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ABSTRACT We report here that the inward-rectifying
potassium channels KAT1 and AKT2 were functionally ex-
pressed in K* uptake-deficient Escherichia coli. Immunolog-
ical assays showed that KAT1 was translocated into the cell
membrane of E. coli. Functional assays suggested that KAT1
was inserted topologically correctly into the cell membrane. In
control experiments, the inactive point mutation in KAT1,
T256R, did not complement for K* uptake in E. coli. The
inward-rectifying K* channels of plants share a common
hydrophobic domain comprising at least six membrane-
spanning segments (S1-S6). The finding that a K* channel
can be expressed in bacteria was further exploited to deter-
mine the KAT1 membrane topology by a gene fusion approach
using the bacterial reporter enzymes, alkaline phosphatase,
which is active only in the periplasm, and 3-galactosidase. The
enzyme activity from the alkaline phosphatase and f3-galac-
tosidase fusion plasmid showed that the widely predicted S1,
S2, S5, and S6 segments were inserted into the membrane.
Although the S3 segment in the alkaline phosphatase fusion
protein could not function as an export signal, the replace-
ment of a negatively charged residue inside S3 with a neutral
amino acid resulted in an increase in alkaline phosphatase
activity, which indicates that the alkaline phosphatase was
translocated into the periplasm. For membrane translocation
of S3, the neutralization of a negatively charged residue in S3
may be required presumably because of pairing with a posi-
tively charged residue of S4. These results revealed that KAT1
has the common six transmembrane-spanning membrane
topology that has been predicted for the Shaker superfamily
of voltage-dependent K* channels. Furthermore, the func-
tional complementation of a bacterial K* uptake mutant in
this study is shown to be an alternative expression system for
plant K* channel proteins and a potent tool for their topo-
logical analysis.

Potassium is a major essential nutrient in higher plants and
plays important physiological roles for turgor maintenance,
enzyme activity, stomatal movements, growth, and develop-
ment (1, 2). Multiple pathways for K* uptake exist in plants to
satisfy various cellular requirements for K* under many dif-
ferent types of soil and environmental conditions (3-5). Ara-
bidopsis inward-rectifying potassium channel genes, KAT (6)
and AKT1I (7), were isolated from Arabidopsis cDNA libraries
by functional complementation of a K* uptake-deficient yeast
mutant. Further cloning studies on plant inward-rectifying K*
(K;) channels have revealed two new cDNAs coding for K;,
channels, AKT2/AKT3 (8, 9) and KSTI (10). Plant K;, channels
have been analyzed by heterologous expression systems using
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yeast and/or Xenopus oocytes. Plant K;, channels were char-
acterized as hyperpolarization-activated (inward-rectifying)
K™ channels that display voltage- and time-dependent activa-
tion, and K™ selectivity properties (9, 11-13). These channels
have six putative membrane-spanning segments, a typical
voltage sensor segment (S4), and a K*-selective pore (HS or
P) domain (8-10, 14-19). Interestingly, plant K;, channels are
structurally similar to depolarization-activated K* (Kf) chan-
nels in animals, despite the opposite voltage-dependent acti-
vation of the two channel classes (20). Functional chimeric
channels of a plant K;, channel, KAT1 and an animal Kg
channel, Xsha2, therefore, could be formed (14). However,
little direct evidence has been reported on the membrane
topology of plant K; channels and animal K, channels.
Recently, the structure of a K* channel that has two trans-
membrane segments was determined from x-ray diffraction
data with a resolution of 3.2 A (21). To our knowledge, the
complete membrane topology of a voltage-gated K™ channel
has not yet been experimentally determined.

Several approaches have been reported for the determina-
tion of the topology of eukaryotic membrane proteins in
addition to x-ray diffraction analysis. Glycosylation site tagging
has been applied to study the topology of the kainate receptor
(22), nicotinic acetylcholine receptors (23), H*, K*-ATPase
(24), and glutamate receptors (25). On the other hand, Wang
et al. (26) used antibodies directed against a synthetic peptide
of the B-adrenergic receptor to define its topology.

