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ABSTRACT The pore-forming « subunit of large conduc-
tance voltage- and Ca?*-sensitive K (MaxiK) channels is
regulated by a 8 subunit that has two membrane-spanning
regions separated by an extracellular loop. To investigate the
structural determinants in the pore-forming « subunit nec-
essary for B-subunit modulation, we made chimeric con-
structs between a human MaxiK channel and the Drosophila
homologue, which we show is insensitive to 3-subunit modu-
lation, and analyzed the topology of the a subunit. A com-
parison of multiple sequence alignments with hydrophobicity
plots revealed that MaxiK channel « subunits have a unique
hydrophobic segment (S0) at the N terminus. This segment is
in addition to the six putative transmembrane segments
(S1-S6) usually found in voltage-dependent ion channels. The
transmembrane nature of this unique S0 region was demon-
strated by in vitro translation experiments. Moreover, normal
functional expression of signal sequence fusions and in vitro
N-linked glycosylation experiments indicate that SO leads to
an exoplasmic N terminus. Therefore, we propose a new model
where MaxiK channels have a seventh transmembrane seg-
ment at the N terminus (S0). Chimeric exchange of 41
N-terminal amino acids, including S0, from the human MaxiK
channel to the Drosophila homologue transfers P-subunit
regulation to the otherwise unresponsive Drosophila channel.
Both the unique SO region and the exoplasmic N terminus are
necessary for this gain of function.

High-conductance voltage- and Ca?*-sensitive potassium
channels are found virtually in all excitable and nonexcitable
tissues, with the exception of heart. As sensors of both voltage
and intracellular calcium, they are responsible for membrane
hyperpolarization, associated with phenomena like repetitive
firing, spike shaping, transmitter release, and regulation of
vascular and visceral smooth muscle contractility (1-4). Clon-
ing of high-conductance voltage-activated and Ca?*-sensitive
K* (MaxiK) channels revealed that they belong to the S4
superfamily of ion channels (5) but carry a unique C terminus
containing four hydrophobic, possibly membrane-spanning
regions (S7-S10) with a nonconserved linker between regions
S8 and S9 (6-8). The C-terminal region after the noncon-
served linker shows the highest sequence conservation be-
tween the Drosophila (Dslo) and mammalian clones and
includes hydrophobic regions S9 and S10. This region can be
expressed as a separate domain and has been proposed to
determine the Ca?* sensitivity of this channel (9). Alternative
splicing rather than homologous genes seems to be responsible
for the diversity of MaxiK channels (8, 10, 11).

The common features of voltage-dependent K* channels
and individual domains of Na* and Ca?* channels of the S4
superfamily are six putative transmembrane segments with a
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pore loop between transmembrane segments S5 and S6. The
S4 region, which has been shown to move outward during
depolarization and activation of these channels (12, 13), carries
positive charges that are thought to interact with negative
charges in regions S2 and S3 in Shaker K* channels (14). By
analyzing sequence alignments and hydrophobicity plots, we
show that MaxiK channels may share these features, as initially
proposed (7), but carry an additional hydrophobic region (S0)
at the N terminus. Our data suggest that this hydrophobic
region serves as a type I signal anchor directing the N terminus
to the extracellular space.

MaxiK channels purified from smooth muscle are tightly
associated with an accessory $ subunit (15). Purification and
cloning of this B subunit revealed that it has two putative
membrane-spanning regions and a large extracellular loop
with two glycosylation sites (16, 17). This B8 subunit dramati-
cally increases the open probability of the pore-forming «
subunit of mammalian MaxiK channels (18-21). We show
herein that the Drosophila homologue (Dslo) is unaffected by
the coexpression of this mammalian 8 subunit. We utilized this
difference to map the region responsible for B-subunit regu-
lation by constructing chimeras between the B-subunit respon-
sive human MaxiK channel (Hslo) and the unresponsive Dslo.
We show that 41 N-terminal amino acids, including SO, from
Hslo are sufficient to confer B-subunit responsiveness to Dslo.
Preliminary reports of these findings have been presented.*

MATERIALS AND METHODS

Sequence Analysis. We used the Genetics Computer Group
software package (version 8.0) (22). Hydrophobicity analysis
was done with the program PEPPLOT; the program PILEUP was
used to generate the multiple sequence alignments (in both
cases using default settings). To obtain a reasonable alignment
only the 400 N-terminal amino acids of Hslo and Dslo were
used. The other K*-channel sequences were full-length. Ac-
cession numbers used are as follows: Hslo, U11058; Dslo,
JHO0697; Kv1.3, P22001; Shaker, X06742; Kv2.1 (drkl),
P15387; Shab, P17970; Kv3.1, P15388; Shaw, P17972; Kv4,
A39372; Shal, P17971.

