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Introduction

The human ether-�-go-go-related gene (hERG) encodes the
pore-forming subunits of potassium channels that conduct the
rapid delayed rectifier K+ current (IKr).

[2, 3] IKr is activated by
membrane depolarization and is a key determinant for re-po-
larization of the cell membrane during the cardiac action po-
tential.[4, 5] hERG is up-regulated in various cancer cell lines, sug-
gesting its role in the pathophysiology of cancer.[6] Mutations
in the hERG gene can cause inherited long QT syndrome
(LQTS), a disorder that predisposes affected individuals to life-
threatening arrhythmias and sudden death.[7] Blockade of hERG
can lead to acquired LQTS, a rare side effect of treatment with
structurally diverse medications.[8] This potential for QT prolon-
gation has led to severe restriction or withdrawal of several
medications from the market. Intense efforts are directed at
gaining a better understanding of the molecular basis of hERG
channel blockade, including in vivo, in vitro, and in silico ap-
proaches (for a review, see reference [9]). Several groups have
presented homology models of the hERG pore domain, provid-
ing a qualitative insight into potential ligand–channel interac-
tions (for examples, see references [10–14]), and in some cases
quantitative predictions have been provided.[15–17]

The accuracy of homology models depends critically on the
sequence identity between template and target.[18, 19] The S5
helices of hERG are only distantly related to potential tem-
plates such as KcsA,[20] MthK,[21] KvAP,[22] or Kv1.2,[23, 24] with se-
quence identities <30 %. Consequently, no consensus has
been established regarding the optimal alignment for S5. Dif-
ferences in alignment of segment S5 have been neglected;
however, S5 helices are in close contact with S6 segments, and
are thus likely to influence the drug binding site. Therefore, we

tested seven hERG models with different S5 alignments, five of
which have been published,[11–14, 16] with a combination of
state-of-the-art quality assessment methods and molecular dy-
namics (MD) simulations, and then analyzed the consequences
of alignment errors on drug–receptor studies. To avoid poten-
tial errors and biases from quality assessment programs, a set
of “control” structures, consisting of a native Kv1.2 crystal struc-
ture, and “artificial” models, with shifted helices, was included
in our study. Generally, a quality check must be able to verify
the biological relevance of a model ; that is, should be able to
identify improperly folded models that result from alignment

Malfunction of hERG potassium channels, due to inherited mu-
tations or inhibition by drugs, can cause long QT syndrome,
which can lead to life-threatening arrhythmias. A three-dimen-
sional structure of hERG is a prerequisite to understand the
molecular basis of hERG malfunction. To achieve a consensus
model, we carried out an extensive analysis of hERG models
based on various alignments of helix S5. We analyzed seven
models using a combination of conventional geometry/pack-
ing/normality validation methods as well as molecular dynam-
ics simulations and molecular docking. A synthetic test set
with the X-ray crystal structure of Kv1.2 with artificially shifted
S5 sequences modeled into the structure served as a reference

case. We docked the known hERG inhibitors (+ )-cisapride, (S)-
terfenadine, and MK-499 into the hERG models and simulation
snapshots. None of the single analyses unambiguously identi-
fied a preferred model, but the combination of all three re-
vealed that there is only one model that fulfils all quality crite-
ria. This model is confirmed by a recent mutation scanning ex-
periment (P. Ju, G. Pages, R. P. Riek, P. C. Chen, A. M. Torres, P. S.
Bansal, S. Kuyucak, P. W. Kuchel, J. I. Vandenberg, J. Biol. Chem.
2009, 284, 1000–1008).[1] We expect the modeled structure to
be useful as a basis both for computational studies of channel
function and kinetics as well as the design of experiments.
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errors. Our underlying assumption is that a reliable model
(based on a correct alignment) should not fail with any assess-
ment method, should have reasonable stability in MD simula-
tions, and should be suitable to study drug–receptor interac-
tions in a qualitative and possibly quantitative manner. Only
one out of the seven tested hERG models fulfilled these crite-
ria. This model was confirmed by a recent mutation scanning
experiment[1] that is consistent with the alignment underlying
this model.