A gene fusion approach with alkaline phosphatase (PhoA)
has been reported to study prokaryote membrane transporters
(27-34). PhoA is enzymatically active when it is exported
across the inner membrane into the periplasm (35), whereas
PhoA remains inactive in the cytoplasm because disulfide bond
formation, essential for enzymic activity, does not occur (36).
The PhoA activity therefore indicates the orientation of PhoA
with respect to the membrane. The PhoA fusion approach in
Escherichia coli has been applied to examine the topology of
the B-adrenergic receptor (37) and cyclic nucleotide-gated ion
channels (38).

Because bacteria have no subcellular membranes, the mem-
brane proteins that are normally expressed in the plasma
membrane or endomembranes of eukaryotic cells may be
inserted into the plasma membrane of bacterial cells. If
membrane proteins can be expressed in the bacterial mem-
brane, the PhoA fusion method would be feasible for topo-
logical analyses in E. coli. However, there are limited reports
on functional expression of eukaryote membrane proteins in
E. coli. Bibi et al. (39) succeeded in functionally expressing a
mouse multidrug-resistance protein in E. coli. The plant K*
transporter homologous to the E. coli kup gene complemented

Abbreviations: K, inward-rectifying K*; Kf5, outward-rectifying K*;
PhoA, alkaline phosphatase; LacZ, B-galactosidase.
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K* uptake deficiencies involving Kup system mutations in E.
coli (40).

In the present study, we report that the KATI and AKT2
cDNAs complemented a K* uptake-deficient triple E. coli
mutant (41). This complementation and control experiments
suggested that KAT1 was synthesized and then placed in the
proper conformation in E. coli cell membranes. On the basis
of this complementation, we have pursued the expression of a
set of KAT1-PhoA and KAT1-B-galactosidase (LacZ) fusions
to determine their topology in the bacterial membrane and the
requirements for correct insertion into the membrane.

MATERIALS AND METHODS

Expression of KAT1 and AKT2 in E. coli. The Kpnl-PstI
fragments of KAT! cDNA from the plasmid constructed
previously (14, 15) and the BamHI-Kpnl fragment produced
by PCR products were ligated into the BamHI-Pst1 sites of
pPAB404 that was kindly provided by W. Epstein (University
of Chicago) (29). The resultant plasmid containing the entire
KATI coding region was designated pPAB-KATI1. pPAB-
D141V-KAT]1, in which aspartate at position 141 was replaced
with valine in pPAB-KAT]1, was constructed by a site-directed
mutagenesis procedure based on PCR (42). pPAB-T256R-
KAT]1, in which threonine at position 256 was replaced with
arginine in pPAB-KAT1, was generated from the plasmid with
T256R as reported previously (15). The DNA between the
HindllI site located upstream of the initiation codon of the
AKT?2 cDNA and the Xhol site downstream of the stop codon
in pBlueScript KSII was constructed previously (8). This
plasmid was named pBS-AKT?2 in this study. The plasmids
were expressed in E. coli LB2003, which lacks the three K*
uptake systems, Trk (TrkG and TrkH), Kup (TrkD), and Kdp
(a kind gift from E. P. Bakker, Universitdt Osnabriick, Ger-
many) (41, 43). The E. coli strain was grown at 30°C on liquid
medium with 0.5 mM isopropyl B-D-thiogalactopyranoside as
described elsewhere (29, 44). K* concentrations were deter-
mined by flame photometry using a Perkin—Elmer 403 atomic
absorption spectrophotometer (44, 45).