In Vitro Translation. H-S0 and D-S0 clones were made by
introducing a stop codon after amino acid Arg-113 in Hslo and
Arg-127 in Dslo. cRNA (0.5 pug in a 25-ul reaction) was
translated in reticulocyte lysates in presence of microsomes
(Promega) and [*»S]methionine (NEN) by following the man-
ufacturers instructions. Aliquots of 5-10 ul were diluted into
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100 wl of 0.1 M Na,COs3 (pH 11) or phosphate-buffered saline
(PBS, pH 7.4) [for N-glycosidase (PNGase) F digestions] and
kept on ice for at least 30 min. Microsomes were collected by
centrifugation (20,000 X g for 1 h). The pellets were rinsed two
times with 100 ul of PBS. Soluble proteins (100 ul) were
precipitated with acetone (200 ul). Equivalent amounts of
pellet (P) and supernatant proteins (S) were loaded in each
lane. To remove N-linked glycosylation, the microsomal pellet
was resuspended in H,O and an aliquot was treated with 25
units of PNGase F (NEB) according to the manufacturers
instructions. Control reactions were treated in the same way,
but without adding enzyme. After SDS/PAGE, gels were
fixed, stained, soaked in Amplify (Amersham), and dried
before autoradiography.

Signal-Sequence Fusion Clones. S-DCHT, S-Dslo, S-Hslo-
M4, and S-ShH4-IR were made by ligating a PCR fragment
coding for 33 N-terminal amino acids of the rat Na* channel
Bl-subunit (23) into Ncol sites at the translational start. The
correct orientation was determined by restriction analysis and
confirmed by sequencing. These 33 amino acids contain a
cleavable N-terminal signal sequence of 19 amino acids (24).
Therefore, the mature proteins are predicted to contain 14
additional amino acids at the N terminus. Hslo-M4 was made
by utilizing Met-10 in Hslo (20) as translational start site (see
Fig. 5B). In ShH4-IR(S—) these 33 amino acids were removed
from S-ShH4-IR.

Chimeric Constructs. Chimeras were made by including
appropriate restriction enzyme recognition sites into PCR
primers or by overlap extension amplification (25). For all
PCRs, high-fidelity Pfu polymerase (Stratagene) was used. A
conserved Sphl restriction site was utilized for generating the
HCDT and DCHT chimeras. The amino acid sequences of the
constructs (restriction sites used for cloning are given in
brackets) are as follows: HCDT, Met-1 to Met-652 from Hslo
and His-680 to Ser-1164 from Dslo (Sphl); DCHT, Met-1 to
Met-679 from Dslo and Arg-653 to Leu-1113 from Hslo
(Sphl); HD11, Tyr-318 to Asn-649 of Hslo replaced by Ser-332
to Thr-687 of Dslo (Accl, Sphl); HD1, Met-1 to Ser-317 from
Hslo and Ser-332 to Ser-1164 from Dslo (Accl); HD2, Met-1
to Glu-257 from Hslo and Asn-273 to Ser-1164 from Dslo
(EcoRI); HDP, Asn-258 to Gly-300 of Hslo replaced by
Asn-273 to Gly-314 from Dslo (Kasl, EcoRI); HD7, Met-1 to
Lys-65 from Hslo and Gly-85 to Ser-1164 from Dslo (Apal);
HDS, Met-1 to Ile-40 from Hslo and Leu-68 to Ser-1164 from
Dslo (overlap extension); DHS, Met-1 to Val-67 from Dslo and
Val-41 to Leu-1113 from Hslo (overlap extension); DHDS,
Lys-48 to Val-67 of Dslo replaced by Met-21 to Ile-40 from
Hslo (overlap extension); HD9, Met-1 to Trp-22 from Hslo and
Trp-50 to Ser-1164 from Dslo (overlap extension); Hslo-M4,
Met-10 to Leu-1113 from Hslo (Ncol); HAN43, Met-Gly,
Arg-44 to Leu-1113 from Hslo (Ncol introduced with PCR
primer, EcoRI). All constructs were analyzed by restriction
digestion. Sequences amplified by PCR and ligation connec-
tions were confirmed by sequencing. For cRNA synthesis,
plasmids were linearized with appropriate restriction enzymes,
and cRNA was transcribed using the mMESSAGE mMA-
CHINE kit (Ambion, Austin, TX). The cRNA was precipitated
with LiCl and dissolved in H,O; the concentration was mea-
sured in a spectrophotometer and confirmed by gel electro-
phoresis.

