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The functional diversity of voltage-gated K+ channels may 
be partially determined by the mechanisms that permit or 
limit the assembly of molecularly diverse K+ channel sub- 
units. To determine possible amino acid sequence domains 
required for subunit assembly and expression, we have con- 
structed 15 N- and C-terminal interstitial or truncation de- 
letion mutations in mKvl.1 (MBKI), a mouse Shaker-like K+ 
channel. We injected Xenopus oocytes with cRNA encoding 
each of these mutants and coinjected each mutant cRNA 
with cRNA for wild-type mKvl.3, another mouse Shaker-like 
K+ channel that can form heteromultimers with mKvl.1. We 
found that the last five amino acids of the C-terminus of 
mKvl.1 contribute to functional expression by (1) rescuing 
the function of mutants with a large truncation of the C-ter- 
minus (A424-495), and (2) contributing to the slow inacti- 
vation kinetics (time constant of 2-3 set) of wild-type mKv1 .l 
whole-cell K+ currents. All C-terminal deletion mutants were 
able to express at least as heteromultimers with mKvl.3, 
suggesting that the C-terminus is not required for channel 
assembly. In contrast, nine different interstitial or truncation 
mutants in which part of a highly conserved, large (80-99 
amino acid residues) domain within the N-terminus had been 
deleted were unable to express either homomultimers or 
heteromultimers. The relatively small sizes and nonoverlap- 
ping distributions of the interstitial deletions enable us to 
suggest that the structural integrity of this entire N-terminal 
domain is required for subunit assembly and functional ex- 
pression of this and probably other Shaker-like K+ channel 
proteins. 

[Key words: potassium channel, subunit assembly, dele- 
tion mutant, oocyte, dendrotoxin, inactivation] 

Several lines of evidence suggest that functional voltage-depen- 
dent K+ channels are composed of four subunits. Sequence anal- 
ysis of clones from the Shaker locus (Tempel et al., 1987; Kamb 
et al., 1988; Pongs et al., 1988; Schwarz et al., 1988) revealed 
that the predicted protein was analogous to one of the four 

Received April 9, 1993; revised July 23, 1993; accepted August 13, 1993. 
We thank Dr. M. Bosma for comments on the manuscriot. and Anna Garmiles 

for expert technical assistance. Margaret Allen constructedbbEX- 1.1 and pGEX- 
1.3. DTX-I was purified by Troy Martin. The SphI site PCR mutagenesis was 
performed by Sharon Smart. This work was supported by grants from the National 
Institutes of Health (NS27206 and HL44948) and the Department of Veterans 
Affairs. 

Correspondence should be addressed to Bruce L Tempel, GRECC (182-B), VA 
Medical Center, Seattle, WA 98108. 
Copyright 0 1994 Society for Neuroscience 0270-6474/94/141385-09$05.00/O 

internally homologous domains in functional voltage-depen- 
dent sodium and calcium channel a-subunits (Noda et al., 1984; 
Tanabe et al., 1987). Direct tests of subunit stoichiometry were 
provided by analysis of toxin block of one expressed Shaker 
clone (MacKinnon, 199 I), and by construction of synthetic K+ 
channels linking various numbers of subunit domains (Liman 
et al., 1992). However, the molecular mechanisms by which K+ 
channel subunits assemble to form channel complexes are not 
understood. These undefined mechanisms allow the assembly 
of identical K+ channel subunits (homomultimers) into func- 
tional channels (Timpe et al., 1988) as well as the assembly of 
nonidentical subunits from the same gene subfamily (hetero- 
multimers) (Christie et al., 1990; Isacoff et al., 1990; Ruppers- 
berg et al., 1990). The combinatorial possibilities are apparently 
limited, however, since K+ channel subunits from different gene 
subfamilies appear not to assemble when coexpressed in Xeno- 
pus oocytes (Covarrubias et al., 1991; Li et al., 1992). 

These observations raise an important question regarding the 
primary structural requirements for K+ channel subunit assem- 
bly and functional expression. All voltage-dependent K+ chan- 
nels are thought to consist of cytoplasmic N- and C-terminal 
domains flanking a region consisting of six membrane-spanning 
domains and a pore region linked by small cytoplasmic or ex- 
tracellular loops (Miller, 1991). At least one K+ channel type, 
rKv2.1 (drkl), can assemble and function in Xenopus oocytes 
with truncations that delete major portions of the N- and C-ter- 
mini (VanDongen et al., 1990) implying that the transmem- 
brane domains with minimal flanking residues are sufficient to 
enable subunit assembly and function. Using truncation dele- 
tions, Li et al. (1992) identified an amino acid sequence domain, 
which is highly conserved within the Shaker subfamily of genes, 
consisting of 114 residues in a hydrophilic region of the N-ter- 
minus of Shaker B (ShB) K+ channel subunit that is required 
to bind to the full-length ShB polypeptide. 

We have taken a functional approach to address the question 
K+ channel subunit association and expression in Xenopus oo- 
cytes. We constructed a number of interstitial or truncation 
deletion mutants that together span major portions of the N- 
and C-termini of mKv 1.1 (Tempel et al., 1988) a mouse mem- 
ber of the Shaker subfamily. We then tested the ability of these 
mutants to form functional channels when injected alone (pre- 
sumably by forming homomultimers) or following coinjection 
with wild-type mKvl.3 (to allow formation of heteromultimers) 
(Chandy et al., 1990). We exploited the functional differences 
between these two Shaker-like channels to demonstrate that, 
indeed, wild-type mKvl.1 and mKvl.3 can form heteromul- 
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timers with a probable subunit stoichiometry of four. We also 
found that interstitial deletion mutations that included a portion 
of a large domain within the N-terminus of mKvl.1 could not 
form and express functional channels either as homomultimers 
or as heteromultimers with mKvl.3. These results taken to- 
gether with those of Li et al. (1992) suggest that this N-terminal 
domain is required for the assembly of Shaker-like subunits into 
functional Kf channels. 

