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Abstract Possible heteromultimer formation between Kv- and 
Kit-type K + channels was investigated, in connection with the 
known functional diversity of K + channels in vivo. Voltage-clamp 
experiments were performed on Xenopus oocytes, either injected 
with concatenated Kir2.1-Kvl.1 mRNA, or co-injected with 
Kvl.1 and Kir2.1 mRNA. K + currents could be approximated by 
the algebraic sum of the 2 K + current types alone. The tandem 
construct did not show functional expression, although it could be 
detected by Western blotting. We conclude that Kvl.1 and Kir2.1 
a-subunit proteins fail to assemble and do not contribute 
functional diversity to K + channels. 
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1. Introduction 

Functional diversity of  voltage-gated K + channels can be 
attributed to the presence of  many Kv gene products [1], but 
also to the possibility of  heteromultimerization of  the c~-sub- 
unit proteins within, but not  among, the Shaker, Shab, Shaw 
and Shal subfamilies [2-5]. When expressed in Xenopus oo- 
cytes or transfected cells, Kv  channel polypeptides assemble to 
form tetramers [6,7]. The basis for the incompatibility among 
subfamilies is the sequence contained within the T1 assembly 
or tetramerization domain [8]. Expression cloning of  inwardly 
rectifying K + channel (Kir) cDNAs  [9-11] and subsequent 
homology screening [12] have revealed a novel family of  mam- 
malian K + channel genes that encode proteins with structural 
and functional features distinct from the Kv channel super- 
family, Evidence for heteromultimer formation between two 
distinct inwardly rectifying K + channel subunits, GIRK1 
(Kir3.1) and CIR (Kir3.4), has recently been published [13]. 
However,  the molecular rules for subunit co-assembly remain 
largely unknown [14], as there are only two reports on the 
analysis of  subunit assembly of  Kir  channels. Based on the 
differential sensitivity to voltage-dependent block by sper- 
mine, there is evidence that functional Kir  channel proteins 
are also composed of  four subunits [15]. Using an alternative 
approach, the tetrameric stoichiometry of  Kir  channels was 
determined by linking together the coding sequence of  three 
or four IRK1 subunits [16], a procedure successfully applied 
by us to determine the stoichiometry of  Kv channels [7]. 

The assumption that functional diversity of  K + channels 
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can also be attributed to possible heteromultimerization be- 
tween Kv-type and Kir-type channels has, to our knowledge, 
never been verified. We have therefore investigated if Kv l .  1 ~- 
subunits can co-assemble with Kir2.1 subunits to produce 
functional channels by expressing a tandem channel composed 
of  Kir2.1 and Kvl .1 ,  and by performing co-injection experi- 
ments in Xenopus oocytes. As prototype channels for the 
Kvl .1  and Kir2.1 family, we have used the RCK1 clone [17] 
and the IRK1 clone [9], respectively. 

2. Materials and methods 

2.1. Construction of lRKllpGEMHE2 and of the tandem channel 
The IRK1 cDNA clone in its original vector, pcDNAl/Amp (Invi- 

trogen, USA), was first subcloned into a custom-made high expression 
vector, pGEMHE [7], by digestion of IRKI/pcDNAI/Amp with NotI 
restriction endonuclease (New England Biolabs, USA) and blunting 
the cohesive ends with DNA polymerase I (large Klenow fragment). 
Next this linearized cDNA was digested with BamHI and the 5.4 kb 
IRKl-containing fragment was genecleaned for ligation. The 
pGEMHE vector was digested with XbaI, followed by blunting its 
cohesive ends with DNA polymerase I (large Klenow fragment). 
Next this linearized DNA was also digested with BamHI and the 
3 kb pGEMHE-containing fragment was genecleaned for ligation 
with the IRK1 fragment. The ligation product, IRKI/pGEMHE, 
was again subcloned into another custom-made high-expression vec- 
tor, pGEMHE2. This was done by digestion of IRKI/pGEMHE and 
the original vector pGEMHE with BamHI and NheI. A small, gene- 
cleaned fragment of 1.8 kb coding for the entire IRK1 channel was 
then ligated with a 2.8 kb fragment from the vector. The ligation 
product, IRKI/pGEMHE2, was verified with restriction digests 
NheI, BamHI + NheI and PstI. 