Electrophysiology. Xenopus oocytes were injected with 5-10
ng of cRNA and measured after 2-5 days using inside-out
patches. The pipette solution contained 105 mM potassium—
methane sulfonate, 5 mM KCl, and 10 mM Hepes (pH 7.0).
The bath solution had in addition 5 mM N-hydroxyethylethy-
lenediaminetriacetic acid (HEDTA) and CacCl,, to obtain the
desired free [Ca?*] and confirmed with a Ca?" electrode
(World Precision Instruments, Sarasota, FL). Data were an-
alyzed as described (21). Each construct or their combinations
were measured in at least four batches of oocytes.

Proc. Natl. Acad. Sci. USA 93 (1996) 14923

RESULTS AND DISCUSSION

MaxiK Channels Contain an Additional Hydrophobic Re-
gion at the N Terminus. Kyte—Doolittle hydrophobicity anal-
ysis (26) of the amino acid sequence of Hslo and Dslo channels
revealed several hydrophobic regions at the N terminus (Fig.
14). Hydrophobic regions S1-S6 were assigned based on
multiple sequence alignments with other voltage-dependent
potassium channels (Fig. 1B). Landmarks in this sequence
alignment are conserved charged amino acids that are indi-
cated with arrows in the sequence alignment and in the
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Kvi_3 TFSRMIMNLIDIVAI IPYFITLGTEL_12_LAILRVIRLVRYFRIFKLSRHSKGLAQILG 336
Shaker NF:nbvnN\uﬁnal|er|ILAI\:v,_zﬁ LAILR\I’IRLVIVF!IFELSRMSKBLQILD 386
Kv2_ 1 KFFKGPLNAIDLLAILPYYVTIFLTE_11_RRVVQIFRIMRILRILKLARHSTOGLASLG 317
Shab KFFKGGLNI IDLLAILPYFVSLFLLE 12 _RRVVOVFRIMRILAVLKLARHSTGLQSLG 567
Kv3_1 EFIKNSLNIIDFVAILPFYLEVGLSG_ _7_LGFLRVVRFVRILRIFKLTRHFVOLRYLG 335
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Fic. 1. Unique hydrophobic region at the N terminus of MaxiK
channels. (4) Kyte-Doolittle hydrophobicity plot (26) of Hslo and
Dslo from the N terminus to the end of region S6. The curve represents
the average of a residue-specific hydrophobicity index calculated from
a window of 9 amino acids. Hydrophobic regions S1-S6 (and the pore
region P) were designated according to the multiple sequence align-
ment (Fig. 2B) and are highlighted. Arrows mark the positions of
conserved charged amino acids. Bars denote the coding region of
clones H-SO and D-S0. (B) Part of a multiple sequence alignment of
Hslo and Dslo with voltage dependent potassium channels. The
numbers between hydrophobic regions represent the number of amino
acids of extracellular loops. The abundance of hydrophobic residues
throughout the alignment and the hydrophobicity analysis of Hslo and
Dslo were considered for designating transmembrane regions (marked
with bars). Conserved amino acids are shaded and conserved charged
amino acids are marked with an arrow. (C) Comparison of the
previously suggested model (old) with the topology suggested to us by
the sequence homology and hydrophobicity analysis (new). The exo-
plasmic (exo.) and cytoplasmic (cyto.) sides of the membrane are
marked.
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hydrophobicity plots (Fig. 1 A and B). Some of these residues
in segments S2, S3, and S4 have been implicated in voltage-
dependent gating (12, 13, 27, 28), and negatively charged
amino acids in regions S2 and S3 are thought to interact with
positive charges in the S4 region of Shaker K* channels (boxed
in Fig. 1B) (14).

