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Voltage-gated potassium channel f3 subunits are cyto­
plasmic proteins that co-purify with the pore-forming a 
subunits. One of these subunits, Kvf31 from rat brain, 
was previously demonstrated to increase the rate of in­
activation of Kv1.1 and Kv1.4 when co-expressed in Xe­
nopus oocytes. We have cloned and characterized a 
novel voltage-gated K+ channel f3 subunit. The eDNA, 
designated Kvf33, has a 408-amino acid open reading 
frame. It possesses a unique 79-amino acid N-terminal 
leader, but is identical with rat Kvf31 over the 329 C­
terminal amino acids. The Kvf33 transcript was found in 
many tissues, but was most abundant in aorta and left 
ventricle of the heart. Co-expression of Kvf33 with K+ 
channel a subunits shows that this f3 subunit can in­
crease the rate of inactivation from 4- to 7-fold in a Kv1.4 
or Shaker B channel. Kvf33 had no effect on Kv1.1, unlike 
Kv/31 which can increase rate of inactivation of this a 
subunit more than 100-fold. Other kinetic parameters 
were unaffected. This study shows that voltage-gated K+ 
channel f3 subunits are present outside the central nerv­
ous system, and that at least one member of this family 
selectively modulates inactivation of K+ channel a 
subunits. 

Voltage-gated potassium channels are present in all excita­
ble and most nonexcitable eukaryotic cell types. They are in­
volved in a diverse array of functions, including electrogenesis, 
secretion, and cell motility. In mammals, a diverse group of 
more than 50 members of an extended gene family homologous 
to the Shaker gene of Drosophila have been identified that are 
responsible for generating many voltage-gated K+ currents 
(1-5). 

Shaker-type K+ channel proteins, expressed in Xenopus oo­
cytes or mammalian cell lines, form tetramers of a subunits 
that selectively conduct K+ ions and reproduce many proper­
ties of native channels. However, there are inconsistencies 
between native and cloned K+ channel currents, suggesting a 
failure to reconstitute the native channels fully in heterologous 
expression systems. These inconsistencies have several possi­
ble explanations. Some native K+ channels are heteromultim­
eric associations of more than one type of a subunit. These 
associations can modify the current phenotypes, making them 
distinct from currents produced by either a subunit alone (6-
8). It has also been suggested that differences between cloned 
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and native channels are due to differences in post-translational 
processing or intracellular environment between heterologous 
expression systems and the channel's native environment (9-
11). Finally, K+ channel structure in heterologous expression 
systems may be incomplete (12, 13). Two voltage-gated K+ 
channels recently purified from mammalian brain (14, 15) were 
shown to consist of an a subunit, identical with previously 
described Shaker-like K+ channel proteins, and a smaller 13 
subunit (Mr = 40,000). This suggests that complete reconstitu­
tion of K+ channels in heterologous expression systems re­
quires the presence of appropriate 13 subunits. 

Partial amino acid sequencing of the bovine K+ channel {3 
subunit led to the cloning of one bovine brain (14) and two rat 
brain (16) {3 subunit cDNAs. They were divided into two classes 
based on differences in sequence: Kv/31, found in rat, and Kv{32, 
found in both rat and bovine. These {3 subunits consisted of 401 
and 367 amino acids, respectively, and had 85% identity in 
their 329 C-terminal amino acids. The respective N termini of 
72 and 38 amino acids exhibit no conservation. Co-expression of 
rat Kv{31 with a delayed rectifier type K+ channel (RCK1; 
Kv1.1) increased the rate of inactivation more than 100-fold. 
Site-directed mutagenesis showed that the increase in inacti­
vation rate was mediated through theN-terminal region of the 
{3 subunit. The Kvf32 subunit did not affect the properties of 
RCK1 or of a fast-inactivating Kv1.4 channel, RCK4 (16). 

