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The human ether-à-go-go related gene (hERG) encodes a protein that forms a voltage-gated potassium channel and plays an
important role in the heart by controlling the rapid delayed rectifier K+ current (IKr). The S4–S5 linker was shown to be impor-
tant for the gating of the hERG channel. Nuclear magnetic resonance study showed that a peptide derived from the S4–S5
linker had no well-ordered structure in aqueous solution and adopted a 310-helix (E544-Y545-G546) structure in detergent
micelles. The existence of an amphipathic helix was confirmed, which may be important for interaction with cell membrane.
Close contact between side chains of residues R541 and E544 was observed, which may be important for its regulation of
channel gating. Copyright © 2011 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

Voltage-gated potassium channels are open or closed in response
tomembrane potentials across the cell membrane to control potas-
sium transportation across the cell membrane [1]. Structural studies
showed that voltage-gated potassium channels were formed from
four subunits that each contained six transmembrane segments
(S1–S6) [1,2]. The S1 to S4 segments form a voltage-sensing domain
in which the positively charged residues in S4 are important for
voltage changes across the cell membrane. Studies have shown
that this S4 is the major voltage sensor of voltage-gated ion chan-
nels [3,4]. The S5 and S6 segments form an ion-conducting domain
through which ions pass once the channel opens. The mechanism
of coupling the voltage changes to the opened or closed state of
the channel remains undefined [5]. Structural studies showed that
the S4–S5 linker was located between S4 and S5, which may be
important for the gating of the channels [6]. The linking of the
movement of S4 to S5 and S6 is possibly dependent on the S4–S5
linker because of its physical location [3]. Mutation studies showed
that mutation in the S4–S5 linker of the Shaker potassium channel
altered ion selectivity and signal channel conductance [7].
The human ether-à-go-go related gene (hERG) encodes a pro-

tein that forms a voltage-gated potassium channel that is shown
to play an important role in the heart by controlling the rapid
delayed rectifier K+ current (IKr) [8]. Similar to other potassium
channels, hERG contains six transmembrane segments. The S4–S5
linker (L539-A548) was thought to be a crucial component of
the activation gate for hERG channels [1]. This linker was parallel
to the cell membrane and interacted with the C-terminal portion
of the S6 segments through residue D540 [9]. The interaction
between D540 in S4–S5 linker and residue in S6 affected the
gating of the hERG channel [5,9]. The S4–S5 linker may interact
with the N-terminal domain of hERG [10,11], which was supported
by in vitro titration experiment [12]. A recent study showed
that the G546 was important for the gating of the channel
by disrupting a highly conserved leucine zipper motif that
existed in the Shaker channel [13].
140–145
The crystal structure of rKv1.2 showed that its S4–S5 linker
adopts an amphipathic a-helical structure that is parallel to the
membrane/cytoplasmic interface [14]. A nuclear magnetic reso-
nance (NMR) study on the S4–S5 fragment of the Drosophila
Shaker voltage-gated potassium channel has been conducted
and has confirmed that this region also formed an amphipathic
a-helical structure under both trifluoroethanol and phospholipid
micelle conditions [15]. The S4–S5 linker of hERG may have a
structure that is similar to that of the Shaker channel. To elucidate
the structural characteristics of this linker from the hERG channel,
a peptide that was derived from this region was synthesized, and
its structures in both water and micelles were studied using solu-
tion NMR spectroscopy. The results show that the S4–S5 linker
had different conformations under different conditions.
Materials and Methods

Sample Preparation

The peptide sequence was LDRYSEYGAA and was derived
from the hERG S4–S5 linker of the hERG channel. This peptide
was synthesized from GL Biochem Ltd (Shanghai, China) with
95% purity. The peptide was reconstituted to a concentration
of 5mg/ml in water (pH ~7.0) or a buffer that contained 2%
deuterated dodecylphosphocholine (DPC) and 20mM NaPO4

(pH = 7.0). The sample with 10% D2O was transferred into a
5-mm NMR tube for data acquisition.
Copyright © 2011 European Peptide Society and John Wiley & Sons, Ltd.
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Circular Dichroism Spectroscopy

