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ABSTRACT: Voltage-gated potassium channels open and close in response to changes in the membrane
potential. In this study, we have determined the NMR solution structure of the putative S3b—S4 voltage-
sensor paddle fragment, the part that moves to mediate voltage gating, of the HsapBK potassium channel in
dodecylphosphocholine (DPC) micelles. This paper presents the first structure of the S3b—S4 fragment from a
BK channel. Diffusion coefficients as determined from PFG NMR experiments showed that a well-defined
complex between the peptide and DPC molecules was formed. The structure reveals a helix—turn—helix
motif, which is in agreement with crystal structures of other voltage-gated potassium channels, thus indicating
that it is feasible to study the isolated fragment. The paddle motifs generally contain several basic residues,
implicated in the gating. The critical Arg residues in this structure all reside on the surface, which is in
agreement with crystal structures of K, channels. Similarities in the structure of the S3b—S4 fragment in BK
and K, channels as well as important differences are seen, which may be important for explaining the details in
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paddle movement within a bilayer.

Potassium channels were originally described as the membrane
proteins that, during an action potential, open their pore and
allow a flow of K ™ ions out of the neuron, to further enhance the
restoration of the resting potential, brought about by sponta-
neous inactivation of voltage-gated sodium channels (7). How-
ever, now it is known that potassium channels are involved in
many physiological functions and can be found in all types
of organisms and cells (2, 3). Potassium channels are highly
conserved: they are all tetrameric membrane proteins that
specifically conduct K through an aqueous pore. Structurally,
potassium channels can be divided into two major classes:
the six-transmembrane-helix voltage-gated (K,) and the two-
transmembrane-helix inward rectifiers (Kj,).

K, channels are homotetramers (4) in which each subunit
contains six transmembrane segments, S1—S6. Crystal structures
of K, and of a Shaker family K ™ channel have revealed that the
K, channels are composed of two structural units, the pore
domain with the selectivity filter (segments S5 and S6) and the
voltage-sensor domain (segments S1—S4) (5—38).

Calcium- and voltage-activated BK channels (known as Max-
iK channels) also contain a S4 helix, but unlike K, channels, they
contain seven transmembrane helices (S0—S6) and a large
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cytosolic domain (S7—S10) (9). These channels are activated by
both a voltage and cytoplasmic Ca> " . They often colocalize with
voltage-dependent calcium channels to dampen their excitatoric
effect through negative feedback (10—12). The Ca®" activation
and the voltage activation act independently (11, 13).

Within the voltage-sensor domain, the S4 segment is generally
rich in Arg (or Lys) residues and forms a “paddle” motif with part
of the S3 helix, S3b (5). This paddle motif provides a means for
moving charges within the membrane and seems to be sensitive to
the membrane potential (3, /4). The gates of these proteins can
thus be open or closed, depending on the voltage variations in the
cell membrane. This voltage-sensor motif appears to be con-
served within a wide range of channels (/5—19). It has also been
shown that the voltage-sensor motif can function as a volt-
age-activated proton channel without a separate pore do-
main (/7—19). Crystal structures of several voltage-dependent
potassium channels have been obtained, and the results have
shown that the voltage-sensor paddle fragment, S3b—S4, moves
within the membrane to open the pore (5—8, 20—22). The crystal
structures have further revealed that the paddle is composed of a
helix—turn—helix motif. The paddle motif is rich in Arg residues,
and the movement of these charges across the membrane is linked
with pore gating (23, 24). Many questions about the extent of the
paddle motion within the membrane still remain, and different
biophysical and biochemical techniques have been shown to give
different results concerning the actual distance that the domain
moves (8, 24, 25).

In this paper, we describe the high-resolution NMR solution
structure of the voltage-sensor motif from the Homo sapiens
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BK K™ channel, HsapBK(233—260)." It consists of 28 amino
acid residues, with the sequence PVFVSVYLNRSWLGLRFL-
RALRLIQFSE. This sequence is totally conserved among BK
channels of different types and from different species. On the
other hand, the corresponding sequences in K, channels appear
not to be equally conserved, and hence, it is important to exa-
mine the structural differences and similarities between them. The
membrane-bound structure of the fragment was obtained by
reconstituting the peptide in dodecylphosphocholine (DPC)
micelles. We demonstrate that the structure of the isolated motif
doesindeed fold into a helix—turn—helix motif. The structure will
be helpful in future studies of the membrane interactions of the
voltage-sensor motifs.