The tandem channel was constructed by digestion of IRKI/ 
pGEMHE2 and RKCI/pGEMHE (as described in [7]) with BsaBI, 
using SCS110 cells (Stratagene, USA) for transformation because of 
dam/dcm methylation. The linearized fragments of ~ 4.6 kb contain- 
ing the IRK1 and RCK1 cDNA were then genecleaned and treated 
with XmaI. The IRK1 cDNA was then inserted as a 1.1 kb fragment 
into the 4.4 kb RCKI/pGEMHE construct. The ligation product, 
IRKI/RCKI/pGEMHE, was verified with PstI, BamHI and HindIII 
and is called hereafter 'tandem' channel, with the coding sequences of 
both channel types in one open reading frame. After translation of the 
corresponding mRNA, residue Asp-249 in the C-terminus of the 
IRK1 channel is covalently linked to residue Iie-43 in the N-terminus 
of the RCK1 channel, which is illustrated in Fig. 1. 

2.2. Expression in ooeytes 
For in vitro transcription, plasmids were first linearized either with 

NheI (for IRKI/pGEMHE2), or with PstI 3' to the 3' non-translated 
[3-globin sequence of RCKI/pGEMHE and IRKI/RKCI/pGEMHE. 
Next the 'Riboprobe Gemini System' was used (Promega, USA) with 
T7 RNA polymerase and a cap analogue diguanosine triphosphate. 
Isolation of Xenopus laevis oocytes was as previously described [7]. 
mRNA was injected at a concentration of 5 ng/50 nl for RCK1, IRK1 
and the tandem construct, and 2.5 ng/50 nl for RCK1 and IRK1 in 
the co-injection experiments. For each channel construct, at least two 
independent clones were transcribed, injected and expressed. 
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2.3. Electrophysiological recordings and analysis 
Whole-cell currents from oocytes were recorded using the two-mi- 

eroelectrode voltage-clamp technique (GeneClamp 500, Axon Instru- 
ments, USA). Resistances of voltage and current electrodes were kept 
as low as possible (0.2-1 Mf~) and were filled with 3 M KC1 or 1 M 
Kacitrate plus 10 mM KCI. Current records were sampled at 1 ms 
intervals and filtered at 0.5 kHz, using a 4-pole low-pass Bessel filter. 
To eliminate the effect of the voltage drop across the bath grounding 
electrode, the bath potential was actively controlled. Capacitative and 
leak currents were not subtracted. All experiments were performed at 
room temperature (19-23°C) and constant perfusion rate (2.5 ml/min). 

2.4. Immunoblotting 
Translational efficacy of heterologous RCK1 and tandem proteins 

in Xenopus laevis oocytes was checked by immunoblotting 150 lag of 
soluble protein extract with affinity-purified polyclonal anti-RCK1 
antibodies [18]. 48 h after injection, defolliculated native and injected 
oocytes were lysed in a hypotonic buffer (see Section 2.5). The lysate 
was centrifuged and the supernatant stored at -20°C. Protein con- 
centration was determined by the enhanced protocol of the bicincho- 
ninic acid method of Pierce (Rockford, USA) using bovine serum 
albumin as a standard. 150 lag of protein extracts were separated on 
SDS-PAGE (10% polyacrylamide) and transferred to a 0.45 gm ni- 
trocellulose membrane (Hybond-ECL, Amersham, USA) by semi-dry 
electroblotting. After serial incubation with affinity-purified rabbit 
polyclonal anti-RCK1 antiserum in a 1:100 dilution and peroxidase 
labeled anti-rabbit immunoglobulins (Amersham, USA) diluted 
1:1000 respectively, RCK1 and tandem proteins were detected using 
chemoluminescence (Amersham, USA). 

2.5. Solutions 
The ND-96 solution contained (in mM): 96 NaC1, 2 KC1, 1.8 

CaC12, 1 MgC12, 5 HEPES, pH 7.5, supplemented with 50 mg/ml 
gentamicin sulfate (only for incubation). Voltage-clamp experiments 
were performed in the original or modified ND-96 solution, contain- 
ing either 2, 3, 4 or 98 mM external [K ÷] with the external 
[NaCI+KC1] = 98 mM. The hypotonic buffer for lysis contained (in 
mM): 20 NaC1, 2.5 EGTA, 25 Tris, pH 7.5, supplemented with Non- 
idet P-40 0.5% (v/v). 