Results

Models of the pore-forming domain

hERG models were built by using KvAP as the template; they
include S5 segments, the P-helix re-entrant loops, and S6 seg-
ments (Figure 1 B). Alignments 2–6 were extracted from the lit-
erature,[11–14, 16] and alignments for models 1 and 7 were added
for completeness. During the modeling process, fourfold sym-
metry was applied. The S5 turret helices and voltage-sensing
helices S1–S4 were omitted from the models as described pre-
viously,[13] facilitating comparison between different hERG

models. Except for model 2, which was downloaded from the
Schrçdinger homepage (http://www.schrodinger.com/product-
page/14/6/75/), the backbone of hERG models was not man-
ually adjusted, as has been described for some models.[11, 13]

Farid et al.[11] describe rotational movements of backbone tor-
sion angles for residues G648 (S6) and G572 (S5), which result
in an increased pore size relative to KvAP.

Figure 1 B shows the pore-forming domain of a hERG model
with residues critical for drug block highlighted. Consistent
with alanine scan experiments (for examples, see referen-
ces [10, 25]), the side chains of residues T623, S624, Y652, and
F656 of all seven hERG models are oriented toward the pore,
enabling direct interactions with blockers.

In hERG, the degree of identity with templates of known
structure varies for different segments. The “signature se-
quence” of the selectivity filter TVGYG is highly similar be-
tween potassium channels of known structure (Mlotik,[26]

KcsA,[20] MthK,[21] Kv1.2,[23, 24] and KvAP[22]) and hERG, which con-
tains a slightly modified SVGFG motif. An unambiguous align-
ment of S6 segments is possible due to the presence of a
highly conserved glycine hinge and reasonable sequence iden-
tities of 39 % between S6 segments. The outer helices formed

Figure 1. A) Structural alignment of the pore-forming domains of Mlotik[23] (PDB ID: 3BEH), KcsA[20] (1K4C), MthK[21] (1LNQ), Kv1.2[23, 24] (2R9R), and KvAP[22]

(1ORQ) channels with hERG; m1–m7 denote the various hERG alignments with KvAP. Alignments for models 2–6 were extracted from the literature (see Exper-
imental Section). Numbers in parentheses indicate the shift of helix S5 relative to the alignment of m1 (arbitrarily taken as reference). Identical residues in all
sequences are boxed in black, and similar residues are boxed in gray. Numbers above the alignment indicate residues that are part of the pore loop signature
sequence present in most potassium channels;[37] E637 is boxed. B) Side view of two diagonal subunits of the pore-forming domain of hERG with key residues
T623, S624, Y652, and F656 important for drug binding shown in stick representation. Helices S5 are colored blue, P-helices are colored green, the selectivity
filter loops are yellow, and the S6 segments are colored red.
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by S5 segments are more difficult to align due to the low se-
quence identity between hERG and the KvAP template and
generally between different potassium channels (Figure 1 A).
The pore domains of the potassium channel crystal structures
display poor conservation at the sequence level (21–38 %), but
the correct alignment can be obtained by generating structural
alignments. They reveal a remarkable similarity in 3D space,
justifying the use of currently available crystal structures such
as KvAP, MthK, Kv1.2, or KcsA to generate hERG models. All five
structures have a conserved glutamate residue at the extracel-
lular end of S5 that interacts with backbone amide nitrogen
atoms and the hydroxy group of a conserved threonine in the
loop connecting the selectivity filter with S6 segments. Muta-
tion of the corresponding residue in Shaker (E418) revealed an
important role of this charged residue for normal gating.[27]

Published alignments for hERG show considerable variation in
S5 with relative shifts of this helix of more than one helical
turn in the N- or C-terminal direction (see Figure 1 A).

The alignment of model 3 suggests that E575 of hERG might
stabilize the post-selectivity filter in a similar way as observed
in the crystal structures. However, mutations of E575 to cys-
teine or positively charged lysine are well tolerated,[28] indicat-
ing a different role for E575 in hERG. All hERG models have a
conserved glutamate (E637) at the top of the S6 helix, which
might provide hydrogen bonds that stabilize this part of the
channel (see also Stansfeld et al.[13]). This hypothesis is consis-
tent with experimental observations that mutations of E637 to
lysine lead to poor channel expression. Furthermore, mutations
at this position are linked to LQTS,[29] underscoring the func-
tional importance of residue E637.

Intra- and inter-subunit interactions in various hERG models

In all seven hERG models, hydrogen bonds between Y652 and
S649 (both S6) from neighboring subunits are observed.
Except for models 2 and 7, these interactions are maintained
during MD simulations. Hydrogen bonds are also formed be-
tween E637, located at the extracellular end of segment S6,
and the backbone of N633 and backbone and side chain of
T634, located at the post-selectivity filter loop. These interac-
tions remain stable in simulations in models 4–7, but are lost
in models 1–3. Model 6 contains additional inter-domain hy-
drogen bonds between Y667 (S6) and T556 (S5), which are pre-
served in MD simulations.

