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Abstract A degenerate oligonucleotide corresponding to the K*
channel signature sequence (TMTTVGYGD) was used to isolate
the genomic and cDNA forms of a new channel gene, A K T3, from
Arabidopsis thaliana. The deduced protein sequence has a pre-
dicted membrane topography similar to Shaker-like K* channels.
Three distinct modules comprise the carboxyl-terminal half: a
nucleotide-binding motif, an ankyrin repeat domain, and a poly-
glutamate track. Xenopus oocytes injected with cRNA exhibited
an inward-rectifying K* current, demonstrating that the AKT3
polypeptide is a functional transport protein. Two other Arabi-
dopsis K* transporters (AKT1 and KAT1) share 60% homology
with AKT3; together these proteins constitute a family of plant
inward-rectifying K* channels.
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cDNA clone; Xenopus oocyte expression

1. Introduction

Potassium ion channels are essential transport proteins in the
plasma membrane of plant cells, mediating the flux of K* in
diverse physiological settings [1,2]. One well studied example is
provided by the K" channels that are activated during turgor-
induced changes in cell shape. The vectorial transport of K*,
accompanied by anion flux, causes large shifts in cytoplasmic
osmolarity and ultimately water movement. The resulting alter-
ations in cell size allow guard cells to regulate gas exchange
during photosynthesis [3], and underlie leaf movements associ-
ated with circadian rhythms, solar tracking, and the thigmonas-
tic response of insectivorous plants [4]. K channels also serve
a nutritive function by mediating K* entry in high potassium
environments, and have been identified with the low-affinity K*
uptake pathway initially described by Epstein and coworkers
[5]. Finally, K* channels help maintain membrane potential in
circumstances where the plasmalemma conductance exceeds
the pumping capacity of the proton ATPase. Situations of this
sort are numerous and include routine transport events such as
the uptake of sugars and amino acids [6,7], or specialized phe-
nomena like the cellular stress response(s) evoked by severe
growth environments [8] or pathogenic attack [9].

It seems likely that several types of K* channel must coexist
to accommodate these diverse functions. Indeed, electrophysi-
ological recordings of plant protoplasts have identified a vari-
ety of voltage-dependent K* channels (inward- and outward-
rectifiers), as well as voltage-dependent, nonselective cation
channels that permit K* flux [1,2]. In some species, multiple
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forms are present. For example, corn suspension cells possess
both voltage-dependent and Ca®*- and voltage-dependent K*
channels that contribute to the outward-rectifying K* current
observed during whole-cell recording [10]. Similarly, in wheat
root protoplasts, there are two kinetically distinct inward-recti-
fying K" currents, both activated by membrane hyperpolariza-
tion [11]}. In other situations K channel activity is modulated
by changes in secondary factors such as cytosolic Ca** [12,13],
intracellular and extracellular pH [14], or trimeric G-proteins
[15].

In order to understand at the molecular level how different
K" channels contribute to the various physiological responses
observed in plant cells, it is necessary to begin by determining
the primary structure of the channel proteins. Data from both
electrophysiological and pharmacological experiments have
suggested that plant K* channels share structural features with
voltage-dependent K* channels characterized in animals [1].
Thus, the cloning strategy we employed was to design degener-
ate oligonucleotides to conserved regions of known K* channel
genes and then use these probes to identify similar sequences
from plant genomic DNA.

Starting with a nucleotide probe corresponding to the highly
conserved sequence TMTTVGYGD from the HS5 region (or
P-region) of voltage-dependent K* channels [16] we have
cloned the genomic and cDNA forms of a new ion channel
gene, AKT3, from Arabidopsis thaliana. The AKT3 protein has
a predicted membrane topography similar to Shaker-like K*
channels with a long carboxyl-terminal extension that contains
a nucleotide-binding domain, four ankyrin repeats and a poly-
glutamate track. Sequence alignments reveal that 4AKT3 be-
longs to a multigene family of inward-rectifying K* channels
that includes the Arabidopsis KATI and AKTI genes, previ-
ously isolated by genetic complementation of K™ transport mu-
tants in yeast [17,18]. However, the percentage of amino acid
identity among these three proteins is quite low, suggesting that
each channel has a distinct physiological role in plasma mem-
brane K* transport.