EXPERIMENTAL PROCEDURES

Sample Preparation. The voltage-sensor motif, HsapBK-
(233—260), was obtained as a custom synthesis from NeoMPS
(Strasbourg, France) and used without further purification.
Deuterated dodecylphosphocholine-dsg (DPC) was purchased
from Cambridge Isotope Laboratories, Inc., while 1,2-dimyris-
toyl-sn-glycero-3-phosphocholine (DMPC-ds4) and 1,2-dihexa-
noyl-sn-glycero-3-phosphocholine (DHPC-d»,) were purchased
from Avanti Polar Lipids, Inc. (Alabaster, AL).

For the 'H NMR experiments and CD measurements, a
sample containing 1 mM peptide was dissolved in 100 mM
DPC-dsg (98%) and 50 mM potassium phosphate buffer (pH
5.5); 10% *H,0 was added for field/frequency lock stabilization
in NMR experiments. A sample of 1 mM peptide in 300 mM, g =
0.25 (¢ is the concentration ratio of DMPC to DHPC) DMPC/
DHPC bicelles was also prepared for CD measurements and
initial NMR experiments. Bicelles were prepared by mixing
lyophilized DMPC with a stock solution of DHPC (1 M) and
phosphate buffer (final concentration of 50 mM, pH 5.8) to yield
a total lipid concentration of 300 mM. Peptide dissolved in
CH;0H and CHCI; (1:3) was added to a freeze-dried bicelle
solution; the mixture was freeze-dried yet again and subsequently
dissolved in water.

CD Spectroscopy. CD spectra were recorded for HsapBK
(233—260) in DPC and in a ¢ = 0.25 DMPC/DHPC bicelle
solution. CD measurements were acquired on a Chirascan CD
spectrometer with a 0.1 mm quartz cell. The temperature was
adjusted to 25 °C with a TC 125 temperature control. Wave-
lengths ranging from 190 to 250 nm were measured with a 1 nm
step resolution. Spectra were collected and averaged over five
measurements. Background spectra of the pure detergent solu-
tion and of the pure bicelle solution were subtracted from the
peptide spectra.

Fluorescence Spectroscopy. Tryptophan fluorescence was
measured on a Perkin-Elmer LS 50B luminescence spectrometer.
All measurements where taken at room temperature in a quartz
cuvette with a light path length of 2 mm. The excitation
wavelength was 280 nm, and the emission was scanned from
300 to 500 nm. Ten scans were collected with a scan speed of

! Abbreviations: HsapBK, H. sapiens BK K channel; HsapBK (233 —
260), sequence P,3;3VFVSVYLNRSWLGLRFLRALRLIQFSE 4, de-
rived from HsapBK; DPC, dodecylphosphocholine; CD, circular di-
chroism; NMR, nuclear magnetic resonance; NOESY, nuclear
Overhauser effect spectroscopy; NOEs, proton—proton distances de-
termined from NOESY cross-peaks; TOCSY, total correlation spectro-
scopy; rmsd, root-mean-square deviation; CMC, critical micelle
concentration.
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600 nm/min. The excitation bandwidth as well as the emission
bandwidth was 10 nm.

NMR Spectroscopy. Two-dimensional 'H NMR measure-
ments were recorded on a Varian Inova spectrometer equipped
with a triple-resonance probe head operating at a 'H frequency of
800 MHz. Two-dimensional COSY (26, 27), TOCSY (28), and
NOESY (29) spectra were recorded for HsapBK(233—260) in 100
mM DPC. The TOCSY spectra were recorded with mixing times
of 30, 55, and 80 ms, and the NOESY spectra were recorded with
mixing times of 100, 150, and 300 ms. The 150 ms NOESY was
used for assigning distance constraints, as described previously
for structure determination of micelle-bound peptides (30). Spec-
tra were typically collected as 2048—4096 x 320 data point
matrices using 64—96 scans. Water suppression was achieved
with the WATERGATE pulse sequence (37). The spectra were
processed with NMRPipe version 2.3 (32), and spectral analysis
was performed with Sparky 3 (33). All two-dimensional NMR
experiments were performed at 37 °C.

