondingly nucleotides 1318-1338 and 1553- 
1571 of RK5 (Roberds and Tamkun, 1991), we have 
amplified the intervening sequences from first-strand 
cDNA made from adult rat brain and heart poly(A)+ 
RNA that covers the divergence in nucleotide se- 
quence in the open reading frame between rat Shall 
and RK5. Determination of the sequence of these am- 
plified DNAs reveals only the nucleotide sequence 
corresponding to rat Shal7 but not RK5. Furthermore, 
diagnostic restriction enzyme mapping of the PCR 
product suggests only one sequence is obtained with 
these primers (data not shown). In the case of mouse 
Shal, Pak et al. (1991) reported that deletion of 31 
amino acids (residues 2-32) had relatively mild effects 
on the inactivation kinetics as compared with amino- 
terminal deletion mutants of Shaker B (Hoshi et al., 
1990). One possible explanation is that the 31 residues 
at the amino-terminus of mouse Shal contain only 1 
basic residue and are largely hydrophobic. To com- 
pare with mutations that delete the cluster of posi- 
tively charged residues present in Shaker B (residues 
17-19) or rat Shal? (residues 35-37), it would be of 
interest to determine whether deletion mutations in 
mouse Shal, which remove positively charged amino 
acids that are 3’to this hydrophobic amino terminus, 
produce a considerable slowing of fast inactivation. 

Experimental Procedures 

PCR of Hippocampal mRNA 
Hippocampal poly(A)’ mRNA (2 pg) was copied into first-strand 
cDNA using oligo(dT) priming and reverse transcriptase. Degen- 
erate oligonucleotide primers were synthesized to correspond 
to sequences coding for amino acids MllVGYG and the anti- 
sense sequence complementary to the coding sequences for 
PVPVIVS (amino acids 440-446 and 473-479 of the predicted se- 
quence for the Shaker B K+ channel) (Schwarz et al., 1988). The 
oligonucleotide sequences were ATGACNACNGTNGCNTATI 
CCC and GA/TNACNATNACTCGNACNGG, where N represents 
A, T, C, or C. The sequences between the two primers were 
amplified by PCR using Ampli-Taq DNA polymerase (Perkin El- 
mer, Cetus) under the following conditions: 94OC for 30 s, 50°C 
for 30 s, and 72°C for 90 s for 40 cycles, then 72OC for IO min 
(Innis et al., 1990). DNA fragments 120 bp in length were isolated 
from agarose gels and subcloned into the Smal site of Bluescript 
SK+ for sequence analysis. 

For PCR amplification of the carboxy-terminal sequences of 
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rat Shall for a probe for Northern blots, oligonucleotides 
CCCCCC ACCCAAAAGTGGAA and TGTTGCAGGTGGTGGTG- 
TTC were synthesized and annealed to 0.1 ng of plasmid DNA 
and amplified over 30 cycles. Pure PCR fragments were sub- 
cloned with Hindll-digested Bluescript SK+ and analyzed by se- 
quencing. 

Isolation of Rat Brain .%a/1 cDNA Clones 
A cDNA library was prepared from adult Sprague-Dawley rat 
brain hippocampal poly(A)‘RNA. TheRNAwascopied into hemi- 
methylated cDNA (Gubler and Hoffman, 1983; Sambrook et al., 
1989) using a Not1 adaptor-primer for priming first-strand syn- 
thesis and by adding an EcoRl adaptor after second-strand syn- 
thesis. The resultant cDNA was size selected on an agarose gel 
for inserts 32.0 kb and ligated with the arms of 1 Zap II (Strata- 
gene). The resultant library was composed of 4.8 x lo5 individual 
recombinants of which 2.5 x lo* phage were amplified for 
screening. Recombinant phage (300,000) were screened with the 
120 bp Shal-like PCR fragment excised from Bluescript SK+ by 
digestion with Pstl and BamHl and labeled with 3zP to a specific 
activity of -1 x 10qcpm/ug by random priming. Duplicate filters 
were hybridized with J2P-labeled probes in 50% formamide, 5x 
SSC, 1 x Denhardt’s solution, 20 mM sodium phosphate (pH 7.0), 
1% SDS, 100 ug/ml salmon sperm DNA at 42OC for 16 hr and 
finally washed in 0.1 x SSC, 0.1% SDS at 65OC. Inserts harbored 
in positive phage were excised by plasmid rescue of Bluescript 
SK- after superinfection with a R408 helper phage. For DNA 
sequencing single-stranded DNAwas isolated from bacteria con- 
taining plasmids with the insert in either Bluescript SK-, SK+, or 
KS+ by infection with M13K07. 

DNA Sequencing 
The rat Shall cDNA was sequenced by the Sequenase (USB 
Corp.) modification of the chain termination technique (Sanger 
et al., 1977). 

Isolation of RNA and Northern Blots 
Poly(A)’ RNA was isolated from rat brain tissues and heart using 
the Fast-Track mRNA isolation procedure (Invitrogen). This pro- 
cedure resulted in an approximate yield of 20 ug of poly(A)+ RNA 
per gram of tissue. 