2. Materials and methods

2.1. Library screening

An Arabidopsis thaliana genomic library was screened with a degen-
erate oligonucleotide made to the conserved K* channel sequence,
TMTTVGYGD. The oligonucleotide corresponded to the noncoding
strand with a 5" to 3’ sequence of TCI CC(A/G) TAI CC(A/C/G) AC(N)
GT(N) GTC AT(N) GT where I, is deoxyinosine and N denotes all four
biological deoxynucleotides. The Lambda Dash II library (Stratagene
Cloning Systems, La Jolla, CA; generously supplied by Dr. A. Cheung,
Department of Biology, Yale University), with an average insert size
of 15 kb, was plated by standard methods and 3.8 x 10° plaque forming
units, five times the Arabidopsis genome, were screened in the initial
round. Preparation of nitrocellulose filters and synthesis of the **P-end-
labelled oligonucleotide probe were performed as described in Sam-
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brook et al. [19]. Filters were hybridized at 40°C for 16 hours and then
washed at room temperature in 2 x SSPE, 0.1% SDS for a total ol 30
minutes. Positive plaques were picked and rescreened until each isolate
was purified.

2.2. Cloning of the genomic sequence and isolation of the corresponding
cDNA

Plate lysates of each library isolate were prepared and bacteriophage
particles were purified by differential centrifugation. DNA was subse-
quently liberated by extraction with phenol. We used the ‘alternative
methods for purification of bacteriophage A’ [19] without the addition
of SDS and with a final precipitation of the phage DNA by sodium
acetate (0.2 M) and ethanol.

Genomic DNA inserts were analyzed by Southern blots to identify
the TMTTVGYGD binding region. End-labelled oligonucleotide
probes and hybridization conditions were the same as described tor
library screening. The TMTTVGYGD binding region was subcloned
into pBluescript (Stratagene Cloning Systems) and sequenced on both
strands (Sequenase DNA Sequencing Kit, United States Biochemical,
Cleveland, OH). Overlapping clones were later isolated. extending the
genomic sequence to the 5 Xbeal site and the 3" Ssf site.

cDNA clones were isolated by the polymerase chain reaction (PCR,
{19)) from a pooled plasmid sample of an Arabidopsis leaf cDNA library
(kindly provided by Dr. R. Meagher, Department of Genetics. Univer-
sity of Georgia). Four separate amplification products (amplicons)
were obtained which spanned the following regions: exons 1 to 2 (nucle-
otides 1 to 460, numbers correspond to the genomic sequence shown
in Fig. 2), exons 2 through 7 (nucleotides 405 to 2252), exons S to 9
(nucleotides 1214 to 2716), and exons 7 through 10 (nucleotides 2048
to 3400). Primers for the N- and C-terminal fragments contained addi-
tional nucleotides to generate restriction sites, PstI-Sucl prior to the
N-terminus and Spel-Mscl following the C-terminus, for subsequent
cloning into expression vectors. Each amplicon was sequenced on both
strands and then the four fragments were assembled at the Hincll (exon
2), Bglll (exon 5), and Xbal (exon 8) sites. The complete cDNA was
resequenced to confirm that mutations had not been created during the
ligation procedure. One nucleotide difference exists between the
genomic sequence and cDNA clone used for expression studies, posi-
tion 2758, where an A to T substitution is present at the wobble position
for proline 620. Additional PCR reactions determined that the A—T
change developed during DNA amplification and was not due to a
genetic polymorphism.