Translational diffusion experiments were conducted on a
Varian Inova spectrometer equipped with a triple-resonance
probe head operating at a 'H frequency of 600 MHz. Measure-
ments were performed at 25 and 37 °C. Diffusion constants were
determined for DPC in the monomer state using a 0.5 mM DPC
sample, since the critical micelle concentration of DPC is 1
mM (34). Diffusion constants were measured using a modified
Stejskal—Tanner spin—echo experiment (35—37) with a fixed
diffusion time and a pulsed field gradient increasing linearly over
32 steps. To correct for field gradient inhomogeneity, the
intensity decline for every experiment was fitted to a modified
version of the Stejskal—Tanner equation (38). Viscosities of the
samples were estimated by measuring the H,O diffusion rates and
comparing them to standard values in water (39), and the
viscosity-corrected diffusion constants (40) could then be used
to calculate hydrodynamic radii via the Stokes—Einstein relation
using the assumption that the micelle is a hard sphere (47, 42). A
hydration layer with an estimated depth of 2.8 A was assumed in
the calculations.

Structure Calculation. Cross-peaks in the 150 ms mixing
time NOESY spectrum were used for deriving distance con-
straints for calculating a solution structure for HsapBK(233—
260) in DPC. In all, 327 distance constrains were assigned (160
intraresidue, 89 sequential, 72 medium-range, and 6 long-range
constraints). The cross-peak intensities were initially converted to
distances using routines in CYANA 2.0 (43). These distances
were subsequently altered manually in several stages as described
previously (44). Structures were generated using CYANA,
applying standard annealing algorithms. Analyses of the struc-
tures, including analyses of secondary structure and backbone
dihedral angles, were performed with PROCHECK NMR (45).
A total of 100 structures were calculated, and a final ensemble of
25 structures was selected, on the basis of the CYANA target
function, to represent the final solution structure. The coordi-
nates of the final ensemble of structures have together with the
distance constraints been deposited in the Protein Data Bank as
entry 2k44. The chemical shift assignments have been deposited
with the BMRB as entry 16112.

RESULTS

Interaction between HsapBK(233—260) and DPC. To
determine the extent of structure in HsapBK(233—260) in various
membrane mimetics, CD spectra were recorded between 190 and
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FiGURrE 1: CD spectra recorded at 37 °C for | mM HsapBK(233—
260) in 100 mM DPC (—) and in 300 mM, ¢ = 0.25 DMPC/DHPC
bicelles (———).

250 nm in 100 mM DPC and in a 300 mM DMPC/DHPC bicelle
solution (Figure 1). Bicelles provide a bilayered environment, in
which many proteins have been found to be active (46). It was
difficult to measure the spectrum for the bicelle sample below
200 nm, and hence, only the spectrum between 200 and 250 nm is
shown. This has previously been observed for peptides tightly
bound to bicelles (47). It was also somewhat difficult to accu-
rately measure the signal intensity for the peptide in the DPC
sample below 195 nm.

Nevertheless, the spectra of the peptide in both ¢ = 0.25 bicelle
solution and DPC display the characteristic features of a helical
structure, although the amplitude at 222 nm suggests that only
~30% of the sequence is structured. This may (in part) be due to
difficulties in accurately estimating the peptide concentration.
The similarity between the spectra indicates that the structure of
the paddle motif is similar in the two membrane mimetic solvents,
and that DPC provides an adequate membrane environment.
Since the NMR spectra of the peptide in the bicelle solvent were
hampered by large lipid signals and broad peptide resonances,
DPC was subsequently chosen for performing the structural
studies. The chemical shifts for the observable resonances in the
peptide dissolved in the bicelle solution were, however, similar to
those in DPC. Again, this indicates that the paddle fragment has
a similar structure in DPC and in the bilayer bicelles.

The complex between DPC and the peptide was further
analyzed by measuring translational diffusion coefficients for
DPC as well as for the peptide at 25 and 37 °C (Table 1). The
measurements at the lower temperature were made to ensure that
the diffusion coefficients obtained at 37 °C were not influenced
by a higher degree of convection currents in the sample. The
calculated hydrodynamic radii did, however, not vary signifi-
cantly within this temperature range.

The size of the peptide—DPC complex was examined from
diffusion data. The peptide is only marginally soluble in aqueous
solution and can thus be assumed to be fully bound to the DPC
complex. Hence, on the basis of the diffusion rate of the peptide, a
hydrodynamic radius of the DPC/peptide aggregates was calcu-
lated to 22.9 + 0.3 A at 37 °C.