3. Results 

In a first series of  protocols, hyperpolarizing and depolariz- 
ing test pulses (Vtest) ranging from - 1 6 0  to +60 mV from a 
holding potential (Vhold) of  0 mV were applied every 5 s to 
Xenopus oocytes injected with m R N A  coding either for IRK1,  
RCK1,  I R K I + R C K 1  (= 'co- inject ion ' ) ,  or the ' tandem'  chan- 
nel (Fig. 2). The channel encoded by the IRK1 e D N A  clone is 
an authentic inward rectifier K ÷ channel, because of  its ability 
to pass large inward K + currents below EK (observed reversal 

potential, E~ev, " ~ - 8 4  mV) as compared to minimal outward 
K ÷ currents. This feature is illustrated in the current/voltage 
relationship (1/V) in the presence of  4 m M  extracellular [K +] 
(Fig. 2B). The channel encoded by the RCK1 e D N A  clone is 
inactivated at Vho]a 0 mV and therefore, no time-dependent 
currents are present during Vtest f rom - 1 6 0  to +60 mV. In 
contrast, large slowly inactivating outward tail currents were 
observed at Vhold 0 mV, as the channels recovered from in- 
activation during the preceding Vt~st. The extent of  recovery 
was thereby proport ional  to the extent of  hyperpolarization. 
By plotting the amplitude of  the tail currents as a function of  
the preceding Vtest, a typical inactivation curve for RCK1 was 
obtained (Fig. 2B, open circles). Co-injection of  the IRK1 and 
RCK1 e D N A  clones resulted in K+-selective currents with 
large inward currents below EK and slowly inactivating out- 
ward tail currents. The kinetics and voltage dependence of  
these currents are proportionally not  different from the sum 
of  the two native channels and, hence, do not support hetero- 
multimer formation between the two channel types. Oocytes 
injected with our concatenated construct, characterized by 
two pore domains in tandem, did not  reveal functional expres- 
sion when clamping from Vhold 0 mV to Vtest - 1 6 0  to +60 
mV. 

In a second series of  protocols, depolarizing test pulses 
ranging from - 8 0  to +30 mV from a holding potential of  
- 9 0  mV were applied every 5 s in the presence of  4 m M  
extracellular [K +] (Fig. 3). The holding current at - 9 0  mV 
evoked by the IRK1 clone was inward, confirming the ob- 
served Er~v " ~ - 8 4  mV in the I /V  relationship in Fig. 2B. 
During Vtest , no substantial t ime-dependent K + currents 
were present. However  at Vho~a - 9 0  mV, the inward tail cur- 
rents inactivated slowly with kinetics reminiscent of  IRK1 
activation when stepping from Vhold 0 mV to Vt~st --90 mV 
[9]. Depolarization of  oocytes expressing the RKC1 clone re- 
sulted in fast activating and not or slowly inactivating (de- 
layed rectifier) K + currents. The corresponding macroscopic 
I /V  plot illustrates the outwardly rectifying behavior of  
RKC1,  in contrast to IRK1.  Tail currents were absent at 
Vhold --90 mV, because of  the very fast deactivation process 
of  RCK1 at - 9 0  mV and of  Vhold close to EK [19]. Co-injec- 
tion of  the IRK1 and RCK1 c D N A  clones resulted in K +- 
selective currents with an outward component  positive to - 3 0  
mV carried by RCK1 channels, and a slowly inactivating in- 

IRK1 RCK1 'TANDEM' 

N ) "C N - 

IRK 1Asp249- Ile43 

Fig. 1. Postulated transmembrane orientation of IRK1, RCKI and the 'TANDEM' construct. The IRK1 channel (with 2 transmembrane re- 
gions, M1 and M2, flanking the pore region) was covalently linked to the RKC1 channel (with 6 transmembrane regions, S1 to $6, and the 
pore region residing between $5 and $6) by concatenating residue Asp-249 in the C-terminus of the IRK1 channel to residue Ile-43 in the N- 
terminus of the RCK1 channel. The resulting heterodimer contains the coding sequences of both channel types in one open reading frame with 
their two pore regions in 'tandem'. 
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Fig. 2. Macroscopic currents in Xenopus laevis oocytes from Vhola 0 mV. A: Current recordings obtained with the two-microelectrode voltage- 
clamp technique in the presence of 4 mM extracellular [K+]. Oocytes were held at VhoId 0 mV and stepped every 5 s to Vte+t +60 to -160 mV 
for 1 s. Oocytes co-injected with IRK1 and RCK1 mRNA ('CO-INJ.') displayed K+-selective currents which were proportionally not different 
from the sum of IRK1 and RCK1. The 'TANDEM' construct did not reveal functional expression. B: IIV relationships corresponding to the 
currents shown in panel A, with peak currents (filled circles) evoked during Vt++t values. The observed Er+v ~ -87  mV, close to EK = -84  mV 
as predicted by the Nernst equation. Peak tail currents (open circles) measured at Vhom 0 mV are plotted as a function of the preceding Vtest 
values, resulting in a typical inactivation curve for RCK1. 

ward tail current component  carried by IRK1 channels. The 
kinetics and voltage dependence of  these currents are again 
proportionally not  different from the sum of the two native 
channels. Oocytes injected with the tandem channel did not  
reveal functional expression. 