Materials and Methods 
Generation of mutant cDNAs. Standard molecular techniques were used 
throughout. mKvl.1 (MBKl) and mKvl.3 (MK3) were cloned into an 
expression vector, pGEX, which contains plasmid sequences from 
pGem3Zf (Promega), 5’ untranslated sequences from Xenopus @-globin, 
and a modified translational initiation region containing BglII, NcoI, 
and ApaI cloning sites (kind gift of D. Andrews, McGill University). 
For pGEX- 1.1, the NcoI site was used to replace the fl-globin initiation 
codon with that of mKv 1.1. In pGEX- 1.3, 36 base pairs (bp) of the 5’ 
untranslated region endogenous to the K+ channel gene were subcloned 
into the BglII site of the pGEX vector. Mutants were generated in pGEX- 
1.1 using the following techniques. 

(1) Linker mutagenesis: pGEX-1.1 was digested using two unique 
restriction endonucleases, a synthetic oligonucleotide linker being used 
to reclose the plasmid. The oligonucleotide linkers were designed to 
provide compatible overhanging ends while maintaining the open read- 
ing frame. Specific oligonucleotide sequences ranged in size from 13 to 
64 bases and are available by contacting the Tempel lab. As an example, 
mutant A53-159 was generated as follows: pGEX- 1.1 was digested with 
BstBI and SacI, gel purified, and reclosed using a linker formed by 
annealing 23 base sense and 17 base antisense oligonucleotides. The 
linker contained AA4%52(FETQL) fused to AA160-163(PESS) and 
resulted in the deletion of AA53 to AA 159. A similar strategy was used 
to construct mutants Al-A-31, A53-68, A.53-104, A53-124, A53-159, 
A74-104, Al 11-124, and Al 11-159. All oligonucleotides were svnthe- 
sized by the Molecular Pharmacology Core (U.W.) or by the Molecular 
Biologv Core (VAMC). both of which use ABI DNA svnthesizers. 

(2) Cut-and:close mutagenesis: pGEX- 1.1 was digested with two en- 
zymes, the resulting ends being enzymatically modified with Klenow 
enzyme or mung bean Nuclease before reclosure. These techniques were 
used to construct mutants Al -G-48 and A 127-l 66. 

(3) Site-directed mutagenesis: PBS- 1.1(9.4Sac), a subclone of PBS- 1.1 
that does not contain any N-terminal sequences, was mutagenized using 
polymerase chain reaction (PCR) (Ito et al., 199 1) in order to introduce 
a novel SphI site beyond the conserved transmembrane region. PBS- 
1. I(9.4SacSph) was used in turn to generate a frame-shift mutation (by 
filling and reclosing) that replaces the original 3’ terminus of mKvl.1 
with 10 nonsense amino acids followed by a stop codon (LSCSMLVLLT*) 
but does not truncate the transcript. The region from the BstXI site (in 
S4) to the end of this mutant subclone was used to replace the corre- 
sponding region in each of pGEX- 1.1 and the previously constructed 
N-terminal deletion mutant Al 3 l-l 59, thereby generating A424-495 
and the double mutant Al 3 l-l 59 + 424-495, respectively. 

A combination of linker mutagenesis and PCR was used to generate 
A427-H-490. For PCR the 5’ primer included an SphI site and encoded 
LLTDV*. This primer in combination with T7 was able to amplify the 
3’ end of pGEX- 1.1. The resulting amplification product was then sub- 
cloned into the SphI site of pBS~l.l(9.4Sac/Sph), followed by resub- 
cloning into pGEX- 1.1 at the BstXI site to generate A427-H-490. 

All mutated and PCR-amplified regions were sequenced on both strands 
using fluorescently labeled dideoxy terminators and Taq polymerase 
(Applied Biosvstems) in a PCR-based seauencina orotocol. The resultine 
sequences were analyzed by the Molecular Pharmacology Core using 
an ABI sequenator. 

Oocyte expression. Plasmid DNAs were linearized with EcoRI for in 
vitro transcription of capped mRNAs (mCAP kit, Stratagene) using SP6 
RNA polymerase. Mutant A480-495 mRNA was obtained by digesting 
pGEXKv 1.1 DNA with PvuII instead of EcoRI to linearize and truncate 
the template prior to transcription. Adult female Xenopus luevis were 
anesthetized by immersion in ice water for one-half hour, followed by 
surgical removal of two to four ovarian lobes. Pieces of ovary were 
washed in a calcium-free solution (OR2) containing 82.5 mM NaCl, 2 
mM KCl, 1 mtvr MgCl,, and 5 mM HEPES (pH 7.65). Single oocytes free 
from follicular cells and connective tissue were obtained by treatment 

with 1 mg/ml collagenase (type A, Boehringer Mannheim) in OR2 at 
room temperature (22°C) for 3 hr. Healthy oocytes at maturation stages 
V and VI were selected and transferred to a modified Barth’s solution 
(MBS) containing 88 mM NaCl, 1 mM KCl, 0.82 mM MgSO,, 0.33 mM 
Ca(NO&, 0.41 AM CaCl,, 2.4 mM NaHCO,, 0.5 mM theophylline, 2.5 
mM Na nvruvate. 0.1 ma/ml eentamicin. 0.0 1 mg/ml penicillin, 0.0 1 
mg/ml streptomycin, and 10 GM HEPES’(pH 7.4). Following 24 hr of 
incubation at 18°C the oocytes were injected with 50 nl of 3-1000 pg/ 
nl cRNA using a Drummond microinjector. Oocytes were maintained 
in MBS at 18°C and tested for current expression 2-6 d after injection. 