The sequence homology and the hydrophobicity pattern of
regions S1-S6 of MaxiK channels, which closely resemble the
pattern observed for other voltage-dependent ion channels,
suggest that homology regions S1-S6 of MaxiK channels
(excluding SO) have the same membrane topology and prob-
ably similar function as proposed for their counterparts in
solely voltage-dependent ion channels. This notion is consis-
tent with our finding that MaxiK channels become purely
voltage-dependent at Ca?>* concentrations less than 100 nM
(21). In addition, we also measure gating currents from Hslo
channels (L.T., unpublished results), which are protein-bound
charge movements characteristic of voltage-dependent ion
channels.

From this analysis, it is obvious that both Hslo and Dslo have
an additional hydrophobic segment (termed S zero, S0) at the
N terminus. In previous reports (7, 10, 29), regions S1-S6 were
assigned as shown in Fig. 1, but this additional hydrophobic
region was not mentioned. Other authors (5, 6, 8, 11, 19, 30)
have interpreted hydrophobic region SO as transmembrane
region S1. In the latter model, homology region S1 was shown
as S2, S2 as S3, and region S3 was predicted as an extracellular
loop as illustrated in Fig. 1C (old). In our revised model, the
region previously thought to form a large extracellular loop
between transmembrane segment S1 and S2 is intracellular
and the previous transmembrane region S1 is now designated
as SO [Fig. 1C (new)].

Hydrophobic region SO seems to be unique for MaxiK
channels. In voltage-dependent K* channels, the correspond-
ing cytoplasmic regions are conserved, especially within sub-
families, and are responsible for subfamily-specific recognition
and assembly (31, 32).

Hydrophobic Region SO Is an Additional Transmembrane
Segment at the N Terminus That Can Be Expressed as a
Separable Domain. Hydrophobic SO region could be cytoplas-
mic and might interact with additional hydrophobic regions
(S7-S10) at the C terminus. It may also be peripherally
membrane associated or may be membrane spanning (Fig. 1C
new). To distinguish among these possibilities, N termini
(H-S0, D-S0; marked with bars in Fig. 14) that contain only
hydrophobic region SO were in vitro-translated in presence of
microsomes. After alkaline treatment, which opens the micro-
somal vesicles and releases peripheral membrane proteins (33,
34), membrane-spanning proteins were separated from soluble
proteins by centrifugation. The majority of the in vitro-
translated H-SO and D-S0 fragments are found in the micro-
somal pellet (P) and are not released from the membrane by
high pH treatment (Fig. 24). This shows that H-S0 and D-S0
behave like integral membrane proteins and implies that
hydrophobic region S0 is a membrane-spanning region. Both
D-S0 and H-SO contain a single consensus sequence for
N-linked glycosylation (NXS/T), which in D-SO is located
before and in H-SO after the hydrophobic segment SO (Fig. 2C
and see Fig. 5B). In vitro translation of D-S0 in the presence
of microsomes gave an additional band, which is shifted to a
higher molecular weight (Fig. 24). To verify that this second
band appeared because of N-linked glycosylation, we used
N-glycosidase F treatment. This reduced the observed band
shift in D-SO but had no effect in the H-SO protein (Fig. 2B).
This result suggests that H-S0 and D-S0 insert into microsomal
membranes as a type I signal anchor sequence (35) leading to
an exoplasmic N terminus. This occurs in the absence of a
cleavable N-terminal signal sequence, as found for most
members of the superfamily of G-protein-coupled seven-helix
receptors.
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Fic. 2. Hydrophobic region SO is an additional transmembrane
region. (4) Autoradiogram of H-SO and D-S0 proteins after in vitro
translations, high pH treatment, separation into microsomal pellet (P)
and soluble fraction (S), and SDS/PAGE. The apparent molecular
weights of H-SO and D-SO are higher than the calculated molecular
weights (H-S0, 12.5 kDa; D-S0, 14 kDa). This may be due to a stable
secondary structure, which might also explain the diffuse bands. (B)
PNGase F treatment of microsomal pellets of H-SO and D-S0; + and —
indicates treatment with and without PNGase F. (C) Proposed mem-
brane topology of H-S0, D-S0, and HAN43. MaxiK channels possess
additional hydrophobic regions (S7-S10) at the C terminus that are
shown as intracellular. We prefer this topology because of the rela-
tively low hydrophobicity of these potential transmembrane regions.
(D) Functional rescue of the N-terminal deletion clone HAN43 by
coexpression of H-S0. Oocytes were injected with 10 ng of HAN43
cRNA alone or along with 5 ng of H-SO cRNA and currents were
measured in inside-out patches in 10 uM free Ca?*.