The transcriptional start site was identified by a 5° RACE (Gibco-
BRL, Gaithersburg, MD) from total Arabidopsis RNA, isolated with
TRIzol (Gibco-BRL), using gene-specific primers complementary to
nucleotides 444-460 (5 CAA GAC AAT GTC AAC CG 3’, GSPI) and
120-145 (5 CTG GTT ATA GCT AGC AAC ACC AAG TG 3,
GSP2). The polyadenylation site was located in a final amplicon that
was obtained by running a PCR reaction from the 19mer starting at
nucleotide 3295 in exon 10 (5 AAG TGA GAC GAT GGT GAC G
3) to a second primer (5" TCA CTA TAG GGC GAA TTG GG 3)
situated within the polycloning site of the library vector (pcDNA 1.
Invitrogen corporation, San Diego, CA).

General molecular biology reagents were obtained from New Eng-
land Biolabs, Inc. (Beverly, MA) and Boehringer Mannheim Corpora-
tion (Indianapolis, IN). Nitrocellulose and nylon filters for library
screening and Southern blots were purchased from Schileicher & Schuell
(Keene, NH). PCR reagents, Amplitaq and Taq polymerase were pur-
chased from Perkin Elmer (Norwalk, CT). Amplification products were
initially cloned with the TA Cloning Kit (Invitrogen Corporation).
Analyses of DNA and protein sequences were performed with the GCG
software package (Genetics Computer Group, Inc. Madison, WI) avail-
able through the Yale Biomedical Computing Unit. Calculation of
percent sequence identity was done with the GAP program using a
value of zero for both the gap creation penalty and the gap extension
penalty.

2.3. Oocyte expression

The complete AKT3 cDNA was excised at the Sacl and Spel restric-
tion sites and subcloned into pGEM-A, which has a polyadenylate
track downstream of the multiple cloning site [20]. This construct was
subsequently linearized at a Notl site 3’ of the poly(A) sequence, and
cRNA was synthesized from the T7 promoter using the mMessage
mMachine transcription kit (Ambion Inc., Austin, TX). Standard
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Fig. 1. Restriction enzyme map of the AKT3 genomic clone and loca-
tion of exons in the mature message. Abbreviations for restrictions
enzymes are as follows: B, BamHI; E, EcoRI; H, HindIll; S, Sstl; X,
Xbal. The full-length cDNA has ten exons (open boxes) with short
untranslated regions at both the N- and C-terminus (filled boxes). The
oligonucleotide probe, corresponding to the TMTTVGYGD peptide
sequence, hybridized with the 2.7 kb EcoRI fragment and mapped to
exon 5.

methods for oocyte isolation (Xenopus laevis) and cRNA injection were
used (recently reviewed by Goldin [21]). Typically, 50 ng of cRNA were
injected per oocyte and recordings were made 3-8 days after injection.
Two-microelectrode voltage-clamp recordings were obtained with the
OC-725 voltage-clamp (Warner Instrument Co., New Haven, CT).
Data were acquired with the Pulse software program (HEKA el-
ektronik GmbH, Lambrecht, Germany), and analyses and figure prep-
aration were done using Igor Pro (WaveMetrics, Inc., Lake Oswego,
OR).

3. Results and discussion

Forty-eight positive plaques were selected from the initial
library screen. When these isolates were purified and inserts
compared by restriction enzyme digests and Southern hybridi-
zation to the TMTTVGYGD oligonucleotide, thirteen dis-
played a common 2.7 kb EcoRI fragment that bound the K*
channel probe. One isolate from this group, PCATI14, was
selected for further subcloning and sequencing of the channel
gene, which has been designated AKT3.