Electrophysiology and data analysis. For whole-cell current measure- 
ments, a two-electrode voltage clamp (TECOl, NPI electronics) was 
used. Both the voltage recording and current electrode were filled with 
3 M KC1 and had resistances of0.5-2.0 Mfi. The oocytes were placed 
in an 0.5 ml chamber and perfused continuously at 5 ml/min with frog 
Ringer’s solution (FRS) consisting of 115 mM NaCl, 2.5 mM KCI, 1.8 
mM CaC&, and 10 mM HEPES (pH 7.2). Transient capacitive and linear 
leakage currents were subtracted on line by the P/4 procedure (Arm- 
strong and Bezanilla, 1974) built into the data acquisition software 
(Instrutech ACQUIRE program). The currents were filtered at 1 kHz and 
sampled at 2 kHz. The oocyte membrane was clamped at -70 mV and 
membrane currents were elicited by 250 or 1000 msec command volt- 
ages from -70 to 50 mV in 10 mV increments. The time course of 
current inactivation during 1 set voltage pulses was fit by the method 
of least squares with a single exponential function, and time constants 
of inactivation were derived from these functions using an exponential 
curve-fitting program. The adequacy of curve fits to single exponential 
functions was determined by eye, with complete superposition of the 
fitting function and the data required. For the fitting of drug-binding 
isotherms to concentration-inhibition data, the adequacy of the fit was 
statisticallv evaluated with the yz aoodness-of-fit test with a significance 
level set at p = 0.05. All values a;e expressed as mean f  SEM. 

The “I” fraction of dendrotoxin @TX-I) was purified from crude 
snake venom bv a modification of the method of Benishin et al. (1988), 
and diluted in FRS to obtain the final concentrations of DTX-I with 
which the oocyte was perfused. To obtain concentration-inhibition data 
for DTX-I, a current-voltage (1-I’) relation was obtained from a given 
oocyte in FRS, and 5 min following perfusion of DTX-I another I-V 
was sampled. This procedure was repeated for an ascending series of 
DTX-I concentrations. We have determined that, at the solution flow 
rate used, 5 min is an adequate time interval to obtain “steady state” 
current measurements in DTX-I. The peak potassium current at 50 mV 
was measured in the presence of each DTX-I concentration and nor- 
malized to the current obtained in control FRS at the same voltage. 

To determine the expression ratios for mKvl.1 and mKvl.3 in the 
coexpression experiments, we injected the same concentrations ofcRNA 
for mKv 1.1 and mKv 1.3, each alone, as were coinjected into cells from 
the same batch, and then determined the average peak current from at 
least 10 cells in each group. We could not simply coinject fixed ratios 
of concentrations of cRNA since, for a given concentration of cRNA, 
mKvl.1 expressed current to a greater degree than mKvl.3. We chose 
not to transcribe cDNA mixtures (Kavanaugh et al., 1992) because of 
the differences in translation initiation seauences for pGEX- 1.1 versus 
pGEX- 1.3. These differences may cause differential translational effi- 
ciency, thereby yielding inaccurate estimates of expression ratios based 
on cRNA or cDNA concentrations. 

Results 
mKvl.1 and mKvl.3 form heteromultimers 
When cRNA encoding mKvl.1 was injected alone into Xenoptls 
oocytes, K+ currents that activated between -40 and -50 mV 
and inactivated slowly were observed (Fig. lA, Table 1). These 
currents were also sensitive to low concentrations of DTX-I 
(Figs. lA, 2A). The concentration of half inhibition, K,, for 
DTX-I was estimated to be 3 nM using the best fit of a standard 
drug-binding isotherm to the data (N = 7; Fig. 2A). In contrast, 
K+ currents observed following the injection of transcript for 
mKv1.3 activated between -40 and -30 mV and inactivated 
more rapidly than mKv1.1 (Fig. IB, Table 1). Furthermore, 
mKv 1.3 currents were virtually insensitive to DTX-I (Figs. 1 B, 
2A; Table 1). We never observed currents with these properties 
in uninjected oocytes (N = 8). 
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Figure 1. Membrane currents and DTX-I sensitivity for mKvl.l, 
mKvl.3, and both expressed together. A, K+ currents recorded from 
an oocyte injected with mKv 1.1 cRNA in control saline, and following 
bath application of 10 nM DTX-I. B, The same for mKvl.3; the trace 
in the presence of 10 nM DTX-I is completely superimposed on the 
control trace. C, Currents following the coinjection of mKv 1.1 and 
mKv 1.3 in a 1:2 ratio, respectively (see Materials and Methods for ratio 
determination). The holding and command potentials were -70 and 
50 mV, respectively. The concentrations of cRNA injected were (A) 
0.25 ng/oocyte, (B) 0.67 ng/oocyte, and (C) 0.08 ng mKvl.1, 0.67 ng 
mKv 1.3/oocyte. The time calibration in A applies to all traces. 

We have taken advantage of differences in DTX-I sensitivity 
and inactivation kinetics to provide evidence for heteromulti- 
mer formation between mKv 1.1 and mKv 1.3. We observed that 
when mKv 1.1 and mKv 1.3 were coexpressed in a 1:2 ratio, 
respectively, K+ currents appeared with DTX-I sensitivity ap- 
proaching that of mKvl.1 alone (Figs. 1 C, 2A). The estimated 
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Figure 2. Deviation of DTX-I sensitivity of K+ currents in coinjected 
oocytes from an additive model. A, DTX-I concentration-inhibition 
data for mKvl.1 (squares), mKvl.3 (triangles), and when both were 
coexpressed in a 1:2 ratio (circles). The dashed curve represents output 
from an additive model that assumes that mKv 1.1 and mKv 1.3 express 
only as homomultimers (model equation given in Results). The data 
were taken from a total of seven oocytes for mKv 1.1, 11 for mKv 1.3, 
and four for both coinjected. The solid curves represent the best-fitting 
drug-binding isotherm to the data points in each case. B, The same 
concentration-inhibition data for the coinjected cells shown in A (circles) 
are compared to the results for the additive model with two possible 
expression ratios: 1: 1 and 4: 1 mKv 1.1 to mKv 1.3 (labeled dashed curves). 

