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Structure of the pore-helix of the hERG K* channel
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Abstract The hERG K channel undergoes rapid inac-
tivation that is mediated by ‘collapse’ of the selectivity
filter, thereby preventing ion conduction. Previous studies
have suggested that the pore-helix of hERG may be up to
seven residues longer than that predicted by homology with
channels with known crystal structures. In the present
work, we determined structural features of a peptide from
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the pore loop region of hERG (residues 600-642) in both
sodium dodecyl sulfate (SDS) and dodecyl phosphocholine
(DPC) micelles using NMR spectroscopy. A complete
structure calculation was done for the peptide in DPC, and
the localization of residues inside the micelles were ana-
lysed by using a water-soluble paramagnetic reagent with
both DPC and SDS micelles. The pore-helix in the hERG
peptide was only two—four residues longer at the N-ter-
minus, compared with the pore helices seen in the crystal
structures of other K channels, rather than the seven
residues suggested from previous NMR studies. The helix
in the peptide spanned the same residues in both micellar
environments despite a difference in the localization inside
the respective micelles. To determine if the extension of
the length of the helix was affected by the hydrophobic
environment in the two types of micelles, we compared
NMR and X-ray crystallography results from a homolo-
gous peptide from the voltage gated potassium channel,
KcsA.

Keywords Human ether-a-go-go related gene -
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Introduction

Ion channels are proteins that permit the selective flow of
ions across cell membranes and are critical for electrical
communication in many cell types. In the last decade the
application of X-ray crystallography to the study of ion
channels, and in particular K*-selective bacterial ion-
channels, has greatly enhanced the understanding of the
overall architecture of the pore domains of this family of
proteins and the mechanisms of ion selectivity. The
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structural analysis of whole ion-channel proteins, however,
is notoriously difficult (Rosenbusch et al. 2001), and with
two notable exceptions (Long et al. 2005, 2007) has
focused on bacterial ion-channel proteins because of the
ease of over-expressing these in bacterial cultures.

The human ether-a-go-go related gene (hERG;
Sanguinetti et al. 1995; Trudeau et al. 1995) encodes a
voltage-gated K'-selective ion channel that is crucial for
repolarization of the cardiac action potential (Jurkiewicz
and Sanguinetti 1993; Sanguinetti et al. 1995). Further-
more, mutations in hERG are responsible for ~35% of
cases of the congenital long QT syndrome (LQTS;
Splawski et al. 2000), an inherited arrhythmia syndrome
that is associated with a markedly increased risk of sudden
cardiac death (Keating and Sanguinetti 2001). The hERG
K* channel shares a number of canonical features with
other voltage-gated K* channels: they assemble as homo-
tetramers with each subunit containing six transmembrane
domains (denoted S1-S6; Fig. 1); the S1-S4 domains in
each subunit form voltage sensor units (Bezanilla 2002)
while the S5 and S6 domains along with the intervening
pore loop from each of the four subunits form the ion
conductance pathway (Yellen 2002). hERG however, also
contains some unusual features, most notably a much
longer pore-loop domain (Fig. 1b) than other K* channels.

