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ABSTRACT The propagation of action potentials during neuronal signal transduction in phospholipid membranes is
mediated by ion channels, a diverse group of membrane proteins. The S4–S5 linker peptide (S4–S5), that connects the S4
and S5 transmembrane segments of voltage-gated potassium channels is an important region of the Shaker ion-channel
protein. Despite its importance, very little is known about its structure. Here we provide evidence for an amphipathic �-helical
conformation of a synthetic S4–S5 peptide of the voltage-gated Drosophila melanogaster Shaker potassium channel in
water/trifluoroethanol and in aqueous phospholipid micelles. The three-dimensional solution structures of the S4–S5 peptide
were obtained by high-resolution nuclear magnetic resonance spectroscopy and distance-geometry/simulated-annealing
calculations. The detailed structural features are discussed with respect to model studies and available mutagenesis data on
the mechanism and selectivity of the potassium channel.

INTRODUCTION

Neuronal signal transduction is based on the formation and
action of ion channels. Potassium (K�) channels contribute
to the generation and propagation of the action potentials.
Knowledge about the membrane proteins forming these
channels and their three-dimensional fold in phospholipid
membranes is essential to understand the mechanism of
action and their selectivity. K� channels are a large and
diverse group of proteins that occur in most membranes of
excitable and inexcitable cells. The crystal-structure deter-
mination of a K� ion channel from Streptomyces lividans
(Doyle et al., 1998) is a major breakthrough in the under-
standing of ion-channel structure. This channel exhibits
sequence similarities to other K� channels, however it has
no segments analogous to the S1–S4 segments found in the
much larger Drosophila melanogaster Shaker voltage-gated
potassium channel. These voltage-gated K� channels are
assumed to be formed by the assembly of four polypeptide
monomers of �70 kD each (Pongs, 1992). In the absence of
high-resolution structures, various theoretical models have
been proposed for the structural organization of voltage-
gated K� channels (Durell et al., 1998; Moczydlowski,
1998; Sansom et al., 2000). According to these models, and
based on amino-acid sequence analysis, the structure of the
Shaker K� channel is suggested to consist of six transmem-
brane helices (S1–S6) and a hairpin structure for the ion-
selective pore H5 (P) region. The ion-selective H5 segment
is thought to span only the outer portion of the transmem-
brane region. The rest of the pore should be formed primar-

ily by the S4–S5 linker (L45) and adopt a helical confor-
mation (Durell et al., 1998), and by the C-terminal half of
the S6 segment (Liu et al., 1997; Lopez et al., 1994). The S4
segment is the primary voltage sensor for activation gating
and moves outwardly during channel activation (Larson et
al., 1996; Yang et al., 1996). Durell et al. (1998) suggest
that the S4–S5 and S4 segment should be considered as one
transmembrane segment because, in the open conformation
of the channel, S4 spans only the outer portion of the
transmembrane region, whereas S4 –S5 spans the inner
portion.

Although the voltage-gating mechanism is quite well
understood by a combination of molecular modeling, mo-
lecular biology, and electrophysiological analysis, there is
still a lack of hard structural data from biophysical studies
(Clapham, 1999) and structural details are known only for
parts of the whole channel ensemble, e.g., the tetrameriza-
tion domain (Kreusch et al., 1998) and the ball peptides
(Wissman et al., 1999; Antz et al., 1997, 1999). Because
voltage-gated K� channels are not available in large quan-
tities for biophysical analysis, chemical synthesis of pep-
tides corresponding to domains of these ion channels pro-
vide an alternative means for the investigation of structure,
orientation, and function of selected regions of these pro-
teins. Structural studies of ion-channel peptides has become
increasingly popular in recent years (for reviews see Mon-
tal, 1995; Cafiso, 1999), and studies have been reported on
synthetic peptides corresponding to the proposed ion-selec-
tive pore (Haris et al., 1994a), the voltage-gated sensor
(Haris et al., 1994b), and the ball peptide (Antz et al., 1997)
of voltage-gated K� channels. This approach has been suc-
cessfully utilized in determining conformational behavior of
peptide fragments of proteins in aqueous solution and its
relevance to the initial steps of protein folding (Dyson and
Wright, 1993). The potential of extending this approach
toward understanding membrane-protein folding is promis-
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ing, as has been demonstrated with bacteriorhodopsin (for a
review see Popot, 1993). Nuclear magnetic resonance
(NMR) spectroscopy has been used for unraveling the struc-
tural details of peptide fragments corresponding to regions
of voltage-gated ion-channels (Doak et al., 1996; Antz et al.,
1997; Shindo et al., 2001). These studies suggest that pep-
tide fragments may show similar conformations as in the
native protein. Additionally, unlike structural studies of
large biomacromolecules (Ohlenschläger et al., 1998; Stoldt
et al., 1999), a structural characterization of small peptides
and smaller, yet important fragments of a larger protein can
be carried out without the use of isotope-labeled samples
(Shindo et al., 2001; Mulvey et al., 1989).