Construction of KAT1 Fusion Protein. To construct the
KAT1-PhoA fusion protein, pPAB404, which contains the
BamHI-Pst1 cloning sites for PhoA fusion, was employed as
the fusion vector according to Buurman et al. (29) and
Enomoto et al. (33). The pPAB-KAT1 served as the template
for PCR amplification to obtain the BamHI-PstI DNA frag-
ments encoding partial KAT1 polypeptides from the N termi-
nus to the fusion joints. The sense primer annealed to the
sequence 12 bp upstream of the start of the KAT1 coding
sequence and contained the BamHI-specific sequence. The
antisense primers served as distal in-frame PstI site primers for
selected fusion joints. The PCR-amplified DNA fragments
were digested with BamHI and Pstl, and then cloned into the
BamHI-Pst1 sites of pPAB404. The resultant plasmids were
designated pXxxx-PhoA, where X is the one-letter symbol of
the amino acid residue at the fusion joint and xxx is the residue
position number. For R322-PhoA constructs, the Xbal site at
the amino acid position 322 in pPAB-KAT1 was ligated to the
Xbalsite of pPAB404. The pD141V-E161-PhoA (replacement
of aspartate with valine at position 141 in pE161-PhoA) and
pH373V-R383V-E396-PhoA (replacement of histidine at po-
sition 373 and arginine at position 383 with valines in pE396-
PhoA) were constructed by a site-directed mutagenesis pro-
cedure based on PCR (42). All PCR-generated DNA frag-
ments were verified by DNA sequencing. The KATI1-LacZ
fusion protein was constructed by exchange of the phoA gene
with the lacZ gene as described by Buurman et al. (29). The
PhoA fusions cloned in pPAB404 were digested with BamHI
and Dral and cloned into BamHI-Smal sites in pJLZ104,
which was a kind gift from W. Epstein (University of Chicago).
The resultant plasmids, pXxxx-LacZ, were designed to encode
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LacZ fused with KAT1 in frame. KAT1-PhoA and KATI1-
LacZ fusion proteins encoded in pXxxx-PhoA plasmids and
pXxxx-LacZ plasmids are indicated as Xxxx-PhoA and Xxxx-
LacZ proteins, respectively.

Expression of Fusion Constructs and Enzyme Assay. The
PhoA and LacZ fusions were expressed in E. coli UT5600 (33,
39) and in MC4100 (46). The cells were grown in Luria—
Bertani medium containing 50 pg/ml ampicillin, 0.5 mM
isopropyl B-D-thiogalactopyranoside, and 1.5% agar for 16 h at
30°C. The chromogenic indicators 5-bromo-4-chloro-3-indolyl
phosphate (toluidine salt, XP) at 40 ug/ml and 1 mM 5-bromo-
4-chloro-3-indolyl B-D-galactoside (X-Gal) were used for
PhoA and LacZ, respectively. Cells were grown on solid
medium overnight, harvested, washed in 50 mM phosphate
buffer (pH 7.0), and resuspended in the same buffer. The
suspension containing 0.1 mg of fresh cells per ml was frozen
and thawed and disrupted by sonication or French press. Cell
debris was removed by centrifugation for 5 min at 16,000 X g.
Membranes were collected by ultracentrifugation for 30 min at
100,000 X g and resuspended in 50 mM phosphate buffer (pH
7.0) at 0.1 mg of fresh cells per ml. The membrane fraction was
used for measurement of LacZ activities. LacZ activities were
measured as described (47). PhoA activities were determined
according to Brickman and Beckwith (48). The crude proteins
in the membrane fraction were separated by electrophoresis on
SDS/8 or 10% polyacrylamide gels and transferred electro-
phoretically to polyvinylidene difluoride membranes (49).
Immunoblot detection was performed with anti-E. coli PhoA
antibody (Rockland, Gilbertsville, PA) and PhoA-conjugated
anti-rabbit IgG (Dako) for detection of PhoA fusion proteins
and anti-E. coli LacZ antibody (Chemicon) and a horseradish
peroxidase-conjugated protein G (Zymed) for detection of
LacZ fusion proteins. Protein concentration was measured by
the method of Lowry et al. (50) or of Bradford (51).

