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KAT1 is a member of the Shaker family of voltage-dependent K+
channels, which has six transmembrane segments (called S1-56),
including an amphipathic S4 with several positively charged resi-
dues and a hydrophobic pore-forming region (called P) between S5
and S6. In this study, we systematically evaluated the function of
individual and combined transmembrane segments of KAT1 to
direct the final topology in the endoplasmic reticulum membrane
by in vitro translation and translocation experiments. The assay
with single-transmembrane constructs showed that S1 possesses
the type Il signal-anchor function, whereas S2 has the stop-transfer
function. The properties fit well with the results derived from
combined insertion of $1 and S2. S3 and S4 failed to integrate into
the membrane by themselves. The inserted glycosylation sequence
at the S3-S4 loop neither prevented the translocation of S3 and S4
nor impaired the function of voltage-dependent K+ transport
regardless of the changed length of the $3-54 loop. S3 and S4 are
likely to be posttranslationally integrated into the membrane only
when somewhat specific interaction occurs between them. S5 had
the ability of translocation reinitiation, and S6 had a strong
preference for Nexo/Ceyt Orientation. The pore region resided out-
side because of its lack of its transmembrane-spanning property.
According to their own topogenic function, combined constructs of
S5-P-S6 conferred the membrane-pore-membrane topology. This
finding supports the notion that a set of S5-P-S6 can be indepen-
dently integrated into the membrane. The results in this study
provide the fundamental topogenesis mechanism of transmem-
brane segments involving voltage sensor and pore region in KAT1.

he Arabidopsis thaliana cDNA, KATI, encodes a hyperpo-

larization-activated (inward-rectifying) K* channel. K* is a
major nutrient for plants and the most abundant cation in plant
cells (1). K* channels have been suggested to involve the
modulation of K* transport in plant cells (2). A number of
studies on the structure and function of KAT1 using various
heterologous expression systems (3-9) have been reported.
Therefore KAT1 is considered as one of the models for inward-
rectifying K* channels in plants since its gene isolation (4). The
membrane topology of KAT1 was determined to contain six
transmembrane segments (3), consistent with the model of
bacterial K* channel and animal Shaker K* channel (10, 11).
The KAT1 consists of a voltage-sensing motif on the N-terminal
side of membrane—pore-membrane structure whose features
resemble those of animal Shaker-type voltage-gated K* channels
(12, 13). Although the final topology of Shaker-type K* channels
has been determined, there is little topogenesis evidence con-
cerning the formation of the channel structure. The hydropathy
profile of KAT1 shows a relatively low hydrophobicity for S4 and
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a highly hydrophobic property for the pore region, which does
not explain the final topology of the channel.

Almost all of the integral membrane proteins on the mem-
brane organelles of the exocytic and endocytic pathway are
synthesized on the membrane-bound ribosomes and cotransla-
tionally integrated into the membrane, and they acquire their
final topology there (14). According to the classification of the
topogenic function of transmembrane segments of polytopic
membrane proteins, type I and type II signal-anchor sequences
(SA-I and SA-IT) and stop-transfer (St) sequence have been
assigned (15, 16). SA-I transmembrane segments form Neyo/Ceyt
orientation, and SA-II transmembrane segments form Ney/Cexo
orientation. In general, topogenesis of eukaryotic polytopic
membrane protein can be well explained by a simple model
(17-19). A series of hydrophobic domains are sequentially
integrated by means of the translocon in the endoplasmic
reticulum (ER) membrane. The resultant topology preserves the
final destination in the cells. On the other hand, a novel
membrane integration mode has been identified in the integra-
tion process of several proteins: the interaction between trans-
membrane segments in the insertion step of polytopic membrane
proteins causes correct integration of transmembrane segments
with weak topogenic functions as reported in band 3 (20), CFTR
(21, 22), and CLC chloride channel (23).

To understand and evaluate the mechanism of the integration
process of KAT1, we evaluated the preference of the orientation
and ability of each transmembrane segment and the coordinated
insertion of transmembrane segments consisting of KATI.