The present study contributes the NMR structure of the
full S4–S5 fragment of the Shaker voltage-gated K� chan-
nel in aqueous trifluoroethanol (TFE) solution and in aque-
ous phospholipid micelles. S4–S5 has been suggested to be
an important region of the Shaker channel protein and has
been suggested to be part of the voltage sensor and part of
the ion-channel pore (Isacoff et al., 1991; McCormack et al.,
1991; Holmgren et al., 1996; Durell et al., 1998). It was not
possible to compare our NMR structural data with the x-ray
crystal structure of the bacterial potassium channel from
Streptomyces lividans (Doyle et al., 1998), because this
channel protein is not voltage dependent and does not
contain the S4–S5 segment. Therefore, the results were
compared to the model of the Shaker channel reported by
Durell et al. (1998). According to this modeling study,
S4–S5 has been suggested to change its conformation upon
channel closing, and it has also been predicted to form an
�-helix (Holmgren et al., 1996) and possibly a “leucine-zip-
per” type structure as suggested by McCormack et al. (1991).

MATERIALS AND METHODS

The primary structure of the peptide fragment of the D. melanogaster
Shaker K� channel S4–S5 is HSKGLQILGRTLKASMRELG. Boc-amino
acid derivatives and methylbenzhydrylamine resin were purchased from
Peptide Institute Inc. (Osaka, Japan). Peptide synthesis was carried out on
an methylbenzhydrylamine resin using a peptide synthesizer 430A (Ap-
plied Biosystems Inc., Foster City, CA) using the 0.5-mmol scale double-
coupling protocol of the benzotriazole active ester method of the system
software version 1.40 NMP/HOBt t-Boc. End capping by acetic anhydride
was performed after each amino-acid introduction reaction. The protected
peptide resin was treated with anhydrous HF containing 10% anisole at 0°
C for 1.5 h and the crude peptide released was purified by high perfor-
mance liquid chromatography. The purity of the peptide was confirmed by
analytical high performance liquid chromatography, amino acid analysis,
and matrix-assisted laser desorption/ionization mass spectrometry. The
micelle samples were prepared by codissolving the peptide with deuterated
dodecylphosphocholine (Avanti Polar Lipids Inc., Alabaster, AL) in H2O
at a 1:60 molar ratio and drying in a Speedvac lyophilizer. After dissolution
in water, the pH was adjusted with HCl to 4.7 and 9% D2O (v/v) was
added. 2,2,2-Trifluoroethanol-D3 (D, 99%; TFE) and D2O was purchased
from Cambridge Isotopes Laboratories (Andover, MA). The TFE samples
were prepared with a TFE: H2O ratio of 80:20 with 9% D2O at pH 2.7. For
testing of the structural integrity in water, a sample was prepared with 93%
H2O/7% D2O. All NMR samples had concentrations of 2 mM. The NMR