Samples were diluted to 1mg/ml for circular dichroism (CD)
analysis. The peptide was dissolved in water and in DPC
micelles. The instrument was blanked using a cuvette that
contained buffer without the peptide. The CD spectra were
recorded on a Chirascan™ Circular Dichroism Spectrometer
(AppliedPhotophysics, United Kingdom) at 25 �C, and samples
were placed in a 0.1-cm path length quartz cuvette. The CD
signal was acquired in the continuous mode with a 1-nm data
pitch and a 1-nm bandwidth.
NMR Experiments

All the NMR data were collected using a Bruker 700 spectrometer
(Bruker, Switzerland) that was equipped with a cryoprobe at
25 �C. A total correlation spectroscopy (TOCSY) experiment from
the Bruker pulse library was recorded with a mixing time of
80ms. Two-dimensional nuclear overhauser effect spectroscopy
(NOESY) was recorded using the mixing times of 200 and
300ms. Proton chemical shifts were referenced to 4,4-dimethyl-
4-silapentane-1-sulfonic acid. All of the spectra were processed
using Topspin 2.1 (Bruker, Switzerland) and analyzed using
Figure 1. The structural analysis of the S4–S5 linker. (A) CD spectra of peptid
water and in DPC micelles. The spectra were collected at 298 K and were supe
spectra of the peptide in water and in micelles are shown. Peptide sequenc
the hERG potassium channel. (C) The NOESY spectrum of the peptide in wa
connections between residues are shown using a dash line. (D) The NOESY s
is shown using a solid line, and the connections between residues are show
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Sparky (http://www.cgl.ucsf.edu/home/sparky/, University of Cali-
fornia, San Francisco, U.S.A.). Titration of the peptide with Gd3+

was conducted using the method described by Ju et al. [16]
using one-dimensional proton spectroscopy.

Resonance Assignment and Structure Determination

The S4–S5 linker was assigned with the procedures including the
identification of spin systems and spin connections. TOCSY spec-
trum was used to identify spin systems, and the NOESY spectrum
was used to determine the spin connection [17,18]. The sequential
connectivity was determined on the basis of the connectivity in
the HN–HN or Ha–HN region. The NOESY peaks from a mixing
time of 200ms were chosen for the structural determination.
The peaks were first assigned manually and then integrated to
obtain the peak intensities. The program CYANA (L.A. Systems,
Inc, Japan) was used to calibrate the peaks for structural determi-
nation [19].

Structure Determination

The structure was calculated using torsion angle dynamics simu-
lated annealing as implemented in CYANA using restraints that
e in water and in DPC micelles. (B) Proton NMR spectra of the peptide in
rimposed using Topspin from Bruker. The amide region is shown, and the
e (numbered from 1 to 10) is LDRYSEYGAA from residues 539 to 548 of
ter. The spin system of each residue is shown using a solid line, and the
pectrum of the peptide in DPC micelles. The spin system of each residue
n using a dash line.

nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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contained nuclear overhauser effects (NOEs). and dihedral
angles [18,19]. Dihedral angles were determined from the
3JHNHa that was from the proton spectrum according to the
equation: 3JHNHa= 6.3cos2θ� 1.4cosθ + 1.9, where θ = |f� 60

�
|

[20,21]. One hundred structures were calculated, and 20 of the
structures were analyzed with MOLMOL (ETH, Switzerland) [22]
and displayed using PyMOL (www.pymol.org, Portland, OR,
USA). The homology model of hERG potassium channel
containing the S1 to S6 segments was built using MODELLER
(UCSF, CA, USA) [23] using the alignment from the model
study [24].
Results