3.1. Genomic organization of the AKT3 gene

The AKT3 gene is contained within a 4.1 kb fragment delin-
eated by Xbal and SsI sites at the 5 and 3’ ends, respectively
(Fig. 1). Ten exons contribute to the mature message which
begins at cytosine, position +1 (Fig. 2), and extends for 2.4 kb.
The poly(A) tail is appended to nucleotide 3419. Several inter-
esting regulatory elements are present in the 5° untranslated
region. Thirty-three nucleotides prior to the transcriptional
start site is a putative TATA box for the binding of transcrip-
tion factor TFIID. Further upstream at —197 to —201 is the
enhancer sequence CCAAT. Along with these common eukar-
yotic promoter motifs are two additional 5’ elements that may
contribute to 4KT3 gene expression. The first is the tetramer
ACGT, —157 to —160, which constitutes the core sequence
recognized by several plant basic/leucine zipper (bZIP) DNA-
binding proteins; trans-acting factors in this group frequently
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Fig. 2. Complete nucleotide sequence of the 4AKT3 gene and deduced amino acid sequence from the corresponding cDNA clone. Numerical
designations were made in reference to the transcriptional start site (cytosine at +1) for the nucleotide sequence, and the N-terminal methionine (/)
for the animo acid sequence. Promoter elements in the 5 untranslated region include a TATA box (=30 to —33), a CCAAT box (=197 to —201),
the ACGT binding-sequence for basic/leucine- zipper transcription factors (=156 to —159), and the GATA light-responsive element (—384 to —387).
Putative membrane spanning segments are underlined and charged residues at the border are highlighted with circles (acidic groups) or squares (basic
residues). Positively charged amino acids in the fourth membrane spanning segment are also designated. Consensus sites for N-linked glycosylation
are shown with a dotted underline. The nucleotide-binding domain is marked by a dashed overbar (amino acids 387 to 509). Each ankyrin repeat
is enclosed by a shaded box (consensus sequence -G-TPLH-AA--GH---(V/ A)--LL--GA--(N/D)----, [33]). The poly(A) tail followed adenine 3419.

mediate the transcription of genes regulated by environmental
or hormonal stimuli [22]. The second motif is the light-respon-
sive element GATA (—384 to —387). This sequence regulates
transcription of both rbeS (small subunit of ribulose-1,5-bis-
phosphate carboxylase) and Cab (chlorophyll a/b binding pro-
tein) and is present in the promoter region of many genes
essential for photosynthesis [23].

There are nine introns in the 4 K73 genomic sequence, rang-
ing in size from 79 to 256 bp (Table I). The GT and AG
dinucleotide pairs at the intron boundaries are, as expected,
invariant. Among the other nucleotides that comprise the 5’
splice junction the G at —1 and the A at +4 are most often
conserved, with 7 out of 9 splice sites matching the Arabidopsis
consensus [24]. By contrast, the 3" splice junction exhibits more
degeneracy with several nucleotides accepted at the upstream
positions.

Genomic Southern blots probed with the 2.7 kb EcoRI frag-
ment of the AKT3 gene showed one major band in both Arabi-
dopsis and Nicotiana (Fig. 3). Two minor bands were also
evident in these digests, indicating the presence of additional,
closely related sequences. At this stringency we did not observe
cross-hybridization of the Arabidopsis probe with DNA from
Zea mays, perhaps because of the tendency for noncoding re-
gions to diverge rapidly and the evolutionary distance between
dicotyledonous and monocotyledonous plants.

3.2. Structural features of the AKT3 ion channel

The predicted protein sequence of the AKT3 gene contains
787 amino acids with a calculated molecular mass of 89,598
Daltons. There are six potential sites for N-linked glycosylation
(Fig. 2), located at residues 27, 86, 164, 239, 296, and 488, and
several consensus sites for protein phosphorylation by CaM
kinase I (RXXS or RXXT) and protein kinase C (KXS/T or
RXS/T).