experiments were performed at the 600- or 750-MHz VarianUNITYINOVA
spectrometer of the Center for Design and Structure in Biology at a
temperature of 313 K for the lipid micelle sample, whereas the experiments
in TFE were run at 300 K. Two-dimensional (2D) spectra were collected
with quadrature detection by the States–Haberkorn (States et al., 1982)
method, processed with the Varian Software VNMR Version 5.2 and
analyzed with the program XEASY (Bartels et al., 1995). Chemical shifts
were referenced either to the residual methylene resonance of CF3CD2OH
at 3.88 ppm or the water resonance. Spin system and sequential assign-
ments were achieved by 2D homonuclear double quantum-filtered corre-
lation spectroscopy (Piantini et al., 1982), total correlation spectroscopy
(TOCSY) (Bax and Davies, 1985) and nuclear Overhauser and exchange
spectroscopy (NOESY) (Jeener et al., 1979; Kumar et al., 1980) experi-
ments. The TOCSY experiments for the TFE sample were performed with
mixing times of 60 and 100 ms, the 2D NOESY spectra with 60- and
200-ms mixing time. For S4–S5 in micelles, a TOCSY mixing time of 80
ms and NOESY mixing times of 80 and 200 ms were used. The H/D
exchange was followed by a series of one-dimensional NMR experiments
in time intervals of 5, 10, 15, 20, and 30 min after addition of D2O to a
lyophilized sample of S4–S5 in micelles. Distance constraints were de-
rived from the 60- or 80-ms NOESY spectra, respectively. Integrals were
transformed into distance constraints with the program CALIBA (Güntert
et al., 1991). The distance constraints were subjected to a local conforma-
tional analysis with the FOUND algorithm (Güntert et al., 1998). The
distance-geometry/simulated-annealing calculations were performed with
the program DYANA (Güntert et al., 1997) on Silicon Graphics worksta-
tions. For the energy minimization, the program OPAL (Luginbühl et al.,
1996) utilizing the AMBER4.1 force field (Pearlman et al., 1995) was
used. Figures were generated with the program MOLMOL (Koradi et al.,
1996).

RESULTS AND DISCUSSION

The S4–S5 segment has been the subject of several mu-
tagenesis, electrophysiological, and molecular modeling
studies (Isacoff et al., 1991; McCormack et al., 1991;
Holmgren et al., 1996; Durell et al., 1998). However, what
has been missing is hard structural data that can be used to
rationalize this wealth of mainly functional data. Here we
have used NMR spectroscopy to characterize the conforma-
tion in a phospholipid membrane system and in TFE and
aqueous solution. Although TFE or phospholipid mem-
branes may not directly mimic the in vivo conditions en-
countered by the peptide fragment in native ion channels,
they are widely used as good model systems for gaining
insights into factors governing folding of membrane pro-
teins.

The spin system assignment in TFE and in the micellar
solution was carried out following the conventional ap-
proach as introduced by Wüthrich (1986) utilizing data from
double quantum-filtered correlation spectroscopy and
TOCSY spectra. The NOESY spectra (see Fig. 1 A for the
micelle sample) were analyzed to establish the sequential
assignment. Based on the complete resonance assignment
(Table 1, 2), the chemical shifts of the H� protons provide
information about secondary structure elements following
the chemical shift index (CSI) method by Wishart et al.
(1992). Interestingly, although, in TFE environment, the
CSI of the H� atoms of S4–S5/TFE clearly predicts an
�-helical conformation between Gly-9 and Glu-18. No ev-
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idence for a helical folding could be obtained from the
chemical-shift analysis of the peptide in micellar solution
(Fig. 1 B). The exchange of the labile protons of S4–S5 in
micelles revealed a fast exchange behavior of all amide
protons. Nevertheless, the nuclear Overhauser enhancement
(NOE) pattern given in Fig. 1 B and the results of the
structure calculations indicate clearly the presence of an
�-helix under the micellar conditions as well. This disagree-
ment between observation and CSI prediction suggests that
the CSI of H� protons may not be fully applicable under this
solution condition. A further indication for an �-helical
conformation spanning the whole peptide sequence were the

3JHNH� coupling constants for S4–S5 in micelles that were
found to be lower than 6 Hz for residues 2, 3, 5, 8, 12–14,
17, and 19.