Materials and Methods

In Vitro Transcription, Translation, and Translocation. Each PCR-
amplified fragment was subcloned into the corresponding sites in
the plasmids that were used for topogenic assay (24). The
fragments contained both the flanking cytoplasmic and extra-
cellular loops [S1 (R48-D95), S2 (Y85-R132), S3 (D116-S168),
S4 (S152-T205), S5 (E186-Y235), Pore (W230-D277), and S6
(Y263-A315)] (Fig. 9, which is published as supporting infor-
mation on the PNAS web site, www.pnas.org). The DNA se-
quence containing N-glycosylation sites derived from human
bands 3 (24) was substituted for the corresponding sequence in
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Fig.1. Stfunction of each possible transmembrane segmentin KAT1. (A) The
model protein for the systematic assessment of St function. The signal peptide
(S) of PL, PL, the inserted segments, and the second PL were sequentially
arranged. a and b show the molecular mass in C. (B) Possible transmembrane
topologies in the constructs. (C) The representative results of in vitro experi-
ments. The model proteins were expressed in vitro in the absence (—) or
presence (+) of RM. The aliquots were treated with proteinase K (PK+). The
proteins were subjected to SDS/12.5% PAGE followed by an image analysis.
The stop-transferred form and the fully translocated form are indicated by a
with arrowheads and b, respectively.

the plasmid constructed previously for KAT1 expression by the
two-step PCR approach (5) and the method developed by
Kunkel (25). Toyield prolactin (PL) fusions, the DNA encoding
S1-2 (M1-R132), S1-3 (M1-S168) S1-4 (M1-T205), and S1-5
(M1-Y235) was fused to the PL fragment with or without the
N-glycosylation acceptor sequence (PL or PLgy) in the plasmid
constructed by Ota et al. (24). The RNAs were translated in
reticulocyte lysate (24, 26, 27) in either the absence or presence
of rough microsomal membranes (RMs) from dog pancreas (24,
28). After translation, the aliquots were treated with proteinase
K (200 wg/ml).

Recording of lon Currents in Xenopus laevis Oocytes. Capped com-
plementary RNA was injected into X. laevis oocytes prepared as
described (7). The oocytes were kept for 1-2 days at 18°C in a
solution as described (5). The two-electrode voltage clamping
recordings were performed in a solution containing 6 mM MgCl,,
1.8 mM CaCl,, 100 mM KCI, 10 mM Hepes-HCI, pH 7.3. Voltage-
pulse protocols, data acquisition, and data analysis were performed
by using a voltage clamp amplifier (AxoClamp 2B, Axon Instru-
ments, Foster City, CA) and software (PCLMP6, Axon Instruments).

Results

Assessment of the St Function. First, we examined whether or not
each transmembrane segment (S1 to S6) can interrupt the ongoing
translocation through the translocon and eventually become a
transmembrane segment, that is, possess the St function. The
assessment of a St function was carried out essentially as described
by Kuroiwa et al. (29) using the systematically constructed model
proteins (Fig. 1 A and B). Translocation was initiated by the
amino-terminal signal peptide, which leads to the translocation of
its C-terminus end. If the inserted transmembrane segment shows
the St function, the carboxyl-terminal half is exposed on the
cytoplasmic side of the membrane, where the fused PL domain is
hydrolyzed by externally added proteinase K (Fig. 1B Right). If the
inserted transmembrane segment does not show the St function, the
nascent polypeptide should remain in the luminal space, where it
becomes fully resistant to the externally added proteinase K (Fig. 1B
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Fig. 2. Translocation initiation function of each possible transmembrane seg-
mentin KAT1. The symbols are the same as in Fig. 1. (A) The model protein for the
systematic assessment of translocation initiation function. The SA-l of E. coli
leader peptidase (H1) preceding the domain with the N-glycosylation site (O), the
inserted segments, and the PL were sequentially arranged. (B) Possible trans-
membrane topologies in the constructs. (C) The representative results of in vitro
experiments. The glycosylated forms are indicated by dots.