RESULTS

Functional Complementation of the E. coli Mutant by KAT1
and AKT2. E. coli LB2003, lacking the K" uptake systems, Trk,
Kup, and Kdp, could not grow on K*-limiting medium (Fig. 1)
(41). This triple K* transport deficient system requires 25 mM
K* for half-maximal cell growth (43). As shown in Fig. 1, the
growth of cells with empty vectors, pPAB404 and pBluescript
KSII, in medium with 10.4 mM K™ at the initial concentration
reached <0.2 OD at 600 min. In contrast, cells expressing the
higher plant K* channels genes, pPAB-KAT1 and pBS-AKT2,
grew up to the full-growth level within 540 min in medium
containing 8.4 mM K™. The length and nature of the amino
acid side chain at position 256 in KAT1 is important for cation
selectivity and a mutant, T256R, did not confer significant K*
uptake and growth of the K* uptake deficient yeast (15). For
E. coli complementation tests, the T256R mutant (pPAB-
T256R-KAT1) exhibited a similar growth rate to cells with
empty vectors (Fig. 1). These results showed functional
complementation of an E. coli mutant with KAT1 and AKT?2.

To confirm translocation of KAT1 into the cell membrane
of E. coli, KAT1 tagged with PhoA and with LacZ was detected
by Western blot analysis. Tagged KAT1 could be detected in
the membrane fraction (details of the experiments are de-
scribed later). These results suggested that KAT1 was both
translocated into the cell membrane and expressed with inward
transporting K™ activity.

Hydropathy of KAT1. The functional expression of plant K*
channels in the E. coli membrane indicates that it is possible
to determine the KAT1 topology in the E. coli system. Using
the Hopp and Woods criterion (52), several hydrophobic
regions in KAT1 are shown in Fig. 2 (6). The H5 segment
between S5 and S6 is a hydrophobic region, which forms the
pore of K;\ channels based on several results obtained from
site-directed mutagenesis in this region and structural analysis
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Fic. 1. Effect of K* concentrations on the growth of the K*
uptake-deficient E. coli mutant strain LB2003 with pPAB-KAT1 (@),
pBS-AKT2 (0), pPAB-D141V-KAT1 (a), pPAB-T256R-KAT1 (v),
and vector plasmids, pPAB404 (m) and pBluescript KSII (O) in liquid
culture. The initial K* concentrations were measured by flame
photometry. ®, 8.5 mM; O, 8.5 mM; 8.8 mM; 4, 7.6 mM; v, 10.4 mM,;
0, 10.4 mM

(see Discussion). This region also contains the GYG consensus
amino acid sequence for pore formation in animal K{ channels
(20). In the C-terminal region between S6 and the C terminus,
there are both a highly hydrophobic segment, named S7 in this
report (residues 363-390), and a putative cyclic nucleotide-
binding domain (residues 386-449) (6) as shown in Fig. 2. S7
is a typical hydrophobic sequence that does not exist in animal
K;, channels. The S4 region, which shows low hydrophobicity
in the hydropathy plot (Fig. 2), has several positively charged
amino acids that are considered to be components of the
voltage sensor. Two negatively charged residues (D95 and
D105) in S2 and one negatively charged residue (D141) in S3
exist in KAT1 (6). The space between D95 and D105 is also
conserved between plant K;, channels and animal K;, channels
(6, 53). According to predictions by the TopPredII algorithm
(83), S1, S2, S3, S5, HS5, S6, and S7, but not S4, form
transmembrane segments.