Hydropathy analysis identifies 8 regions with distinct hydro-
phobic character, denoted as peaks with positive values for the
free energy of transfer into water (Fig. 4). Five of these seg-
ments (labelled Si, S2, S3, S5, and S6) exceed the threshold
value of 20 kcal/mol which correlates with stable insertion of
a peptide into the lipid bilayer [25]. Each potential transmem-
brane segment, as illustrated in Fig. 2, has at least one bound-
ary defined by a charged residue which may help position the
peptide as part of a stop transfer sequence. The first and last
peaks are significantly less hydrophobic with values of 10.3 and
15.4 kcal/mol, respectively, making it unlikely that these regions
are anchored in the membrane. The final hydrophobic region,
between SS and S6 (GES value of 19.3 kcal/mol), aligns with
the first half of the K" channel signature sequence
TMTTVGYGD (amino acids 259-267). Following S3 is a seg-
ment with several positively charged animo acids organized in
a fashion similar to the S4 region of other voltage-dependent
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ion channels. The consensus repeat, R/IK, X, X, observed in
those proteins is represented here by R, F, W, R, L, R, R, V,
K (residues 174 to 182). Taken together, these data suggest that
AKT3 has a membrane topography similar to Shaker-like K*
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Fig. 3. Southern blot of genomic DNA from Arabidopsis, Nicotiana,
and Zea probed with the A KT3 genomic clone. Restriction enzymes are
abbreviated as follows: E, EcoRI; B, BamHI; and H, HindIII. Each lane
was loaded with 5 ug of DNA. The 2.7 kb EcoRI fragment from the
AKT3 genomic clone was used to prepare a random prime-labelled
probe and hybridization was done in 0.5 M NaHPO,, 7% SDS, 1%
BSA, 1 mM EDTA, pH 7.2 at 60°C. One major band was labelled in
both Arabidopsis 1anes at the expected size, 2.7 and 3.0 kb for the EcoR1
and BamHI digests, respectively. Two additional bands, that hybridized
weakly, were also observed (6.5 and 9.4 kb, EcoRI; 4.0 and 6.6 kb,
BamHI). In Nicotiana, a major band at 3.3 kb cross-reacted with the
Arabidopsis probe, and several weaker bands were found in the region
between 4.4 and 7.0 kb. At this stringency, no cross-hybridization was
observed with Zeu DNA.

-

channels [16] with six membrane spanning segments and an ion
translocating pore positioned between the last pair of helices.

The hydropathy plot also highlights two strongly hydrophilic
areas at the N- and C-terminal ends of the AKT3 protein (Fig.
4). Near the C-terminus, the stretch from amino acids 690 to
731 is particularly interesting because it contains a prominent
polyglutamate track, which may serve as a binding site for
positively charged ions or may facilitate protein-protein inter-
actions.

Two additional protein motifs are evident in AKT3. The first
is the remnant of a cyclic nucleotide-binding domain (amino
acid residues 387 to 509) which is positioned after the ion
channel core. Equivalent motifs are present in cyclic nucleotide-
gated channels and members of the eag K* channel family
[26,27]. The parallel organization of these proteins implies that
the plant 4K73 gene shares an evolutionary ancestor with these
two channel subtypes found in invertebrates and mammals. In
spite of the distinct relatedness of the sequences, however, it is
not clear that the cyclic nucleotide-binding domain of AKT3
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Fig. 4. Hydropathy plot of the predicted protein sequence from the AKT3 cDNA. Average free energy of transfer to water calculated per amino acid
using the algorithm of Engelman, Steitz and Goldman [25] with a window of 20 amino acids. Positive values indicate hydrophobic segments and
negative numbers signify hydrophilic regions. Peaks which exceed the threshold value of 20 kcal/mol (greater than +1), required for stable insertion
into the lipid bilayer, are labelled S1, S2, $3, S5, and S6 to denote potential membrane spanning segments.



K A. Ketchum, C.W. Slayman/ FEBS Letters 378 (1996) 19-26

23

CAP sksTi :Hgm '
B OLF PQ SPGDYI CKKEDIGREM WI
D Eag msHsarepLf] 'H‘w cFi
AKT3 AEYIfgPrEDV EMENRAPDDY [Tifk
CAMP BS .......... .......... S - T
68 132
CAP EE........ i EiE-v2ell vilirronilv EEETEMRLSA o VTS EK
B OLF NIKGSK...M B IG!SDLFC KDDLMEALTE YRBAKRMLEE KGKQIfMKDG LLD
D Eag QFWKDS...A ARV va:.DF ¥SAFANSFAR NLVLTYNLRH RLIFR
AKT3 CCRPQSYTFQ SFLIETMQ I ..... Bo BarMknr. . . LoHEKKLSN LDIfD
CAMP BS .......... e e e e .RL.VTS .....