To test whether Hslo can be expressed as a functional
channel without the SO region, we eliminated 43 N-terminal
amino acids in Hslo (HAN43). We anticipated that this trun-
cated protein would fold into the membrane like normal
voltage-dependent K* channels with a cytoplasmic N terminus
(Fig. 2C). Injection of HAN43 cRNA alone did not produce
any currents. However, coinjection of cRNA encoding H-S0O
restored function (Fig. 2D) with half-activation potentials
identical to those of the full-length wild-type channel. More-
over, coinjection of B-subunit cRNA induced the expected
shift in the half-activation potentials in oocytes injected with
HAN43 and H-SO cRNA (data not shown). These results
suggest that indeed HAN43 folds into the membrane in the
correct functional orientation, although we cannot exclude the
possibility that correct folding of HAN43 may be dependent on
the coexpressed H-SO fragment.

As expected from the sequence homology and supported by
experimental evidence (36) functional MaxiK channels are
likely homotetramers. In the case of H-S0O being the region
involved in functional tetramerization, as their corresponding
counterparts in voltage-dependent K* channels, we would not
have expected to rescue function because this would induce
multimerization of H-SO but not the tetramerization of the
pore-forming HAN43 protein. Therefore, region SO may be an
essential part of the gating machinery of MaxiK channels
rather than being involved in tetramerization.

Fusion of a Signal Sequence to the N Terminus Does Not
Alter Functional Expression of MaxiK Channels. To confirm
the exoplasmic location of the N terminus in functional MaxiK
channels expressed in oocytes, we fused 33 N-terminal amino
acids containing a cleavable signal sequence from the rat Na™
channel B1-subunit (24) to the N termini of MaxiK channels
and to the noninactivating Shaker K* channel (ShH4-IR) (37).
In the case of an already extracellular N terminus, the addition
of a signal sequence would not affect the membrane orienta-
tion. If the N terminus is cytoplasmic, as in Shaker K*
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FiG. 3. Addition of an N-terminal cleavable signal sequence does
not alter functional expression of MaxiK channels. Representative
inside-out macropatch currents from oocytes injected with S-Hslo-M4
(A) or Hslo-M4 (B) measured in symmetrical 110 mM K™ in presence
of 10 uM Ca?". (C) Half-activation potentials (V1,,) as a function of
intracellular [Ca?*]. Signal sequence fusion on a Shaker potassium
channel (S-ShH4-IR) (D) and after removal of the signal sequence
from the same clone (ShH4-IR(S-) (E). Currents in D and E were
measured in cell attached mode. Pulses to the indicated potentials
were delivered to oocytes bathed in 105 mM potassium-methane
sulfonate solution.

channels, fusion of a signal sequence to the N terminus would
be expected to result in a reverse orientation of hydrophobic
region S1. This should either lead to loss of function or,
although rather unlikely, to a reverse orientation$ of the
channel in the membrane, which should be easily detected by
electrophysiological measurements (Fig. 3D). In both Dslo and
the chimeric construct DCHT (see Fig. 54), the fusion of this
signal peptide (clones S-Dslo and S-DCHT; S for signal
sequence) to the N terminus resulted in normal functional
expression of MaxiK channel activity in Xenopus oocytes (data
not shown). Since Hslo and Dslo have more than one Kozak
consensus sequence for initiation of translation (7, 20), we
used the most downstream translation initiation codon (M4,
see Fig. 5B) of Hslo as the fusion partner (S-Hslo-M4). This
excludes the remote possibility of an internal ribosome entry
(39) that could circumvent the translation of the signal peptide.
As observed for S-Dslo and S-DCHT, functional expression of
clone S-Hslo-M4 showed no obvious differences when com-
pared with unmodified (wild type) channels in expression
levels and electrophysiological properties (Fig. 3 A and B)
including the sensitization caused by the $ subunit (data not
shown). In contrast, for Shaker K* channels, the fusion of this
signal peptide to the N terminus (S-ShH4-IR) resulted in loss
of function, presumably due to a folding or trafficking defect
(Fig. 3D). A reverse polarity pulse protocol was used to check
for inverted channels in the membrane. Removal of the signal
peptide from the same clone (ShH4-IR(S-) restored the nor-
mal function (Fig. 3E), showing that the loss of function was
not due to cloning artifacts.