For S4–S5 in TFE (Fig. 2), a total of 423 NOE cross-peaks
in the NOESY with 60-ms mixing time amounted in 274
meaningful distance constraints. Structure calculations resulted
in a mean target function of 0.14 Å2 for the 20 best conformers.
No van-der-Waals and upper-limit constraint violations were
observed after energy minimization that resulted in a mean
energy of �238 kcal mol�1. The structures were superimposed
with an rmsd to the mean structure of 0.63 � 0.15 Å for the
backbone and 1.31 � 0.15 Å for the heavy atoms.

TABLE 1 Chemical shift values of L45 in micelles at 40°C

Residue HN H� H� H� H� H�

His-1 (378) 8.72 4.86 3.41 3.23 7.42 8.71
Ser-2 (379) 8.62 4.47 4.12 4.02
Lys-3 (380) 8.66 4.33 2.00 2.00 1.64 1.58 1.84 1.84 3.11 3.11
Gly-4 (381) 8.79 3.98 3.92
Leu-5 (382) 8.21 4.24 1.94 1.72 1.88 1.08 1.00
Gln-6 (383) 8.22 4.23 2.36 2.31 2.64 2.46 7.62 6.93
Ile-7 (384) 8.21 3.95 2.10 1.84 1.34 1.05 1.00
Leu-8 (385) 8.40 4.18 1.90 1.90 1.83 1.03 1.00
Gly-9 (386) 8.75 4.03 3.80
Arg-10 (387) 8.23 4.24 2.11 2.11 1.97 1.85 3.33 3.33 7.53
Thr-11 (388) 8.25 4.17 4.42 1.34
Leu-12 (389) 8.59 4.21 1.97 1.72 1.92 1.00 0.98
Lys-13 (390) 8.27 4.09 2.04 2.01 1.69 1.55 1.83 1.83 3.06 3.06
Ala-14 (391) 8.01 4.31 1.66 1.66
Ser-15 (392) 8.16 4.42 4.10 3.97
Met-16 (393) 8.15 4.38 2.28 2.24 2.81 2.68
Arg-17 (394) 7.98 4.24 2.07 2.07 1.88 1.79 3.36 3.36 7.51
Glu-18 (395) 8.07 4.36 2.29 2.21 2.53 2.53
Leu-19 (396) 7.93 4.37 1.92 1.73 1.91 1.05 1.02
Gly-20 (397) 8.10 4.03 3.97

TABLE 2 Chemical shift values of L45 in 60% TFE at 27°C

Residue HN H� H� H� H� H�

His-1 8.13 4.70 3.33 3.15 7.26 8.47
Ser-2 8.13 4.45 4.07 3.88
Lys-3 8.19 4.22 1.89 1.89 1.56 1.48 1.74 1.74 2.99 2.99
Gly-4 8.24 3.88 3.84
Leu-5 7.66 4.22 1.80 1.64 1.74 0.96 0.91
Gln-6 7.98 4.11 2.29 2.20 2.54 2.43
Ile-7 7.92 3.81 2.02 1.73 1.73 1.19 0.88
Leu-8 8.29 4.12 1.90 1.63 1.81 0.91 0.89
Gly-9 8.48 3.90 3.81
Arg-10 7.98 4.10 2.00 2.00 1.90 1.74 3.18 3.18 7.14
Thr-11 8.10 4.00 4.45 1.28
Leu-12 8.61 4.13 1.83 1.75 1.68 0.94 0.91
Lys-13 8.05 4.05 1.97 1.92 1.65 1.48 1.71 1.71 2.98 2.98
Ala-14 8.17 4.16 1.56 1.56
Ser-15 8.10 4.33 4.13 3.98
Met-16 7.99 4.34 2.21 2.17 2.77 2.60
Arg-17 7.87 4.18 2.00 1.95 1.74 1.74 3.23 3.21 7.14
Glu-18 8.02 4.27 2.21 2.18 2.55 2.52
Leu-19 7.85 4.33 1.80 1.65 1.74 0.94 0.90
Gly-20 7.88 3.93 3.90
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The micellar solution structure (Fig. 3 A) was calculated
with 354 distance constraints resulting from 382 assigned
cross-peaks in a NOESY with 80-ms mixing time and 74
cross-peaks from a NOESY with 200-ms mixing time.
These data were submitted to a local conformational anal-