Kv{31 mRNA was detected exclusively in brain (16). To de­
termine if novel K+ channel {3 subunits might be found in other 
tissues, we attempted to clone these proteins from heart. The 
large array of K+ currents in heart (17, 18) made it a logical 
source of unknown 13 subunits. A eDNA was isolated from a 
ferret ventricular eDNA library. It contained a single open 
reading frame highly conserved with previously described volt­
age-gated K+ channel {3 subunits (16, 19). Its deduced amino 
acid sequence contained a unique leader sequence, followed by 
329 amino acids identical with rat Kv{31. The Kv{33 transcript 
was most abundant in aorta and left ventricle, although it was 
also found in other locations in the heart as well as brain, 
skeletal muscle, and kidney. Kv{33 is conserved in humans and 
rats. Kv{33 was co-expressed in Xenopus oocytes with K+ chan­
nel a subunits from ferret (Kv1.4 (20)), rat (Kvl.1 (21)), and 
Drosophila (Shaker B~6-46 (22)). It accelerated inactivation 
in Kv1.4 in a manner analogous to that ofKv{31 (16). However, 
unlike Kvf31, which increased the inactivation rate of Kv1.1 
=100-fold, Kv{33 had no effect on this a subunit. As Kv{33 was 
also capable of modulating inactivation of Shaker B, the failure 
of Kv{33 to alter inactivation of Kv1.1 was not due to strict 
specificity for Kv1.4 a subunits. 

MATERIALS AND METHODS 

Unless otherwise specified, standard molecular biological methods 
were used (23, 24). Enzymes were used according to manufacturers' 
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directions.
Cloning ofKvf33-Ferret heart RNA was isolated as described (25); 5

f.Lg were reverse-transcribed using Superscript reverse transcriptase
(Life Technologies, Inc.) with oligo(dT) primers as described by the
manufacturer. Oligonucleotides were designed based on the amino acid
sequences NIIKKKGW and NQGMAMYW from amino acids 101-108
and 178-185, respectively, ofthe KvJ32subunit from bovine brain «(19);
Fig. 1). The oligonucleotide sequences were: 5'-TCGAATTCAAY­
CAGGGMATGGCIATGTAYTGG-3' and 5'-GACCTCGAGCCYTCGT­
TICKIARRCACCA-3' (R = NG; M = NC; I = inosine; K = Gtr; Y =
crn. PCRl was performed as described (26), with 1/20 of the cDNA from
the reverse transcription reaction. The cycling parameters utilized
"Touchdown PCR" (27), with a starting annealing temperature of 55 "C,
and a concluding annealing temperature of 42 "C for the final 10 cycles.
A probe was made by random-priming the PCR product with digoxige­
nin-11-dDTP to allow chemiluminescent detection (Boehringer Mann­
heim), The random-primed PCR product was used to probe a ferret
ventricle cDNA library (20) constructed in "ZAPII (Stratagene). Plaque
lifts, hybridization, and detection were performed as described by Boeh­
ringer Mannheim. The positive plaque, "FHBK1, was rescued by in vivo
excision; the resulting plasmid, pFHBK1, contained the full length of
the J3 subunit open reading frame and about 1.5 kilobase pairs of
3' -untranslated region, including the polyl.A)" tail. Single-stranded
phagemid DNA (28) was utilized for sequencing with Sequenase 2.0 (D.
S. Biochemicals) using custom oligonucleotides. Each nucleotide on
both strands was unambiguously identified at least once. Sequence
similarity searches were performed through the NCBI BLAST server
(29).

Human and rat KvJ33 cDNAs were isolated by standard PCR of cDNA
synthesized as above. Human heart whole cell RNA was purchased from
Clontech. The primers used were FKf33/58 (5'-GTATAAACCTGCCT­
GTGC-3'; covering amino acids 4-9 in ferret KvJ33) and FKJ33/37 (5'­
AGCCTTTCCAGCAGCATAGACTTC-3'; covering amino acids 129-135;
Fig. 1). PCR was performed as described (30). After a 5-min 94°C dena­
turation step, the reactions were cycled 35 times at 94 "C for 30 s, 53 "C
for 45 s, and 72 "C for 1 min. The procedure was completed with a 5-min
incubation at 72 "C. The PCR products were cloned into pBS-SK+, and
two independent clones of each were sequenced. Partial cDNA sequences
of the rat and human KvJ33 have been deposited in Genflank" under the
accession numbers D17967 and D17968, respectively.