Fig. 5. Alignment of residues 387-509 from the 4K73 protein sequence with the cyclic nucleotide-binding domains of CAP, E. coli catabolite gene
activator protein; B OLF, bovine olfactory cyclic nucleotide-gated channel; and D Eag, Drosophila Eag K* channel. Amino acids listed in the cAMP
BS sequence are residues highly conserved in cyclic nucleotide-binding motifs (boldface) and amino acids in contact with cAMP in the crystal structure
of CAP [28]. Residues in the ion channels that are identical to the CAP sequence are boxed in black, amino acids identical to the binding site of the

B OLF channel are boxed in grey.

is actually functional, since several of the amino acids which
would form contact points with the phosphate of the cyclic
nucleotide (defined from the crystal structure of the E. coli
catabolite gene activator protein, CAP, reviewed in Kumar and
Weber [28]) are altered in the plant gene (Fig. 5). In contrast,
these same residues are well conserved in channels where cyclic
nucleotides have a clear physiological effect [26,28]. It is inter-
esting to note that many of the residues which are common to
AKT3 and CAP would be in the proximity of the ribose or the
adenine ring, perhaps allowing the AKT3 site to interact with
other nucleotides. Single-channel recordings of excised patches
from Arabidopsis mesophyll cells have in fact demonstrated
that cytosolic ATP enhances K* channel activity [29]; further
work will be required to determine whether the modified cyclic
nucleotide domain in AKT3 can serve this alternative purpose.

Following the nucleotide-binding motif is a series of 4

Table |
Exon-intron splice junctions of the AK73 gene
5 K} Intron
splice junction splice junction Size
1 CAG: GTACCA  AAATG GTTGA TICAG: G 115
2 GAG: GTCAGT  AATAT CTCAT TAAAG: G 256
3 TAG: GTACAC  TTGGT GTTGT TTTAG: G 82
4 TCA: GIGAGT TTGAG TGTTT TACAG: G 91
S TTT: GTGAGT GTTGT GGTGG TGCAG: A 90
6 CTG: GTGAGT  GGTTT TGGTG ATTAG: G 79
7 TTG: GTAACG  ATATT CATGT TTCAG: C 93
8 GAG: GTAAAC  ATCAT AATCT TGCAG: A 84
9 CAG: GTAAAG  TGTGC TARAA AACAG: G 106
CAG: GTAAGT  TTITT TTTTT TGCAG: G
A P PPPP (P= A/G)

Nucleotide sequence of the 5" and 3’ boundaries of each intron are listed
with the intron size. The Arabidopsis consensus sequence [24] is noted
in bold type.

ankyrin repeats (Fig. 2), encompassing residues 558 to 590, 591
to 622, 623 to 654, and 655 to 687 [30]. In this aspect AKT3 is
structurally more similar to AKT1 than to KAT1 (Fig. 6, dis-
cussed below). These repeats may facilitate binding to cytoskel-
etal proteins allowing AKT3 to assume a specific address at the
plasma membrane surface. Alternatively, the ankyrin domain
may promote other types of protein-protein interaction, possi-
bly with AKTI1, other K* channel subunits, or cytosolic regula-
tory factors. It is important to bear in mind that the ankyrin
repeats of AKT1 and AKT3, although similar in sequence and
position, may not be functionally equivalent. Studies of eryth-
rocyte and brain ankyrin have demonstrated that the binding
affinities of these two proteins for the erythrocyte anion ex-
changer are not commensurate even though they share 67%
sequence identity [31]. In AKT1 and AKT3, the ankyrin repeats
exhibit only 36% identity.

