
Volume 242, number 1, 199-206 FEB 06696 December 1988 

Potassium channels expressed from rat brain cDNA have delayed 
rectifier properties 
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Injection into Xenopus oocytes of RNA synthesized in vitro using the rat brain cDNA RCK1 as a template or nuclear 
injection of the cDNA results in the expression of functional potassium channels. These channels exhibit properties simi- 

lar to those of the non-inactivating delayed rectifier channel found in mammalian neurons and other excitable cells. 
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1. INTRODUCTION 

Excitable membranes display a variety of 
potassium channels (K + channels) with different 
functional properties. Currents carried by these 
channels have been separated into voltage-gated 
currents, such as the delayed rectifier, anomalous 
rectifier and transient (Ig) currents, and lignd- 
gated currents, such as Ca2+-activated and ATP- 
sensitive currents. Recent studies using recombi- 
nant DNA techniques indicate that in Drosophila 
melanogaster the Shaker gene complex encodes a 
family of K ÷ channels [1-3] with functional pro- 
perties similar to the channels that mediate the 
transient, rapidly inactivating IA current observed 
in a variety of cell types in different species [4,5]. 
Using a low stringency hybridization protocol with 
a Drosophila Shaker cDNA probe a homologous 
cDNA, named RCK1, was isolated from a rat 
cerebral cortex library [6]. We have now expressed 
in Xenopus oocytes the protein encoded by this 
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cDNA and have characterized the functional and 
pharmacological properties of the membrane chan- 
nels formed by this protein. These channels are dif- 
ferent from those formed by the Shaker gene com- 
plex and functionally resemble the delayed rectifier 
K + channel. 

2. MATERIALS AND METHODS 

Two alternative strategies were used to translate RCK1 chan- 
nels. One involved direct injection into the Xenopus oocyte 
nucleus [7,8] of a vector, pCDM8, with a cytomegalo virus 
(CMV/T7) promoter containing the RCK1 coding region. The 
other consisted of in vitro transcription of the cDNA into 
mRNA which was then injected into the cytoplasm of the 
oocytes. Both injection procedures resulted in expression of 
whole cell currents with amplitudes in the range of 5-40/zA. 

The pCDMs vector, with a length of 4.8 kbp, has a Sup F, 
CMV/T7 promoter, a polylinker site, a splice and a poly-A 
coding region and Py, SV40, ~rVX and M13 origins of replica- 
tion. 

For the preparation of cRNA, RCK 1 cDNA was digested with 
EcoRI/HindIII and overhanging ends were filled in with 
Klenow-DNA polymerase. The DNA was then cloned into the 
SmaI restriction site of pASl8. This vector was derived from 
pSPT18 (Pharmacia) by inserting 70 A-residues into the 
polylinker region between SstI and EcoRI sites. The 
pAS18-RCKI recombinant was linearized by cutting at the 
EcoRI site. Capped run-off cRNA was synthesized by a stan- 
dard protocol [9]. 
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Xenopus oocytes were injected with either the pCDM8 con- 
struct or the cRNA and incubated for 2-3 days at 19°C [10]. 
Whole cell currents were recorded using a standard two 
microeleetrode voltage clamp in normal frog Ringer solution of 
the following composition (in raM) NaC1115, KC12, CaC12 1.8, 
Hepes 10 (pH 7.2). DTX and MCDP were a generous gift from 
Drs F. Dreyer and E. Habermann. Single-channel currents were 
recorded in the cell-attached and in the inside-out patch con- 
figuration [11]. Pipettes were filled with extracellular solution 
unless otherwise stated. The bathing solution in experiments 
with inside-out patches contained (in mM): KC1 100, EGTA 10, 
Hepes 10 (pH 7.2). All experiments were carried out at 20-22°C. 