Competitive PCR-Whole cell RNA was prepared from ferret heart,
brain, liver, kidney, skeletal muscle (25), aorta, and aortic endothelial
cells (31). Endothelial cells were isolated and cultured as described (20).
Complementary DNA was made from 5 f.Lg of RNA using SuperScript
reverse transcriptase with a random hexamer primer (Life Technolo­
gies, Inc.), Competitive PCR was performed essentially as described
(32). One-twentieth of each reverse transcriptase reaction (along with a
sham cDNA control lacking reverse transcriptase) was amplified by
PCR. Each reaction contained 2 f.LM primer FKJ33/37, 2 f.LM primer
FKJ33/56 (5'- TCTCAGAGCTAAAGACTGTGAAATGAGC-3'; identical
with nucleotides 4-31 upstream of the translational start site), and 0.2
fmol internal standard. The cycling parameters were the same as for
isolation of rat and human KvJ33, except the annealing temperature
was 58 "C. The reaction products were separated on a 5% polyacryl­
amide, 1 X TBE gel, stained with ethidium bromide, and photographed
under ultraviolet light. The 272-bp internal standard was synthesized
as described (33) using primers FKJ33/56 and FKJ33/37 (5' -AGCCTTTC­
CAGCAGCATAGACTTCATTCCTGTAAGCCATG-3'; the first 24 nucle­
otides are identical with FKJ33/37, the last 16 nucleotides are comple­
mentary to nucleotides 286-301; see Fig. 2A).

K+ Current Measurement-Xenopus laevis oocytes (stage V-VI) were
defolliculated by gently shaking for 3 h in Ca 2+-free OR2 solution (in
mM: 82.5 NaCI, 2 KCI, 1 MgCI2, 5 HEPES-NaOH, pH 7.40) with 1-2
mg/ml collagenase (20). Oocytes were injected with 50 nl of cRNA
solution containing up to 50 ng of RNA with and without J3 subunit at
ratios varying from 1:1 (,,:J3) to 1:16, as described previously (20).
Voltage-clamp experiments were conducted on oocytes within 3-6 days
of injection using a two electrode "bath clamp" amplifier (OC-725A,
Warner Instruments) as described previously. Briefly, bath potential
was sensed using an agar bridge electrode, and bath potential was
maintained using a separate current passing agar bridge electrode. The
amplifier was used with the "DC gain feature" which reduced errors due
to finite open loop gain. Average peak current size at +50 mV for all
analyzed currents was 7.4 :!:: 0.9 f.LA (n = 118). No correlation between

1 The abbreviations used are: PCR, polymerase chain reaction; bp,
base pairts).

current size and inactivation rate was detected for the range of currents
measured in this study. Extracellular solution was ND-96 (in mM: 96
NaCI, 2 KCI, 1 MgC12' 1.8 CaCI 2, 5 HEPES-NaOH, pH 7.4). Electrodes
were filled with 3 MKCI (resistances 0.6-1.5 megaohms) and shielded
to reduce capacitive coupling. All measurements were carried out at
room temperature. Data were not leakage- or capacitance-subtracted,
unless otherwise specified. Activation was measured using the cut-open
oocyte technique (34), as described previously (20). Data from two­
electrode voltage clamp were filtered at 2 kHz or 5 kHz for cut-open
oocyte and analyzed using an Axon Instruments TL-1 interface and
pClamp software. Confidence levels were calculated using an unpaired
t test.