PhoA and LacZ Activities from KAT1 Fusion Plasmids. To
assess which of the segments (S1-S7 and H5) actually traverse
the membrane, and to assemble the transmembrane topology
of KAT1, pXxxx-PhoA plasmids encoding eight different
PhoA fusion proteins were constructed and transformed into
UT5600, a commonly employed host for PhoA assays (33, 39).
The fusion sites were selected as amino acids in or adjacent to
the presumed loops located between the predicted transmem-
brane segments as shown in Fig. 2. PhoA is active only when
it is translocated to the periplasm (extracellular membrane
side) (35, 36). Fusions D95-PhoA, G232-PhoA, and E273-
PhoA produced high PhoA activities, indicating a periplasmic
location for the PhoA, whereas K128-PhoA, E161-PhoA,
K200-PhoA, R322-PhoA, and E396-PhoA showed very low
activities, indicating a cytoplasmic location for PhoA (Table 1).
All KAT1-fusion products conferring higher PhoA activities
were detected in the membrane fraction by Western blot
analysis (Fig. 34). On the other hand, E. coli with the lower
PhoA activities did not show PhoA bands in the membrane
fraction (Fig. 34) or in the soluble fraction (data not shown).
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Fic. 2. Hydropathy plot and deduced transmembrane domains of
KAT1 (A4) and deduced amino acid sequence (B). Hydrophobicity plot
was generated by the method of Hopp and Woods with a window of
13 amino acids (6, 52). Negative values show hydrophobic regions. The
positions of fusion sites selected for PhoA fusion are indicated by the
bars (4) and arrowheads (B). m Shows the amino acids that were
replaced with valines (Materials and Methods). ® Represents the
positively charged amino acids in the putative S4 segment. The
putative transmembrane segments (S1, S2, S3, S4, S5, H5, S6, and S7)
are indicated by horizontal bars. The horizontal dotted line represents
the putative nucleotide-binding domain (NBD).

The undetectable level of the fusions could be due to either
degradation of these protein products in the cytoplasm or a
lack of gene expression. Examples of unstable PhoA proteins
that were fused with bacterial membrane proteins, including a
mechanosensitive channel (32), the Kdp transport ATPase
(29), and ATP-binding cassette transporter (54), have been
reported. To demonstrate the instability of PhoA in the
cytoplasm and to exclude the possibility of low gene expres-
sion, fusions to LacZ were constructed by replacement of
PhoA with LacZ (Fig. 3B and Table 1). LacZ activity was
expressed at higher, though different, levels in all constructs
when compared with the controls (Table 1). All fusion proteins
were associated with the membrane fraction as shown by
Western blot analysis (Fig. 3B). These results suggested that
PhoA domain was unstable or proteolytically removed from
membrane domain when it was located in the cytoplasm (29,

Table 1. Enzyme activities of PhoA and LacZ fusion proteins

Fusion PhoA activity, units ~ LacZ activity, units
None 0.63 = 0.026 0.0067 = 0.015
D95 33+83 1.5 +0.11
K128 0.93 = 0.069 3.6 £0.37
E161 0.90 = 0.011 54x0.32
D141V-El61 36 = 3.0 1.8 = 0.20
K200 0.52 = 0.045 1.4 = 0.070
G232 21 =27 1.6 = 0.051
E273 21 £23 1.7 = 0.046
R322 0.79 = 0.13 0.45 £ 0.028
E396 0.58 = 0.027 33x0.14
H373V-R383V-E396 2.2 £0.020 3.3 +£0.96
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FiG. 3. Immunoblot analysis for KAT1-PhoA fusion proteins ex-
pressed in E. coli UT5600 (A) and KATI1-LacZ fusion proteins
expressed in E. coli MC4100 (B). Transformed E. coli were grown on
solid medium for 1 day, and membranes were prepared as described
in the text. Membrane proteins (10 pg) were subjected to SDS/10%
(4) or SDS/8% (B) polyacrylamide gel electrophoresis followed by
Western blotting.

32, 54). Based on the above data, we concluded that the S1, S2,
S5, and S6 segments traverse the membrane.