In a previous study (Torres et al. 2003), we determined
the structure of a peptide that corresponds to the S5P
domain of hERG (from A570 to Y611), and showed that
the region contains an amphipathic a-helix, from W585 to
1593, that is important for the inactivation of hERG Kt
conduction. Furthermore, the peptide contains a second
helical region at its C-terminus, corresponding to G604 to
Y611. Based on sequence similarity to the pore helices of
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AERGAPGAQLIT-YPRALWWSVETATTVGYGDLYPVTLWGRLVAVVVMVAGITSFGLVTAALATWEYGREQ
AEAGSENSFFKS=IPDAFWWAVVTMTTVGYGDMTPVGFWGKIVGSLCATAGVLTIALPVPVIVSNENYFYH
NSSGLGGPSIKDKYVTALYFTFSSLTSVGFGNVSPNTNSEKIFSICVMLIGALMYASIFGNVSATIIQRLY -
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Fig. 1 Topology of hERG channels and alignment with related K+
channels. a Predicted topology of a hERG K™ channel subunit. The
pore region is composed of the S5 and S6 domains and the
intervening pore loop. Dashed box indicates region for which
sequence alignment is provided in panel b. Red indicates the region
corresponding to the peptide synthesized in this study. b Sequence
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K" channels for which there are crystal structures, the
pore-helix of hERG was predicted to run from Y611 to
S621, thus a helical element from G604 to Y611, if con-
tiguous with the pore-helix, would represent a significant
N-terminal extension that would be unique amongst K*
channels. Given the importance of the pore-helix for
supporting the selectivity filter and thereby the inactiva-
tion of hERG K™ channels (Vandenberg et al. 2004), it has
been suggested that an extracellular extension of the pore-
helix, through interactions with extracellular domains such
as the S5P linker, may contribute to the uniquely rapid
inactivation kinetics of hERG K* channels (Tseng et al.
2007). The peptide used in the previous study, however,
did not contain the entire pore-helix and so it was not
possible to form any firm conclusions about this putative
pore-helix extension. Accordingly, the principal aim of the
present study was to determine the length of the pore-helix
of hERG.

We used NMR spectroscopy to study a 43-residue
peptide (corresponding to S600-1642) that encompasses the
predicted pore-helix (Y611-S621), as well as the putative
extension (G604-Y611). The structure of this peptide was
determined in sodium dodecyl sulfate (SDS) micelles, and
dodecylphosphocholine (DPC) micelles. To identify the
localization of residues inside the hydrophobic region, we
used a water-soluble paramagnetic probe and studied the
enhancement of relaxation rates of each amino acid residue
(Ju et al. 2009; Zangger et al. 2008). The results indicated
that the pore-helix of hERG, spanning K608 to S621, is
indeed longer than the homologous helix in the K* chan-
nels for which crystal structures are known, although not
as long as suggested in our previous study (Torres et al.
2003).

S6
92

]

642
alignment of the pore-helix, selectivity filter and the S6 regions of
Shaker, KcsA and hERG (boxed in panel a) generated using
ClustalW. Green shading indicates the predicted pore helices and
S6 (shaker and hERG) or inner helix (KcsA). Bold text indicates

hERG (S600-1642) and KcsA sequences (A50-A92) synthesized for
NMR structure analysis (see text for details)
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Materials and methods
NMR spectroscopy

The 43-residue hERG PS6 (4532.0 g/mol) and KcsA
(4707.3 g/mol) peptides were synthesized on a 0.50 mmol
scale using HBTU activation of Boc-amino acids with in
situ neutralization chemistry, exactly as previously
described (Schnolzer et al. 1992). The NMR spectroscopy
sample consisting of ~2 mg of peptide (>99% purity) was
dissolved in 400 pl of 90% H,0:10% D,O (v/v) containing
either 100 mM “H-SDS or 100 mM *H-DPC (Cambridge
Isotope Laboratories, Andover, MA, USA). The KcsA
peptide was only studied in DPC micelles The paramag-
netic relaxation agent gadolinium-diethylenetriamine
pentaacetic acid-bismethylamide (a gift from Dr. Klaus
Zangger, University of Graz, Graz, Austria) was introduced
to both samples (SDS and DPC micelles) at a concentration
of 2.4 mM.

NMR experiments were performed on a Bruker Avance-
600 DRX spectrometer with a 5-mm triple resonance
inverse cryoprobe with operating temperatures of 278, 298,
303, and 308 K. The two-dimensional (2D) experiments
that were performed included double-quantum filtered
correlation spectroscopy (DQF-COSY; Derome and Wil-
liamson 1990) with a phase cycle modified for fast recycle
times (Derome and Williamson 1990); total correlation
spectroscopy (TOCSY; Bax and Davis 1985) with MLEV
spin-lock periods of 90 ms, and nuclear Overhauser
enhancement spectroscopy (NOESY; Kumar et al. 1980)
with mixing times of 200 and 250 ms. All 2D spectra were
acquired using time-proportional phase detection (Marion
and Wiithrich 1983) with 2 k data points in the direct
dimension and usually 450 to 480 in the indirect dimen-
sion. Water-signal suppression in the NOESY experiment
was achieved by low-power irradiation at the water reso-
nance frequency during the relaxation delay of 1.3 s (pre-
saturation) and during the mixing period; a SCUBA
sequence (Brown et al. 1988) was also applied prior to the
excitation pulse to reduce further the water signal and
decrease the power of water irradiation during the relaxa-
tion delay. In DQF and TOCSY experiments solvent-signal
suppression was achieved by applying either pre-saturation
or WATERGATE (Piotto et al. 1992) pulse sequences. A
hydrogen-deuterium exchange experiment was carried out
by adding D,O to a freeze-dried NMR sample and
acquiring a series of 1D experiments for 1 h followed by a
5 h TOCSY experiment.