RESULTS AND DISCUSSION

Fig. 1 shows an alignment of the deduced amino acid se­
quence offerret Kvf33to K+ channel f3 subunits from rat (Kvf31
and Kvf32) and bovine (Kvf32). Strikingly, Kvf33 and rat Kvf31
are identical over the last 329 amino acids, a region where
Kvf31 and Kvf32 share 85% identity. However, there is no sim­
ilarity among the first 79 amino acids of the ferret f3 subunit
and the first 72 or 38 amino acids of Kvf31 and KVf32, respec­
tively. Similarity searches of both the entire f3 subunit and the
N-terminal 79 amino acids revealed no significant similarity
between ferret Kvf33 and any other protein except the previ­
ously described f3 subunits. No similarity was found between
the N terminus of ferret Kvf33and any other protein sequence.
Despite their apparent lack of similarity, the N termini of Kvf31
and Kvf33share one potentially important structural feature: a
cysteine residue near the N terminus. Oxidation of this amino
acid, also found near the N termini of other fast inactivating
channels, can dramatically decrease inactivation rates (11, 16).
Hydropathy and secondary structural analyses ofthe Kvf31 and
Kvf33 N termini fail to show any apparent similarity in pre­
dicted secondary structure (35-40). Hydropathy analysis also
suggested Kvf33is a cytoplasmic protein, as has been predicted
for Kvf31 and Kvf32 (16, 19). Comparison of the deduced Kvf33
amino acid sequence with protein motif data bases (41, 42)
showed the presence of 33 consensus phosphorylation sites.

To determine the tissue localization of KVf33, competitive
PCR (32) was performed on cDNA made from several tissues.
Oligonucleotides were chosen at the 5' end of the clone to
ensure specific amplification of KVf33 (Fig. 2A). Ferret Kvf33
transcript was most abundant in aorta followed by left ventri­
cle (Fig. 2B). Transcripts were also detected in right ventricle,
atrium, brain, skeletal muscle, and kidney. None were detect­
able in liver or cultured aortic endothelial cells. Aorta is rich in
smooth muscle, fibrous tissue, and endothelium; as the tran­
script was not present in endothelial cells, it is likely that this
transcript is present in smooth muscle or fibroblasts, although
its presence in other cell types cannot be ruled out.

Kvf33 is not unique to ferret. Cross-species PCR using oligo­
nucleotides FKf33/37 and FKf33/58 (which is complementary to
the unique portion of the ferret cDNA) was performed on rat
and human heart cDNA. The reactions yielded the expected
400-nucleotide DNA species, which was cloned and sequenced.
There was extensive similarity in the nucleotide sequence
among ferret, human, and rat, showing that KVf33 is present in
all three species. The amino acid sequence conservation in the
N-terminal region was 88% between ferret and human and 80%
between ferret and rat (data not shown).

Kvf31 can increase the rate of inactivation of both a delayed
rectifier and a fast-inactivating (A-type) K+ channel a subunit
(16). Conservation between Kvf33 and Kvf31 suggested that
Kvf33 might have a similar influence. To test the effect of Kvf33
on inactivation and other channel properties, it was co-ex­
pressed in Xenopus oocytes with FK1, a ferret Kv1.4 channel
(20), and RCK1 (rat Kv1.1 (21». Co-injection of Kvf33 mRNA
with FK1 mRNA caused subtle changes in inactivation kinetics
(Fig. 3A). Inactivation of FK1 channels has been previously
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FIG. 1. Deduced a mino acid seq uence of fe r r et K v~ 3 . The seque nce is shown a ligne d with t he othe r known K ' cha nne l (3 subunit sequences:
rat Kv{31, rat Kv(32, a nd bovin e Kv{32 (16 , 19). Amin o ac ids identical wit h tho se in K v ~ 3 a re design ated with a hyphen in th e K v ~1 a nd -2 sequences .
The nucl eotide seque nce of ferret Kv{33 has been de posite d in GenB ank under th e access ion number U17966.
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FIG. 2. A , stra tegy for det ection of K v ~ 3 t ranscripts by competit ive
PCR. Ferret transcripts were det ected usin g oligonucleotides Kv{33/56
a nd Kv{33/37 , which give a 460-bp DNA molecul e (8). Th e internal
sta ndard, added to PCR reactions in B, was a 183-bp delet ion of K v ~ 3