These experiments confirm that the extracellular orienta-
tion of the N terminus in both Hslo and Dslo, suggested from
the in vitro translation experiments, is maintained in functional
channels expressed in Xenopus oocytes.

Drosophila MaxiK Channels Are Not Regulated by the
Human B Subunit. Coexpression of Hslo « subunit with the
human B subunit dramatically increases the channel open
probability at Ca®* concentrations higher than 100 nM (21). In
marked contrast to the 100 mV shift of the half-activation
potentials induced by coexpression of the 8 subunit with Hslo
channels above 3 uM Ca?* (Fig. 4 D and E), the Drosophila

SA simple model for folding of polytopic eukaryotic membrane
proteins suggested that the orientation might be determined only by
the orientation of the first transmembrane region (38).
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FI1G. 4. Dslo channels are not regulated by the human B subunit.
(A) Proposed membrane topology of Dslo-a, Hslo-«, and the MaxiK
channel B subunit. The proposed B-subunit topography (16) was
confirmed by in vitro translation experiments showing an integral
membrane protein with two N-linked glycosylation sites. (B and D)
Open probability (P,) at steady-state current versus membrane po-
tentials obtained in 10 uM intracellular Ca2*. Pulses were delivered
from a holding potential of 0 mV in steps of 6 mV from —199 mV to
>100mV. (C and E) Mean V1, values with standard deviations plotted
against the intracellular Ca?* concentration in presence (@) and
absence (O) of human B subunit for Dslo (C) and Hslo (E).

homologue [Dslo, splice variant A1/C2/EI/G3/10 (10)] is
unaffected by the coexpression of this mammalian 8 subunit
over a wide range of Ca?* concentrations (Fig. 4 B and C).
Either such a B-subunit regulation is missing in Dslo channels
or may require a Drosophila homologue of this 8 subunit for
functional regulation. Such a Drosophila B-subunit homologue
has not yet been isolated.

N-Terminal Region of Hslo Transfers B-Subunit Regulation
to Dslo. We anticipated that regions necessary for B-subunit
regulation may be identified by exchanging regions between
Hslo and Dslo. Many of the chimeric constructs (Fig. 54)
showed different apparent Ca?* sensitivities in comparison
with the wild-type channels despite the similar Ca?* sensitiv-
ities of both Hslo and Dslo splice variants used in this study
(Fig. 4). Therefore, the effect of the B subunit for each
chimeric construct was evaluated by its ability to induce a shift
of the voltage activation curve to the left. Because this effect
is Ca®*-dependent (Fig. 4E), we performed experiments over
awide range of Ca’* concentrations. This is especially impor-
tant for constructs that are insensitive to B-subunit regulation
to ensure that their unresponsiveness is not due to a shift in the
Ca?* dependence of the B-subunit effect.

Since MaxiK channels contain a unique C terminus with
additional hydrophobic regions, we initially generated chime-
ras (HCDT, DCHT, and HD1), where we exchanged C-
terminal regions. In chimeric constructs HCDT and DCHT,
the highly conserved tail regions (containing S9 and S10),
which have been proposed to transfer Ca?* sensitivity (9), were
exchanged. The results show (see Fig. 5, HCDT, DCHT, and
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F16.5. Transfer of B-subunit modulation from Hslo to Dslo. (4) Thick lines and solid membrane-spanning regions indicate sequences derived
from Hslo; thin lines and open membrane regions are sequences derived from Dslo. Open probabilities in 10 uM Ca?* for a representative
experiment are plotted against voltage. Values are the mean half-activation potentials at 10 uM Ca?* (+SD, n = number of experiments). V1,
vs. Ca2* are also shown. Oocytes were injected with 5 ng of a-subunit and 10 ng of B-subunit cRNA. Titration studies showed that even 10-fold
less B-subunit cCRNA is a saturating concentration (data not shown). (B) Sequence comparison of the N-terminal region of Hslo and Dslo.
Hydrophobic region SO is marked with a bar. Three amino acids at the junctions of chimeric constructs are underlined. M4 marks the beginning
of clone Hslo-M4. The N-linked glycosylation site in Dslo is indicated with a ¥ and a consensus sequence for N-linked glycosylation in Hslo is
indicated by an arrow. A vertical line, colon, and period indicate identical, highly conserved, and conserved amino acids according to the sequence

comparison table of the GCG program.