All spectra were processed using XWIN-NMR software
(Bruker) and were analysed using the standard protocol in
the program XEASY (Bartels et al. 1995). To analyse the
effect of the paramagnetic relaxation molecule, rectangles
were drawn around each intra-residue labelled peak in the

NOESY experiments. Integration of cross-peaks was per-
formed for all rectangles using the same contour level for
both experiments before and after the addition of the
paramagnetic molecule. The average signal attenuation
was calculated for each residue and results were normal-
ized to have a maximum residual signal value of 100%
(equivalent to no effect of the paramagnetic molecule).

Structure calculations

Distance constraints were obtained from cross-peak vol-
umes in the NOESY spectra that had been recorded with a
mixing time of 200 ms at 298 K. The data from PS6 in
DPC micelles provided 463 non-redundant upper-distance
constraints. An additional ten distant constraints for
H-bonding were obtained from a hydrogen-deuterium
exchange experiment, and after analysis of medium-reso-
lution structures. No ¢ dihedral angle constraints were
deduced from the spectra because the backbone amide
peaks were too broad to allow measurement of these; the
line-broadening was likely to have been caused by slow
conformational averaging of the peptide structures in the
presence of the micelles. In the initial stages of structure
calculations, the NOAH protocol (Mumenthaler and Braun
1995; Mumenthaler et al. 1997) in the torsion-angle
dynamics program DYANA (Giintert et al. 1997) was
implemented to aid in identifying cross-peaks and in
obtaining additional NOE constraints. The standard simu-
lated annealing protocol in DYANA was then used to
improve the quality of structures and to obtain further
constraints. The final PS6 structures presented here were
obtained using the standard dynamic annealing protocol,
anneal.inp, in the program CNS (Briinger et al. 1998). The
high temperature dynamics and cooling cycle were per-
formed in torsion-angle space. An extended conformation
of PS6 was used as a starting point to generate 500 struc-
tures from which the ‘best’ 20, with lowest overall energy,
were selected and considered as representative structures of
PS6.

Results
PS6 structure in DPC micelles

The amide region of the 200 ms mixing-time NOESY
spectrum of PS6 in DPC micelles, at 298 K, is shown in
Fig. 2a; and the NMR structural data for PS6 in DPC
micelles are summarized in Fig. 2b. The presence of
NOESY cross-peaks in the amide region of the NOESY
spectrum suggested turn-like or helical conformation in the
molecule (Fig. 2a). Furthermore, the presence of NOE
connectivities dofi(i, i + 3) and/or 6aN(i, i 4+ 3) spanning
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Fig. 2 'H NMR analysis of a
hERG PS6 peptide in 100 mM

DPC at pH 3.4 and 298 K. a 'H
NMR amide region of 200 ms
mixing time NOESY spectrum.
The presence of NOESY cross-
peaks in this region suggests
turn-like or helical
conformation in the molecule.
The intense cross-peaks in the
spectrum are labelled with the
residue numbers corresponding
to the two amide protons that
are close in space. b Summary
of NMR data of PS6 peptide in
100 mM DPC. Peptide residue
numbers corresponding to panel
a and equivalent residue
numbers are shown above the
sequence. Slowly exchanging
backbone amide protons are
indicated by circles. NOE
connectivities that indicate close b
through-space interactions are
represented by shaded
horizontal bars whose
thicknesses are proportional to
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residues 9-22 (equivalent to K608 to S621) indicated the
presence of an o-helix in this region. The presence of
additional ONN(, i + 1) NOEs spanning residues equiva-
lent to L622-S624 suggests the presence of a turn-like
conformation in this part of the molecule. Lastly, contigu-
ous negative chemical shift index (CSI) values for residues
in this region also supports the presence of a helical struc-
ture spanning residues equivalent to K608 to S621. The
slowly exchanging backbone amide protons, as found for
residues equivalent to A614-F619, suggested hydrogen-
bonding with the backbone carbonyl oxygen of amino-acids