Left). The model proteins were synthesized in the absence of RM
as single bands with the expected molecular mass (Fig. 1C, lanes 1,
4,7, 10, 13, 16, and 19). When synthesized in the presence of RM,
they were processed into mature forms (b in Fig. 1C). The pro-
teinase K treatment gave rise to truncated fragments (arrowheads
at position a in Fig. 1C). The membrane-protected truncated forms
were degraded by proteinase K in the presence of a detergent (data
not shown). Because the insertion of S3 contains a potential
glycosylation site (NGS at positions 158-160, Fig. 9), the S3
construct was efficiently glycosylated in the presence of RM and the
full length of the product became resistant to proteinase K treat-
ment, indicating that the S3 segment did not stop the translocation
(Fig. 1C, lanes 8 and 9). S1, S2, S5, and S6 showed a high St function
with 95%, 93%, 92%, and 100%, respectively (Figs. 1C and 104,
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Fig.3.  Nexo/Ceyt (SA-I) or Neyt/Cexo (SA-II) topogenic function of each possible
transmembrane segment in KAT1. The symbols are the same as in Fig. 1. (A)
The model protein for the systematic assessment of translocation initiation
function. The N-glycosylation loop (O) of band 3, each segment, and the PL
were sequentially arranged. (B) Possible transmembrane topologies in the
constructs. (C) The representative results of in vitro experiments.

PNAS | January 8,2002 | vol.99 | no.1 | 61

BIOCHEMISTRY



A Reinitiation

359 396my "
Reinitiation C ,

(SA-I st

B WT 160

w

100 msec

&
#®

MNormalized current

.75

Fig.4. The characterization of topogenic function of each segment and the
insertion of N-glycosylation sites in the loops. (A) The summary of the topo-
genic function of each segment determined from Figs. 1-3. Each N-
glycosylation loop is inserted at the C-terminal end of the numbered residues.
(B) Time courses of currents in oocytes injected with mRNA of wild type (WT)
and KAT1 containing the N-glycosylation sites at positions 88 or 160. Holding
potential was —30 mV, and step command pulses form —30 mV to —170 mV
with —20-mV increments. The KAT1 containing the N-glycosylation sequence
at positions 239 or 268 did not confer the K* channel function in X. laevis
oocytes. Currents were obtained at the end of each step pulse and normalized
(currents at — 150 mV were taken as — 1) to compare I~V relation among curves
for WT and KAT1 with N-glycosylation at positions 88 and 160.

which is published as supporting information on the PNAS web
site). If all transmembrane segments in KAT1 integrate according
to the simple model (18, 19), St function is essential in even-
numbered segments. Because S4 does not possess St function, S4 is
likely to integrate by a process different from the simple model.

Assessment of the Translocation Initiation Function. We assessed the
reinitiation function of the membrane segments with the series
of the model proteins. For these experiments (Fig. 2 A and B),
the H1 was integrated into the membrane as SA-I, whose
function can be confirmed by the appearance of N-glycosylated
bands (24). The glycosylated bands appeared in experiments
with all of the constructs (dots in Fig. 2C). If the inserted
transmembrane segment reinitiates the translocation of the
following domain, the carboxyl-terminal PL domain should
become proteinase K resistant (Fig. 2B). After the proteinase K
treatment, the constructs of S1, S2, S5, and S6 gave substantial
amounts of the truncated form (arrowheads at position a; Figs.
2C and 10B), which implies that they contain the reinitiation
functions. The lack of the reinitiation function in S3 suggests that
this segment is integrated into the membrane by a mechanism
that differs from the simple model.