An alignment of the AKT3 protein with the other Arabidop-
sis K* channels shows a reasonably high degree of amino acid
conservation in the N-terminal half (Fig. 6), particularly in the
regions that contribute to the ion channel core and the nucleo-
tide-binding fold. Overall the three sequences share approxi-
mately 60% identity (pair wise comparisons have values of
58.5%, AKT3 vs. AKT1; 57.5%, AKT3 vs. KAT1; and 62.8%,
AKT1 vs. KATI1). These are quite similar to the values ob-
tained when the same algorithm is used to compare Drosophila
Shaker and Shab (58.3% identity) or rat Kv1.2 and Kv3.1 (57%
identity) (reviewed in [16]). In contrast, more closely related
proteins like rat Kvl.2 and Kvl1.4 (80% identity) [16] or
isoforms of the Arabidopsis H* ATPase (AHA1 and AHA?2,
95% identity; AHA1 and AHA3, 89% identity) [32], have con-
siderably fewer amino acid differences. Hence, we consider it
unlikely that the three Arabidopsis K channels, although
clearly members of a gene family, are functionally equivalent.
It seems plausible that the carboxyl-terminus, where amino acid
differences are more conspicuous (the percent sequence identity
of the region C-terminal to the nucleotide-binding domain
drops to 49.6%, AKT3 vs. AKT1; 48.2%, AKT3 vs. KAT1; and
52.0%, AKT1 vs. KAT1), may be particularly important in
defining the function of each ion channel.
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KAT 1 I Y GIDIFHEND N

AKT 3 I FNLGLTAY

AKT 1

KAT1

AKT 3 KA.

AKT 1

KAT 1

AKT 3 EVEITDSEM ERESVLGTLR T .

AKT 1 ADLVDVDT GTESIVREVK AEDIT #51 MNRTTFLNII

KAT I VDFTVYVD GHDQFQGKAV T ISRTSLMSAM
482 551

AKT 3 QIKOQENATM LOHHKK LSNLDIGDLK AQONGENTDV VPPNIASNLI AVVTTGNAAL LDELLKAKLS

AKT 1 QANVG|EGTIT LOHLKE MNDPVMINVL LEIENMLAR. GKMDLPLNLC FAATREDDLI, LHQLLKRGLD

KAT1 BGRVT 131 10 PN R. GQOSIATD. . .« cverieeun eoinennnn D
552 621

AKT 3 PDITDSKGKT PLHVAASRGY EDCVLVLLKH GCNIHIRDVN [ENSALWEATT SKHYEIFRIL YHFAATSDPH

AKT 1 PNESDNNGRT PLHIAASKGT LNCVLLLLEY HADPNCRDAE [€SVPLWEAMV EGHEKVVKVL LEHGSTIDAG

KAT1 SNTSGHENRD - v et iee i eeeeeeae e FKSM SRK DG.vvvenns neeennnnnns
622 690

AKT 3 IAGDLLCEAA KONNVEVMKA LILK mim' EDHHGVTND Vv . TNGA DVVCVNTHNE

AKT 1 DVGHFACTAA EQGNLKLLKE ~TR PRRTGTS TEVCEENT .EQGA DVNKQDMHGW

KATI . e .Y[EIDJTN P..TSDT DRI KK KI ERAKVERSSS
691 732

AKT 3 FTPLEKLRVV EEEEE. . ... «v'uru.n.- .EERGRVSEY RGH....... PLERRERSCN EAGKL. . ...

AKRT 1 . . TPRDLAEQ REKLHERRVH IETSSSVPML KTGIRFLGRF TSEPNIRPAS REVSFRIRET

KAT 1 ETAGRSYAND SSKED. .. .. «vveenenen.- PYCSSSNQNI KPCKREEKRV TI..HMMSES KNGKL.....

776

AKT3 . ......... L. .DD@KKI AG FDGS ETMVINEDGA E TENIR. ........ DN

AKT 1 RARRKTNNFD KNGWATYV DEGRTE .NPV RVTISCAEKD D 111, EFQGVARIGF

KATI  .......... I..EEMWILRL AS .GCN FTKITNADNA EMDDLDEIW. ........ DG
777

AKT 3 DKLYFVVNKI I........