@ Springer

that were likely to be parts of the same helix. It is possible
that some amide residues, K608-T613, were also hydrogen-
bonded but these were not unambiguously assigned due to
peak overlap. The NOE connectivities observed for PS6
were exclusively intra-residual, sequential, and medium-
range (Table 1). The absence of long-range NOEs suggests
that this 43-residue peptide is relatively flexible and has no
defined tertiary structure in DPC micelles.

Figure 3a shows the ensemble of 20 calculated PS6
structures superimposed over the backbone of the well-
defined region of residues equivalent to K608-S624. It is
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Table 1 Structural statistics for 20 PS6 peptide structures

Quantity Value
Distance restraints

Intraresidue (i — j = 0) 194
Sequential (|i —j| =1) 161
Medium-range (|i —j| <5) 108
Long-range (|i —j|>5) 0
Hydrogen-bonds 10

Total 473

Mean energies (kcal mol™")

Enoe 1.65 £ 0.63
Eaw 6.26 £ 0.83
Evona 0.55 + 0.10
Eimproper 0.84 £ 0.10
Eingle 17.95 £ 0.37
Eotal 27.26 £ 1.28
Atomic rms difference with the mean (A)

Backbone atoms (8-24) (1607-L623) 0.71 £ 0.25
Heavy atoms (8-24) (1607-L623) 1.14 £ 0.27
Backbone atoms (9-21) (K608-S620) 0.29 £+ 0.20
Heavy atoms (9-21) (K608-S620) 0.85 £ 0.25

Fig. 3 NMR-based structure of PS6 peptide in DPC micelles. a The
ensemble of 20 calculated PS6 peptide structures superimposed over
the backbone atoms of residues equivalent to 1607 to T623 of the local
mean structure. b A ribbon diagram of one structure showing an o-
helix at residues equivalent to K608-L622. ¢ Potential surface
diagram for the structure shown in panel b Positively charged side-
chains are shown in blue and negatively charged side chains in red.
The diagrams were generated using the program MOLMOL (Koradi
et al. 1996)

important to point out that while the well-defined helical
region always spanned residues K608-S621 in some of the
lowest energy structures the helix was shortened or
extended by one residue (e.g. see Fig. 3c). For the back-
bone the root mean square deviation was 0.71 A for the
well-defined region, and 0.29 A for the helix (Table 1).
The N-terminal region up to the residue equivalent to 1607,
and the C-terminal region from residue V625, were flexible
and did not appear to have any localized well-defined
structure. A potential surface diagram for the structure

shown in Fig. 3b is shown in Fig. 3c and highlights the
highly charged motif (KDK) at the N-terminal end of the
pore-helix.

PS6 structure in SDS micelles

We also investigated whether the length of the pore-helix
in hERG was dependent on the type of micelles used.
When the hERG peptide was dissolved in SDS micelles the
peptide showed limited solubility; consequently the reso-
lution of the calculated structure in SDS micelles was
relatively low. Nevertheless, the CSI plot clearly indicated
that the hERG peptide in SDS micelles had a well-defined
o-helix in the pore region that covered the same region of
the peptide as that seen in DPC micelles (Fig. 4a). Thus the
longer pore-helix seen in the hERG peptide was not
micelle-specific.

Positioning of PS6 in DPC and SDS micelles

To localize residues outside DPC and SDS micelles, we
added a gadolinium-based paramagnetic relaxation agent to
the peptide/micelle mixtures. The paramagnetic molecule
enhances the relaxation rates of protein protons as a func-
tion of their surface exposure and distance from the surface.
Because gadolinium complexes are water-soluble, the only
relaxation enhancement rates (and hence signal attenuation)
are observed for residues in the hydrophilic environment,
outside micelles (Ju et al. 2009; Pintacuda and Otting 2002;
Respondek et al. 2007; Zangger et al. 2008).