Assessment of Membrane Segments for Signal-Anchor Sequence. The
orientation (Nexo/Ceyt OF Neyi/Cexo) 0f all of the segments was
examined by using model proteins (Fig. 3 4 and B). If the
segment shows the SA-I function, the amino-terminal portion is
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Fig.5. Initiation function of S1leads to membrane insertion of the following
segment, S2. (A) PL or PLyy was fused to the end of N-terminal regions
containing S1 and S2. N-glycosylation sequence (G) was placed in the S1-S2
loop. The possible glycosylation sites in the loop of KAT1 and PL are shown by
O and [J, respectively. The number of residues in KAT1 fused with PL is
indicated. (B) Membrane topogenesis of S1 and S2 by in vitro system. The
glycosylated bands are shown as dots. (Lower) Shown are the topologies
deduced form theresults. Glycosylated and nonglycosylated sites are shown as
closed and open symbols, respectively.

translocated and glycosylated. If it shows the SA-II function, the
PL is translocated and becomes proteinase K resistant but the
N-terminal domain is not glycosylated. When synthesized in
the presence of RM, only the construct with S6 gave an apparent
glycosylated band (dots in Figs. 3C and 10C). Although glyco-
sylated bands from the construct with S1 could be detected to a
lesser extent, a large amount of the proteinase K-resistant bands
was observed (Figs. 3C and 10C), indicating that S1 showed an
efficient SA-II function. S2 and S3 possess very weak SA-II
function (Fig. 10C). S6 exhibited a strong SA-I tendency com-
pared with an SA-II function (Fig. 10C). The construct with S5
and P gave neither a glycosylated band nor a proteinase K-
resistant fragment, indicating the absence of signal functions in
this construct.

The characteristics of each of the S1-S6 fragments are summa-
rized in Fig. 44. When the insertion order in their translocation step
in the ER membrane is considered, it seems reasonable that S1 and
S2 have SA-II function and St function, respectively. The reinitia-
tion function for S5 and St and/or SA-I function for S6 are
inevitable to assume the final KAT1 membrane topology. P did not
show strong properties for these functions, supporting the evidence
that P does not act as a transmembrane segment in the final
topology. On the other hand, the most striking finding from the
above results is that neither S3 nor S4 possess topogenic functions.
This finding indicates that the integration of S3 and S4 cannot be
explained by classical sequential insertion mode.

Insertion of N-Glycosylation Sites for Transmembrane Mapping. To
map the extracellular loops of KAT1, the N-glycosylation ac-
ceptor sequence from human band 3 (30) was inserted into each
loop of KAT1 (5) as shown in Fig. 44. N-glycosylation occurs on
the luminal side of the ER, which is the extracellular side of the
protein when it is disposed to the plasma membrane. In the
wild-type KAT1, a consensus N-glycosylation site (NGS at
residues 158-160) exists in the loop of S3-S4. However, the site
was not subjected to N-glycosylation (Fig. 11, which is published
as supporting information on the PNAS web site). In the
construct with insertion at 160, N158 was replaced with Gln (Q)
in the KAT1 to avoid unexpected occurrence of the glycosylation
at N158. N-glycosylation occurred in the constructs with the
insertion at 88, 160, 239, and 268 (Fig. 11).

To evaluate the influence of the insertion of the glycosylation
acceptor site on the structure of KAT1, we measured the ion
transport capability of the protein in X. laevis oocytes by voltage
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Fig. 6. Synergetic integration of S3 and S4 occurs posttranslationally. The
symbols are the same as those in Fig. 5. (A) PL or PLqy was fused to the end of
N-terminal regions containing S1-53. The S3 with D141V is indicated by V. The
endogenous N-glycosylated residues at position 158 exist in the constructs. (B)
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Fig. 7. S5-P-S6 can be arranged into a proper topology without S1-54. The
symbols are the same as those in Fig. 6. (A) The regions from S5 through S6
were fused to PL or PLg,. N-glycosylation sequence was placed in the S5-P loop
or the P-S6 loop. (B) Membrane topogenesis of S5, P, and S6 by in vitro system.
The monoglycosylated and diglycosylated forms are indicated by single and
double dots, respectively.

clamp recordings. Inward currents remained unaffected by the
insertion of N-glycosylation acceptor sequences at 88 and 160
(Figs. 4B and 11). In contrast, the insertion at 239 in the S5-P
loop and at 268 in the P-S6 loop abolished the function of KAT1
in X. laevis oocytes. The sites are so close to pore-forming regions
that the insertion is likely to disorder the function of K*
transport. Hydropathy profile of KAT1 shows an additional
highly hydrophobic region (called S7 in Figs. 44 and 11) between
residues 359 and 396. We confirmed that the S7 does not become
a transmembrane segment by the N-glycosylation approach with
the constructs containing the N-glycosylation site between 359
and 360 or between 396 and 397 (Fig. 11).