3. RESULTS 

3.1. Whole cell currents in Xenopus oocytes 
expressing RCK1 

Depolarizing voltage steps in Xenopus oocytes 
injected with RCK1 cRNA elicited outward cur- 
rents (fig. 1A). This current was voltage-dependent 
and started to activate at potentials positive to - 30 
mV (fig.lB). Control (uninjected) oocytes never 
showed currents of  any type with amplitudes 
greater than 100 nA. In contrast,  more than 90070 
of  injected oocytes, taken f rom 8 frogs, exhibited 
outward currents greater than 2/zA. Inactivation of  
these currents was very slow, with current 
magnitude decreasing less than 2007o during 10 s 
voltage steps to 0 mV membrane potential. Activa- 
tion was fast, being in the range of  milliseconds. 
From similar experiments with sodium channels 
[12], which have activation kinetics in the sub- 
millisecond range, we estimate that the change in 
potential is complete in much less than a millise- 
cond. Thus the activation of  these currents is not 
disturbed by the limited clamp speed. 

Ion substitution experiments indicated that the 
reversal potential of  the outward currents depends 
on the external potassium concentration, [K]o, as 
expected for a K+-selective channel. Tail currents 
recorded at various membrane potentials f rom an 
oocyte expressing RCK1 cRNA are shown in 
fig.2A. In this particular example, recorded in 50 
mM [K]o, the tail current reverses direction at 
about  - 30 mV. The value of  the reversal potential 
varied with the extracellular potassium concentra- 
tion. The dependence of  reversal potential on [K]o 
is plotted on semi-logarithmic coordinates for [K]o 
ranging f rom 2.5 (normal frog Ringers) to 100 mM 
in fig.2B. The data were well fitted by the Nernst 
equation, giving a slope of  55.1 mV for a 10-fold 

change in [K]o. This indicates that the channels 
have a higher selectivity for K + over Na + and Cl- .  
The datapoint  at 2.5 mM [K]o was not considered 
reliable due to the fact that  at this low potassium 
concentration it was difficult to measure reversal 
potentials because inward tail currents were very 
small. 

We next examined the sensitivity of  the K chan- 
nel to various pharmacological agents. The RCK1 
K + channel was blocked by external application of  
TEA,  4-AP, DTX and MCDP.  Concentration- 
response curves for these blockers were obtained 
by measuring the amplitude of  outward current at 
the end of a 120 ms pulse to +20  mV (fig.3). The 
concentrations of  channel blocker or toxin which 
inhibited the ionic currents by 50070 (ICso) were: 12 
nM for DTX, 45 nM for MCDP,  0.6 mM for TEA 
and 1.0 mM for 4-AP. The concentration-response 
curves did not depend on the value of  the test 
potential  chosen and did not show any use- or time- 
dependent block. Although the effects of  TEA, 
DTX and MCDP on current amplitude were com- 
pletely reversible, MCDP-treated channels showed 
slower activation kinetics after washout of  the pep- 
tide (not shown). The 4-AP block was only partial- 
ly reversible, recovering to only 20070 of  control 
values. The currents were insensitive to apamin (1 
/zM), which inhibits a TEA-insensitive Ca 2+- 
activated K + channel o f small conductance [ 13,14], 
or /~-bungarotoxin (200 nM), which inhibits a 
DTX-sensitive delayed rectifier in dorsal root 
ganglion neurons [15]. 

3.2. Single-channel currents in Xenopus oocytes 
expressing RCK1 

Currents through single-channels were recorded 
f rom inside-out patches where the extracellular side 
was exposed to normal frog Ringer's solution and 
the cytoplasmic side to a solution containing 100 
mM K +. The four upper traces in fig.4A represent 
responses to a depolarizing voltage step to 0 mV 
f rom a holding potential of  - 6 0  mV. After a 
variable latency, voltage steps activated elementary 
outward currents. This record probably represents 
activation of  a single channel as no superimposi- 
tion of  elementary currents to higher levels was 
seen. This was not the case in other patches isolated 
f rom oocytes with a higher channel density (as 
judged f rom the larger whole-cell current response 
of  the oocytes). Elementary currents were superim- 
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Fig.1. Delayed, non-inactivating outward currents in Xenopus oocytes injected with m R N A  derived from RCKI cDNA. (A) Outward 
currents in response to depolarizing voltage steps. The membrane  potential was held at - 8 0  mV and stepped at 2 s intervals to test 
potentials ranging from - 8 0  to + 90 mV in 10 mV increments.  (B) Steady-state currents f rom the experiment shown in A are plotted 

as a function o f  membrane  potential after leak subtraction. 

posed on an average current (lowermost trace) 
which had an activation time course (3.7 ms half- 
activation rise time) comparable to that of the 
whole cell current, elicited by depolarization to 
0 mV. Elementary currents were not inactivated 
within seconds (fig.SA). However, during frequent 
and repetitive stimulation at 1 Hz, 'blank' 
responses occurred, where the channel did not 
open (not shown). Blank responses always 

clustered into groups, suggesting the existence of a 
very slow inactivation process (see below). 