K, for the coinjection data shown in Figure 2 was 14 nM (N = 
4). I f  mKv 1.1 and mKv 1.3 are expressed only as homomulti- 
mers, then an additive model consisting of DTX-I-binding iso- 
therms for both mKv1.1 and mKv1.3 should adequately de- 

Table 1. Properties of mKvl.1, mKvl.3, heteromultimers, and two C-terminal truncation mutants of mKvl.1 expressed in Xenopus oocytes 

Preuulse inactivation 

K, (DTX-I) Inactivation tau 
bf) (msec) :mV/e- fold) &) F nonlnact 

mKvl.1 3 (7) 2337 i 176 (7) 4.9 + 0.3 -34 k 1.6 0.71 + 0.04 (9) 
mKv1.3 4533 (11) 694 zk 61 (18) 3.5 k 0.1 -26 k 1.0 0.26 + 0.02 (15) 
1 mKvl.1 to 2 mKvl.3 14 (4) 1843 k 264 (4) 4.2 + 0.4 -24 + 1.9 0.54 * 0.03 (5) 
mKvl.lA480-495 3810 f  166 (4) 
mKv l.lA427-H-490 2386 + 216 (5) 

K, values for DTX-I were determined from the best-fitting binding isotherms to averaged concentration-inhibition data. All inactivation time constants were obtained 
at 20 mV. Prepulse inactivation was assessed by applying a 5 set prepulse to voltages between -90 and 10 mV in 10 mV increments followed by a 250 msec test pulse 
to 20 mV from a holding potential of -70 mV. The prepulse inactivation parameters, k (slope factor) and V, (voltage at which half of the completely inactivating 
fraction of the total current inactivates), were determined from the best-fitting Boltzmann functions, and F,,.,,,,, refers to the fraction of the total K+ current that did 
not inactivate using this protocol. The total number of oocytes for each parameter, or parameters in the case of prepulse inactivation, is given in parentheses. 
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ratio (the weighting of each binding isotherm, F,,, in the equation 
above) to yield the model result best fitting the data (Fig. 2B). 
The best-fitting additive model corresponds to an expression 
ratio of 4 mKv 1.1 to 1 mKv 1.3. Although this is a statistically 
adequate fit (p > 0.05), it overestimates the DTX-I block at the 
two lowest concentrations. More importantly, this expression 
ratio greatly deviates from the measured ratio. The peak currents 
for mKvl.1 and mKvl.3 cRNA, when each are injected alone 
in oocytes from the same batch, were 1.4 1 -t 0.17 PA (N = 8) 
for mKvl.1 and 2.89 + 0.28 FA (N = 13) for mKvl.3. Hence 
for the additive model to hold, mKvl.1 would have had to be 
expressed to a much higher degree (4: 1) in the coinjected oocytes, 
relative to mKvl.3, than was observed for the separately in- 
jected oocytes (1:2). Similar results were obtained in nine other 
coinjected oocytes from two separate batches. 

Since the properly weighted additive model did not ade- 
quately describe the data, the most likely alternative hypothesis 
is that heteromultimeric K+ channels, consisting of both mKv 1.1 
and mKv1.3 subunits, can form and have DTX-I sensitivity 
intermediate between mKv 1.1 and mKv 1.3. Furthermore, the 
results suggest that the DTX-I sensitivity of most if not all types 
of heteromultimers formed are much closer to that of mKvl.1 
than to mKvl.3. 

Differences in the kinetics of inactivation between mKv 1.1 
and mKv 1.3 provided an independent variable for analyzing 
the formation of heteromultimers. For the four coinjected oo- 
cytes previously mentioned, the observed time constant of in- 
activation was 1843 f 264 msec (measured at 20 mV), inter- 
mediate between mKvl.1 and mKvl.3, but much closer to that 
of mKv 1.1 (Table 1). The sum of two exponential terms, each 
describing the inactivation kinetics of mKv 1.1 and mKv 1.3 and 
weighted by their respective expression ratios, was fitted to the 
currents elicited by 1 set command pulses to 20 mV for each 
of these coinjected oocytes. In each case, the inactivation time 
course predicted by the additive model was considerably faster 
than the observed data, and therefore could not provide an 
adequate fit to the data (data not shown). As with the DTX-I 
data, the additive model could provide adequate fits to the 
observed inactivation time courses only if the expression ratios 
for mKv 1.1 and mKv 1.3 in the coinjected oocytes were assumed 
to be greatly weighted toward much higher expression of mKvl.1 
than that observed in separately injected oocytes. 

Subunit stoichiometry 

Using a novel analytical approach, and a point mutation in ShB 
K+ channel subunits that renders them virtually insensitive to 
charybdotoxin, MacKinnon (199 1) was able to estimate the 
subunit stoichiometry for this K+ channel in Xenopus oocytes. 
We applied the assumptions and equations of that approach to 
the DTX-I data shown in Figure 2A, since they are analogous 
to the charybdotoxin data. The results are shown in Figure 3. 
The averaged data from the four oocytes appear to converge on 
a value of 4 as DTX-I concentration is increased. The theoretical 
curve, which assumes a subunit stoichiometry of 4, provided a 
very good fit to the data, while the curves for the three or five 
subunit cases did not (data not shown). The data provide further 
support for the hypothesis that voltage-gated K+ channels are 
tetramers. 

Expression of N- and C-terminal deletion mutants of mKvl.1 

A total of 11 N-terminal, three C-terminal, and one combined 
N- and C-terminal deletion mutants of mKv 1.1 were tested in 
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Figure 3. DTX-I data predict a channel subunit stoichiometry of 4. 
The analytical approach of MacKinnon (199 1) was applied to the DTX-I 
data shown in Figure 2. The ordinate variable is based on the left side 
of Equation 5 from MacKinnon (1991), withf;,, = 0.67 (2 mKvl.3 to 
1 mKvl.1 expression ratio), and U,,, and CJ,, corresponding to the 
unblocked fraction of current for the coinjected cells (N = 4) and cells 
injected with transcript for mKvl.3 alone (N = 1 l), respectively. The 
curve is independent of the data and derived from the right half of 
Equation 5 assuming a subunit stoichiometry of 4, which provided a 
better fit to the data than the three or five subunit cases (not shown). 
Both the data and theoretical curve converge on a value of 4. Higher 
concentrations of DTX-I were not used since they usually killed the 
oocyte. 

scribe the data from the coinjected oocytes. We used the following 
equation to implement the additive model: 

