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Evaluation of Functional Interaction between K* Channel
a- and B-Subunits and Putative Inactivation Gating by
Co-Expression in Xenopus laevis Oocytes'
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Animal K* channel a- (pore-forming) subunits form native pro-
teins by association with B-subunits, which are thought to affect
channel function by modifying electrophysiological parameters of
currents (often by inducing fast inactivation) or by stabilizing the
protein complex. We evaluated the functional association of KAT1,
a plant K* channel a-subunit, and KAB1 (a putative homolog of
animal K* channel B-subunits) by co-expression in Xenopus laevis
oocytes. Oocytes expressing KAT1 displayed inward-rectifying,
non-inactivating K* currents that were similar in magnitude to
those reported in prior studies. K* currents recorded from oocytes
expressing both KAT1 and KAB1 had similar gating kinetics. How-
ever, co-expression resulted in greater total current, consistent with
the possibility that KAB1 is a B-subunit that stabilizes and therefore
enhances surface expression of K* channel protein complexes
formed by a-subunits such as KAT1. K* channel protein complexes
formed by a-subunits such as KAT1 that undergo (voltage-
dependent) inactivation do so by means of a “ball and chain”
mechanism; the ball portion of the protein complex (which can be
formed by the N terminus of either an a- or B-subunit) occludes the
channel pore. KAT1 was co-expressed in oocytes with an animal K*
channel a-subunit (hKv1.4) known to contain the N-terminal ball
and chain. Inward currents through heteromeric hKv1.4:KAT1
channels did undergo typical voltage-dependent inactivation. These
results suggest that inward currents through K* channel proteins
formed at least in part by KAT1 polypeptides are capable of inac-
tivation, but the structural component facilitating inactivation is not
present when channel complexes are formed by either KAT1 or
KAB1 in the absence of additional subunits.

The first (animal) K* channel was cloned in 1988 by
extensive genetic analysis and chromosome mapping of a
Drosophila mutant with a phenotype displaying uncon-
trolled shaking (Pongs, 1992). Expression of the translation
product of this Shaker gene in Xenopus laevis oocytes re-
sulted in voltage-gated, K™ -selective currents (Timpe et al.,
1988), leading to the supposition that functional K* chan-
nels are formed by tetramers of four membrane-spanning
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Shaker polypeptides (i.e. a-subunits). In 1992, a plant ho-
molog of Shaker proteins (KAT1) was cloned by comple-
mentation of a K*-uptake-deficient yeast (Anderson et al.,
1992). Functional expression in oocytes confirmed that
KAT1 formed voltage-gated, inward-rectifying K* chan-
nels (Schachtman et al., 1992). Interestingly, although
KAT1 has striking sequence similarity to animal Shaker K*
channel polypeptides, channels formed by KAT1 do not
function in a similar manner. Animal K" channels formed
by the Shaker family of polypeptides are outward-
rectifying (Jan and Jan, 1994). Voltage-gating of currents
through channels formed by KAT1 results in inward recti-
fication (Schactman et al., 1992; Cao et al., 1995).

Purification of a native animal K* channel protein in
1994 identified a polypeptide with a primary sequence and
molecular mass similar to that deduced from the corre-
sponding Shaker ¢cDNA (Scott et al.,, 1994). That study
identified a hydrophilic, approximately 40-kD polypeptide
that bound tightly to (i.e. co-purified with) the hydropho-
bic, membrane-spanning Shaker polypeptide. Library
screening with probes based on the partial sequence of the
low-molecular-mass polypeptide led to the cloning of a
corresponding full-length ¢cDNA (KvB,) and a second
cDNA encoding a homolog (KvB;) (Rettig et al., 1994).
Co-expression of Kvp; with cDNAs encoding Shaker
polypeptides (Kv1.1 and Kv1.4) resulted in increased inac-
tivation of K* currents (Rettig et al., 1994). This work
established that (at least some) K* channel proteins are
formed in native membranes by both membrane-spanning,
pore-forming Shaker polypeptides (i.e. a-subunits), and
“regulatory” B-subunits.