In an effort to rescue our concatenated channel construct, 
with two pores in tandem, we also performed experiments in a 
bath solution containing an elevated external [K +] of  98 mM. 
The reasoning behind was that we might have 'missed' func- 
tional expression in low external [K+], because at all tested 
voltages either the IRK1 pore in the tandem was 'open'  (i.e. 
not  blocked by Mg or polyamines), or the RKC1 pore was 

'open'  (i.e. channel not  in the resting or inactivated state), but 
the two pores were never 'open '  in tandem at the same time. 
By raising the extracellular [K +] to 98 mM,  the voltage ranges 
at which the pores of  both the IRK1 and RCK1 channel part 
are 'open '  for the permeation of  K + ions would now coincide. 
In spite of  this approach with 98 m M  extracellular [K+], the 
tandem channel still failed to yield functional currents when 
the same two voltage protocols as before were applied (Fig. 
4). In contrast, the RCK1 clone produced voltage- and time- 
dependent K + currents, with characteristics typically seen in 
elevated external [K +] conditions: an inward K ÷ current com- 
ponent below the Er+v value of  ' ~ - 3  mV and inward fast 
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Fig. 3. Macroscopic currents in Xenopus laevis oocytes from V h o l d  --90 mV. A: Oocytes were clamped at Vhoid --90 mV and stepped every 5 s 
to Vt~t ranging from -80  to +30 mV for 1 s in the presence of 4 mM extracellular [K+]. Co-injected oocytes ('CO-INJ.') displayed K+-selec - 
tive currents which were proportionally not different from the sum of IRK1 and RCK1. The 'TANDEM' construct did not reveal functional 
expression. B: IIV relationships corresponding to the currents shown in panel A, with peak currents (filled circles) evoked during Vte+t values 
and peak tail currents (open circles) during Vhold plotted as a function of the preceding Vtest values. 
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Fig. 4. Macroscopic currents in Xenopus laevis oocytes in the pres- 
ence of 98 mM extracellular [K+]. A: Macroscopic currents with 
corresponding I/V relationships below as obtained by clamping 
from Vhotd 0 mV to Vtest ranging from +60 to --160 mV for 1 s in 
duration at a frequency of 0.2 Hz. The 'TANDEM' channel did not 
reveal functional expression. Peak currents evoked during Vte~t 
(filled circles); peak tail currents during Vhola plotted as a function 
of the preceding Vtest (open circles). B: Macroscopic currents with 
corresponding I/V relationships below as obtained by clamping 
from Vhold --90 mV to Vtest ranging from -80 to +30 mV for 1 s 
in duration at a frequency of 0.2 Hz. The 'TANDEM' channel did 
not reveal functional expression. Peak currents evoked during Vt~t 
(filled circles); peak tail currents during Vhoid plotted as a function 
of the preceding Vtest (open circles). 

inactivating tail currents at Vhoid --90 mV (Fig. 4B). Because 
of the large inward currents ( > 50 gA) evoked at hyperpolar- 
ized potentials ( -160 to -100  mV) in the presence of 98 mM 
external [K+], no reliable voltage clamps could be obtained 
for oocytes injected with the IRK1 clone as well as for the co- 
injected oocytes (data not shown). 

Since we did not see any functional expression with the 
tandem channel, we were interested in the translational effi- 
cacy of the heterologous tandem protein, and of the RCK1 
protein for comparison, in Zenopus laevis oocytes. This was 
checked by immunoblotting 150 gg of soluble protein extracts 
with affinity-purified polyclonal anti-RCK1 antibodies [18], 48 
h after injection of the oocytes. A representative Western blot 
containing soluble protein extracts of defolliculated native 
(non-injected), RCKl-injected and tandem-injected oocytes 
is shown in Fig. 5. Anti-RCK1 antiserum intensely labeled a 
band of the protein extract, obtained from oocytes injected 
with the RCK1 clone, with a molecular weight of ,,~61 kDa. 
This value is larger than the molecular mass predicted from its 
nucleotide sequence (56.4 kDa), but corresponds fairly well to 
the size of the Kvl.1 channel protein (,-,59 kDa) synthesized 
in a microsome-containing in vitro translation extract [20]. 
Anti-RCK1 antiserum also intensely labeled a larger band 
of the protein extract, now obtained from oocytes injected 
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with the tandem construct, with a molecular weight of ,~ 76 
kDa. This value approximates the predicted molecular mass 
(79.9 kDa) of the tandem construct. As the polyclonal anti- 
bodies are specific for the C-terminal region of the RCK1 
channel, and thus also for the C-terminus of our tandem 
construct, the intense labeling of a ,~ 76 kDa band indicates 
that the mRNA coding for our tandem channel is translated 
efficaciously. 