Figure 4b shows the normalized residual signals after
addition of the paramagnetic molecule for each residue in
both DPC and SDS micelles. A low residual signal is
obtained for significantly enhanced relaxation rate of a
specific residue due to the gadolinium, namely for residues
located outside the micelle. In the presence of SDS, a high
residual signal was measured from residues equivalent to
1607 to G626, and possibly F627. The peptide was situated
inside the micelle one residue before the N-terminal end of
the helix and two or three residues after the C-terminal end
of the helix/turn-like structure. It is interesting to note that
the side chain of the residue equivalent to K610 and aro-
matic protons from both F617 and F619 had a low residual
signal, contrasting with the backbone signal attenuations of
these residues. These residues are therefore likely to be
located at the border, or close to the border, of the
hydrophobic/hydrophilic region.

For DPC micelles, residues equivalent to 1607 and K608
showed medium residual signal intensity indicating that
these residues could penetrate at least partially into the
surface of the micelle whereas D609 was definitely in a
hydrophilic environment, outside the micelle. From resi-
dues equivalent to K610 to F627 or possibly G628, NMR
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Fig. 4 Comparison of hERG
peptide properties in SDS (blue)
and DPC (red) micelles. a The
chemical shift for the Ca proton
plotted as a deviation from the
value expected for that residue
in a random coil. Values of
+0.1 ppm, considering has a
characteristic deviation, are
represented by dashed lines.
Continuous stretches of
negative chemical shift values
are strongly indicative of an
a-helical structure (highlighted
by green shading).

b Normalized residual signal
after addition of the gadolinium-
based relaxant agent. A series of
high residual values (short
length histograms) is observed
between K608 and G628
depending on the micelles. The
blue dotted histograms show
side chains attenuations that are
significantly different from the
backbone attenuations. Blue and
red boxes show residues inside
SDS and DPC micelles,
respectively. Dashed boxes
show a possible extension inside
micelles
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signal attenuation was low, characterizing residues inside
the micelle. Thus, whereas in SDS micelles the entire pore
helix-turn motif appeared to be within the micelle, in DPC
micelles at least three residues at the N-terminal end of the
pore-helix were exposed to the hydrophilic environment
outside the micelle.

Pore-helix length in hERG PS6 compared
with KcsA PS6

The pore-helix in the hERG PS6 peptide was longer than
that predicted by comparison with the crystal structures of
K™ channels (see Fig. 5c, below). It is conceivable that this
could be an artefact of studying the peptide in a micelle
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Inside SDS micelles
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environment, rather than in the native channel where it
would be surrounded by other protein domains and the
lipid bilayer. To investigate whether this might be the case
we studied a homologous peptide from KcsA (A50-A92)
in DPC micelles, and compared its structure to that
obtained by X-ray crystallography of the full-length
channel. The resonances for KcsA were relatively broad,
thus despite the clear presence in the spectra of amide-
amide connectivities it was difficult to identify sequential
NOE:s (data not shown). Nevertheless, the stretch of neg-
ative CSI values (see Fig. 5b) indicated the presence of an
o-helical region that starts at the residue equivalent to T61
and extends to S69 and possibly as far as T74. In the dif-
ferent KcsA crystal structures available in the protein data
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Fig. 5 Comparison of chemical a 06
shift deviations for hERG and
KcsA pore-helix peptides in
DPC micelles. Absolute

0.4+
changes in chemical shift for the
Co-protons, relative to those
expected for a random coil for 0.2.

a hERG peptide in DPC
micelles and b KcsA peptide in
DPC micelles. Green shaded

boxes indicate putative helical 0.01y

regions. ¢ Sequence alignment | . B

of the pore-helix region of

hERG with the pore-helix -0.24

regions of the K* channels, for

which crystal structures are

known. Codes shown in -0.4+
parentheses are the protein data

bank codes for the

corresponding crystal structures 06-
(www.pdb.org). Asterisk indi-

cates data shown for KcsA are

the consensus derived from the

multiple crystal structures

available in the protein database
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bank, the pore-helix is most commonly reported to start at
Y62 and to finish at either A73 or T74 (see e.g. 1r3k.pdb
and lk4c.pdb). Thus overall the length of the pore-helix
predicted from our NMR studies in the presence of DPC