Prior work has led to the cloning of two plant homologs
of animal K* channel B-subunits from Arabidopsis (KAB1)
(Tang et al., 1995) and rice (Oryza sativa) (KOB1) (Fang et
al., 1998). A physical association was demonstrated be-
tween the plant K* channel B-subunit and a plant
a-subunit (KAT1) (Tang et al., 1996). Expression patterns of
a plant p-subunit have been correlated with K* nutrition in
plants (Fang et al., 1998). Immunocytochemical studies
have documented the presence of (native) plant B-subunits
in cellular membranes known to contain K™ channels
(Tang et al., 1998). However, the functional relationship
between cloned plant K™ channel - and B-subunits has yet
to be examined. Here, we report preliminary investigation
of this relationship. Our approach was to examine the
functional interaction of «- and pB-subunits by co-
expression in oocytes.
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MATERIALS AND METHODS
Molecular Biology

KAT1 and hKvl.4 cDNAs were obtained from L.
Kochian (Cornell University, Ithaca, NY) and B. Rudy
(New York University Medical Center), respectively. KAB1
was cloned as described previously (Tang et al., 1995). For
KATI1:KAB1 co-expression experiments, the KAT1 and
KAB1 cDNA templates used for cRNA synthesis were sub-
cloned into the pBS-KS II plasmid (Tang et al., 1995). KAT1:
HKv1.4 co-expression was undertaken using constructs
subcloned into the pSP64-poly(A™) plasmid (Promega,
Madison, WI). Deletion and chimeric constructs of KAT1
were generated using PCR as follows. To ensure high
fidelity during cDNA generation, the DNA polymerase
VentR (New England BioLabs, Beverly, MA), which con-
tains a 3’ — 5’ proofreading exonuclease activity, was used
in place of Tag DNA polymerase, the concentration of
template (plasmid) DNA was increased to 100 ng, and PCR
cycles were limited to 10 for a reaction.

PCR products were size-fractionated on 1% (w/v) aga-
rose gels, and bands of the expected size were isolated and
purified (QIAQuick gel extraction kit, Qiagen USA, Valen-
cia, CA) prior to restriction digestion and subcloning. After
subcloning, PCR-generated cDNAs were sequenced to en-
sure fidelity of the constructs. The HindIIl and Xbal restric-
tion fragment of KAT1 in the pSP64 plasmid was sub-
cloned into the corresponding restriction sites of the
pBS-SK II (Stratagene, La Jolla, CA) plasmid. PCR was
undertaken with this KAT1 construct as template and with
the primers; 5'-CCGGATCCATATGCTCTCTGCCGATC-3’
and 5'-AATTAACCCTCACTAAAGGG-3'. The product of
this reaction was subjected to restriction digestion with
BamHI and Sacl, and subsequently subcloned into the
pSP64-poly(A™) plasmid, resulting in a pSP64 construct
containing the N-terminal deletion mutant KAT14'72%,
which was used to generate cRNA. PCR was undertaken
with hKv1.4 as a template and with the primers 5'-
GCAAGCTTATGCGTGTGGTGATAAATGTGTC-3"and5'-
GCGGATCCGAAACTTCAACAGGGCCTC-3'; this
fragment of the hKv1.4 cDNA encodes amino acids 177 to
270, which includes the NAB domain identified as facili-
tating a:a-subunit binding (Li et al., 1992; Xu et al., 1995).
The PCR product was subjected to restriction digestion
with HindIIl and BamHI and ligated into the corresponding
restriction sites of the pSP64 plasmid containing KAT14'72%,
resulting in the NAB-KAT1 construct.

Oocyte Preparation

Stage V to VI ooctyes (1-1.2 mm in diameter) were
harvested from ovarian lobes of anesthetized (immersion
in 1 L of 1.5 g/L tricaine [Sigma, St. Louis] for approxi-
mately 1 h) mature female Xenopus laevis (Xenopus I, Mad-
ison, WI) frogs, and defolliculated by a 1- to 2-h incubation
in a 60-mm Petri dish at room temperature with gentle
shaking in Barth’s solution (88 mm NaCl, 1 mm KCl, 2.4 mm
NaHCO;, 0.82 mm MgSO,-7H,0, 0.41 mm CaCl,-2H,0, 0.33
mM Ca[NO;],-4H,0, and 10 mm HEPES, pH 7.4, filter-
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sterilized through a 0.2-um membrane) supplemented with
5 mg/mL type A collagenase (Boehringer Mannheim,
Basel). After defolliculation, healthy (i.e. clearly delineated
hemispheres) oocytes were immersed in a solution contain-
ing 100 mm K,HPO,, pH 6.5, and 0.1% (w/v) BSA for 1 h
at room temperature on a rotary shaker (60 rpm), followed
by washing (approximately five times) in Barth’s solution
supplemented with 0.1% (w/v) BSA. Oocytes were then
transferred to fresh Barth’s solution containing 0.1% (v/v)
gentamycin (Gibco-BRL, Cleveland), and incubated for
24 h at 18°C in the dark prior to cRNA microinjection. After
microinjection, oocytes were incubated in ND96 solution
(96 mm NaCl, 2 mm KCl, 1.8 mm CaCl,, 1 mm MgCl,:6H,0,
and 5 mm HEPES, pH 7.5) at 18°C in the dark for two to 5 d
prior to use in voltage clamp studies. During the period
after oocytes were harvested, the incubation solution was
replaced every 12 h, and dead oocytes were removed
whenever solutions were replaced.