4. Discussion 

We report here that RCK1 and IRK1 cx-subunits fail to 
assemble into heteromultimers and do not contribute func- 
tional diversity to K + channels. In contrast, evidence for het- 
eromultimer formation within, but not among, certain Kv and 
Kir subfamilies has been documented [2-5,13,21]. In connec- 
tion with structural diversity of K + channels, two new classes 
represented by respectively TOK1 and YKC1 isolated from 
Saccharomyces cerevisiae, and CeK1,2,3 from the nematode 
Caenorhabditis elegans, have recently been reported [22-24]. It 
has been proposed that these channels, characterized by the 
unique feature of two pore domain-containing subunits in 
tandem, may function as a dimer. The TOK1 and YKC1 
channels exhibit an outwardly rectifying K ÷ selective current, 
with a conduction-voltage relationship sensitive to extracellu- 
lar K + concentration [22,23]. These attributes are similar to 
those described for Kir channels, but in the opposite direc- 
tion. Interestingly, the hydropathy profile of TOK1 and 
YKC1 is reminiscent of a Kv-like channel attached to a 
Kir-like channel, with the first pore domain located between 
$5 and $6, and the second positioned between $7 and $8. The 
stoichiometry, membrane topology and possible subunit co- 
assembly of the TOK1 and YKC1 protein, as well as of 
CeK1, CeK2, and CeK3, however, remain to be established. 
Different from these channel proteins, our data do not suggest 
dimer formation between RCK1 and IRK1 cx-subunit pro- 
teins. However, we cannot generalize our findings and exclude 
that other members of Kv and Kir channels do not oligomer- 
ize as well. Furthermore, it has to be noticed that our con- 
catenated construct with two pore domains in tandem has the 
two pore regions separated by four transmembrane segments, 
whereas the TOK1 and YKC1 protein have flanking pore 
domains. Given that the K + currents seen in the co-injection 
experiments could be approximated by the algebraic sum of 
RCK1 and IRK1 K + current types, and hence that there is no 
evidence for heteromultimerization, it is not very likely that a 
dimeric construct, where now the carboxy-terminal end of 
RCK1 is linked to the amino terminus of IRK1, will give 
rise to outwardly rectifying K + currents. 

Although our tandem construct did not reveal functional 
expression in oocytes, it could be labeled by Western blotting 
using an affinity-purified rabbit polyclonal anti-RCK1 antiser- 
um. The detection of a band with a molecular mass of ,~ 76 
kDa by the antiserum specific for the C-terminal region of the 
RCK1 protein indicates that the translation of the entire tan- 
dem protein has occurred properly and does not explain the 
lack of functional expression. There are, however, several pos- 
sibilities for the lack of functional expression, like deficient 
transport to the cell membrane or improper folding in the 
cell membrane. One conclusion we can draw from our tandem 
construct is that concatenating IRK1 to RCK1 prevents either 
channel type from functioning. 
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Fig. 5. Heterologous expression of RCK1 and 'TANDEM' con- 
struct in Xenopus laevis oocytes. A Western blot containing soluble 
protein extracts (150 [.tg per lane) of defolliculated native (A), 
RCKl-injected (B) and 'TANDEM'-injected (C) oocytes was incu- 
bated with afffinity-purified rabbit polyclonal anti-RCK1 antiserum 
and subsequently stained by chemoluminescence. In lane B, RCK1 
migrates as a 61 kDa protein (predicted molecular mass is 56.4 
kDa). The 'TANDEM' construct migrates as a 76 kDa protein in 
lane C (predicted molecular mass is 79.9 kDa). 

As our data are from whole-cell recordings, the lack of any 
perceptible outward tail current in IRK1 at Vtest positive to 
EK (Fig. 2) is most likely caused by extrinsic cytoplasmic 
polyamine blockers [14]. Assuming a K+-selective channel, 
the observed Erev value of , ~ - 8 4  mV in the presence of 
4 m M  extracellular [K +] and the observed Erev value of 
' ~ - 3  mV in 98 m M  extracellular [K +] indicates that the in- 
tracellular [K +] of the oocytes is ,~ 110 raM, which is slightly 
higher than the 90 mM reported by Dascal [25]. The fact that 
no time-dependent RCK1 current is observed during Vt~st 
(Fig. 2) is owing to the prolonged depolarization at Vhola 0 
mV during which RCK1 inactivates slowly. This phenomenon 
was originally described by Nakaj ima et al. for IK in many cell 
types [26]. 
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