Aromatic–aromatic interactions

In the hERG pore domain, 15–19 aromatic residues per subunit
are present, depending on the alignment used. Five to eight of
these are present in S5 segments. Alignment differences lead
to different interaction patterns between aromatic side chains
in the models (Table 1 and Figure 2). Model 1 has the greatest
number of favorable aromatic–aromatic interactions, with four
pairs between residues of S5, the P-segment, and S6 from the
same subunit. Additionally, a cluster of three aromatic side
chains between S5, the P-helix, and the selectivity filter from
the neighboring subunit is present. In model 6, two clusters

with three aromatic side chains and one paired interaction be-
tween S5 and the P-segment exist. In model 7, three pairs of
aromatic–aromatic interactions are identified, while models 2
and 5 possess only two aromatic pairs, between S5 residues
and neighboring segments. Models 3 and 4 contain only one
aromatic pair between S5 residues and other segments.

Model evaluation—quality assessment programs

To identify the correct alignment, various quality assessment
methods have been applied. Because most of the methods
have been developed for globular proteins and use statistical
potentials from known structures, we validated the suitability
of the selected quality assessment methods for membrane-
spanning potassium channels. The crystal structure of Kv1.2
was used because it has higher resolution (2.4 �) than that of
KvAP (3.2 �). Kv1.2 scores well with all methods tested; no low
scores are reported. Scores for KvAP are also acceptable, with
the exception of Verify3D and Procheck, with which low values
are observed. To assess the discriminative power of these pro-
grams to distinguish correctly aligned from misaligned models,
a synthetic test set consisting of Kv1.2 models with shifted S5
segments (one helical turn in steps of one amino acid in both
directions, m�1 denotes a shift toward the C terminus) was
built, and the quality screened. Results are summarized in
Table 2 A. Only four out of eight methods (WHAT_CHECK Pack-
ing 2, ProsaII, ProQres LG, and DFIRE) ranked the crystal struc-
ture highest. Most shifts in S5 do not noticeably influence the
results obtained with ProQres, Procheck, or ModFOLD. The
strongest variations were obtained with Verify3D, with which
the best model (alignment shifted two residues toward the
N terminus) scored ~23 % higher than the worst model (align-
ment shifted three residues toward the C terminus), but the
crystal structure was ranked only third best (Table 2 A).

Table 2 B summarizes the results obtained with Verify3D, Pro-
check, WHAT_CHECK, ProsaII, ProQres, DFIRE, and ModFOLD

Table 1. Interactions of S5 aromatic residues with other aromatic resi-
dues.

Model F551 F557 H562 W563 W568

m1 – Y667 (S6) F619 (P) Y611 (P) F617 (P)
F627 (SF)

inter[a]

m2 – – – F619 (P) F640 (S6)

m3 N n[b] – – Y611 (P) –

m4 N n[b] – – – –

m5 – F619 (P) – F617 (P) –

m6 – Y652 (S6)
F619 (P)

Y611 (P) – –

m7 Y667 (S6) – F640 (S6) F617 (P) –

[a] Inter-subunit interaction. [b] Not in model.
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Figure 2. Details of aromatic–aromatic interactions in the various hERG models 1–7: Shown in each case is a side view of averaged hERG coordinates after
10 ns MD simulations, with aromatic side chains (Phe, Tyr, Trp) shown in stick representation. S5 segments are colored blue, P-helices are shown in green, the
selectivity filter is yellow, and S6 segments are colored red. For model 1, favorable aromatic–aromatic interactions between segment S5, the P-helix, and S6,
stabilizing the selectivity filter are circled. For model 6, only favorable aromatic–aromatic interactions between S5 and other segments are observed. Stabiliz-
ing interactions in the selectivity filter region and the pore region are circled.