In Vitro Transcription

High-yield transcription kits (AmpliScribe, Epicentre
Technologies, Madison, WI) with T7, SP6, and T3 initiation
sites (as appropriate for each plasmid construct) were used
according to the manufacturer’s protocol to generate cRNA
for microinjection into oocytes. For KAT1:KAB1 co-
expression experiments, plasmids were linearized with
Xhol. For KAT1:HKv1.4 co-expression experiments, plas-
mids were linearized with Poull. After linearization, DNA
was phenol extracted three times. About 1 ug of linearized
plasmid DNA was used for each transcription reaction, and
synthesized cRNAs were capped concomitantly to tran-
scription using the methylated Cap analog m”[5'|ppp[5']1G
(Epicentre Technologies). Products from in vitro transcrip-
tion reactions were extracted with phenol, precipitated with
ethanol, washed once in 70% (v/v) ethanol, and resus-
pended in RNase-free double-distilled water. For KAT1:
KAB1 co-expression experiments, KAT1 cRNA was dis-
solved at different concentrations. The quality of cRNA
preparations was monitored by electrophoretic size fraction-
ation on agarose gels containing formaldehyde and stained
with ethidium bromide. The cRNA concentration was deter-
mined spectrophotometrically (A,¢,) (Sambrook et al., 1989).
Aliquots (50 nL) of cRNA were microinjected into oocytes
1 d after removal from frogs. Microinjection of cRNA was
undertaken with a manual microdispenser (Drummond Sci-
entific, Broomall, PA) under a stereomicroscope.

Electrophysiology

Voltage clamp methods were used to characterize K"
currents of heterologous ion channel proteins expressed
in X. laevis oocytes. All recordings were made in the two-
electrode, whole-cell configuration using an amplifier
(GeneClamp 500, Axon Instruments, Los Angeles). Voltage
stimuli were generated and currents were recorded with a
Digidata 1200 interface and Micron PC using PClamp 6.02
software (Axon Instruments) for data acquisition and anal-
ysis. Current recordings were filtered at 2 kHz and on-line
P/4 leak subtraction was performed on all recordings as
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described by Bezanilla and Armstrong (1997). Bath solu-
tions were continuously perfused during recordings. When
hyperpolarizing step voltages were applied during current
recordings, the bath solution contained 140 mm KCl, 2 mm
CaCl,-2H,0, and 10 mm HEPES, pH 7.5. When depolariz-
ing step voltages were applied, the bath solution was
changed to 115 mm NaCl, 2.5 mm KCl, 1.8 mm CaCl,2H,0,
1 mm NaHCO;, 1 mm MgCl,-6H,0, and 10 mm HEPES, pH
7.5. For each treatment of each experiment, recordings
were obtained from a minimum of 10 separate oocytes and
repeated in at least two independent experiments. Data in
figures that portray time-dependent currents at a series of
step voltages are from an individual oocyte representative
of recordings from other replicate oocytes.

Immunoblot Analysis

Immunoreactivity of oocyte (water-injected controls and
those injected with KAB1 cRNA) polypeptides with anti-
KAB1 rabbit antiserum was evaluated as described in
detail by Tang et al. (1996). Oocytes were dissolved in
SDS-PAGE sample buffer. Denatured polypeptides were
size-fractionated on SDS-PAGE, transferred to nitrocellu-
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lose membrane, and exposed to anti-KABI1 antiserum (1:
3,000 dilution). Immunoreactive bands were visualized
with horseradish peroxidase secondary antibody (goat
anti-rabbit IgG) conjugate and enhanced chemilumines-
cence detection (ECL, Amersham, Uppsala).