that preserv ed th e nucl eotide sequence compleme nta ry to th e oligonu­
cleotid es ; its produ ct wa s 272 bp . Th e open boxes represen t un conserv ed
regions, and the shaded boxes represent th e cons erved region of Kv{33.
13 , compet it ive PCR of cDNAs from va riou s ferret ti ssu es. Five IJ.g of
whole cell RNA wer e rever se-tran scribed a nd a mplified by PCR in th e
presen ce of 0.2 fmol inte rn a l st a nda rd. Lan es 1, cDNA alone; 2, internal
sta nda rd a lone; ,3, right ventricle; 4 , left ventricle; 5 , a tr ium; 6, aorta; 7,
cultu red endothe lia l cells ; 8, brain ; 9, ske leta l mu scle; 10, liver ; a nd 11,
kidney. Competi t ive PCR of sha m reverse tran scription controls showed
no det ectabl e signal (data not shown).

shown to be biexponential, with two closely spa ced tim e con­
stants a t + 50 mV (20). The tim e constant of th e fast component
of inactivation decreased from 42 :!:: 3 (n = 20) for FK1 alone to
6.2 :!:: 0.2 ms (n = 28); the slow compon ent decreased from 313
:!:: 94 to 101 :!:: 2 ms. The decr ease of th e fast compon ent of
inactivation was comparable to the overall decr ease ind uced by
Kv{31 expressed with rat Kv1.4. Co-expression of Kv{33 with
FK1 al so changed the rel ative contribution of each compone nt
of inactivation; the ratio of th e amplitud e of fast to slow ti me

constants decr eased from 5.0 :!:: 1.7 to 0.67 :!:: 0.03. Because of
th e gre a te r participation of th e slow compon ent, th e net result
was a minor alte ra t ion in th e overall rate of inactivation .

In contra st to th e results obtained with FK1, co-injection of
RCK1 (Kv1.1) with Kv{33 failed to show any effect on channel
inactivation (Fig. 3B). This was true despite a 16:1 (by weight)
co-injection of Kv{33:RCK 1 mRNA; para llel experiments using
FK1 and FK1tl2-146 (see below) showed that th e Kv{33 subunit
was act ive (data not shown). Th ese results are st r ikingly dif­
ferent from those obtained by Rettig et al . (16) with Kv{31. Th ey
showed an approximately 100-fold increase in th e rate of inac­
tivation ofRCK1. Sinc e Kv{33 was co-injected with th e identical
RCK1 n subu nit, and conse rvat ion of RCK4 and FK1 is 97%
(20), it is likely that the difference in inactiv ation is du e to th e
different N termini of Kv{33 and Kv{31.

It is possib le that the cha nge in rate of inactivation cau sed by
Kv{33 ma y be dependent on th e ratio of expressed n subunit to
{3 subunit. If the {3 subunits fail ed to sa tura te all available
bin ding sites on the n subunits, the overall rate and degr ee of
{3 subunit-mediated inacti vation would likely be decrea sed. A
second expla nation is that th e maximal associa t ion of (3 sub­
units to n subunits was achieved , but that Kv{33 simply induced
slower inactivation , or perhaps caused inact iva t ion by a differ­
ent mechanism . To discriminate betw een these possibilities, a
mutant form of FK1 , FKB2-146, in whic h th e first 146 N­
terminal amino acid s ha ve been delet ed to remove fast N-type
inactivation « 20); referred to as FK1tlNco), was co-expressed
with Kv{33. As shown in Fig. 3C, co-expression with Kv{33
greatly increased th e rate at which FKB2-146 ina ctivated.
The t ime constant of inactiva t ion for FKB2-146 was 1795 :!::

81 ms (at + 50 mV), decr easing to 409 :!:: 27 ms with co-injection
of Kv{33 mRNA. The effects of co-expression of Kv{33 mRNA on
the inactiv ation rate of FKB2-146 were dependent upon th e
ratio of injected Kv{33 to FKB2- 146 mRNA for ratios less th an
2 to 1 but were ins en sitive to ratios higher th an 2 to 1 (Fig. 4),
sugges t ing that th e {3 subunits were satura t ing at th e mRNA
concentrations used in th ese experiments.