U = F,,,(l - (PIP + K,, ,“)) 
+ (1 - F,.,)(l - (PIP + K, ,‘?I> 

where V is the unblocked fraction of K+ current, F,., is the 
fractional expression of mKvl.1 (F,., = 0.33 for the data shown 
in Fig. 2), Xis the DTX-I concentration, n is the Hill coefficient, 
and K,,., and K,,., are the concentrations of half-inhibition for 
mKvl.1 and mKvl.3 by DTX-I, respectively (Table 1). The 
values for the Hill coefficients used, derived from concentration- 
inhibition data for oocytes injected with mKv 1.1 or mKv 1.3 
alone, were 0.63 and 0.72, respectively. The model outputs, 
assuming a 1:2 expression ratio for mKvl.1 and mKvl.3, for 
four concentrations of DTX-I are given in Figure 2A. It is clear 
that the data deviated significantly from the additive model, in 
that they displayed much greater DTX-I sensitivity than the 
model would predict. This approach assumes that we have ac- 
curately determined the expression ratio for mKv 1.1 to mKvl.3. 
We used an analytical approach devised by MacKinnon (199 1) 
and our DTX-I data to obtain an estimate for the K+ channel 
subunit stoichiometry (see below). Since the results obtained 
with that approach are very sensitive to the accuracy of the 
expression ratio estimate for the two types ofsubunits, it suggests 
that our method for determining this was appropriate. To de- 
termine if any output from this additive model could yield 
results similar to the observed data, we altered the expression 
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this study, Figure 4 depicts all of these mutants with their rel- 
ative positions and sizes in schematic form, as well as the amino 
acid residues that were deleted from the N-terminus, C-termi- 
nus, or both. The cRNA transcribed from the mutant cDNAs 
was always injected undiluted to optimize detection of expres- 
sion. The amount of cRNA injected, estimated from optical 
density readings, was 25-50 ng/oocyte. In every case, transcript 
size and quality were confirmed by formaldehyde denaturing 
gel analysis. 

To determine possible structural requirements for assembly 
and expression of mKv 1.1 as a homomultimer or heteromul- 
timer with mKv1.3, we injected cRNA encoding the mutants 
alone or with a fixed concentration of cRNA encoding wild- 
type mKvl.3 (0.17 ng/oocyte). The same concentration of 
mKv 1.3 cRNA alone was injected in oocytes from each batch 
as a control to assess expression of mKv 1.3. The average K+ 
current in oocytes injected with 0.17 ng of mKv1.3 cRNA was 
1.50 + 0.24 PA measured at 50 mV (N = 21). To determine 
whether mKv1.3 expression was constant over the several 
months of the study, we split these data into two roughly equal 
groups corresponding to the first and second half of the study. 
The average K+ current for the first half was 1.56 -t 0.30 WA 
(N = 10) and for the second half was 1.45 -t 0.39 FA (N = 11). 
Therefore, neither the stability of the transcript nor the ability 
of the oocytes to express K+ current following injection of a 
fixed concentration of cRNA encoding mKvl.3 varied signifi- 
cantly over the course of the study. 

The expression results obtained when cRNA encoding each 
deletion mutant was injected alone to test for homomultimer 
formation are summarized in Figure 4. Each data point is based 
on recordings from 4-12 oocytes for each mutation. Of the 
N-terminal mutants, only the Al-A-3 1 mutant, in which the 
first 31 amino acid residues were deleted, yielded measurable 
K+ currents. All others displayed currents that were indistin- 
guishable from those observed in uninjected oocytes (data not 

Heterc%nLlt 

+ 
+ 

t 
+ 

+ 
+ 
+ 

Figure 4. Deletion mutants and sum- 
mary of results. A schematic of the cod- 
ing region of mKv 1.1 is shown at the 
top, with putative membrane-spanning 
domains (SI-S6) and pore region (H5) 
shaded. The N- and C-terminal do- 
mains, and extracellular and cytoplas- 
mic loops joining membrane-spanning 
regions are not shaded. Schematic dia- 
grams of 15 deletion mutants tested in 
the study, with the corresponding ami- 
no acids deleted, are shown below. 
Amino acids are numbered from the 
beginning of the coding region. The sin- 
gle letters inserted for three of the mu- 
tants correspond to amino acids that 
were inserted to restore the restriction 
sites and keep the nucleotide sequence 
ofthe original cDNA construct in frame 
(see Materials and Methods). The G 
corresponds to glycine, A to alanine, and 
Hto histidine. A summary ofthe results 
is shown on the right, with “homomult” 
denoting expression as a homomulti- 
mer, that is, injected alone, and “het- 
eromult” corresponding to expression 
as a heteromultimer when coinjected 
with wild-type mKvl.3. 

shown). For the C-terminal mutants, the A480495 and A427- 
H-490 each yielded K+ currents, while the A424-495 mutant 
did not. The N- and C-terminal double mutant, Al3 1-159 + 
A424-495, also did not express K+ current, as would be pre- 
dicted from the results of each separate mutation. 