AKT 1 QOVWYCCYQS YEQRQQCRD

KAT 1 DHILYFSSN. . .. .c...-.

Fig. 6. Comparison of the AK73 amino acid sequence with the Arabidopsis AKTI and KAT! K* channels. Sequences were aligned with the Pileup
program from the GCG software package. Numbers correspond to the 4K73 sequence. Identical residues are boxed.

also encodes an inward-rectifying ion channel. To address this
question, AKT3 cRNA was expressed in Xenopus oocytes. In-
jected cells exhibited a novel inward current at test potentials

3.3. ¢RNA expression in Xenopus oocytes
The structural similarity between AKT3 and the other Arabi-
dopsis K* channel proteins led us to suspect that the AKT3 gene
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A

0.5 nA

200 ms

Fig. 7. Voltage-dependent currents observed in an oocyte injected with
AKT3 cRNA. Currents were recorded by two electrode voltage-clamp.
The holding potential was 0 mV and test potentials ranged from 0 to
—140 mV (20 mV increments). Measurements were made sequentially
in three different K* solutions: (A) 2 mM KCI and 98 mM NacCl, (B)
20 mM KCl and 80 mM NacCl, and (C) 100 mM KCl and 0 mM NaCl.
In each case, the extracellular medium also contained 0.3 mM CaCl,,
1 mM MgCl,, and S mM HEPES, pH 7.4.

more negative than —20 mV when 20 mM KCI was present in
the bath (Fig. 7B). This current could be clearly distinguished
from an endogenous inward-rectifier [33] by both its activation
range and kinetics. No differences were observed between con-
trol and injected cells with depolarizing voltage-steps (data not
shown). The AKT3 current developed with a moderately slow
time-course, characteristic of K* inward-rectifiers from many
plant species [1-4,11-15,34]. Typically, the membrane conduct-
ance increased for several milliseconds after the start of the
test pulse (half-times =100 ms). The expressed current was
sensitive to changes in external K* concentration: equal molar
substitution of KCIl by NaCl caused a marked reduction in
current magnitude (Fig. 7). These results demonstrate that the
AKTS3 polypeptide forms a functional K* channel.

The voltage-activation range of AKT3 is similar to that of the
inward-rectifying K™ channel seen in protoplasts from Arabi-
dopsis suspension culture cells [34]. By contrast, channels en-
coded by KATI activate at significantly more negative poten-
tials, ca —100 mV [35-37], consistent with patch-clamp record-
ings of K* inward-rectifiers from other preparations. Thus, one
factor that differentiates members within this gene family is the
potential required for channel activation. Future studies exam-
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ining the electrophysiological and pharmacological properties
of AKT3 will help distinguish this channel subtype from its
sister genes, and lead to a greater understanding of its physio-
logical role in K* transport.

3.4. Conclusion

AKT3 is the third member of a K* channel gene-family in
Arabidopsis thaliana. Tt encodes a complex protein, consisting
of a Shaker-like ion channel core associated with additional
protein modules that are likely to regulate channel activity and
distribution. Furthermore, the genomic sequence suggests that
the physiological contribution of this channel may be con-
trolled through transcriptional regulation, perhaps coordinat-
ing its presence with that of other proteins instrumental in
photosynthesis. This observation is consistent with the fact that
one of the primary jobs of plant inward-rectifying K* channels
is to facilitate the osmotic changes required of leaf guard cells
as they regulate the availability of CO, for carbon fixation [3].

The structure of the Arabidopsis K* inward-rectifiers also
presents some interesting puzzles from an evolutionary and
functional perspective. Their closest relatives are the eag-like
K" channels which also have a Shaker-like core and a modified
nucleotide-binding domain [27]. However, the eag gene family
can encode both inward- and outward-rectifiers [27,38]. It is
interesting to speculate whether other copies of the putative
ancestral gene have been maintained in higher plants to encode
outward-rectifying K* channels. If that is the case, then we
might expect to find extensive sequence homologies between
the inward-and outward-rectifying K* channels in Arabidopsis.
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