Export Efficiency of the KAT1 Fusion with Mutation in S3.
The KAT1 S3 segment possesses one acidic residue, an aspar-
tate at position 141. This residue may impair the translocation
of the S3 segment in E161-PhoA because of the absence of the
S4 segment in this construct. Henn et al. (38) reported that the
charged amino acid located in the S3 transmembrane segments
of cyclic nucleotide-gated ion channels interfered with tra-
versal of this membrane segment. They elegantly overcame this
limitation by replacing the charged amino acid with a neutral
amino acid. Accordingly, we constructed a fusion PhoA plas-
mid that has a site-directed mutation, D141V. E. coli express-
ing the resultant fusion, D141V-E161-PhoA, exhibited a
marked increase in PhoA activity compared with E161-PhoA
(Table 1). The D141V-E161-PhoA was detected by Western
blot analysis although E161-PhoA was not detected (Fig. 34).
In addition, in the LacZ fusion experiment, the LacZ activity
of D141V-E161-LacZ was decreased by 3-fold compared with
that of E161-LacZ (Table 1 and Fig. 3B). The reduction in the
LacZ activity may have occurred because the LacZ domain
immediately following the S3 in D141V-E161-LacZ might be
embedded in the membrane, which could reduce enzyme
activity (35). These results correlate with those of the PhoA
fusion. These data indicate that replacement of the charged
residue by a neutral residue at position 141 allows PhoA
translocation to the periplasm. The neutralization of the D141
charge is required for S3 to have a functional export signal. To
confirm the contribution of D141 to expression of functional
K" uptake activity, growth tests of E. coli LB2003 containing
pPAB-D141V-KAT1 were performed (Fig. 1). The replace-
ment D141V removed the K* uptake complementation. This
suggested that interaction of D141 with the other residues in
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F1G. 4. Proposed membrane topology of KAT1 as derived from
PhoA and LacZ fusions. Transmembrane segments (S1-S6) are shown
as open rectangles. The position of charged amino acids in loops are
indicated by + (Arg and Lys) and — (Asp and Glu). The phoA and lacZ
gene fusion positions are indicated by arrows.

S4 might be needed for proper function of KAT1 in E. coli, in
analogy to the interaction of charged residues of S3 and S4 in
animal K channels (55, 56).

Localization of S7. As described above, S7 did not function
as an export signal, but two positively charged amino acids
reside in S7, histidine at position 373 and arginine at position
383 (Fig. 2B). Therefore, these two sites were replaced with
valines simultaneously in E396-PhoA to estimate whether
negative residues affect membrane insertion as shown above
for S3. The PhoA activity of H373V-R383V-E396-PhoA in-
creased ~3.8X compared with that of E396-PhoA (Table 1).
However, the activity was substantially lower than all fusions
predicted to face the periplasm (Table 1). In addition, the
LacZ activity of H373V-R383V-E396-LacZ was the same as
that of E396-LacZ. These data suggests that S7 is not a
transmembrane segment. Fig. 4 shows the topological model
generated for KAT1 derived from these data. KAT1 expressed
in E. coli spans the membrane six times.

DISCUSSION

As a result of the functional expression of KAT1 in the E. coli
membrane and lack of function of the inactive T256R mutant
(15), we were prompted to determine the KAT1 topology by
PhoA-fusion analysis, because the complete membrane topol-
ogy of voltage-gated K* channels had not yet been experi-
mentally determined. Note that locations of individual seg-
ments of animal Kf; channels have been determined (20). The
strong hyperpolarization-induced activation of KATI1 pre-
cludes steady-state outward K* currents as shown in Xenopus
oocytes (12, 57). If KAT1 were inserted into the E. coli
membrane in the opposite orientation, the K* channel would
be expected not to complement the K* uptake deficiency. The
functional expression of KATI1 suggests that KAT1 is ex-
pressed in the proper conformation in the membrane. Several
studies have reported expression of eukaryotic membrane
proteins in the bacterial cell membrane (37-40, 54). To our
knowledge, there are a few reports that demonstrate functional
expression of a eukaryotic protein in E. coli (39, 40). Because
modifications such as glycosylation are lacking in E. coli,
certain eukaryotic membrane proteins may fail to take their
active form in bacteria. In the case of the multidrug resistance
protein (P-glycoprotein) (39), the protein functioned in its
unglycosylated form in E. coli. Although KAT1 and AKT2
complemented the E. coli mutant, LB2003, the electrical
properties expressed in the E. coli membrane remain unknown.