These data showed that ferret Kv{33 can associate with ferret
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FIG. 3. Outward K+ currents elicited by depolarizing pulses to +50 mV from a holding potential of -90 mV using a two-electrode
voltage clamp. Currents were normalized relative to the same peak current to emphasize the kinetic changes induced by co-expression of Kvf33.
Currents resulted from depolarizations to +50 mV from a holding potential of -90 mY, stimulation rate of 0.1 Hz, and perfused with ND-96.
Oocytes were injected with mRNA encoding various K+ channel subunits types. A, FK1 alone (Kv1.4, 8 ng of mRNNoocyte, peak current 12.7 jJ.A)
or FK1 + Kvf33(8 and 32 ng ofmRNA/oocyte, peak current 9.7 jJ.A). Note that expression ofFK1 alone results in a smooth inactivation with a small
but slow late component of inactivation. Co-expression ofFK1 with Kvf33results in an initial small rapid component followed by a much larger slow
component of inactivation. B, RCK1 alone (Kv1.1, 2 ng of mRNNoocyte, peak current 14.4 jJ.A) or RCK1 + Kvf33 (2 and 32 ng of mRNNoocyte,
respectively, peak current 10.2 jJ.A). Co-injection of Kvf33with RCK1 did not increase the rate of inactivation. C, FK1~2-146 (8 ng ofmRNNoocyte,
peak current 5.7 jJ.A), an N-terminal deletion mutant (see Ref. 20) or FK1~2-146 + Kvf33(2 and 32 ng ofmRNA/oocyte, respectively, peak current
1.7 jJ.A). Co-injection ofFK1~2-146 with Kvf33partially, but not completely, restored inactivation. D, Shaker B~6-46 alone (2 ng ofmRNNoocyte,
9.1 jJ.A) or Shaker B~6-46 + Kvf33(8 and 32 ng ofmRNNoocyte, respectively, peak current 11.1 jJ.A). The increase in inactivation rate was similar
to the results with FK1~2-146. Kvf33 partially restored inactivation in the mutant Shaker channel and induced a very small additional fast
component that was not observed with FK1~2-146.

Kv1.4 (FK1), but did not rule out the possibility that this f3
subunit's effects might be specific for only a limited class of Q

subunits. Therefore, we co-injected Kvf33 with the distantly
related channel, Shaker B from Drosophila. Since this channel
is only 50% conserved with FK1, it appeared to be an unlikely
candidate to associate with a mammalian f3 subunit. We used
Shaker B~6-46 (22), a mutant lacking fast N-type inactiva­
tion, to be able to clearly detect the effects of f3 subunit associ­
ation. Co-expression of Shaker B~6-46 with Kvf33 resulted in
an increase in the degree and rate of inactivation similar to
that observed for FK1~2-146 (Fig. 3D). Association with
Shaker B suggested that Kvf33is probably binding to the much
more highly conserved RCK1, but for some reason is unable to
induce inactivation.

Other gating characteristics of FK1 and FK1~2-146 were
not strongly altered by co-expression ofKvf33. Fig. 5 shows data
obtained using the cut-open oocyte clamp (34) for FK1~2-146

in the presence and absence of f3 subunit. FK1~2-146 was used
to minimize the overlap of fast inactivation with activation.
There was no obvious difference in the sigmoid onset of the
current during the first 2 ms at +50 mY; however, the late

rising phase of current was terminated prematurely by what
appears to be the onset of an inactivation-like process. Al­
though the time to peak current appears to have decreased
with co-expression of Kvf33, this is most likely due to the
increased inactivation rate. Similarly, f3 subunit expression
had only modest effects on recovery from inactivation when
co-expressed either with full-length FK1 (ty, = 4.88 ~ 0.13 s (n

= 4) with f3 subunit; ty, = 2.95 ~ 0.18 s (n = 4) without f3
subunit) or FK1~2-146 (ty, = 2.94 ~ 0.12 s (n = 5) with f3
subunit; ty, = 2.20 ~ 0.11 s (n = 4) without f3 subunit).