The Membrane Integration of S1 and S2 Matches with the Simple
Model for Membrane Topogenesis. Because S2 has a St function but
not an SA-I function (Figs. 1, 3, and 4), we assumed that the
presence of S1 is requisite to insertion of S2 into the membrane. We
examined the combinational integration of S1 and S2 by using the
constructs of the glycosylated acceptor site in the S1-S2 loop (Fig.
5A). When translated in the presence of RM, both S1-G2-PL and
S1-G2-PLy, fusion gave an additional glycosylated form and all
bands were completely degraded by proteinase K (Fig. 5B). These
results demonstrate that S2 acts as an efficient St segment and takes
a proper membrane topology for KAT1 when the preceding
signal-anchor sequence of S1 exists in the construct.

S4 Assists Membrane Integration of $3. Because individual S3 and S4
have no topogenic functions (Figs. 1-3 and 4A4), the interaction
between transmembrane segments seems to be necessary for their
insertion into the membrane. We examined how S3 and S4 are
inserted into the membrane by using several fusion constructs (Fig.

Assay of the constructs by in vitro system. The proteinase K-resistant bands are
shown by arrowheads. (C) PL or PLqy was fused to the end of N-terminal
regions containing S1-S4. The endogenous N-glycosylated residue at position
158 was removed. (D) Assay of the constructs by in vitro system. (E) Require-
ment of S4 for membrane integration of S3. The synthesized mRNAs do not
possess a stop codon so that the nascent polypeptides remain as peptidyl-tRNA
and are not released from the ribosomes. The endogenous N-glycosylated
residue at position 158 was removed. (F) Detection of N-glycosylated bands in
the constructs. (G) The model for the integration of S3 and S4 into the ER
membrane based on the results of F. After S4 is released from the ribosome
complex, S3 and S4 are inserted into the ER membrane.
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6). When translated in the presence of RM, both S1-3-PL and
S1-3-PLgy fusion gave none or very weak glycosylated bands (Fig.
6B, lanes 2 and 8). By the protease protection assay, all bands
disappeared completely. These results confirmed that S3 did not
show integration function even when placed after the S1 and S2 as
in the natural context. In the middle of S3, a negatively charged
residue at position 141 (D141) exists. This residue is conserved in
other Shaker-type ion channels (31). The neutralization of the
corresponding charge is reported to be necessary for correct
integration of S3 (3, 32). The conversion of D141 to valine (D141V)
resulted in the appearance of a single glycosylated band in S1-
3piarv—PL (Fig. 6B, lane 5) and double-glycosylated band in
S1-3p141v—PLgy (Fig. 6B, lane 11). The subsequent proteinase K
treatment yielded two bands (Fig. 6B, lanes 6 and 12). These results
indicated that the D141V mutation gave the reinitiation function to
S3 and resulted in the glycosylation of N158 and PL domain. If the
glycosylation efficiency of PL,, is estimated to be almost 100%, the
glycosylation efficiency of the endogenous glycosylation site in these
constructs, N158, is considered to be about 50% from the result of
Fig. 6B, lane 6. The low level of the glycosylation is highly likely to
be caused by proximity to the membrane. According to the expla-
nation, the glycosylation at PLg, quantitatively shifted the two
bands in Fig. 6B, lane 6 up to upper positions in Fig. 6B, lane 12.
Because S1 and S2 can be integrated by themselves (Fig. 5), the
results suggested that the integration of S3 requires the subsequent
amino acid sequences.