RESULTS AND DISCUSSION

Prior research (Schactman et al., 1992) has demonstrated
that the K* channel a-subunit KAT1 forms voltage-gated,
inward-rectifying K" -selective ion channels in the X. laevis
oocyte heterologous expression system. As shown in Fig-
ure 1, A and E, currents recorded from oocytes injected
with KAT1 cRNA displayed similar channel characteristics
in our studies. K* currents through channels formed by
KAT1 had voltage-activation thresholds at about —100 to
—120 mV, inward rectification, and no voltage-dependent
inactivation. In addition, with a similar bath medium com-
position and cRNA level, currents were of a similar mag-
nitude (at corresponding command potentials) as those
found in previous studies (Schactman et al., 1992; Hoshi,
1995; Ward, 1997).

Figure 1. Analysis of KAB1 co-expression ef-
fects on KAT1 currents. Time-dependent K* cur-
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As mentioned above, prior studies have found the most
pronounced effect K™ channel B-subunits have on the
current parameters of co-expressed animal a-subunits is
the induction of or the increase in the rate of voltage-
dependent inactivation. However, not all animal B-
subunits have been demonstrated to have this effect (Rettig
et al., 1994; Majumder et al., 1995; Morales et al., 1995; Fink
etal.,, 1996). In some cases, co-expression resulted in similar
inactivation rates, but increased currents (Chouinard et al.,
1995; McCormack et al., 1995; Fink et al., 1996). The exper-
iments shown in Figures 1 and 2 were undertaken to eval-
uate the functional interaction between the plant S-subunit
KAB1 and a-subunit KAT1 by examining K" currents in
oocytes expressing the corresponding cRNAs.

A

KAT1 current ( pA )
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1 1 |
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Figure 2. A, Relationship between the amount of KAT1 cRNA in-
jected into oocytes and current amplitude. Means (+sg; n = 13) of
currents recorded at a —160-mV step voltage (—60-mV holding
potential) are shown for oocytes injected with the standard (approx-
imately 10 ng) amount of cRNA and also for oocytes injected with
RNA prepared at either a 10-fold higher concentration (designated as
level 10) or a 10-fold dilution (designated as level 0.1). The standard
level of cRNA (level 1) was chosen because this treatment typically
results in maximal currents of approximately 2 A at a step voltage
of =160 mV. B, Immunoblot analysis of KAB1 protein expressed in
oocytes. Three oocytes were dissolved in SDS-PAGE sample buffer
after injection of either approximately 10 ng (lane 1), approximately
50 ng (lane 2), or no KAB1 cRNA (lane 3, control oocytes injected
with water).
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To determine the effect of KAB1 on the expression level
of KAT1, it was critical to provide KAT1 cRNA to oocytes
at a level that would allow for increased expression of
functional K" channel complexes to be evidenced by in-
creased currrents. For this set of experiments, a “standard”
(i.e. 1X) level of KAT1 cRNA (approximately 10 pg) was
chosen for oocyte injection, which allowed for the induc-
tion of K" currents at a magnitude of approximately 2 uA
(e.g. Figs. 1A and 2A) at a step voltage of —160 mV. As
shown in Figure 2A, at this level of KAT1 cRNA, current
amplitute was proportional to RNA dose. Of course, K"
channel B-subunits would not be expected to form func-
tional channels alone (i.e. without the presence of
a-subunits). Therefore, the expression level of KAB1 pro-
tein in oocytes was monitored immunologically using an
anti-KAB1 antibody. Immunoblot analysis (Fig. 2B) docu-
mented the presence of varying amounts of KAB1 protein
in oocytes injected with different levels of KAB1 cRNA,
indicating that this K* channel subunit is also translated in
the heterologous expression system. No protein immuno-
reactive with anti-KAB1 antibody was present in water-
injected control oocytes (Fig. 2B). Results presented in Fig-
ure 2 indicate that both KAT1 and KAB1 cRNA are
translated in oocytes, and that the altered level of func-
tional KAT1 assembly and insertion into the oocyte plasma
membrane can be monitored as altered level of current.

The effect of KAB1 co-expression on KAT1 currents was
evaluated in the experiments shown in Figure 1. Represen-
tative time-dependent currents recorded from oocytes in-
jected with KAT1 cRNA alone, KAT1 and KAB1 cRNA, and
water-injected controls are shown in Figure 1, A through C,
respectively, as a function of varying command voltage. It
is evident from these recordings that in the presence or
absence of KAB1, inward KAT1 currents show no inacti-
vation during the duration of the recordings. Data in Fig-
ure 1, A and B, portray (for each treatment) current record-
ings from single representative oocytes. Time-dependent
currents were recorded from a total of 13 oocytes injected
with KAT1 cRNA alone and from 13 other oocytes injected
with KAT1 and KAB1 cRNA. As portrayed in Figure 1, A
and B, in no case did inactivation occur in any of the other
oocytes tested (not shown); no quantitative analysis of
KABI1-dependent changes in current inactivation is pre-
sented since none occurred under either treatment.