The Selection of Amino Acid Sequence from the S4–S5 Linker

Sequence analysis showed that the hERG channel contained six
(S1–S6) transmembrane segments. Studies have shown that the
S4–S5 linker of hERG played important roles in the gating of this
potassium channel. Many functional studies have demonstrated
the importance of this linker in channel gating [1]. Structural
and functional studies in other voltage-gated potassium channels
suggested that the opened and closed state of a channel through
the S4–S5 linker is achieved by the translation of the S4 voltage
sensor movement under different membrane potentials [2,25].
Compared with the Shaker potassium channel, hERG has a
shorter S4–S5 linker [13,15]. A previous study of the S4–S5 linker
of the Shaker potassium channel demonstrated that the S4–S5
linker acted as a putative docking site for some inactivation fac-
tors and that its N-terminus interacted with this linker when the
channel was opened [26]. The S4–S5 linker of hERG was also con-
firmed to have a molecular interaction with 135 residues by using
different methods [11,12,27]. Our NMR titration experiment
showed that there is a direct interaction between the N-terminal
domain of hERG and the S4–S5 linker [12]. The structural informa-
tion of the S4–S5 linker is still lacking. To investigate the structure
of this linker, a peptide containing the residues from 539 to 548
was synthesized on the basis of previous functional studies by
other groups [1].
Figure 2. Secondary structure analysis of peptide in DPC micelles. (A)
NOE connections in the amide proton region for peptide in DPC micelles.
(B) Chemical shift index analysis of peptide in DPC micelles. (C) The 3JHNHa
of peptide in DPC micelles. The couplings were obtained from proton
spectrum with water suppression.
The CD Analysis for the S4–S5 Linker

Circular dichroism was first applied to characterize the structure
of the S4–S5 linker in an aqueous solution and membrane-
mimicking system that contained DPC micelles (Figure 1).
Although DPC may not directly mimic the in vivo conditions in
a native channel, it has been widely used as a good model sys-
tem for the structural and functional studies of membrane pro-
teins [28]. The CD spectrum of the linker in the aqueous solution
indicated that the peptide existed as a disordered peptide,
which was confirmed by the observation of the positive peak
at ~222 nm and a negative peak at ~198 nm. In DPC micelles,
the positive peak at ~222 nm disappeared, whereas the nega-
tive peak shifted to ~210 nm. In addition, negative absorption
was observed at ~218 nm. Although an ideal alpha-helical struc-
ture will have double minima at 222 and 208 nm, the CD spec-
trum in DPC indicated that the peptide may contain partial
alpha-helical or 310-helix structure [29] (Figure 1A). To further
explore its atomic structure, NMR experiments were performed
for this peptide in aqueous solution and DPC micelles.
wileyonlinelibrary.com/journal/jpepsci Copyright © 2011 European Pe
The Assignment of S4–S5 Linker

One-dimensional proton spectra indicated changes in the chem-
ical shifts under different conditions (Figure 1B). The spin system
assignment in water and in DPC micelles was performed to utilize
the data from the TOCSY spectrum, and the assignments in water
and in DPC solutions were shown (Figure 1C and D). In addition,
the NOESY spectra were utilized to complete the assignment, and
the NOE connection in the amino proton region in DPC micelles
was also shown (Figure 2A, Table S1). To analyze its structure in
DPC micelles, chemical shift index [30] analysis using chemical
shift from Ha was conducted. For an ideal alpha-helical structure,
the Δ Ha is less than �0.1 ppm. Our CSI analysis showed that
ΔHas of residues R541 to G546 were close to �0.1 ppm, indicat-
ing that those residues had a tendency to form an alpha-helical
structure (Figure 2B) [16]. The 3JHNHa of residues R541 to G546
are in the range of 4 to 6 Hz. To further understand its structure,
NOE restraints were applied to determine its tertiary structure.

The Structure Determination of S4–S5 Linker

The solution structures of this linker were determined using the
NOEs from the NOESY spectrum with a mixing time of 200ms.
For the S4–S5 linker in water, 53 distance constraints were
applied in the structure determination. Structure determination
resulted in 20 structures with the lowest target function. The
structures were superimposed with an root-mean-square
ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 140–145
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Figure 3. The NMR structure of the S4–S5 linker. (A) The Ca traces of 20 superimposed structures. (B) The superimposed structures of linker in DPC
micelles. (C) and (D) The structures of the linker in water and in DPC micelles. One structure with lowest energy is shown, and the residues are labeled
with residue numbers. (E) and (F) The NOESY connectivity of the linker in water and in DPC micelles.
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deviation (RMSD) of 1.656Å for the backbone and 2.887 Å for the
heavy atoms (Figure 3A). The structure in DPC micelles was deter-
mined using 71 constraints including 64 NOEs. The 20 structures
were superimposed with an RMSD of 0.885 Å for the backbone
and 1.408 Å for the heavy atoms (Figure 3B). No violations were
observed in the structure determination. The structure table that
summarized the restraints and the structural analysis using PRO-
CHECK (European Bioinformatics Institute, United Kingdom) [31]
was shown (Table 1). The NOE connectivities of S4–S5 linker in
Table 1. Structural statistics for the ensemble of 20 structures of
S4–S5 linker in water and in DPC micelles.