We have cloned, sequenced, and characterized a novel K+
channel f3 subunit, Kvf33. The deduced protein sequence is
identical with Kvf31in its 329 C-terminal amino acids, but has
a 79-amino acid N terminus with no sequence identity with
Kvf31 or Kvf32. Conservation of C termini between Kvf31 and
Kvf33, and their sharp transition to a nonconserved region,
suggested that one mechanism for generating different f3 sub­
units might be alternative splicing of precursor transcripts.

The general structural similarity between KVf31 and Kvf33
implied that Kvf33 might induce inactivation in K+ channel Q

subunits. This was true for mutant channels that have had
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FIG. 5. Early onset of current activation is unchanged by the
addition of IJ subunit. Currents recorded from FK1.<l2-146 (solid line)
and FK1.<l2-146 co-expressed with Kv{33 (dashed line) using the cut­
open oocyte voltage clamp technique as described (20, 34). The currents
were normalized for the purpose of comparison. The peak current oc­
curred much earlier due to the overlap with {3 subunit-mediated inac­
tivation, but was otherwise apparently unaffected. Current amplitudes
were 15 and 2.1 !LA for FK1.<l2-146 and FK1.<l2-146 + {3 subunit,
respectively. Both currents were recorded in response to a depolarizing
pulse to +50 mV from a holding potential of -90 mV and were capac­
itance and leakage compensated. No off-line subtraction procedures
were employed.

REFERENCES

1. Pongs, a. (1992) Physiol. Rev. 72, S69·S88
2. Salkoff, L., Baker, K., Butler, A, Covarrubias, M., Pak, M. D., and Wei, A

(1992) Trends Neurosci. 15, 161-166
3. Hille, B. (1992) Ionic Channels of Excitable Membranes, 2nd Ed, Sinauer

Associates Inc., Sunderland, MA
4. Jan, L. Y., and Jan, Y. N. (1992) Annu. Rev. Physiol. 54,537-555
5. Brown, A M. (1993) Annu. Rev. Biophys. Biomol. Struct. 22, 173-198
6. Po, S., Roberds, S., Snyders, D. J., Tamkun, M. M., and Bennett, P. B. (1993)

Circ. Res. 72, 1326-1336
7. Sheng, M., Liao, Y. J., Jan, Y. N., and Jan, L. Y. (1993) Nature 365, 72-75
8. Wang, H., Kunkel, D. D., Martin, T. M., Schwartzkroin, P. A., and Tempel,

B. L. (1993) Nature 365, 75-79
9. Snyders, D. J., Tamkun, M. M., and Bennett, P. B. (1993) J. Gen. Physiol. 101,

513-543
10. Marom, S., Goldstein, S. A N., Kupper, J., and Levitan, 1. B. (1993) Receptors

Channels 1, 81-88
11. Ruppersberg, J. P., Stocker, M., Pongs, o., Heinemann, S. H., Frank, R., and

Koenen, M. (1991) Nature 352, 711-714
12. Chabala, L. D., Bakry, N., and Covarrubias, M. (1993) J. Gen. Physiol. 102,

713-728
13. Rudy, B., Hoger, J. H., Lester, H. A., and Davidson, N. (1988) Neuron 1,

649-658
14. Scott, V. E. S., Parcej, D. N., Keen, J. N., Findlay, J. B. C., and Dolly, J. a.

(1990) J. Biol. Chem. 265, 20094-20097
15. Rehm, A, and Lazdunski, M. (1988) Proc. Nat!. Acad. Sci. U. S. A. 85,4919­

4923
16. Rettig, J., Heinemann, S. H., Wunder, F., Lorra, C., Parcej, D. N., Dolly, J. o.,

and Pongs, a. (1994) Nature 369, 289-294
17. Pennefather, P., and Cohen, 1. S. (1990) in Cardiac Electrophysiology: From

Cell to Bedside (Zipes, D. P., and Jalife, J., eds) pp. 17-28, W. B. Saunders
Co., Philadelphia, PA