Some (animal) B-subunits alter K" current activation
kinetics, or conductance profiles at varying command po-
tentials (G/G,,.,) upon co-expression with a-subunits (e.g.
Chouinard et al., 1995). An evaluation of KAB1 effects on
these parameters of KAT1 currents is presented in Figure 1.
As shown in Figure 1E, analysis of G/G,,,, for KAT1 cur-
rents in the presence or absence of KAB1 indicated that
co-expression of KAB1 did not affect relative KAT1 con-
ductance at varying command potentials or voltage thresh-
olds for activation. Chouinard et al. (1995) demonstrated a
shift in the midpoint for activation of a Shaker K" channel
a-subunit upon co-expression with the Hk B-subunit. The
G/Gpax curves for KAT1 in the presence and absence of
KABI are superimposable; KAB1 does not have the same
effect.
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The effects of KAB1 on activation kinetics of KAT1 cur-
rents were also evaluated (Fig. 1F). When time-dependent
KAT1 currents in the presence and absence of KABI are
normalized, the time course for current activation is also
superimposable. The analysis shown in Figure 1F for KAT1
activation in the presence and absence of KAB1 includes
data for one command potential. The half-time for attain-
ment of maximal current (i.e. the 7 for activation) can be
analyzed for currents recorded at a range of step voltages.
Calculated 7 for KAT1 activation in the presence and ab-
sence of KAB1 was essentially identical: 174 and 170 ms,
respectively, at —180 mV; 213 and 210 ms, respectively, at
—160 ms; and 543 and and 540 ms, respectively, at —120
mV. These differences are relatively minor compared with
other studies (e.g. Chouinard et al., 1995).

In contrast to this lack of an effect on current gating
parameters, co-expression with KAB1 did increase the
magnitude of KAT1 currents (Fig. 1D, also compare Fig. 1,
A and B). No inward K" currents were evident in oocytes
injected with KAB1 cRNA alone (Fig. 1D) or in water-
injected control oocytes (Fig. 1C). However, co-expression
of KAB1 with the channel-forming a-subunit KAT1 re-
sulted in an increase (approximately 64%, from a mean of
2.2 to 3.6 pA at —160 mV) in the amplitude of whole-cell
currents recorded from oocytes (Fig. 1D). This effect of
KABI1 on KAT1 current amplitude was of a similar extent
as has been found upon co-expression of some animal K"
channel a- and B-subunits (e.g. Chouinard et al., 1995).

Prior studies examining this effect with animal
B-subunits have found that such increases in K" currents
recorded from oocytes expressing heterologous a- and
B-subunits were attibutable to an increase in the level of
functional K™ channel complexes formed (Fink et al., 1996;
Shi et al., 1996). Direct evidence from these studies has
shown that this effect of K™ channel B-subunits on current
is due to a structural stabilization of the multimeric K*
channel complex formed by a-subunits, resulting in an
increase in the concentration of functional channels formed
in the target membrane, which leads to increased currents.
In no case has the increased current obtained upon co-
expression of a B-subunit been attributed to increased
single-channel conductance. We conclude, therefore, that
the translation product of the Arabidopsis cDNA KAB1
does have a functional interaction with the Arabidopsis K™
channel a-subunit KAT1, and that this interaction results in
increased channel complex stability and/or functional as-
sembly in the plasma membrane of this heterologous ex-
pression system. This finding is consistent with the follow-
ing other studies of KAB1:KAT1 interaction.

KABI has been shown to form a physical association
with KAT1 protein in vitro (Tang et al., 1996). Immunocy-
tological studies have shown that KABI is present in the
plasmalemma of Arabidopsis leaf cells (Fang et al., 1998),
as was KAT1 (Ichida et al., 1997). Expression levels of both
KABI (Tang et al., 1996, in which a KAB1 homolog in fava
bean was monitored) and KAT1 (Nakamura et al., 1995) are
greater in guard cells than that found in the leaf mesophyll.
Finally, a recent study monitoring the conductance param-
eters of a mutated KAT1 construct expressed in transgenic
Arabidopsis plants indicated that in planta, KAT1 may be

present in native membrane systems as the pore-forming
component of K* channel complexes that also contain
other subunits (Ichida et al., 1997). No direct evidence was
presented in that paper; their hypothesis was based on the
observation that native KAT1 currents recorded from
voltage-clamped guard cell protoplasts differed from
KAT1 currents recorded from oocytes. The demonstration
in our study of a functional interaction between KAT1 and
KABI1, when taken in context of these other studies, con-
tinues the development of the hypothesis that in situ, at
least some plant K™ channel complexes may be heteromul-
timers comprised of both a- and B-subunits.