Table 2. Static quality assessment of crystal structures plus A) synthetic test set and B) hERG models.[a]

A)
Model Prosa2003 Verify3D ProQres

LG score
ProQres
MaxSub

WHAT_CHECK
Packing 2

DFIRE/res. Procheck
f/y

ModFOLD

KvAP �5.57 – 68.88 – 5.431 – 0.201 – �0.447 – �100.55 – 83.5 – 0.80 –
Kv1.2 �5.55 6 76.08 3 6.880 1 0.636 2 �0.172 1 �109.59 1 92.8 9 0.89 6
tm + 1 �3.67 5 71.76 5 5.977 5 0.617 3 �0.736 8 �103.61 4 97.6 1 0.93 2
tm + 2 �3.71 2 86.26 1 5.740 6 0.606 4 �0.724 7 �102.27 7 96.1 5 0.92 3
tm + 3 �3.41 8 66.41 6 6.648 2 0.573 7 �0.529 3 �103.20 5 97 2 0.91 5
tm + 4 �3.07 9 55.98 9 5.021 8 0.472 9 �0.699 6 �102.27 8 95.5 6 0.86 7
tm�1 �4.1 1 75.83 4 6.207 4 0.600 5 �0.280 2 �105.69 2 94.9 7 0.93 1
tm�2 �3.7 4 77.35 2 6.403 3 0.679 1 �0.652 4 �104.94 3 96.1 4 0.92 4
tm�3 �3.71 3 62.85 8 5.655 7 0.583 6 �0.696 5 �102.89 6 94.9 8 0.82 8
tm�4 �3.42 7 66.41 6 4.723 9 0.494 8 �0.858 9 �100.79 9 97 3 0.82 9

B)
Model Prosa2003 Verify3D ProQres

LG score
ProQres
MaxSub

WHAT_CHECK
Packing 2

DFIRE/res. Procheck
f/y

ModFOLD

m1 �4.01 2 51.46 5 4.985 1 0.145 6 �1.613 4 �103.46 3 93.2 2 0.65 3
m2[10] �2.09 5 39.22 7 1.622 7 �0.081 7 �0.606 1 �88.69 7 89.2 7 0.32 7
m3[11] �2.41 4 64.38 3 4.266 3 0.380 2 �2.078 7 �99.67 6 92.8 3 0.38 6
m4[15] �2.01 6 69.77 2 3.922 4 0.365 3 �2.057 6 �99.69 5 93.4 1 0.38 5
m5[12] �1.99 7 50.96 6 3.520 5 0.276 5 �2.016 5 �100.16 4 92.2 5 0.41 4
m6[13] �3.58 3 79.2 1 4.377 2 0.408 1 �0.855 2 �105.92 2 91.2 6 0.68 1
m7 �4.75 1 57.84 4 3.418 6 0.339 4 �1.530 3 �115.57 1 92.4 4 0.68 1

[a] Models are ranked 1–7, with 1 denoting the best-ranked model in each category; low values are shown in boldface.
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for the hERG models. Models are ranked from 1 to 7, with 1
denoting the best-ranked model in each category. Low values
are shown in bold. Static checks show reasonable scores for
model 1, with the exception of Verify3D and ProQres MaxSub
score, which are lower than expected for good structures.
Scores for model 2 are very low, indicating severe problems.
Models 3–5 have similar quality, with problematic packing
values and very low scores with ModFOLD. Scores for model 6
are favorable, and none of the methods suggest structural
problems. Scores for model 7 are acceptable except for Veri-
fy3D, which reports a low value (see Table 2 B). The ranking of
hERG models is less clear, and lower scores are obtained for all
models relative to the crystal structures. Model 6 scores slightly
better than models 3 and 4, model 1 has intermediate quality,
and models 5 and especially 2 score lowest.

The local quality of S5 segments was evaluated with a
method developed by Fasnacht et al.[30] The results are sum-
marized in Figure 3. Kv1.2 shows the highest quality through-
out the whole segment. This method shows a clear distinction
between different alignments in our synthetic test set, with
the largest differences observed for the second half of S5. The
results for the hERG models are less straightforward to inter-
pret, yet a similar quality trend emerges. Models 1 and 6 are
again among the best, models 3, 4, and 5 show intermediate
qualities, and models 2 and 7 score lowest.

Molecular dynamics simulations

hERG models were examined using MD simulations with the
protein models embedded in a POPC lipid bilayer, and each
simulation was repeated twice with different initial velocities.
The root mean square deviation (RMSD) of a protein from its

starting coordinates as a function of time is routinely used as a
measure of its structural stability. Figure 4 A shows the RMSD
values of the backbone atoms of the hERG models. The stabili-
ty was compared with KvAP and Kv1.2 (Figure 4 B), which dis-
play RMSD values in the range of 0.16–0.2 nm. hERG models 1,
3, 5, and 6 have only slightly higher RMSD values in the range
of 0.2–0.25 nm. Models 2, 4, and 7 are less stable, with RMSD
values in the range of ~0.35 nm after 10 ns. Furthermore, the
RMSD curves of these models are still rising, indicating that
these systems have not yet found local minima. The results for
the extended simulations of model 1 (60 ns) and model 6
(100 ns) are shown in Figure 4 C.