ysis resulting in 59 torsion angle constraints (20�, 14�1,
12�2, 17	). The structure calculations resulted in a mean
target function of 0.09 Å2 for the 20 best conformers that
displayed an energy of �262 kcal mol�1 after energy min-
imization. The structures were superimposed with an rmsd
to the mean structure of 0.66 � 0.20 Å for the backbone and
1.19 � 0.22 Å for the heavy atoms. When only superim-
posing residues 6–16 (excluding the less-well-defined N-
and C-terminal residues 1–5, 19–20) the rmsd to the mean
structure drops to 0.08 � 0.03 Å for the backbone and
0.60 � 0.08 Å for the heavy atoms.

The NMR analysis shows structural deviations when the
conformations of the peptide recorded in aqueous TFE and
in aqueous phospholipid are compared. The rmsd of the
backbone atoms for the residues Lys-3–Arg-17 of the two
mean structures is 0.78 Å. In TFE, a stable �-helical seg-
ment between residues Thr-11 and Ser-15 is formed, which

FIGURE 1 (A) HN–H� region of a 2D NOESY spectrum of S4–S5 in dodecylphosphocholine micelles. The sequential walk and the assignment is
indicated. (B) NOE connectivities and CSI of S4–S5 in TFE (upper panel) and in phospholipid micelles (lower panel).

FIGURE 2 Structure of S4–S5 in TFE. The secondary structure is su-
perimposed by a ribbon diagram on the energy-minimized distance-geom-
etry structure with the lowest target function.

2998 Ohlenschläger et al.
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is separated from a helical N-terminal region between res-
idues Leu-5 and Ile-7 (Fig. 2). The residues Leu-8–Arg-10
exhibit torsion angles characteristic for a bent conformation
and thus, although not forming a regular �-helix, lead to an
overall straight helical structure.

Under phospholipid micellar conditions, a regular �-helix
between residues Lys-3 and Arg-17 is formed. Figure 3 A
shows a ribbon plot of the S4–S5 structure, indicating also
the high definition of the side chain conformations of the
hydrophobic residues in the central part of the helix. NMR
spectroscopy was also used to determine the presence of
structural features of the soluble peptide in a pure aqueous
environment (93% H2O, 7% D2O). A one-dimensional
spectrum (data not shown) indicated chemical shifts in the
random coil range of the amino acids (Wüthrich, 1986). The
absence of typical NOE cross-peaks in a 2D NOESY spec-
trum (data not shown) is also consistent with a largely
random coil structure of the peptide in aqueous solution.
This observation is in agreement with folding predictions by
the AGADIR program (Munoz and Serrano, 1994) and
indicates that the peptide becomes structured only in the
presence of a membrane mimic.

Assuming that the structure determined in the presented
fragment approach reflects the conformation in the ion
channel, here we have tried to rationalize our results with
the available mutagenesis and modeling studies. According

to a model proposed by Guy and co-workers (Durell et al.,
1998), during channel closure, the S4 and S4–S5 move
inward toward the cytoplasm simultaneously, and, as this
happens, the S4–S5 helix is suggested to break near its
mid-region at the segment 386–388 (Gly-9–Thr-11). This
conclusion was based on the low propensity for these resi-
dues to form an �-helical conformation. The movement of
the S4 segment was recently proven by lanthanide-based
resonance energy transfer (Cha et al., 1999). Due to the
inward movement of S4–S5, residues 389–391 (Leu-12–
Ala-14) should become the N-terminal portion of the S5
helix for the closed conformation (Durell et al., 1998). This
mechanism, referred as the “folding zipper,” moves the
S4–S5 inward by about seven residues and is suggested to
happen without eliminating the hydrophobic interactions
between leucines, which would explain why mutations of
the highly conserved leucines alter the voltage dependency
of activation. The differences in helicity observed in our
NMR structures are located at residue Arg-10 and thus,
directly at the edge of the above mentioned segments 386–
388 and 389–391. This stresses the potential of this molec-
ular region for conformational changes under conditions
such as opening and closure of the channel and agrees well
with the model (Durell et al., 1998).