APIANQSPPGFVGAFFFSVETLIATVGYGDMHP 118
DVIENARPGSHTDAFFFSVQTMATIGYGKLIP 104
ADERDSQFPSIPDAFWWAVVSMTTVGYGDMVP 382
YPDPNSSIKSVIFDALWWAVVTATTVGYGDVVP 217
RGAPGAQLITYPRALWWSVETATTVGYGDLYP 83

AGFHFIEGESWIVSLYWTFVTIATVGYGDYSP 67

GLGGPSIKDKYVTALYFTESSLITSVGFGNVSP 632

micelles is very similar to that reported by crystallographic
studies of the full-length channel. Therefore, at least in the
case of KcsA, removing the pore-helix from its native
protein/bilayer environment does not appear to perturb the
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extent of the helix. One discrepancy between the structural
predictions for the pore-helix of KcsA reported here and
the X-ray crystallography data is the presence of an
apparent break in the helix at residues equivalent to V70-
E71 in the NMR data. E71 is known to interact with D80
just beyond the selectivity filter in the intact channel
(Cordero-Morales et al. 2007). We suggest that the E71-
D80 interaction may not be present in our experiments and
this could perturb the calculated local structure.

Discussion

Based on the sequence homology and functional similarity
to KesA, KvAP, MthK, Kv1.2 and KirBacl.l (ie. Kt
selectivity) the PS6 peptide studied here was predicted to
contain a pore-helix for residues equivalent to Y611-S621.
In contrast, the peptide adopted a helical conformation
extending from residues equivalent to K608-S621. In a
previous study of a peptide spanning the S5P region of
hERG (Torres et al. 2003) we suggested that the pore-helix
may be extended at its N-terminal end (by up to seven
residues). This suggestion has since been incorporated into
structural models of the hERG pore domain (see e.g.
Stansfeld et al. 2007; Tseng et al. 2007). However, based
on the results from the present study we believe the pore-
helix is extended by only three residues at its N-terminal
end. There are two observations that indicate that the
results from the present study are more reliable than the
previous study. First, the peptide used in the previous study
did not span the entire putative pore-helix region, whereas
the peptide used here does. Second, the length of the pore-
helix found in a peptide from KcsA, homologous to the
hERG peptide used in this study, was very similar to that
seen in the crystal structures of KcsA (Doyle et al. 1998);
thus we can be reasonably confident that the longer helix
seen in the present hERG peptide is not simply an artefact
of studying the peptide isolated from its native protein/lipid
environment. Note that structures of membrane associated
proteins determined by NMR and X-ray crystallography
are not always folded identically, e.g. for the case of the
N-terminus of the toxin EqtIl, Drechsler et al. (2006),
report a significant extension of the helix of the peptide in
SDS micelles compared to the crystal structure of the
protein. However, this does not appear to be the case for
the pore-helix domain of the KcsA K* channel and
therefore we propose that it is unlikely to apply to the
hERG pore-helix domain.

In addition to the pore-helix, the peptides analysed in
this study also contained the selectivity filter as well as the
N-terminal seven residues of the S6 helix. Neither of these
elements were well resolved in either the hERG peptide or
KcsA peptide. The absence of the S6 helix in PS6 is not
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surprising since only a small part (7 out of 28 residues) of
the predicted S6 helix was included in the synthesized
peptide. The orientation of the pore-helix, relative to the S6
helix, is important in defining the conformation of the tight
loop that includes the selectivity filter. Thus the absence of
a second helix (S6) in PS6, as determined in this study,
could explain the lack of structural definition in the pre-
dicted selectivity filter. Nevertheless, the clear difference in
the extent of the pore-helix seen in the hERG peptide,
compared with the KcsA peptide where the helix length is
very similar to that seen in the crystal structures, is con-
sistent with hERG channels containing a longer pore-helix.
Furthermore, based on the sequence homology at the
C-terminal end of the hERG and KcsA pore helices, and
the clear importance of the position of the C-terminal end
of the pore-helix for K* channel function (Doyle et al.
1998), we suggest that a longer pore-helix in hERG would
be accommodated by an extension at the N-terminal end
projecting into the extracellular space.