Table 1 lists aromatic–aromatic interactions in the various
hERG models prior to MD simulations. Important changes are
observed during MD simulations; these variations are of partic-
ular interest, as they may directly influence drug blocking.
Figure 5 summarizes the distance measurements between
F656 from various subunits as a function of time. The distance
is defined as the distance between the geometric centers of
the phenyl rings.

Models 1 and 5 show very short distances between adjacent
phenyl rings. Models 3, 4, and 7 show values in the range of
1–1.5 nm, and model 2, which has been adjusted manually to
increase the pore size (for details, see reference [11]) and
model 6 (no modification) display larger inner cavities, with
distances between phenyl rings in the range of 2–2.5 nm. In
models 3 and 5, the inner cavity “collapses” during MD simula-
tions; F656 residues from all four subunits cluster tightly.

Figure 3. Local model quality assessment: A) Local quality of segment S5 of all seven hERG models, as well as crystal structures KvAP and Kv1.2, as assessed
with the method developed by Fasnacht et al.[30] The amino acid sequence of helix S5 is shown below the plot. Higher scores indicate higher quality. B) Local
quality of Kv1.2 and synthetic test models.
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Experimental validation of
hERG models

Recently, Ju et al.[1] studied the
structure and function of helix
S5 in detail using a combination
of NMR and mutagenesis stud-
ies. These data were not includ-
ed in the model building and
evaluation process and can
therefore be used to cross-vali-
date the results of our study.
Figure 6 shows a side view of
one domain of each hERG
model, with residues perturbing
inactivation[1] shown as spheres.
According to Ju et al. ,[1] these
residues should point toward
the inner S6 helix. Using the
alignment of model 1, only F551
and the side chain of W568 are
orientated toward the pore. In
model 2, the situation is even

Figure 4. RMSD values of the various hERG models, KvAP, and Kv1.2 plus synthetic test set: A) Results from MD simulations with hERG models embedded in a
POPC lipid bilayer under physiological ion concentrations are shown. All simulations were repeated twice, as described in the Experimental Section. The
RMSD plots for all backbone atoms of hERG models m1–m7 are shown. B) The stability of Kv1.2 and different Kv1.2 test models during MD simulations. C) Sim-
ulations for models 1 and 6, which performed best in our static assessments, were simulated for 60 and 100 ns, respectively. D) Ribbon and sticks representa-
tion of helix S5 from the Kv1.2 crystal structure.

Figure 5. Influence of the conformation of F656 on hERG pore size: The distances between the geometric centers
of F656 phenyl rings of adjacent subunits are shown as a function of time. Models 1, 3, 4, and 5 show very
narrow pores, with F656 residues from several subunits interacting directly with each other, thereby “collapsing”
the pore. Larger distances between adjacent F656 rings are observed for models 2 and 6, while model 7 displays
an intermediate pore size.
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worse; except for L552 all inactivation-perturbing residues are
orientated toward the voltage-sensing domain. In model 3,
only residues L551 and W568 face the opposite side of the
pore. In model 4, two of the inactivation-perturbing residues,
L552 and W568, are orientated toward the voltage-sensing
domain. In model 5, residues L550 and F551 cannot interact
with the inner pore helix. Model 6 fits the experimental data of
Ju et al.[1] best, as only the side chain of L552 does not face
toward helix S6. The alignment of model 7 is shifted extensive-
ly, and residues W568 and I571 are not in the transmembrane
core, but in the extracellular loop region. Additionally, the side
chains of F551 and L564 are orientated toward the voltage-
sensing domain.