The model proposed by Durell et al. (1998) additionally
suggests that the central ion-permeation pathway is lined by

FIGURE 3 (A) Structure of S4–S5 in micelles. The 20 best energy-minimized NMR structures are shown. The secondary structure is superimposed by
a ribbon diagram of the mean structure. (B) Superposition of the backbone of the NMR solution structure of S4–S5 (mean structure; light) with the structure
of S4–S5 in the open state of the K� channel (dark) from the modeling studies (Durell et al. 1998).
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S4–S5 because it should form an amphipathic �-helix that
has a well-conserved hydrophobic face and a poorly con-
served hydrophilic face. Assuming S4–S5 is a helix, sub-
stituted-cysteine-accessibility method studies (Holmgren et
al., 1996) indicated that the highly conserved hydrophobic
face forms part of the lining of the inner part of the perme-
ation pore. If this suggestion is taken to be correct, then,
according to mutagenesis studies, S4–S5 is likely to be
approximately parallel to the axis of the pore, with its rather
hydrophobic face oriented toward the pore. Consequently,
this requires its more hydrophilic face to be oriented away
from the permeation pore, where it could line part of another
water-filled pore or cleft. The three-dimensional structure of
S4–S5 determined in this study reveals it to adopt an
amphipathic structure and fits these suggestions regarding
its structural role in the native channel. The determined
helix arrangement (Fig. 3 A) creates an amphipathicity with
residues Gln-6, Arg-10, Lys-13, and Arg-17 on one side and
Leu-5, Leu-8, Gly-9, Leu-12, Met-16, and Leu-19 on the
hydrophobic side. This conformational feature is supported
by a leucine heptad repeat which occurs from the end of S4
through to the first part of S5 observed in many cloned
voltage-gated ion-channels (Pongs, 1992). Substitutions of
these leucine residues by valines produce large effects on
the voltage dependence of conductance curves. Changes in
slope were dramatic when L375 and L382 (but not L389)
L396 and L403, were substituted by valine. These symmet-
rical effects were attributed to the general folding model of
the Shaker channel that locates leucines L375/L382 (Leu-5)
and leucines L396 (Leu-19)/L404 into two separate hydro-
phobic segments S4 and S5, respectively (Pongs, 1992). It
has been suggested that the leucines within the heptad
repeat are important for stabilizing the conformational
changes the Shaker channel undergoes during activation.

Shaker K� channels respond to membrane depolarization
by opening and then rapidly inactivating. This process,
referred to as N-type inactivation, has been shown to arise
from a tethered blocker mechanism similar to the ball-and-
chain model first proposed for the sodium channel inacti-
vation (Armstrong and Bezanilla, 1977). Removal of the
ball peptide, which, in the Shaker channel, corresponds to
the first �20 residues at the NH2 terminus (Antz et al.,
1997; Hoshi et al., 1990; Zagotta et al., 1990), abolishes the
N-type inactivation (Wissmann et al., 1999). Based on site-
directed (Isacoff et al., 1991), cysteine-substitution mu-
tagenesis and chemical modification studies (Holmgren et
al., 1996), it was shown that the region near alanine 391
(Ala-14) in S4–S5 forms at least part of the receptor for the
inactivation gate (Isacoff et al., 1991). Although substitu-
tions at other positions in S4–S5 altered the rates of N-type
inactivation, a replacement of glutamate 395 (Glu-18) com-
pletely abolished N-type inactivation and led to suggestions
that this residue may act as a counter-charge for the posi-
tively charged residues of the inactivation ball. Because
Glu-395 (Glu-18) is conserved in all voltage-gated K� and

even a charge-conservative mutation of the Glu-395 with Asp
disrupts N-type inactivation (Isacoff et al., 1991), a desta-
bilization of the open state by the mutations is assumed.