The results of the experiments in which cRNA encoding de- 
letion mutants was coinjected with wild-type mKv1.3 to test 
for heteromultimer formation are shown in Figure 5 for seven 
of the 11 N-terminal and all of the C-terminal and double mu- 
tants. The averaged data are based on measurements from 3- 
12 oocytes for each mutation. Figure 5A depicts the percentage 
block of a concentration of DTX-I (10 nM) that distinguishes 
between mKv1.1 and mKvl.3 (upper two bars; see also Fig. 
lA,B). The third bar corresponds to the DTX-I sensitivity of 
K+ currents from oocytes coinjected in a 1:2 ratio of mKvl.1 
and mKvl.3, respectively. The N-terminal mutants are grouped 
in a linear sequence down from the start of the coding region 
to within two residues of the first putative membrane-spanning 
domain. For this group, the Al -A-3 1 (first) and A 13 l-l 59 (last) 
mutants were able to express as heteromultimers, as determined 
from the intermediate DTX-I sensitivity of the resulting K+ 
currents (Fig. 5A). The remaining five mutants, Al-G-48 to 
A 127-l 66 (central), displayed currents with DTX-I sensitivity 
similar to mKv1.3 alone. As these mutants neither added 
mKv 1.1 -like increased DTX-I sensitivity nor significantly re- 
duced expression of mKvl.3, as determined by comparing K+ 
current amplitude in the coinjected cells with cells injected with 
mKv 1.3 cRNA alone (data not shown), we conclude that they 
were unable to assemble and express as functional heteromul- 
timers. The remaining four N-terminal mutants (Fig. 4), which 
are not shown in Figure 5A, each encompass larger deletions 
within the domain spanned by the five nonexpressing mutants, 
and also did not express as heteromultimers. All three C-ter- 
minal mutants, which together span from 13 amino acid resi- 
dues from the sixth putative membrane-spanning domain to the 
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Figure 5. DTX-I and inactivation time constant data summary for the 
mKvl.1 deletion mutants coinjected with mKvl.3. A, The average block 
(%) of K+ current by 10 nM DTX-I is shown for wild-type mKvl.1, 
mKvl.3, and when transcripts encoding both are coinjected in a 1:2 
ratio, respectively. The dashed line corresponds to the predicted block 
for an additive model assuming a 1:2 expression ratio for mKv 1.1 and 
mKv 1.3, respectively. All of the data following these three groups are 
from oocytes coinjected with cRNA encoding deletion mutants and 
wild-type mKvl.3. The N-terminal deletion mutants are grouped to- 
gether and sequentially span from the start site to within two amino 
acid residues of the first putative membrane-spanning domain. The 
three C-terminal mutants are grouped below, with a combined N- and 
C-terminal mutant shown last. The concentrations of deletion mutant 
cRNA injected were variable, but were always undiluted (25-50 ng/ 
oocyte), while the concentration of mKvl.3 cRNA was always 0.17 ng/ 
oocyte. B, The average inactivation time constants, in msec (see Ma- 
terials and Methods), sampled in FRS, are shown for the same data set 
depicted in A. 

end ofthe coding region, were able to express as heteromultimers 
(Fig. 5A). The double mutant Al3 l-l 59 + A424-495 was also 
able to associate with mKv 1.3, as did each mutation separately. 

This pattern of results was perfectly corroborated by the in- 
activation time constant data (Fig. 5B). Again, inactivation time 
constants for wild-type mKvl.1, mKv 1.3, and following coin- 
jection in a 1:2 ratio, respectively, are given by the first three 
bars. The Al-A-3 1 and A131-159 N-terminal mutants dis- 
played intermediate inactivation time constants characteristic 
of heteromultimers when coinjected with mKvl.3, while the 
other five mutants did not. For the C-terminal mutants, the 
inactivation time constants for A424-495 and A427-H-490 
coinjected with mKv 1.3 were similar to those displayed by het- 
eromultimers. Similarly, the double mutant A 13 l-l 59 + A424- 
495, when coexpressed with mKv1.3, yielded K+ currents that 
inactivated with an average time constant characteristic of het- 
eromultimers of each separate mutation (Fig. 5B). The high 
correlation between the DTX-I data and the inactivation time 
constant data make it unlikely that the pattern of results ob- 
served with DTX-I was due to altered DTX-I sensitivity in the 
mKv1.1 mutants. However, the A480-495 mutant coinjected 
with mKv1.3 yielded unusually large inactivation time con- 
stants (3128 -t 288 msec at 20 mV, N = 5), larger even than 
wild-type mKv 1. I. Furthermore, the average inactivation time 
constant of this mutant, expressed as a homomultimer, was 
38 10 + 166 msec (N = 4). This is almost twice as large as the 
inactivation time constant for mKv 1.1 (Table I), and therefore 
represents an altered phenotype resulting from this mutation. 
That the inactivation time constant for this mutant coinjected 
with mKv 1.3 was somewhat smaller than the mutant expressed 
alone suggests that it was able to form heteromultimeric chan- 
nels with mKvl.3. A summary of the expression results for all 
of the deletion mutants coinjected with mKv1.3 is given in 
Figure 4. 

Discussion 

As a first step to evaluating the possible role of the N- and 
C-terminal domains in the ability of mKvl.1 to express func- 
tional K+ channels, we constructed a series of interstitial and 
truncation deletion mutants that together spanned virtually all 
of each domain. After establishing that wild-type mKv 1.1 and 
mKv1.3 were able to form heteromultimers with a probable 
subunit stoichiometry of 4, we injected cRNA encoding each 
mutant alone or in combination with wild-type mKv 1.3 to de- 
termine the ability to form functional homomultimers or het- 
eromultimers in Xenopus oocytes. We found that all ofthe C-ter- 
minal mutants tested could express functional channels as either 
a homomultimer or heteromultimer or both. In contrast, only 
two of the 11 N-terminal mutants could do so. 

In contrast to the dominance of fast, N-terminal-mediated 
inactivation observed when rapidly inactivating Shaker A and 
slowly inactivating mutant Shaker B subunits are coexpressed 
(Isacoff et al., 1990) we observed that mKv1.1 provides the 
dominant phenotype for slow inactivation kinetics. This was 
also the case for DTX-I sensitivity, since both toxin sensitivities 
and the inactivation time constants of currents from coinjected 
oocytes were much closer to mKv 1.1 than to mKv 1.3. In this 
regard, it is interesting that differences in both DTX-I sensitivity 
and inactivation kinetics between the rat homologs of mKv 1.1 
and mKv 1.3 have been attributed, at least in part, to the identity 
of one amino acid residue between S5 and S6, near the putative 
mouth of the channel pore. A histidine residue at position 40 1 
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Name C-term. seauence 

ShA 
ShB 
AK01 
XSh2 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 

NNAMAVSIETDV” 616 
NNALAVS IETDV” 656 
NPGSDYGLETDV” 515 
NYVNITKMLTDV* 499 
NCVNKSKLLTDV” 495 
NYVNITKMLTDV” 499 
SCVNIKKIFTDV” 530 
NCSNAKAVETDV” 655 
ALCLDTSRETDL” 602 
RAYAEKRMLTEV” 529 

Snecies 

Drosophila 
Drosophila 
Aplysia 
Xenopus 
Mouse 
Mouse 
Mouse 
Rat 
Rat 
Mouse 

results in less sensitivity to DTX-I and faster inactivation than 
when tyrosine resides at this position (Busch et al., 1991; Hurst 
et al., 1991). 