To check this last hypothesis, we localized residues
inside each micelle using a gadolinium-based relaxation
agent. While for SDS, that is anionic, residues are in the
hydrophobic region one residue before (I607) the N-ter-
minal end of the helix and two or three residues after (G626
or F627) the C-terminal helical end; in the zwitterionic
micelle (DPC) not all residues of the helix are located
within the hydrophobic region of the micelle. The residue
equivalent to D609 is situated outside the micelles while
residues equivalent to 1607 and K608 could be at the
boundary between both hydrophobic and hydrophilic
regions. The presence of phosphocholine head groups on
DPC is expected to more closely simulate a membrane
interface than in a SDS micelle environment. Furthermore,
a difference in the penetration depth inside a micelle is
suspected. In SDS, relaxation rates for the side chains on
residues equivalent to K610, F617 and F619 are enhanced
suggesting localization in a hydrophilic environment, i.e. at
the border of the SDS micelle. This is not the case with a
DPC micelle; suggesting that in the of DPC micelles K610,
F617 and F619 are all within the micelle thus escaping any
paramagnetic effect.

The two main difference between both types of micelles
deals with NMR spectral resolution and relative position of
the pore-helix in the micelles. In the presence of DPC, it
was possible to calculate a high-resolution structure of the
peptide while in an SDS environment, the calculated
structure had a much lower resolution. Despite only being
able to calculate a low-resolution structure in SDS
micelles, it is clear from the CSI plots, that the helical
structure for both environments spanned the same region of
the peptide suggesting that the peptide had a similar con-
figuration. In the anionic SDS micelles the N-terminal end
of the helix (starting at residue K608) appeared to be
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anchored at the water-micelle interface whereas in the
zwitterionic DPC micelles the residues equivalent to K608
(N-terminal end of the helix) as well as D609 appeared to
be located outside the micelle. This difference in the
anchor point for a peptide in different micelle environ-
ments is similar to that reported by (de Planque et al. 1999).
Given that mammalian membranes contain predominantly
lipids with zwitterionic headgroups we propose that the
pore-helix in cells is likely to protrude into the extracellular
space analogous to what we have observed for the pore-
helix peptide in DPC micelles.

In conclusion, we have shown that the «-helix in the pore
loop domain of the hERG channel (K608-S621) is longer at
its N-terminus by ~ 3 residues, compared with the homol-
ogous helix in the K* channels, for which crystal structures
are known (Fig. 5). This outcome differs from our previous
findings on the hERG S5P peptide (A570-Y611; Torres
et al. 2003) where we suggested that the pore-helix may be
up to seven residues longer than the equivalent helix in
other K™ channels. We contend that the present NMR data
are less ambiguous than in the previous study, regarding the
pore-helix. We have demonstrated that the extent of
incorporation of the hERG pore-helix peptide inside a
micelle (SDS or DPC) is micelle-dependent. In the DPC
micelles, where the phosphocholine headgroup more clo-
sely approximates that seen in eukaryotic-membranes, the
extension at the N-terminal end of the pore-helix projects
outside the micelle as shown by the paramagnetic relaxation
enhancement on the terminal amino acid residues. A com-
parison of the hERG and KcsA pore-helix peptides revealed
that the continuous pore-helix in hERG is longer than that
seen in KcsA (Fig. 5¢) and we postulate that this would also
apply in native membrane environments. Ultimately, this
will require confirmation using the structure of the entire
hERG channel in as close to a native environment as pos-
sible by, most probably, X-ray crystallography.

Given the importance of the pore-helix for supporting
the selectivity filter and thereby the inactivation of hERG
K™ channels (Vandenberg et al. 2004), we suggest that an
extracellular extension of the pore-helix, through interac-
tions with extracellular domains such as the S5P linker,
may contribute to the uniquely rapid inactivation kinetics
of hERG K™ channels. This proposal awaits experimental
testing.
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