Our evaluation of the functional interaction between
KAT1 and KAB1 suggests that, in situ, KAB1 may function
only to increase the total cell K" current. This effect likely
results from the stabilization of the channel complex by the
B-subunit, leading to an increase in surface expression.
Analysis of the expression pattern of K" channel g-
subunits suggests that this contribution to K" channel
function may be critical in situ. Immunocytochemical stud-
ies document the presence of KAB1 (and KOB1, a KAB1
homolog from rice) in a wide variety of plant organs (Tang
et al., 1996; Fang et al., 1998). KAB1 protein has also been
found to be associated with numerous cell membrane sys-
tems, including the plasmalemma, tonoplast, chloroplast
envelope, and mitochondrial inner membrane (Tang et al.,
1998). Expression of such plant K" channel B-subunits is
increased in tissues and cell types that accumulate K™, and
depletion of K" from specific plant organs is associated
with a loss of B-subunit protein (Tang et al., 1996, 1998;
Fang et al., 1998). This ubiquitous expression pattern of a
plant K™ channel B-subunit that apparently does not act to
modulate channel gating or other aspects of single channel
currents is similar to the situation in animals. Intriguingly,
of the total K* channel B-subunit protein (i.e. including
subunits that modulate gating and those that have only
been shown to increase current) expressed in mammalian
brain, the greatest proportion (>90%) is of the type (like
KAB1) that does not modulate channel gating parameters
(Rhodes et al., 1997).

Despite the demonstration in this report of a functional
interaction between KAB1 and KATI, and the evolving
model of plant K" channels as possibly being composed of
both a- and B-subunits, the molecular basis for putative
inactivation of voltage-gated, inward-rectifying K" chan-
nels in native plant cell membranes remains an unresolved
issue. Not much work has been done to date examing
the inactivation of plant K" channels. In a recent review,
Schroeder et al. (1994) pointed out that K" channels (in
native plant membranes) remain open for many minutes
when voltage clamped at hyperpolarizing potentials. In ad-
dition, the inward-rectifying plant K* channel a-subunits
that have been studied in heterologous expression systems
maintain maximal currents for many minutes (e.g. Fig. 1),
displaying no voltage-dependent inactivation.

Schroeder et al. (1994) suggested that plant K" -selective
channels, in providing a pathway for long-term K" flux
across plant cell membranes, could be expected to lack the
mechanism that typically facilitates voltage-dependent in-
activation of animal K" channels. The few studies pub-
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lished to date generally support this model of plant K*
channel function without a mechanism corresponding to
that which induces voltage-dependent inactivation in ani-
mal K" channels. Native plant K* channels facilitating
inward currents have been shown to have inactivation time
constants that are independent of voltage (Schroeder et al.,
1984; White and Tester, 1992), indicating the lack of a
voltage-dependent inactivation mechanism. However,
there are some reports (Kolb et al., 1987; Schauf and Wil-
son, 1987; G. Findlay, personal communication) demon-
strating a significant voltage dependence of the time con-
stant for inactivation of K" currents across native plant
membranes. The possibility exists that future studies at the
molecular level, and the expression analysis of cDNAs
encoding K" -selective channels will reveal the presence in
plants of a voltage-dependent inactivation mechanism sim-
ilar to those characterized for animal systems.

Current models of structure:function aspects of animal
K™ channel inactivation (e.g. Jan and Jan, 1994) portray the
most predominant means of voltage-dependent inactiva-
tion as occurring via the N-terminal ball and chain mech-
anism. A portion of the protein on the inner portion of the
channel complex (the “ball”) can move freely (i.e. “teth-
ered” to the rest of the protein by the “chain”) and can
physically occlude the inner portion of the channel pore,
thus facilitating inactivation of ion currents. The animal K*
channel complex is formed by four a- and four B-subunits
(Dolly et al., 1994). Experimental evidence supporting this
inactivation model indicates that the ball and chain portion
of the channel complex can be formed by the N terminus of
either a single a- or B-subunit.