We exploited the role of S4 on integration of S3 into the
membrane by using fusion constructs (Fig. 6C). When translated
in the presence of RM, all constructs, S1-G4-PL, S1-3p141v—
G4-PL, S1-G4-PLgy, and S1-3p141v—G4—-PLgy showed a single
glycosylated band. From both PLg-containing constructs,
double-glycosylated bands could not be detected. The proteinase
K treatment resulted in an almost complete degradation of all
constructs. The replacement of D141V enhanced the intensity of
N-glycosylated bands (Fig. 6D). These results indicate that the
insertion of S3 into the membrane requires S4. Interestingly, in
these constructs, S4 was not translocated into ER lumen through
the membrane but was retained in the membrane despite its
highly charged character.

To test that the insertion of S3 is constrained by the exposure
of S4 from ribosome-mRNA complex, we constructed a series of
truncated fusion proteins as shown in Fig. 6E. Because the
constructs lacked the stop codon in the mRNA, the synthesized
polypeptides could not be released from ribosomes. In general,
the distance between ribosomes and the translocon is estimated
to be about 30—40 aa (33) (Fig. 6E). In the control, glycosylated
bands from S1-3p141v-G4-T205 were observed (Fig. 6F). This
finding clearly implies that the glycosylation site of the nascent
polypeptide chain of 205 residues can reach the active site of
oligosaccharyl transferase. In this context, the distance from the
glycosylation site in the band 3 loop to the C-terminus peptidyl
site in the ribosome is estimated to be 68 residues in length.
S1-G4-T205 has enough space for the N-glycosylation if S3 acts
as a transmembrane segment (Fig. 6 F and G). Nevertheless,
S1-G4-T205, and S1-G4-H210 were not glycosylated (Fig. 6F).
S1-G4-A220 and S1-G4-5-Y235 became glycosylated (Fig.
6F). We conclude therefore that S3 and S4 are synergistically
integrated by a posttranslational manner, only when S4 emerges
from the ribosome (Fig. 6G). This finding strongly suggests that
specific interaction between S3 and S4 is a critical event for their
membrane integration.

S5, P, and S6 Can Integrate Properly Without S1-54. S5-P-S6 struc-
ture in KAT1 shares the same membrane—pore—membrane struc-
ture with a simple K* channel with two transmembrane segments
(M1 and M2) and a pore region (4, 12, 13, 34, 35). Hence, we
postulated that S5-P-S6 could take a proper membrane topology
without the preceding S1-S4 in KAT1. To evaluate this concept and
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Fig. 8. Topogenesis of KAT1. S1-S2 is inserted sequentially into the mem-
brane (Top). S3-54 is synergistically inserted by a posttranslational manner
(Middle). Reinitiation function of S5 leads to proper membrane formation of
S5-P-S6 independently of the preceding transmembrane segments (Bottom).

to study the membrane topogenesis of S5-P-S6, the fusion proteins
were constructed as shown in Fig. 74. The first methionine was
introduced at the C-terminal residue of the predicted S4 (from
1196) in the constructs to possess only the cytosolic amino acids in
the S4-S5 loop in the resultant proteins. From S5-P-PLg,, con-
struct, an N-glycosylated band was observed in the presence of RM
and the band was well protected from proteinase K treatment. In
the case of S5-P-S6-PLg,, most bands were digested by proteinase
K treatment (Fig. 7B). To confirm the results, N-glycosylation
acceptor sites were generated between S5 and P or between P and
S6 (Fig. 7A4). The sites were strongly glycosylated, and a glycosyl-
ation site located inside PLg;, had none or small intensive glycosy-
lated bands (Fig. 7B). Moreover, all these bands disappeared after
proteinase K treatment. Although the insertions of N-glycosylation
acceptor sequence in S5-P or in P-S6 impair the KAT1 function
(Figs. 4B and 11A), the insertion did not affect the membrane
topology of S5-P-S6. S5 can be integrated into the membrane by
itself regardless of the absence of S1-S4, and S6 takes a proper
membrane orientation. These results are consistent with the topo-
genesis properties of S5, P, and S6 as determined in Figs. 1-3.