HD1) that the N terminus (up to S6) but not the long C
terminus from Hslo is required for B-subunit regulation.

It has been reported that charybdotoxin, a pore blocker of
MaxiK channels, crosslinks to the g subunit (17), suggesting its
proximity to the pore region. Therefore, we made a chimeric
construct where we exchanged the pore region of Hslo with the
homologous Dslo region (HDP) and a construct where the C
terminus including S6 is from Dslo (HD2). The functional
transfer of the pore region in chimeric construct HDP was
confirmed by loss of charybdotoxin sensitivity (7) (data not

shown). Surprisingly, both constructs were still modulated by
the B subunit as evident from the shift of the voltage activation
curve to more negative potentials. These findings also exclude
the pore region and adjacent region S6 as being responsible for
differences of B-subunit regulation between Hslo and Dslo.
To further circumscribe the region involved in B-subunit
modulation, we replaced parts of the unresponsive Dslo with
the corresponding Hslo sequences moving toward the N
terminus. The sensitization induced by the B subunit was
gained in clones containing the exoplasmic N terminus and S0
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from Hslo (HD7, HDS8) but was not established in chimeras
where only the exoplasmic N terminus (HD9) or only SO
(DHDS) were from Hslo. As expected, a reverse chimera with
the N terminus and SO from Dslo and the rest of the protein
from Hslo (DHS8) was not affected by the B subunit. These
results show that both the exoplasmic N terminus and SO (41
amino acids) of Hslo, are required for transfer of B-subunit
regulation from Hslo to Dslo. The amino acids required at the
exoplamic N terminus can be limited further because a dele-
tion of the first 10 amino acids in Hslo (Hslo-M4, Fig. 5B) is
still regulated by the 8 subunit (data not shown). Therefore, we
conclude that 31 amino acids at the N terminus of Hslo, which
includes S0, are critical for B-subunit modulation in MaxiK
channels.

Although our data do not show that this region is responsible
for B-subunit binding, it is a plausible candidate. The exoplas-
mic N terminus and the transmembrane localization of SO
would provide sufficient surface for interaction with the
subunit. In the Kv1 family of voltage-dependent K* channels,
the corresponding cytoplasmic region was recently shown to
bind the cytoplamic KvB1-subunit (40, 41).

From experiments expressing Hslo and Dslo “core” and
“tail” regions as separate domains, it has been proposed that
the highly conserved tail region of MaxiK channels exchanged
the apparent Ca?" sensitivity between a Dslo splice variant
with low Ca?" sensitivity and a mammalian highly sensitive
clone (9). Although we used Hslo and Dslo splice variants with
similar apparent Ca?" sensitivities (similar half-activation po-
tentials, V1, see Fig. 4), we found similar to Wei et al. (9) that
the tail region of Dslo made Hslo less Ca* sensitive [V1,, = 95
mV for HCDT vs. V1), = 12 mV in Hslo() in 10 uM Ca®*, see
Figs. 54 and 4D]. These results indicate that the modification
in Ca?* sensitivities observed with the exchange of tail regions
cannot be interpreted as a transfer of Ca?* sensitivity. Addi-
tional evidence supporting this view is as follows: (i) the Dslo
splice variant used in this study and the variant used by Wei et
al. (9) are identical in the tail region; (ii) the reported
differences in Ca?" sensitivities of Dslo and Hslo are due to
splice variations in the core region (10, 11); and (jii) most of
our chimeric constructs where regions other than the tail
regions were exchanged, differed in their apparent Ca’*
sensitivities when compared with the wild-type (see Figs. 5 and
4D). Thus, our findings stress the importance of the whole
protein in determining the apparent Ca?* sensitivity of MaxiK
potassium channels.
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