Assessment of enzyme activities in E. coli with a series of
PhoA- and LacZ-fusion plasmids enabled us to identify S1, S2,
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S5, and S6 as transmembrane segments. The predicted pore-
forming sequence, HS, between G232 in the S5-HS5 loop and
E273 in the H5-S6 loop shows relatively high hydrophobicity
from the hydropathy profile in Fig. 2. The data in Table 1 and
Fig. 3 showed that G232 and E273 face the extracellular space.
The pore-forming ability of KAT1 has been supported by data
showing that site-directed mutations in the H5 domain of
KATT1 affect cation selectivity and cation block (15, 16, 18, 19).

Sequence comparisons between plant K;, channels and
animal K;} channels has revealed that the two types of channels
share typical similarities in the hydrophobic core regions, S2
and S3, as well as in the voltage sensor S4 (6-9). The two
negatively charged residues in S2 (D95 and D105) and the
negatively charged aspartic acid in S3 (D141), which are all
highly conserved among animal Kj} channels (20), are also
conserved in plant Kj, channels (Fig. 2). These negatively
charged amino acids interact with some of the positively
charged amino acids in S4 to contribute to the function of the
voltage sensor in animal Kj) channels (55, 56, 58). The
neutralization of electrostatic interactions leads to packing of
S2, S3, and S4 segments and mediates the proper folding of the
protein (56). The failure of E. coli complementation by
pPAB-D141V-KAT1 may be attributable to a disordered
KATT1 structure. The replacement of D141 by valine in E161-
PhoA artificially created a new transmembrane segment. The
pD141V-E161-PhoA construct suggests that the neutralization
of the charged amino acid is necessary for membrane traversal
by S3 in KAT1 (Table 1). Our results are similar to the reports
by Henn et al. (38). Neutralization of the corresponding
charged amino acid in the S3 segment of the PhoA-fused cyclic
nucleotide-gated ion channels allowed S3 to traverse the
membrane. It was proposed that in native channels, the
negatively charged residues of S3 are compensated for by the
positively charged residues in S4, allowing S3 and S4 to be
simultaneously inserted into the membrane. By cysteine sub-
stitution methods in combination with specific cysteine affinity
labeling, Mannuzzu et al. (59) showed that the S3-S4 loop faces
the extracellular space in animal K channels. Our data also
appear to be consistent with models in which charged residues
of S3-S4 of KAT1 interact.

One additional candidate for a putative transmembrane
segment, S7, was analyzed (Fig. 2). However, the R322-PhoA
and E396-PhoA constructs did not confer detectable positive
PhoA activity in E. coli, whereas R322-LacZ and E396-LacZ
proteins were translocated into the membrane fraction (Table
1). Furthermore, neutralization of two charged residues in S7
did not enhance significant export efficacy. Therefore, S7 was
predicted to face the cytoplasm. This region is located in the
vicinity of the putative cyclic nucleotide-binding domain,
which is also predicted to be in the cytoplasm (6).

Our results provide evidence for a model with six mem-
brane-spanning domains, and two cytoplasmic loops, as shown
in Fig. 4. The loops of S2-S3 and S4-S5 have a net positive
charge. This is consistent with the “positive inside” rule for
protein orientation (60).

The present data experimentally establish the membrane
topology of a voltage-dependent K* channel. Furthermore, we
show here that the membrane topology of the hyperpolariza-
tion-activated KAT1 K* channel is the same as that predicted
for depolarization-activated K* channels in animal cells (20).
This report shows that higher plant membrane proteins can be
analyzed and functionally expressed in the E. coli expression
system.
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