To compare the size of the DPC/peptide aggregate to that of
a DPC micelle, the size of the DPC micelle alone was estimated.
A certain fraction of the DPC is dissolved as monomers in the
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Table 1: Diffusion Coefficients and Hydrodynamic Radii for DPC and
HsapBK(233—260)

D (x107 " m?s7 1)

sample DPC  HsapBK(233-260) R, (A)
25°C
0.5 mM DPC 48.8+£0.3 19403
100 mM DPC 113402 20.6£0.3
100 mM DPC and 1 mM  10.6+0.1 93402 221404
HsapBK(233—260)
37°C
0.5 mM DPC 63.6+0.4 24404
100 mM DPC 149402 213402
100 mM DPC and I mM  14.14+0.4 12.840.4 229404

HsapBK(233—260)

“Normalized according to the diffusion of HDO to account for viscosity
differences. ®Hydrodynamic radius. For the DPC micelle sample, the
fraction of free monomer in solution was taken into account. For the
DPC—peptide complex, the radius was calculated from the peptide diffu-
sion. The calculations have accounted for a hydration layer with an
estimated depth of 2.8 A.

solution, even above the CMC, and a weighted average between
the monomer and the micelle diffusion is thus observed (48).
Hence, we determined the diffusion rates for both monomeric
DPC (below the CMC) and the DPC micelle sample. Using these
values, we estimate that 3% of the total amount of DPC exists as
free monomers and that the hydrodynamic radius for the DPC
micelles without the peptide is 21.3 + 0.3 A, which corresponds
well with previous results for DPC micelles (49, 50).

Comparing the two, we see that adding the peptide to DPC
corresponds to an increase in volume of ~25%, which is in
agreement with similar studies of peptides in DPC micelles (34).
The results show that the peptide forms a well-defined complex
with the DPC molecules.

The intrinsic Trp fluorescence of Trp12 in HsapBK(233—260)
was measured in DPC. A clear blue shift in the emission
maximum as compared to what is expected for a solvent-exposed
Trp residue was observed (341 nm for HsapBK(233—260)
compared to 355 nm for a Trp residue in water) (5/). This
supports the diffusion results, and together with the fact that the
peptide and micelle-bound DPC diffuse with the same diffusion
constant, we conclude that the peptide is embedded in DPC. Very
similar results have previously been observed for well-structured
and tightly micelle-, bicelle-, or vesicle-bound peptides (34, 52, 53).

Solution Structure of HsapBK(233—260) in DPC. Two-
dimensional COSY, NOESY, and TOCSY experiments were
used to obtain resonance assignments for the peptide in DPC
solution. In short, the assignment strategy was based on identify-
ing spin systems in the TOCSY spectrum and connecting them
together by sequential NOE patterns in the NOESY spectrum.
The COSY spectrum was of little use, since the relatively broad
peaks lead to cancellation of peaks. Approximately 90% of all 'H
atoms were assigned, including the side chain protons. Assign-
ments for backbone H™ and H* protons were found for all amino
acid residues, except the N-terminal one. Most of the missing
assignments were in side chains for which, e.g., H” and H” protons
overlapped. Secondary H* chemical shifts were calculated accord-
ing to the method of Wishart and Sykes (54) (Figure 2a).

For most of the peptide, secondary chemical shifts indicating
helical structure are seen, with notable exceptions for residues
Leu8, Asn9, and Gly14 and the termini. A solution structure for
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FIGURE 2: Structural data for HsapBK(233—260) in 100 mM DPC.
(a) H* secondary chemical shifts. (b) Summary of sequential and
medium-range NOEs obtained from the NOESY spectrum recorded
with a 7,,;, of 150 ms. (c) Summary of the number of restraints for
each amino acid residue: white for intraresidue, light gray for
sequential, dark gray for medium-range, and black for long-range
NOEs.

the peptide was calculated on the basis of 327 distance constraints
derived from the two-dimensional NOESY with a mixing time of
150 ms. In agreement with the helical secondary shifts, many of
the medium-range NOEs indicating helical structure were found
throughout the peptide, although several were missing in the
region between Leu8 and Asn9, Trpl12 and Argl9, and Leu23 and
Glu28 (Figure 2b).