RNA was fractionated on 0.7% agarosegels containing formal- 
dehyde (Schwarz et al., 1988) and transferred to Nytran mem- 
branes. Hybridization with random-primed 12P-labeled DNA 
probes t-1 x IO9 cpm/ug) was in 50% formamide, 5x SSC, 20 
mM sodium phosphate (pH 7.01, Ix Denhardt’s solution, 1% 
SDS, 100 ug/ml salmon sperm DNA at 42°C for 16 hr. Filters were 
washed with 0.1 x SSC, 0.1% SDS at 65°C and exposed to X-ray 
film with an intensifying screen at -8OOC. The size of the RNA 
hybridizing to the probe was determined by comparing its re- 
lative mobility with a A. RNA ladder from BRL loaded on to 
and transferred from the same gel and hybridized with ‘2P-la- 
beled ), DNA. 

In Situ Hybridization of Rat Shall to Sections of Rat 
Brain and Heart 
Frozen sections (IO urn) were cut from rat brain and heart. The 
sections were air dried, fixed with 3% paraformaldehyde in PBS 
for 30 min, and then rinsed several times prior to hybridization. 

A 2.7 kb Hincll fragment from rat Shall was subcloned into 
the BstXl site of the pCMV\Neo vector (Invitrogen). 3SS-labeled 
mRNA was synthesized as described by Melton et al. (1984). Anti- 
sense RNA was synthesized with SP6 polymerase after lineariza- 
tion with Hindlll. Sense RNA was synthesized with T7 polymer- 
ase after linearization with Notl. Before hybridization to tissue 
sections the radioactive RNA was hydrolyzed with base to an 
average length of 150 bp (Cox et al., 1984). Hybridization of the 
probes to sections, washing, and preparation for autoradiogra- 
phy were essentially as described by Cox et al. (1984). However, 
the hybridization was performed at 50°C and then treated with 
100 U/ml RNAase Tl and 50 uglml RNAase A for 30 min at 37OC. 
Finally, the sections were washed in 2x SSC, IO mM sodium 
thiosulphate for 1 hr at 37OC followed by a wash in 0.1 x SSC, 10 

mM sodium thiosulphate at 50°C for 30 min. The sections were 
then dehydrated through a graded ethanol series. For low resolu- 
tion mapping of the distribution of rat Shall mRNA slides were 
exposed to Kodak X-AR5 X-ray films. 

In Vitro Transcription for Expression in Xenopus Oocytes 
The template DNA (approximately 2 ug) was linearized with the 
restriction enzyme Xbal. GpppG-capped RNA was transcribed 
and purified as described by Timpe et al. (1988a). To confirm the 
size and integrity of the RNA made, denaturing gel electrophore- 
sis was performed using one tenth of the transcription reaction, 
and the migration was compared with RNA size markers. The 
mRNA was stored in sterile water at -7OY. 

Oocyte Injection and Electrophysiological Recording 
Adult female Xenopus laevis were anesthetized by immersion in 
ice water for 1 hr followed by surgical removal of several ovarian 
lobes. Oocytes were separated manually from the ovarian con- 
nective tissue prior to injection. Stage V and VI oocytes were 
injected with approximately 50 nl of RNA (2-4 mgiml) and incu- 
bated in modified Barth’s saline containing 88 mM NaCI, 1 mM 
KCI, 2.4 mM NaHCOI, 10 mM HEPES (pH 7.5), 0.82 mM MgS04, 
0.33 mM CatNO& and 0.41 mM CaCh (Gurdon and Wickens, 
1983) at 18OC. Twenty-four hours following injection, oocytes 
were incubated in modified Barth’s saline with 2 mg/ml collagen- 
ase (cls 3, Worthington) for 2 hr with gentle shaking. This treat- 
ment helps to remove the overlying connective tissues and follic- 
ular cells. Oocytes were incubated in modified Barth’s saline 
supplemented with 100 U/ml penicillin, 100 ugiml streptomycin, 
and50ug/mIgentamicinfor4-6days beforeelectrophysiological 
recording. 

Ionic currents were recorded using a standard two-micro- 
electrode voltage clamp circuit. Data acquisition and analysis 
were performed on an 80386based microcomputer using the 
program pCLAMP and aTL-1 A/D converter (Axon Instruments). 
Voltage and current microelectrodes were filled with 3 M KCI 
and had resistances of less than 2 MD. All experiments were 
carried out at II’C + l°C. Current signals were sampled at 
5 kHz and low pass-filtered at 1 kHz with an a-pole Bessel filter. 
Some of the measured series resistance (75%-90%) was compen- 
sated for (Papazian et al., 1991). 

Patch-clamp recordingswere performed in the insideoutcon- 
figuration as described by lsacoff et al. (1990) in symmetric K’ 
solutions (see Figure 5 legend for solution compositions). Vitel- 
line membranes were stripped off the oocyte prior to recording. 
The patch recordings were done at 22OC ? 2OC using a List EPC7 
and analyzed on an lndec PDP11173. Leak subtraction was done 
using averages of steps during which there were no channel 
openings. The patch recordings were sampled and filtered as 
described for the whole-cell voltage clamp. 

Site-Directed Mutagenesis 
Oligonucleotidesite-directed mutagenesiswas performed using 
a single-stranded rat Shal? cDNA template in Bluescript SK- as 
described by Sayers and Eckstein (1989). The wild-type strand 
was removed with Exonuclease III after nicking with Neil, pro- 
ducing an efficiency of mutagenesis greater than 90%. Mutagen- 
ized DNA was characterized by DNA sequencing. For electro- 
physiological analysis two independently generated mutants 
were analyzed. mRNA was derived from the mutagenized DNA 
as described above. 
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