Native animal K™ channel complexes can be formed by
different members of a- and B-subunit families (Jan and
Jan, 1994; Xu et al., 1995). Thus, a remarkable diversity in
K" channel function, including inactivation parameters
(Xu and Li, 1997), can be generated by the formation of
functional channel complexes that include different o- and
B-subunits. Some animal K" channel a- and B-subunit
polypeptides are known to have N-terminal regions that
form the ball and chain structure, while others do not. The
presence of either an a- or a B-subunit in a K* channel that
contains the N-terminal ball and chain appears to be suf-
ficient to facilitate voltage-dependent inactivation. Co-
expression in oocytes of different a- and B-subunits (i.e.
one a- or B-polypeptide that can facilitate ball and chain
inactivation with other subunits lacking the inactivation
mechanism) has been shown to generate heteromeric chan-
nels that do inactivate, despite containing subunits that
would not form channels with inactivating currents if they
were expressed alone and formed homomeric channels
(Isacoff et al., 1990; Ruppersberg et al., 1990; Xu and Li,
1997).

The plant K* channel a- and B-subunits cloned to date,
including KAT1 and KAB1 used in the studies reported
here, all have short (relative to some animal homologs that
contain N-terminal ball and chain segments) N termini.
Thus, it is not known whether any plant K" channel sub-
unit can assemble with other subunits to form channels
with inactivating currents. We undertook the series of ex-
periments shown in Figures 3 and 4 to address this hypoth-
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Figure 3. Time-dependent K* currents recorded from oocytes in-
jected with cRNA generated from various KAT1 constructs. In this
experiment, the holding potential was —40 mV, and currents were
recorded at step voltages ranging from —60 to —180 mV in 20-mV
increments on oocytes injected with (10 ng) KATT (A), KAT14'28 (B),
or NAB-KAT147-28 (C) cRNA. In all cases, currents were recorded
from a minimum of 10 oocytes and, for a given treatment, reproduc-
ible results were obtained from at least two independent experiments
(i.e. two batches of oocytes). Currents shown are representative of all
recordings for a particular treatment.

esis. The cDNA encoding the plant a-subunit KAT1 was
modified so that it could form heteromeric channels with
animal a-subunits. In addition to (in some cases) the ball
and chain structure, the N termini of animal K* channel
a-subunits such as hKv1.4 are known to contain a region,
referred to as the NAB domain, which facilitates «a-a-
subunit assembly (Li et al., 1992; Xu et al., 1995).

The N-terminal 28 amino acids (i.e. a portion of the
polypeptide N-terminal to S1, the first membrane-spanning
region) were deleted from the KAT1 sequence. As shown in
Figure 3, this did not prevent functional expression in
oocytes or substantially alter the kinetics, voltage depen-
dence, or amplitude of currents formed by the mutated
KAT1 a-subunit when expressed in oocytes. The NAB por-
tion of the human a-subunit hKv1l.4 was added to the
KAT14"2® construct. The chimeric NAB-KAT14'2® con-
struct, upon expression in oocytes, also formed functional
channels with current parameters similar to the inward-
rectifying, non-inactivating currents formed by native
KAT1 (Fig. 3). However, co-expression of the chimeric
NAB-KAT1'?® with native hKv1.4 generated a popula-
tion of functional channels with highly unique current
parameters.

A comparison of oocyte currents generated from expres-
sion of various constructs of hKv1.4 and KAT1 is shown in
Figure 4. Homomeric channels formed by hKv1.4 display
outward-rectifying, fast-inactivating K" currents (Fig. 4A).
Hyperpolarizing voltage steps did not result in inward
currents when hKvl.4 was expressed alone (data not
shown, also see Philipson et al., 1991). Co-expression of
hKv1.4 with the deletion mutant KAT1*'"*® apparently
resulted only in the formation of homomeric channels
formed by self-assembly of each of the a-subunits. The
fast-inactivating outward currents induced at depolarizing
voltages (Fig. 4C) are similar to those found when hKv1.4
was expressed alone (Fig. 4A). Hyperpolarizing step volt-
ages induced non-inactivating inward currents in oocytes
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Figure 4. Time-dependent K* currents recorded from oocytes in-
jected with hKv1.4 (10 ng) and/or various constructs of KAT1 cRNA
(10 ng). Treatments (i.e. cRNA) were as follows: hKvi.4 (A),
KAT14128 (B), hKv1.4 and KAT14'"28 (C and D), and hKv1.4 and
NAB-KAT14'28 (E and F). For A, C, and E, the voltage-clamp proto-
col generated outward currents, the holding potential was —70 mV,
and the step voltage was varied between —80 and +40 mV in 20-mV
increments. For B, D, and F, the voltage-clamp protocol generated
inward currents, the holding potential was —40 mV, and the step
voltage was varied between —60 and —180 mV in 20-mV incre-
ments. In all cases, currents were recorded from a minimum of 10
oocytes and, for a given treatment, reproducible results were ob-
tained from at least two independent experiments (i.e. two batches of
oocytes). Curents shown are representative of all recordings for a
particular treatment.

expressing both constructs (Fig. 4D) that were similar to
currents induced upon expression of KAT14"?® alone
(Fig. 4B).