A possible molecular interpretation of dominant phenotypes 
is suggested by considering the subunit composition of the re- 
sulting channels in a mixing experiment such as this. Let us 
assume that subunits assemble randomly, and therefore bino- 
mial statistics accurately describe the assembly of mKv 1.1 and 
mKv I .3 subunits into channels composed of four subunits with 
all possible subunit compositions (1 mKv 1.1 to 3 mKvl.3, 2 
mKv1.1 to 2 mKvl.3, etc). With the 1 mKv1.1 to 2 mKv1.3 
expression ratio displayed in this experiment, we would predict 
that 80% of the channels have at least one mKvl.l subunit, but 
that only about 40% have two or more mKvl.l subunits. There- 
fore, in order for a particular mKv 1.1 property to be dominant 
as measured by whole-cell recording, it must be the case that a 
channel need have only one mKvl.l subunit to express the 
mKvl.l phenotype. Analogous to studies using charybdotoxin 
(MacKinnon, 199 l), it may be that one DTX-I-sensitive sub- 
unit provides a sufficient binding site to confer nearly full DTX-I 
sensitivity on a channel complex. In the case of slow inactivation 
kinetics, it is possible that a channel’s inactivation properties 
are largely determined by the kinetics contributed by its “slowest” 
subunit. 

Synthesis and stability of mutant subunits 
When cRNA encoding each of the deletion mutants was coin- 
jetted with transcript encoding mKv1.3 (heteromultimer ex- 
pression), the pattern of results was not identical to what was 
observed with each deletion mutant injected alone (homomul- 
timer expression, Fig. 4). That is, one N-terminal (A131-159) 
and one C-terminal (A424-495) deletion mutant could not ex- 
press as homomultimers, but were able to express as hetero- 
multimers with mKvl.3 (Fig. 5). These data suggest that protein 
is made from these deletion mutants and is available to assemble 
with intact mKvl.3 subunits. In contrast, several N-terminal 
deletions showed no effect on the expression of mKvl.3 upon 
coinjection. The results of Li et al. (1992) suggest that mutants 
lacking these N-terminal regions would not bind biochemically 
to intact channel subunits. Thus, our inability to detect mKv l.l- 
like currents from these deletion mutants is likely to result from 
their failure to assemble either with mKv1.3 (heteromultimers) 
or with each other (mutant homomultimers). Further support 
for this conclusion comes from our observation that these mu- 
tants did not block or reduce expression of mKvl.3 in a dom- 
inant negative fashion, as would be expected had the N-terminal 
region alone been expressed (Isacoff et al., 1990). 

Comparing all of our deletion constructs, our results indicate 

Reference 

Tempel et al., 1987 
in Drewe et al., 1992 
in Drewe et al., 1992 
in Drewe et al., 1992 
Tempel et al., 1988 

Figure 6. Distal C-terminal amino acid 
sequence lineup for several Shaker sub- 
family members. The amino acid se- 
quence ofthe distal C-termini ofseveral 
members of the Shaker subfamily from 

Chandy et al., 1990 
Chandy et al., 1990 
Stiihmer et al., 1989 
Swanson et al., 1990 

a variety of species are given (standard 
single letter code), as well as the pre- 
dieted size of the polypeptide (total 
amino acid residues). Note the strong 
sequence conservation of the last three 

Migeon et al., 1992 residues (identical residues in bold type). 

that the location of the deletion was more important than its 
size. For example, both the A53-124 and A424-495 mutants 
each deleted 71 amino acid residues in the N- and C-termini, 
respectively. However, the C-terminal mutant was able to ex- 
press as heteromultimers, whereas the N-terminal mutant did 
not display any form of expression. The A427-H-490 mutant 
consisted of a 63 amino acid deletion in the C-terminus that 
was able to express as both homomultimers and heteromulti- 
mers. This deletion was larger than seven of the nine N-terminal 
deletions that did not display any form of expression. It was 
therefore not the case that the probability of expression was 
simply related to the size of the deletion. 

Functional role of the C-terminus 

The importance of the distal C-terminus in Shaker-like K+ 
channel proteins for their stability and function is suggested by 
the remarkable amino acid sequence conservation displayed 
within this region between channel proteins from phylogeneti- 
tally diverse species, such as flies, mollusks, amphibians, and 
mammals (Fig. 6; Drewe et al., 1992). With this conservation 
in mind, it is interesting to note that our data suggest the distal 
C-terminus (i.e., the last five amino acid residues) may con- 
tribute to K+ channel stability and function. The A424-495 
C-terminal mutant channels were able to express only as het- 
eromultimers, whereas the A427-H-490 mutant could express 
as both homomultimers and heteromultimers. Hoshi et al. (199 1) 
had suggested the possible importance of the last five amino 
acid residues of the C-terminus in the expression of Shaker A 
and B K+ channels. These residues are clearly not required for 
channel function, since the A480-495 mutant was able to express 
as homomultimers and heteromultimers. However, the pres- 
ence of residues 490-495 does restore homomultimeric function 
to the large C-terminal mutant A424-495. It is therefore possible 
that these residues enhance the protein stability of what would 
otherwise be a severely truncated protein, but that this could 
also be accomplished by associating with wild-type subunits 
(mKvl.3). 