Amplitude histograms collected at 0 mV mem- 
brane potential from current records such as those 
shown in figs 4A and 5A indicate that elementary 
currents have a most frequently occurring 'main' 
amplitude of 0.78 ±0.06 pA (mean ± SD, n-- 5). 
In addition, two less frequently occurring sublevels 
were observed in the seven patches examined 
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Fig.2. Potass ium concentration dependence o f  the reversal potential o f  outward currents in Xenopus oocytes injected with RCKI 
cRNA.  (A) Tail currents recorded in an  RCKI expressing oocyte bathed in a solution containing 50 m M  [K]o. Following a depolarizing 
prepulse to + 20 mV, the membrane  potential was stepped to tall potentials ranging f rom - I00 to + 10 mV. The initial amplitude o f  
the tail current  was determined by extrapolating the current to the beginning o f  the pulse. The reversal potential was obtained as the 
potential,  at which the tall currents reversed direction. (B) Reversal potentials obtained from tail current analysis. Current  reversal 

potential plotted as a function o f  [K]o. The K + concentration was raised by replacing with isoosmolar amounts  o f  Na +. 
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Fig.3. Sensitivity of outward currents elicited after injection of RCK1 cRNA into oocytes towards K+-channel blockers added to the 
bathing solution (normal frog Ringer's). (A) Concentration dependence of TEA (O) and of 4-AP block (m). (B) Concentration 
dependence of DTX (v) and of MCDP block (A). Open symbols indicate the recovery of outward current when the bathing solution 
with the highest blocker concentration was replaced by normal frog Ringer's. Peak currents at +20 mV test potentials were 15.5/zA 

(TEA), 15.7 ~A (4-AP), 5.1/zA (DTX) and 2.2/zA (MCDP), respectively. 

(fig.4B, inset). The slope conductances of  the 
RCK 1 channel in its main open state, as determined 
in two patches over a potential range from 
- 6 0  mV to 40 mV, was 8.9 and 9.3 pS (fig.4B). 
The current reversal potential, obtained by linear 
back-extrapolation, was - 8 2  inV. This value is 
close to the value of  - 8 9  mV predicted from the 
Nernst equation for a K+-selective channel. The 
single-channel conductance increased to 22 pS (for 
the main state) when the K + concentration on the 
extraceUular side of  the membrane was increased to 
100 mM K ÷ (not shown). 

When K ÷ on the cytoplasmic face was replaced 
by Na +, elementary currents were no longer detec- 
table. Partial replacement of  K ÷ by 50 mM Cs + 
blocked elementary currents with an apparent half 

blocking concentration of  15-18 mM Cs ÷. Similar- 
ly, addition of  2 mM TEA to the bath solution fac- 
ing the cytoplasmic side of  the patch, reduced the 
size of  single-channel currents to less than half the 
control value (one experiment for each of these 
three conditions). 

The gating behaviour of  single RCK1 channels 
was not homogeneous. In five of  the seven patches 
examined the channel predominantly occupied one 
of  its open, conducting states after being activated, 
closing only briefly at irregular intervals. The 
average open and closed times measured in the 
patch illustrated in fig.5A (apparently containing 
only one channel) were 4.6 ms and 1.5 ms, respec- 
tively. The average open probability at 0 mV was 
0.76. Comparable values were found in a second 