A summary of the number of constraints per residue is given
in Figure 2c. A few (six) unambiguous long-range NOEs were
found, which are essential for folding the structure into a helix—
turn—helix motif. Part of a NOESY spectrum displaying some of
these cross-peaks is shown in Figure S1 (Supporting Information).
These NOEs are seen between Leu8, Ser11, and Trpl2 and Phel7,
Leu2l, Leu23, and Ile24 (Figure 3a,b). From the final round of
calculations, an ensemble of 25 structures was selected to represent
the solution structure (Figure 4). These structures have low
CYANA target function and modest distance violations (Table 2).

Unnerstale et al.

N-terminus C-terminus

C-terminus

. ' Leu21
N-terminus

Trp12

F1GURE 3: (a) Long-range NOEs were obtained between the methyl
groups of Leu8 and the aromatic ring of Phel7 and the methyl groups
of Leu23 and Ile24, respectively. (b) Long-range NOEs was also
found between Trpl2 and Phel7, between Trpl2 and Leu2l, and
between Serll and Phel7.

The presented structure was calculated on the basis of only six
unambiguous long-range constraints. Furthermore, these were all
set conservatively to an upper distance limit of 6 A in the
calculation. The interface of the two helices is not as well-defined
as the secondary structure, but since the number of long-range
constraints is so few compared to the number of sequential and
medium-range constraints, this will not be reflected in the rmsd
values for atomic coordinates. To visualize this, a picture in which
the upper distance limit for the long-range NOEs is varied is
included (Figure 5). As one can see, the overall structure is retained
as the number of constraints is increased or decreased, but the
relative position of the two helices is varied. Furthermore, each of
the long-range NOE:s has been carefully examined, so that none
one of them forces a specific tertiary structure by itself, which can
be a problem in the case of a sparse NOE network. We calculated
the structure by using one distance constraint at a time, which
showed that the fold was not created by enforcing one single
distance (Figure S2 of the Supporting Information).

To further validate the structure, we carefully examined the
calculated structure to ensure that no significant long-range
constraints were missing in the data. In particular, we looked
for potential long-range distances of <6 A. On the basis of
measured distances in the structure, the side chain of Val4 is close
to both Leu23 and Ile24; however, the chemical shift of the two
methyl groups in Val4 overlaps with that of one of the methyl
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FIGURE 4: Solution structure of HsapBK(233—260) in 100 mM DPC
as represented by an ensemble of the 25 structures with the lowest
CYANA target function without (a) and with (b) the residues
involved in long-range constraints. The structures were superimposed
using backbone atoms in residues 5—14 and 18—26.

groups in Leu8 and in Leul8, and hence, we did not use these
cross-peaks. The second unambiguously assigned methyl group
resonance of Leu8 did, however, exhibit cross-peaks to Leu23,
and this constraint was included.

Among other short distances between side chains in the
structure, we note that Serll H? protons are close to both
Argl9 and Ala20 H# protons. Cross-peaks corresponding to
the chemical shifts of these protons can indeed be observed in the
spectra, but the shifts of Argl9 and Ala20 overlap with other
resonances in the peptide. Hence, no assignments were included.

Finally, several medium- and long-range distances between
protons close to the turn of the structure should generate cross-
peaks in the NOESY spectrum. Also here, the overlap is too
severe to make unambiguous assignments. The overlap is mainly
between methyl groups in Leul3 and Leul5 and between side
chain protons in the Arg residues (Argl6 and Argl9). Glyl4 had
only very few inter-residue NOE cross-peaks (Figure 2c).

On the basis of analyses of backbone dihedral angles and the
potential for forming helical hydrogen bonds, helical structure
was assigned between residues Ser5 and Gly14 (N-terminal helix)
and between Leul8 and Phe26 (C-terminal helix). Notably, the
dihedral angles for Asn9 and Argl0 are not strictly a-helical. This
is further supported by the lack of helical secondary shifts for
these residues (Figure 2a) and may indicate a break in the
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Table 2: Structural Statistics for the Ensemble of 25 Structures of HsapBK
(233—-260) in DPC Micelles

no. of constraints 327

Cyana target function 0.07 +0.03 A?
maximum distance violation 0.09 = 0.04 A
backbone atom rmsd (A)

all residues 0.83

residues 5—14 0.27

residues 18—26 0.14

residues 5—14, 18—26 0.60
Ramachandran plot regions (%)

most favored 80.5

allowed region 18.2

generously allowed 1.3

disallowed 0

FIGURE 5: The interface between the two helices is not as well-

defined as the secondary structure. To emphasize that, structures
calculated with the long-range NOEs set to 5 A (black), 5.5 A (blue),
6 A (cyan), 6.5 A (green), 7 A (yellow), 7.5 A (orange), and 8 A (red)
are shown.