Currents recorded from oocytes co-injected with KAT1
mutated to contain the N-terminal NAB domain, which
facilitates a-a-subunit assembly, along with the human
outward-rectifier hKv1.4, displayed unique properties. At
depolarizing step voltages, the outward currents recorded
from these oocytes were again fast-inactivating (Fig. 4E).
However, hyperpolarizing step voltages resulted in “hy-
brid” currents (Fig. 4F) that displayed characteristics con-
sistent with the assembly of mutated plant a-subunit NAB-
KAT14'"?® with at least one animal a-subunit hKv1.4 to
form heteromeric channel complexes. The inward currents
shown in Figure 4F could only have occurred through

channel complexes with the mutated KAT1 subunit
present. hKv1.4 is an outward rectifier (Philipson et al.,
1991); homomeric channels formed by just hKv1.4 subunits
would not display such inward currents.

The current amplitude displayed by oocytes expressing
these hybrid channels is substantially greater than that
which occurs in oocytes expressing either a-subunit alone
(Fig. 4); we do not know why this occurs, but speculate that
the hybrid channel’s single channel conductance may be
greater. The fast inactivation of these inward currents
could only occur if the N-terminal ball of a hKv1.4 subunit
was occluding the inner pore of the hybrid channel com-
plex. Thus, the results shown in Figure 4F indicate that
inward currents through a K* channel formed (at least in
part) by KAT1 a-subunits can undergo N-type ball and
chain inactivation, but the physical mechanism facilitating
this inactivation is not present when channel complexes are
formed by KAT1 alone or, presumably, by KAT1 and KAB1.

The studies shown in Figures 3 and 4 were undertaken so
as to provide an experimental context to evaluate the po-
tential for N-terminal inactivation of currents through K*
channel complexes that contain KAT1 as a structural com-
ponent. However, these results also provide a new under-
standing of structural components of K" channel
a-subunits that contribute to channel assembly. Appar-
ently, the N terminus (amino acids 1-28) of KAT1 is not
required for either assembly or function. The NAB domain
found in animal channels (but not present in native plant
K™ channel a-subunits cloned to date) is sufficient for
chimeric assembly of animal and plant a-subunits, as well
as for the co-assembly of subunits of inward- and outward-
rectifying channels.

In this study, a functional interaction was demonstrated
between the plant (Arabidopsis) K" channel a-subunit
KAT1 and B-subunit KABI1. Results suggest that co-
assembly of KAB1 with KAT1 does not alter the gating
kinetics of the multimeric channel complex. Rather, the
presence of the B-subunit may enhance stability and there-
fore surface expression of channels formed by the
a-subunit. Compared with studies of animal systems, rel-
atively few K* channel cDNAs have currently been cloned
from plants, and none can be deduced to contain a func-
tional domain corresponding to that which facilitates N-type
inactivation of K* channels native to animal membranes.

We cannot know from the published literature if
a-subunits such as KAT1 are present in native plant mem-
branes as part of a multimeric K* channel complex con-
taining either a- or B-subunits capable of facilitating
N-type inactivation. However, the functional expression
studies reported here demonstrating voltage-dependent in-
activation of currents through multimeric channels con-
taining KAT1 and hKv1.4 raise the possibility that plant
a-subunits could form channels that undergo this type of
gating behavior if any of the subunits forming the channel
contributed the correct functional domain.

The recent work of Xu and Li (1997) raises an intriguing
point regarding the functional analysis of the KAB1 and
KAT1 interaction and putative N-type inactivation of
KATI. That study demonstrated that an animal K™ channel
B-subunit (KvB2) that lacked the N-terminal ball (i.e. as is
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the case with KAB1) did play an important role in the
gating behavior of native K channel complexes. They
concluded that some animal a-subunits are present in situ
in heteromeric K" channel complexes containing both
KvB1l (which does have the N-terminal inactivation do-
main) and KvB2. The presence of Kv32 in the native chan-
nel complex is functionally significant because the [B2-
subunit prevents the channel from being inactivated by the
ball domain of the B1-subunit. KABI1 could serve the same
function in native plant K" channel complexes.
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