18. Kass, R. S., and Freeman, L. C. (1993) Trends Cardiovasc. Med. 3, 149-159
19. Scott, V. E. S., Rettig, J., Parcej, D. N., Keen, J. N., Findlay, J. B. C., Ponga. a.,

and Dolly, J. a. (1994) Proc. Nat!. Acad. Sci. U. S. A. 91, 1637-1641
20. Comer, M. B., Campbell, D. L., Rasmusson, R. L., Lamson, D. R., Morales,

M. J., Zhang, Y., and Strauss, H. C. (1994) Am. J. Physiol. 267, H1383­
H1395

21. Tempel, B. L., Jan, Y. N., and Jan, L. Y. (1988) Nature 332, 837-839
22. Hoshi, T., Zagotta, W. N., and Aldrich, R. W. (1990) Science 250, 533-538
23. Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman, J. G., Smith,

J. A, and Struhl, K. (eds) (1987) Current Protocols in Molecular Biology,
John Wiley & Sons, New York

24. Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989) Molecular Cloning: A
Laboratory Manual, 2nd Ed, Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY

25. MacDonald, R. J., Swift, G. H., Przybyla, A E., and Chirgwin, J. M. (1987)
Methods Enzymol. 152, 219-227

26. Peterson, M. G., and Tjian, R. (1993) Methods Enzymol. 218,493-507
27. Don, R. H., Cox, P. T., Wainwright, B. J., Baker, K., and Mattick, J. S. (1991)

Nucleic Acids Res. 19, 4008
28. Vieira, J., and Messing, J. (1987) Methads Enzymol. 153,3-11
29. Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990)

specific for certain c; subunits. This seems unlikely, given the
recent demonstration that a variety of inactivation domains
can induce inactivation in fast inactivating and non-inactivat­
ing a subunits (43, 44). Another possibility is that Kvf33 alters
inactivation through another mechanism. In either case, it
seems clear that the nonconserved N-terminal region in f3
subunits confer some degree of specificity of interaction.

Kvf33 is the third member of a family of ancillary subunits
that associate with voltage-gated K+ channels. Co-expression
of Kvf33 causes alterations in K+ channel function that are
distinct from the effects Kvf31 or Kvf32. This suggests that the
diversity of in vivo K+ channel function may result from ex­
pression of different K+ channel f3 subunits, as well as diversity
of expression and assembly of a subunits. This mechanism is
similar to that of Na" and Ca 2+ channels, which are known to
generate diversity through assembly of different subunits (45).
Given the wide variety of associated subunits for these other
channels, it seems likely that Kvf31, Kvf32, and Kvf33 are the
first members of a large group of ancillary K+ channel subunits
that differ in their N termini. The novel differences in specific­
ity of channel interaction and electrophysiological properties of
Kvf33 from Kvf31 and Kvf32 provide an additional basis for
understanding K+ channel function and diversity.

Acknowledgments-We thank Jan Tytgat for his gift of the RCK1
clone and Ligia Toro de Stefani for her gift of the Shaker B.<l6-46 clone;
Mary Comer and Donald Campbell for discussions and critical com­
ments regarding this manuscript; and David Lamson and Ying Zhang
for excellent technical assistance.

3530

15.0

25

FK 1t12-146

20

FK1t12-146 + KvB3

15

5.0 10.0

Time lms)

105

Kv83 mRNA Injected lng/oocyte)

o

0.0+-----'

-0.5 -I------!:..--,-------,------,
0.0

~ 0.5
N
.,
Eo
z

1.5

-~ 1.0
:::J
U

O-+-----,r----,---...,..------r----,---r---,

1.5

1.0

0.5

'"

c:
o-«I
>-(J

«I
c:

­c:
«I­'"c:
o
o
Q)

E
i=

N-type inactivation disrupted (FKlt12-146 and Shaker Bt16­
46) and in wild-type Kv1.4. However, unlike Kvf31, it did not
cause inactivation of a Kvl.l c; subunit. The failure of Kvf33 to
modify RCKI inactivation kinetics may reflect a failure of this
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ciate, but specific domains required for inactivation cannot
interact.

Acceleration of inactivation by Kvf31 is mediated by a "teth­
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the implication is that the inactivation domain of Kvf33 is
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