Previously, Murrell-Lagnado and Aldrich (1993) re-
ported that increasing the net positive charge of the ball
peptide produces an increase in the association rate. This
effect has been explained by long-range electrostatic inter-
action between the peptide and its receptor, which is sup-
ported by the chemical modification of 391C (Holmgren et
al., 1996). The modification properties of 19 consecutive
residues in S4–S5 led to the suggestion that most of the
highly reactive residues would be located on one face of the
helix, consistent with earlier suggestions about the structure
of this region (McCormack et al., 1991; Isacoff et al., 1991)
and the results presented here.

The closed-state model by Guy and co-workers (Durell et
al., 1998), which resembles a turn around Thr-11, would
exhibit NOE correlations between residues 8/15 and 7/18
not observed in our spectra or contradicted by cross-peaks,
e.g., between H9

�2/H13
N or H11

� /H14
N . Although the extended

N-terminus and the C-terminal turn proposed for the open
form (Yang et al., 1996) can be excluded due to the appear-
ance of specific NOE connectivities (e.g., H3

�/H5
N, H3

�/H6
N,

H3
�/H6

�2, and H14
� /H18

N , H15
� /H17

N , H15
� /H18

N , H17
� /H20

N , H13
� /H16

�2),
the extent of similarity between this open-state model and
the NMR structure in micelles is significant. From Fig. 3 B,
it is evident that the helical structures virtually overlap in
the region Gln-6 to Ala-14 with an rmsd of 0.42 Å when
comparing the backbone atoms. Instead, the TFE structure
displays an rmsd of 0.96 Å, indicating the conformational
differences in the two solution environments. The open
conformation should correspond to the primary conforma-
tion of the protein in the endoplasmic reticulum, where there
is little or no voltage across the membrane. In this regard,
the isolated S4–S5 peptide fragment that we have studied in
micellar conditions resembles the structure encountered in
the open state of the channel. The model of the ion-selective
pore structure proposed by Guy and co-workers (Durell et
al., 1998) has been subsequently proven to be remarkably
similar to the homologs region of a bacterial K� channel
(Doyle et al., 1998). The similarity between the structure of
the S4–S5 determined using NMR spectroscopy and that
modeled by Durell et al., (1998) stresses the value of both
molecular modeling and use of isolated peptides for devel-
oping a structural model of potassium channels.

Coordinates

The coordinates for the S4–S5 structure in TFE and in
aqueous phospholipid micelles have been deposited in the
Protein Data Bank (accession codes 1HO7 and 1HO2,
respectively).
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namics for NMR structure calculation with the new program DYANA.
J. Mol. Biol. 273:283–298.

Haris, P. I., B. Ramesh, M. S. Sansom, I. D. Kerr, K. S. Srai, and D.
Chapman. 1994a. Studies of the pore-forming domain of a voltage-gated
potassium channel protein. Protein Eng. 7:255–262.

Haris, P. I., B. Ramesh, S. Brazier, and D. Chapman. 1994b. The confor-
mational analysis of a synthetic S4 peptide corresponding to a voltage-
gated potassium ion channel protein. FEBS Lett. 349:371–374.

Holmgren, M., Y. Liu, Y. Xu, and G. Yellen. 1996. On the use of
thiol-modifying agents to determine channel topology. Neuropharma-
cology. 35:797–804.

Hoshi, T., W. N. Zagotta, and R. W. Aldrich. 1990. Biophysical and
molecular mechanisms of Shaker potassium channel inactivation. Sci-
ence. 250:533–538.

Isacoff, E. Y., Y. N. Jan, and L. Y. Jan. 1991. Putative receptor for the
cytoplasmic inactivation gate in the Shaker K� channel. Nature. 353:
86–90.

Jeener, J., B. H. Meier, P. Bachmann, and R. R. Ernst. 1979. Investigation
of exchange processes by two-dimensional NMR spectroscopy. J. Chem.
Phys. 71:4546–4553.
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