Discussion

The data reported here demonstrate that transmembrane re-
gions of KAT1 possess unequal topogenic functions. S1, S2, S5,
and S6 in KAT1 have the reinitiation functions in odd-numbered
transmembrane segments and the St functions of even-
numbered transmembrane segments (Figs. 1-3 and 44), which
is consistent with a widely accepted model for the membrane
integration of general multispanning membrane proteins (17—
19). On the other hand, insufficient topogenic functions for S3
and S4 necessitates that an alternative topogenic model explain
their membrane integration.

S1 and S2 showed the typical topogenic properties, which fit
well with the simple model. S1 inserts into membrane and retains
in the membrane as a signal anchor, and the following S2 is
integrated as a St sequence (Figs. 5 and 8). S1 also has SA-I
function, but the several positively charged residues located
proximal to S1 may stabilize the N terminus of S1 at the cytosolic
side with respect to the membrane, which allows S1 to take the
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Ney/Cexo orientation (SA-II function) in KAT1. The formation
of S1 and S2 in the membrane provides a firm base for the
following S3 and S4 insertion.

KAT1 shares typical similarity with other animal and plant K*
channels, in the aspartic acid residue located in the middle of S3 and
several positively charged residues of S4 which serve as a voltage
sensor (31). Tu et al. (36) have reported that S3 has a translocation
activity through the membrane and S4 has an integration activity in
Kv1.3, which is different from our results. The assay with single-
transmembrane constructs (Figs. 1-3 and 44) reveals that S3 alone
lacks the ability to integrate into the membrane. The poor trans-
location efficiency for S3 is consistent with the results observed in
the E. coli system (3). The conversion of the negatively charged
aspartic acid to the valine (D141V) led S3 into E. coli membrane.
Likewise, increase in the translocation efficiency of S3 with D141V
was observed in this study (Fig. 6). Taken together, the charge of
D141 is likely to prevent S3 insertion into the membrane by itself.
Masking the charge of D141 by pairing with a positive residue in S4
enable the S3-S4 posttranslational insertion into the membrane
when the positively charged S4 is released from the ribosome-
mRNA complex (Fig. 6 E-G).

Another intriguing finding in this study is that S4 has no St
functions (Fig. 1) but once S4 entered the membrane in the
presence of S1-S3, S4 was not released into the lumen. In addition,
even after the removal of the charge from residue at position 141
in S3 (S1-3p141v—G4), S4 was still allowed to span the membrane
(Fig. 6 C and D). This finding suggests that intramolecular inter-
actions between positive residues in S4 and aspartic acid at positions
95 or 105 in S2 may contribute to the retention of S4 in the
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membrane; S2, S3, and S4 are considered to be components of the
voltage sensor as demonstrated in animal K* channels (37-39).

The space requirements for access of oligosaccharyl transferase
in the ER membrane have been reported (40, 41). The endogenous
consensus N-glycosylation site at position 158 did not meet the
requirement (Fig. 11). The insertion of the N-glycosylation acceptor
sequence in the S3-S4 loop did not impair the function of voltage-
dependent K* transport (Figs. 4B and 11A4). The recent evidence
in animal Shaker-type K* channels shows that the movement of the
charges of S3 and S4 is smaller than the predicted sliding helix
model (42-44). In fact, the increasing or decreasing length of loop
of S3-S4 in Shaker K* channels preserved the voltage movement
for functional K* transport (11, 45, 46). The length of the S3-S4
loop might not be critical for the voltage sensor operation in
Shaker-type K* channels.

This study also demonstrates that S1-S4 can be integrated
independently of S5-P-S6 (Fig. 6 C and D) and S5-P-S6 can be
arranged into a proper topology without the preceding segments
S1-S4 (Fig. 7). This result supports the notion that the S5-P-S6
structure in KAT1 corresponds to an membrane-pore-membrane
structure in an ancestral K* channel structure (12). In Kv1.3,
peptides containing S6 and the following C-terminus region were
completely translocated across the membrane (36). In contrast, the
reinitiation function of S5 and not only St function but also SA-I
function of S6 in KAT1 may contribute to achieve the final topology
for membrane-pore-membrane structure.
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