Fig.4. Currents through single channels in inside-out patches from an oocyte injected with RCK1 cRNA. Pipette contained normal frog 
Ringer's, bathing solution contained 100 mM K + solution facing the cytoplasmic side of the membrane. (A) Successive sweeps of current 
responses to voltage steps from - 6 0  mV to 0 mV. The lowermost trace represents the averaged response from 70 successive 
depolarizations. Leakage and capacitive currents were subtracted digitally. Filter: 1 kHz ( - 3 dB). (B) The inset shows an amplitude 
histogram of outward currents at 0 mV test potential. Amplitudes were measured as the distance between the baseline and current levels 
lasting at least 20 ms. Fit of three gaussians with means of 0.78, 0.49 and 0.24 pA, respectively. The graph shows the single channel 
current-voltage relation (i- V). Each point represents the mean amplitude of at least 20 determinations of the largest and most frequently 
occurring unitary current level. Linear regression yields a channel conductance of 9.3 pS for the main open state. Current amplitudes 

at - 60 and - 80 mV were obtained from openings observed briefly after repolarization (tail currents). 
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Fig.5. Gating behaviour of single RCKI channels in inside-out patches. (A,B) Different gating modes. Both traces are the initial part 
of a current response to a voltage step from - 60 to 0 mV (1 kHz filtering, - 3 dB). Upper trace shows the predominant type of gating 
with high open probability (average P0 = 0.76). Same patch as in fig.4A. Lower trace is a recording under same conditions from another 
patch which shows the less frequently occurring type of gating characteristically with lower open probability (Po = 0.44) of the channel. 
Po values were measured during 3-4 trials and epochs of 0.5-3 s duration were analysed in each trial. Threshold criterion for transitions 
between open and closed states was 0.4 pA and minimum duration of an open or closed state was 0.5 ms. Average open and closed 
times were determined by dividing the total time the channel spent in either of the two states by the number of openings and closings. 
Arrows mark substates. (C) Inactivation of RCKI channels in the time range of tens of seconds. Pen-writer recording, 0.4 kHz filter. 
Up to six channels are open simultaneously after changing the membrane potential manually from - 60 to 0 mV, which gradually dose. 
The lower trace is a continuation of the recording shown in the upper trace and shows that different gating behaviour occurs with 

channels in the same patch. 

p a t c h  c o n t a i n i n g  o n l y  a s ing le  c h a n n e l .  R C K 1  

c h a n n e l s  c a n  a l so  a d o p t  a d i f f e r e n t  g a t i n g  

b e h a v i o u r  w h i c h  c o n s i s t s  p r e d o m i n a n t l y  o f  a r a p i d  
s u c c e s s i o n  o f  b r i e f  o p e n i n g s  a n d  c l o s u r e s ,  b o t h  

w i t h  a v e r a g e  d u r a t i o n s  o f  m i l l i s e c o n d s  ( f ig .5B) .  

T h i s  t y p e  o f  g a t i n g  w a s  o b s e r v e d  in  t h r e e  o f  s e v e n  

p a t h c e s .  O n e  o f  t h e  t h r e e  p a t c h e s  w i t h  c h a n n e l s  

s h o w i n g  t h i s  b e h a v i o u r  c o n t a i n e d  a p p a r e n t l y  o n l y  

o n e  c h a n n e l .  T h e  a v e r a g e  o p e n  a n d  c l o s e d  t i m e s  
w e r e  2.1 m s  a n d  2 .8  m s ,  r e s p e c t i v e l y ,  f o r  t h i s  
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patch. The average open probability at 0 mV was 
0.44. In three multichannel patches both gating 
modes were observed. In single-channel patches the 
gating mode remained unchanged for long periods 
(minutes) and transitions between gating modes 
were rare, suggesting that individual channels 
preferentially adopt a single mode of gating. It can- 
not be determined at present whether the two 
gating modes derive from a single-channel type or 
from different molecular forms of the RCK1 chan- 
nel (e.g. homooligomers with different numbers of 
subunits). The fact that the current amplitude 
distributions in different gating modes are similar 
suggests that the structural differences responsible 
for these different forms of  gating may be small. 

Although RCK1 channels do not seem to be inac- 
tivated in the time range of seconds, a very slow in- 
activation, in the range of tens of seconds, was 
observed. Fig.SC shows a recording from a patch 
containing several RCK1 channels. Upon 
depolarization of the membrane/potential from 
- 6 0  mV to 0 mV the patch current fluctuated be- 
tween several levels, which were multiples of the 
unitary level and which reflected the simultaneous 
opening of 5-6 channels. The number of open 
channels then decreased slowly until the current 
fluctuated between the baseline and the first open 
level and eventually settled at the baseline. At ir- 
regular intervals after this, channel activity reap- 
peared for periods of several seconds. During this 
time the occurrence of two gating modes for RCK1 
channels was obvious (indicated by bars in fig.SC, 
lower trace). Repolarization of the patch to 
- 8 0  mV removed the slow inactivation process 
and currents through single channels could again 
be elicited by depolarizing steps. 