N-terminal o-helix at this point. One should also note that
residues 15—20 have dihedral angles within the a-helical region,
but not in all structures within the ensemble. Analysis of the
hydrogen bonding pattern was slightly more complicated. Reg-
ular a-helical hydrogen bonds, although weak, were found
for most of the N-terminal helix, while hydrogen bonds were
observed only for Ala20 with both Leu23 and Ile24, indicating
the possibility of both NH(/)—O(i + 4) and NH()—O( + 3)
hydrogen bonding patterns. Hence, we conclude that the short
C-terminal helix corresponding to S4 has irregular secondary
structure, probably due to dynamic exchange between a-helical
and 3jg-helical structure, but that the calculated backbone
dihedral angles are within the a-helical region of the Ramachan-
dran map for residues Leul8—GIn25.

The precision of the structure, as judged from rmsds in atomic
coordinates, is fairly high, especially for the two helices (Table 2).
The short turn between the two helices is defined by fewer
distances, since NOE cross-peaks in this area are difficult to
assign due to the extensive overlap in the spectrum (Figure 2¢).

DISCUSSION

In this report, we have determined the solution struc-
ture of the putative S3b—S4 voltage-sensor paddle in the
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FIGURE 6: Comparison of the S3b—S4 sequence in HsapBK with the corresponding sequences from K, AP and K, 1.2 channels. An overlay of all
25 structures for HsapBK(233—260) in the NMR-derived ensemble with the average structure colored red is shown in panel a. Panel b shows the
S3—S4 fragment in the K, AP structure (PDB entry lORQ). Panel cis from the structure of the isolated sensor in K AP (PDB entry IORS). Panel d
shows the structure of the S3—S4 sequence in the rat K,2.1 paddle chimera channel (PDB entry 2R9R). The region corresponding to the HsapBK
S3b—S4 fragment is colored red in all structures. Connecting regions in the other structures are shown in different colors to facilitate comparison.
A multiple-sequence alignment of the four sequences is shown in panel e, with the same color coding that is used in panels a—d. Completely
conserved residues are marked with asterisks. Notably, the turn in the K,2.1 channel is located in a different position than in the other structures.

voltage- and calcium-dependent HsapBK potassium channel.
The isolated paddle in DPC micelles is here shown to form a
structure in which two short helices interact to form a helix—
turn—helix motif. On the basis of previous sequence align-
ments between the S3b—S4 motif in HsapBK and the K AP
potassium channels, it is anticipated that the S3b helix spans
residues 1—10 and that the S4 helix spans residues 12—27 (5)
in HsapBK. In this study, we see that the N-terminal helix
(corresponding to S3) of HsapBK(233—260) comprises resi-
dues Ser5—Gly14 and that the C-terminal helix (corresponding
to S4) comprises residues Leul8—Phe26, although there is
evidence, from both secondary chemical shifts and NOEs, that

the C-terminal helix may comprise also residues preceding these
(Leul5—Phel7).

Comparison of the structure of the HsapBK segment to
those of crystal structures of K, channels (5, 7, §) shows that
they are in part similar (Figure 6). The hydrophobic interac-
tions between the two helices in this structure mainly involve
Leus8, Serll, Trp12, Phel7, Leu2l, Leu23, and Ile24. Compared
with other BK channels in different species, all residues in S3
and S4 in the proteins are completely conserved (55). Compared
with the Shaker and K, or Na, channels, these residues are
conservatively replaced with other aromatic and hydropho-
bic residues (3, 6, 55). However, Trpl2 that participates in the
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FIGURE 7: Solution structure of HsapBK(233—260). The side chains of the four Arg residues are shown. Panel a shows a front view, while panel b
shows a view down along the C-terminal S4 helix, indicating that the Arg residues are all on the outside of the structure.