Water DPC

Restraints 53 71

Intraresidue NOEs 20 29

Sequential NOEs (i to i+1) 21 23

Medium range NOEs (i to i+2,3,4) 2 12

Dihedral angle restraintsa 10 7

Number of NOE violations >0.5 Å 0 0

Number of dihedral angle violations >5 0 0

Ramachandran plot (%)

Residues in most favored regions 27.1 65.0

Residues in additional allowed regions 72.1 29.3

Residues in generously allowed regions 0.7 2.90

Residues in disallowed regions 0 2.90

Structural statistics

RMSD for backbone atoms (residues 1–10) 1.656 0.885

RMSD for heavy atoms (residues 1–10) 2.887 1.408

aA broad dihedral restraint �180 to �30 for Ф was given during struc-
ture calculation of the peptide in water, whereas in DPC structure
calculation uses dihedral restraints Ф calculated from 3JHNHA.

J. Pept. Sci. 2012; 18: 140–145 Copyright © 2011 European Peptide Society a
water and in DPC micelles were shown in Figure 3C and D. In
an aqueous solution, the S4–S5 linker exhibited a random coiled
structure. In the DPC environment, residues were shown to form
an alpha-helical structure.

In DPC micelles, the S4–S5 linker peptide was shown to have a
well-defined structure. It was predicted that the S4–S5 linker may
display as an amphipathic helix under the membrane conditions
[15]. MOLMOL analysis showed that residues S543 to Y545
formed a 310-helix structure (Figure 3D). The helix wheel predic-
tion showed that the S4–S5 linker contained residues that can
form an amphipathic helix (Figure 4A) in which residues Y542,
Y545, and G546 face one side. Our structure in the DPC micelles
showed that residues Y542, Y545, and G546 face one direction,
and other residues face the other side (Figure 4B). As the struc-
ture was determined in DPC micelles, the hydrophobic residues
are expected to interact with micelles, which were used to mimic
the cell membrane inside a cell. To further confirm the interaction
between peptide and micelles, we added Gd+3 (up to 2.0mM) to
DPC micelle containing the peptide. Gd3+ is a paramagnetic re-
laxation reagent that can suppress signals from the exposed
atoms [32]. Gd3+ caused little suppression of signals from resi-
dues L539, Y542, and G546, indicating that these residues inter-
act with micelles (Figure 4C). The structural analysis on the side
chains of residues between R541 and E544 has close contact,
which may be important for its function (Figure 4D) because
some NOE between these two residues was observed (Figure S1).
1
4
3

Discussion

We used a peptide fragment from the channel to perform the
structural study under membrane-mimicking systems, which
may not be identical to the condition in vivo. Here, we examined
the structural features of the S4–S5 linker along with the previous
nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci



Figure 4. Structural analysis of the S4–S5 linker in DPC micelles. (A) A helix wheel prediction of the S4–S5 linker. The linker was predicted as a helix, and
a diagram of the helix wheel was drawn. Residue numbers are shown. (B) Residues interacting with micelles. Hydrophobic residues, which are predicted
to interact with membrane, are shown using the stick mode in PyMOL. (C) Effect of Gd3+ on the signal from the peptide in DPC micelles. The reference
spectrum and spectrum with Gd3+ were superimposed in Topspin 2.1. (D) A close contact between E544 and R541. The distance between the side chains
of E544 and R541 is shown. (E) The structure of S4–S5 linker in a model. The homology model is shown, and a different subunit is shown in different
color. The residues in S4–S5 linker that have the potential to interact with cell membrane are shown in stick mode.
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mutagenesis and functional studies. Structures in DPC micelles
will be close to the physiological structure of this linker because
the S4–S5 linker is close to the cell membrane. The structure
showed that residues L539, Y542, and Y545 faced one side. Resi-
dues facing the other side included D540, R541, and E544
and may be responsible for the molecular interaction in which
the charge–charge interactions might be involved. Structural
prediction from other potassium channels showed that S4–S5
linkers in potassium channels adopt an alpha-helix. Our CD and
NMR results indicated that there was no ideal alpha-helical struc-
ture present when the peptide was dissolved in DPC micelles
(Figure 1A), but the peptide may exist as 310-helical structure in
this membrane-mimicking environment. Because of the size of
this peptide, no ideal alpha-helical structure was observed in
the CD experiment; under physiological conditions, this region
may be helical or near-helical. The difference from prediction
might arise from the fact that the S4–S5 linker is located between
the S4 and S5 fragments, and separating this linker from its nat-
ural environment may affect its forming a helix. Our NMR results
did show that this linker had potency to form an alpha-helical
structure, and the structure in DPC micelles is close to the modeled
structure of the S4–S5 linker (Figure 4E).
In the mutagenesis study, charged residues in this S4–S5 linker

play very important roles in the rate of current activation and
deactivation [1]. The mutated version of hERG channel containing
D540A accelerated the channel activation compared with the
wild type version of the hERG channel. D540 was proposed to
form a salt bridge with a positively charged residue nearby to sta-
bilize the closed state of the hERG channel [5,9]. The structure of
the S4–S5 linker in DPC micelles showed that D540 faced the
wileyonlinelibrary.com/journal/jpepsci Copyright © 2011 European Pe
solution and displayed the structural basis for the interaction
with other residues (Figure 3D). Another hERG channel mutation
containing E544A activated faster than the wild type version,
whereas the mutation containing E544K activated slower than
the wild type hERG channel [1]. The mutation of E544 to different
type of residues had different effects on the channel activation
[1]. A close contact between R541 and E544 was identified in
our structure in DPC micelles (Figure 4D). E544 to A mutation
might affect its interaction with R541, which may be the reason
that the channel activation rate was changed. On the other side,
the mutation of residue from E to positively charged residue K
might create a repulsive force between these two residues, which
may be the reason that the mutant channel activated slower than
the wild type hERG channel.

A conserved leucine zipper motif was identified in some
voltage-gated potassium channels such as the Shaker channel
[13,33]. A glycine residue (G546) in hERG channel breaks this
leucine zipper motif [13]. The mutation study supports the
hypothesis that the presence of glycine may be important for
channel gating with the constraints on the voltage sensor
movement [33]. Our structure demonstrated that G546 was
close to the membrane surface site. Because no side chain is
present in the glycine residues, the residue that faces the mem-
brane may give more freedom for the S4–S5 linker to move
under different conditions. The mutation of this residue to other
residues might change the interaction between the S4–S5 linker
and the cell membrane, which in turn affect the gating of the
hERG channel. A recent model study showed that the structure
of this linker might undergo some changes under different
conditions [24]. The cell membrane is composed of lipids and
ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 140–145
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cholesterol, and the inner leaflet is normally negatively charged.
The charges of the cell membrane may affect the interaction
between R542 and E544 that we observed in the structure, which
in turn may change the structure of the linker. In addition, the
condition used for NMR study was different from physiological
conditions. Although the peptide structure in DPC micelles can
explain some of the function studies, further structural study
using a longer peptide sequence such as including the S4
segment and this linker and selection of different membrane-
mimicking systems will be useful to understand the structural
changes of this region under different membrane potentials.

In summary, structures of peptide that were derived from the
S4–S5 linker of the hERG potassium channel were studied using
CD and NMR spectroscopy. The peptide was not structured in
an aqueous solution and displayed a 310-helix structure in DPC
micelles. Residues L539, Y542, and G546 faced one side of the
structure, which may provide a structural basis for protein-
membrane interactions. Our results provide structural informa-
tion to understand the role of the S4–S5 linker in the gating of
the potassium channel.
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