Our results also suggest that the distal C-terminus may play 
a role in the slow inactivation exhibited by mKv 1.1. The A480- 
495 mutant, expressed as a homomultimer, exhibited consid- 
erably slower inactivation than wild-type mKv 1.1, whereas the 
time constants for the A427-H-490 mutants, also expressed as 
homomultimers, were nearly identical to mKvl.1 (Table 1). 
This form of inactivation (time constant of 2-3 set) is slower 
than other types of slow inactivation that have been identified 
and attributed to the presence of specific amino acid residues 
in other regions of Shaker or Shaker-like K+ channel proteins 
(Busch et al., 1991; Hoshi et al., 1991). We have not yet con- 
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Lff//f/1 
mKvl.1 MTVMSGENAD EASTAPGHPQ DGSY PRQADHD DHECC-ERVV 40 

Figure 7. N-terminal domain re- mKvl.3 ---VP-DHLL -PEA-G-GGG -PPQGGCGSG GGGGGCDRYE PLP-ALPAAG EQD--G---- 
quired for expression of mKv 1.1. The -----s-m-------------- 
amino acid sequences of the N-termi- 
nus for mKv 1.1 and mKvl.3 are given 
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required for expression of mKvl.1 is 
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mKvl.1 ESSGPARVIA IVSVMVILIS 180 
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strutted and tested a A49 l-495 mutant mKv 1.1, and therefore 
do not know that this form of slow inactivation is specifically 
mediated by the distal five C-terminal residues. Nevertheless, 
it is intriguing that several kinetically distinct mechanisms of 
K+ channel inactivation may be mediated by distinct regions 
of the channel protein, and involve conformation-dependent 
interactions between predicted transmembrane and hydrophilic 
regions (Timpe et al., 1988; Iverson and Rudy, 1990; Busch et 
al., 1991; Hoshi et al., 1991; Stocker et al., 1991). 

Functional expression requires a specific N-terminal domain 

The pattern of results obtained for the N-terminal deletions (Fig. 
5) suggests a more specific conclusion regarding a functional role 
for the highly conserved central domain of the N-terminus of 
these Shaker-like subunit proteins (Fig. 7). The A 1 -A-3 1 mutant, 
in which the first 31 amino acids were deleted, was able to 
express as both homomultimers and heteromultimers. The A 13 l- 
1.59 mutant expressed only as a heteromultimer. The five rel- 
atively small interstitial deletion mutants that span from residue 
48 to 127 between these two mutants did not display any form 
of expression, nor did any of the four mutants that encompass 
larger deletions within this region (Fig. 4). These results alone 
do not enable us to conclude that mutants that did not express 
were defective in the ability to assemble. However, our data 
and the results of Li et al. (1992) taken together suggest that a 
central domain within the N-terminus, which is as small as 80 
residues and as large as 99 residues, is required for assembly 
and functional expression of mKv 1.1 in any form (homomul- 
timers or heteromultimers). The uncertainty in the size of this 
domain is related to the resolution offered by the relative sizes 
of the deletions used. We have delineated this domain within 
the N-terminus, with its size uncertainty, in Figure 7. The amino 
acid sequence of the N-terminus of mKv 1.3 is aligned with that 
of mKv 1.1 to illustrate the large degree of amino acid sequence 
identity between the two channel subunit proteins in this region. 
This N-terminal domain is similar to that which was identified 
by Li et al. (1992) for Shaker gene subfamily K+ channel subunit 
assembly. Our results suggest, however, that this domain is 
somewhat shorter than the one proposed by them, as our linker- 
mutagenesis approach enabled us to design specific interstitial 
deletion constructs that could more closely define the critical 
region. For example, Al -A-3 1 was designed specifically to leave 
intact the beginning of the N-terminal region that is highly con- 
served between mKv 1.1 and mKv 1.3 (Fig. 7). This mutant, but 
not the next larger one (A 1 -G-48) which deleted 17 additional 

residues in this region, was able to express functional channels. 
The relatively small size and nonoverlapping distribution of our 
nine interstitial deletions provide the novel and important in- 
sight that the structural integrity of this entire region is impor- 
tant for functional expression of mKv 1.1. Another functional 
test for the role of the N-terminus in subunit assembly was 
provided by Li et al. (1992), who found that heteromultimers 
across two K+ channel subfamilies can form when the N-ter- 
minal region in Shaker B is incorporated at the N-terminus of 
a chimeric Shaker B-drk 1 (rKv2.1) channel. 

In a study similar to ours, VanDongen et al. (1990) found 
that deleting the first 139 amino acid residues of the 182 residue 
N-terminus of rKv2.1 (drkl) resulted in functional, albeit mod- 
ified, K+ channels in Xenopus oocytes. We found that nine much 
smaller deletions that included homologous regions of the N-ter- 
minus of mKvl.1 resulted in no functional expression. These 
differences imply that our results are specific to members of the 
Shaker subfamily of K+ channel genes, and conversely that the 
results of VanDongen and colleagues may be specific to the Shab 
subfamily. In this regard, it is interesting to note that the largest 
C-terminal deletion reported by VanDongen and colleagues left 
intact 125 residues flanking S6, the last putative membrane- 
spanning domain. The initial 90 residues in this region are well 
conserved (96%) among various Shab-like genes (Pak et al., 
199 1; Hwang et al., 1992). It is therefore possible that a portion 
of the C-terminus of K+ channels encoded by Shab-like genes 
may be critical for subunit assembly, analogous to the proposed 
N-terminal domain required for this function in K+ channel 
subunits encoded by Shaker-like genes. The role of transmem- 
brane domains in permitting or directing the assembly of volt- 
age-gated K+ channels is unknown. It will be interesting to 
determine the relative weight of the contributions of the trans- 
membrane domains compared to those of cytoplasmically lo- 
cated domains in the mechanisms that permit and limit assem- 
bly of specific K+ channel subunits. 

Among other membrane proteins, aqueous as opposed to 
transmembrane domains appear to be critical for mediating 
subunit assembly. For example, the N-terminus, but not trans- 
membrane domains, is required for assembly of some muscle 
ACh receptor subunits (Yu and Hall, 1991; Verrall and Hall, 
1992). The P-subunit of the Na,K-ATPase, is thought to possess 
an N-terminal cytoplasmic domain and a C-terminal ectodo- 
main. The specificity of assembly of the P-subunit with the 
a-subunit residues in the C-terminal ectodomain of the P-sub- 
unit, but not its transmembrane domain (Renaud et al., 199 1). 



The Journal of Neuroscience, March 1994, I+) 1393 

There exist other examples of oligomeric membrane proteins 
in which specific interactions between aqueous domains are 
required for subunit assembly and stability (Hurtley and He- 
lenius, 1989). Our results suggest that for K+ channel subunits 
encoded by genes from the Shaker subfamily, aqueous domains, 
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