long-range contacts in this structure is not conserved in the
K\AP and K,1.2 S3—S4 fragments (Figure 6). Furthermore,
Glyl4 in HsapBK(233—260) is located in the loop between
the two helices and hence corresponds to the glycine-rich loop
in K,AP(112—146) and not to the S4 segment as suggested
from ClustalW alignment (5). This is not a surprise, since
structure is more evolutionarily conserved than primary se-
quence. The two helices in the HsapBK(233—260) structure
presented here are much shorter, and not as well-packed as in
other K, structures. The K, channels are predicted to have
several residues in a loop region between the two helices, while
this is not the case for BK channels. The S3b—S4 region of the
human BK channels is furthermore predicted to be shorter than
in the K, channels.

As there are no structures of a full-length BK channel, we
cannot determine whether the differences observed here are due
to the DPC environment or the lack of the remaining protein or if
they indeed are true differences. It is, however, important to note
that this short fragment does indeed form a helix—turn—helix
structure in the presence of a membrane mimetic and that the
location of the S3b—S4 domain may differ somewhat in BK
channels as compared to K, channels, while the structural feature
of the paddle is conserved.

It has been demonstrated that the voltage sensors can func-
tion on their own, in proteins without ion-conducting pores
(17—19, 56), and that the paddle domains in K, and Na, channels
are modular and can be swapped between different ion chan-
nels (57—59). This supports the idea that the structure presented
here represents a nativelike conformation of the paddle domain
in BK channels.

The structure is embedded within a layer of DPC molecules, as
evidenced from diffusion measurements, which serve as a model
for the membrane. Several solution structures of membrane
proteins and peptides in DPC, as well as in other detergents,
have been determined (34, 44, 60—62), indicating that the DPC
provides a reasonable environment for investigating structure.
Many proteins retain their nativelike structure and activity in
such solvents. It should, however, be said that there are also
protein fragments that do not adopt their native structure in
micellar environments. These are often surface-associated pro-
tein motifs, or peptides (44, 62), for which the structure depends
critically on the membrane surface.

The four Arg residues within the peptide have been implicated
in the gating properties of the voltage-sensor motif, which has
been shown by various biophysical techniques (23—25, 63). The
extent to which these Arg residues move across the lipid bilayer
has, however, been debated. MacKinnon’s group has shown that
the paddle is highly mobile (63). Furthermore, the crystal
structure of a chimaeric channel in a lipid environment revealed
that the charges are exposed to the lipid phosphates in the
membrane, and that charge stabilization may occur through
interactions with negatively charged residues (8). It has also been
demonstrated that the isolated S4 helix from K AP, containing
most of the Arg residues, can be inserted in a membrane in a
transmembrane way and that the charges are stabilized by
interactions with the lipid phosphates (64, 65). Molecular dy-
namics simulations of the voltage-sensor domain have shown
that at least some of the Arg residues in the voltage-sensor
domain are not exposed to the hydrophobic interior of the
bilayer (66—68). It has been suggested that the paddle undergoes
considerable motion and that the gating involves changing the
bilayer and water exposure of the S3b—S4 paddle (66). It has also
been shown that the membrane may be affected by the sensor,
leading to a decrease in the hydrophobic thickness of the
bilayer (66, 69). Here we see that three of the Arg residues are
located in the putative S4 part of the fragment, and all are more
or less exposed on the surface of the structure (Figure 7). The
fourth Arg residue is situated close to the C-terminus of the
N-terminal helix, and its side chain is also exposed. This may in
part be due to the nature of the membrane mimetic but still shows
that the fragment forms a structure with exposed Arg residues.

Another interesting observation is that the C-terminal helix in
HsapBK(233—260), corresponding to S4, seems to be able to
adopt (partially) a 3j¢-helical conformation. This has been
implicated in being part of the gating mechanism (8, 66, 69,
70), in which the change in conformation is associated with the
movement between the resting and activated states.

The solution structure of the sequence derived from the
HsapBK channel in this investigation clearly shows that a
helix—turn—helix conformation is formed and that further
studies of the motion and membrane interactions of this motif
in more nativelike membrane environments, such as phospholi-
pid bicelles, are feasible. Future studies of mobility and, in
particular, the response to membrane potential will together with
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the structure presented here reveal important insights into the
dynamics of this sequence and of movements within a bilayer and
reveal details in membrane interactions of the voltage-sensor
paddle.
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