4. DISCUSSION 

The results reported here indicate that the RCK1 
eDNA isolated from rat cortex encodes a protein 
which, when inserted into the surface membrane of 
Xenopus oocytes, forms voltage-gated channels. 
These channels are highly selective for K ÷ and the 
macroscopic currents mediated by these channels 
have time courses resembling those of the classical, 
delayed outward K + currents described for nerve 
and muscle [16,17]. The properties of single RCK1 
channels are not completely homogeneous; they 
can adopt multiple-conductance states and switch 

between different gating modes. This may reflect 
intrinsic properties of a single type of RCK1 chan- 
nel formed by several identical subunits or it may 
indicate heterogeneity of RCK1 channels, perhaps 
due to RCK1 channels assembled with a different 
number of subunits. 

The currents mediated by RCK1 channels in 
Xenopus oocytes share several properties with 
those mediated by delayed rectifier channels in 
nerve membranes. Both channel types are highly 
selective for K ÷, activate at a membrane potential 
of - 35 mV to - 30 mV and do not inactivate in the 
time range of hundreds of milliseconds. They are 
sensitive to K ÷ channel blocking agents, such as 
TEA and 4-AP, and are particularly sensitive to the 
toxins DTX and MCDP [18-20]. Analysis of 
single-channel currents in other systems has shown 
that whole-cell delayed K ÷ currents may be 
mediated by several different subclasses of K ÷ 
channels [21,22]. It is possible that the channels we 
describe here contribute to the delayed K ÷ current 
seen in neurons. Alternatively, the channels we 
have studied may represent an 'incomplete' chan- 
nel version lacking additional subunits or may be 
composed of different numbers of subunits than 
the channels found in neurons. Single-channel cur- 
rent recordings from pyramidal cells in slices of rat 
hippocampus show that non-inactivating K ÷ chan- 
nels of small conductance (10 pS) are present in the 
soma membrane of hippocampal neurons (Ed- 
wards, F. and B.S., unpublished). Further, a 
similar small conductance K + channel has been 
described recently in frog spinal neurons in tissue 
culture [21]. These observations suggest that RCK1 
channels are expressed in CNS neurons and con- 
stitute a 'low conductance subclass' of  K ÷ channels 
that contribute to delayed outward currents. The 
similar conductance of the RCK1 channels that we 
have observed could indicate that the small con- 
ductance K + channels seen in rat brain are 
homooligomers of the RCK1 polypeptide. 

The major difference between the properties of 
the RCK1 channels described here and those of 
channels expressed in Xenopus oocytes following 
injection of the Drosophila Shaker complex deriv- 
ed cRNAs (ShC channels) [5,23] is their inactiva- 
tion behaviour. The various ShC channels de- 
scribed so far are inactivated in the time range of 
tens of  milliseconds [5,23,24], while the RCK1 
channels are inactivated over tens of seconds. 
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These channels are very similar, however, in their 
single-channel conductances, voltage dependence 
of activation and ion selectivity [23]. It has been 
suggested that inactivation is dependent on amino 
acids close to the C- or N-terminal end of the 
channel peptide [23,24]. This suggestion is consis- 
tent with our results, because the major differences 
between the RCK1 protein and the ShC proteins 
are found in the C-terminal region neighbouring 
the core domain [6]. Small differences in amino 
acid sequence between highly homologous chan- 
nels could lead to large differences in gating prop- 
erties of channels which have similar or even iden- 
tical ion transport and voltage sensing properties. 
The highly conserved core region suggests a com- 
mon ancestor for ShC and RCK1 channels. It could 
be that during evolution different K + channel sub- 
types were generated by modifying the 3'- and 
5'-ends of the peptide giving rise to /A-type and 
delayed rectifier currents. 
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