F557 on S5 was found by Ju et al.[1] to exert an especially
pronounced facilitating effect on the inactivation of hERG. Mu-
tation of this residue to alanine decreases the energy barrier to
inactivation by ~1.5 kcal mol�1. In our model 6, the side chain
of F557 is situated next to that of Y652 of S6, and both aryl
rings undergo a direct p–p stacking interaction in the model
which remains stable in MD simulations. It is conceivable that
F557 influences the rotameric state of the Y652 side chain in
hERG. In turn, Y652 stacks in a parallel fashion onto F656 and
thus stabilizes its conformation. The aromatic residues on S6

have been shown to be strongly involved in inactivation and/
or drug binding.[31, 32] In further support of model 6, residues
within the helical part of S5 (F551, L559, and W563) experi-
mentally found to facilitate activation gating are orientated
toward the voltage-sensing domains. A strong interaction with
the voltage-sensing domain thus appears highly plausible, as
was suggested by Ju et al.[1]

Interaction of different hERG models with high-affinity
blockers

A large amount of experimental data on various drugs is avail-
able for hERG. Using these data to distinguish between various
S5 alignments is not straightforward, as mutational studies
focus on the inner S6 segments and the bottom of the selec-
tivity filter, where drug binding occurs. However, the alignment
of both SF and S6 segments are identical for all seven hERG
models. An indirect evaluation based on proposed drug bind-
ing modes might be possible. For this purpose, we docked the
high-affinity blocker (+ )-cisapride into the cavities of all seven
hERG models. Cisapride was selected because the importance
of the positioning of the aromatic residues in S6 has been
demonstrated experimentally (for examples, see referen-

Figure 6. Agreement of the various hERG models with the results of a recent mutagenesis study: Shown are ribbon representations of one subunit of each
hERG model, with residues perturbing the inactivation shown as spheres; these residues are thought to be predominantly pore-facing.[1]
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ces [31, 33]). Additionally, (S)-terfenadine and MK-499 were
docked into the two best-ranked models, model 1 and
model 6. FlexX and GOLD, with standard parameters, were
used to analyze hERG–drug interactions. Both programs re-
quire the definition of residues that line the binding cavity.
Therefore, residues Y652, F656, T623, and S624 from all four
subunits were chosen as starting points for docking. Observa-
tions in the docking of cisapride are described in detail for all
seven models (Figure 7). Additionally, details of the docking re-
sults for (S)-terfenadine and MK-499 are presented for model 6,
but not for model 1, because docking was not successful in
the latter case. Minimized averaged structures after 10 ns MD
simulations as well as structures prior to MD simulations
served as starting conformations for docking, and only the 20
top-scoring poses of each model were analyzed. For models 1,
3, and 5, no reasonable docking poses within the cavity could
be obtained using minimized average structures after MD sim-
ulations. Therefore, additional minimized snapshots of the tra-

jectory were extracted for docking. However, most snapshots
were unsuitable for docking, with the exception of the starting
coordinates, which provided large enough cavities for drug
docking (data not shown).

The docking poses for the starting structure of model 2 are
similar as described in Farid et al.[11] In agreement with this
study, cation–p interactions were not predicted. Docking poses
obtained from the average structure after 10 ns MD simulation
changed due to considerable deviations from the starting
structure (Figure 4), and a hydrogen bond between the me-
thoxy group of the benzamidine ring and the hydroxy group
of S649 (S6) was predicted. Aromatic interactions of Y652 and
F656 to three subunits are observed; however, instead of inter-
actions to three F656 and two Y652 residues from different
subunits, interactions to two Y652 and three F656 residues are
predicted for the final MD structure.

Docking scores obtained for model 4 are considerably lower
than the results for model 2. Again, due to large deviations

Figure 7. Interactions of the various hERG models with the high-affinity blocker cisapride. Snapshots of the best-ranked docking poses for models 2, 4, 6, and
7 are shown. Helices S6 (red), P-helix (green), and the selectivity filter (yellow) of two diagonal subunits are shown in ribbon representation, and residues
T623, S624, Y652, and F656 are shown as sticks and are colored according to the segments to which they belong. The location of the positively charged nitro-
gen atom is marked (*). A) Red arrows indicate the distorted geometry of the a helix in this region, which is most likely a consequence of the interventions at
G648. Hydrogen bonds are shown as black dotted lines. B) Orientation of cisapride in the averaged coordinates (10 ns) of model 4. Helices S6 are kinked, influ-
encing the shape of the binding cavity. The benzamidine ring of cisapride (circled in red) does not interact with any experimentally determined residues, but
is oriented toward the intracellular cavity. C) Cisapride interactions with averaged coordinates of model 6 after 10 ns MD simulation. Hydrogen bonds are
shown as black dotted lines. D) Interactions of MK-499 with the averaged coordinates of model 6 after 10 ns. The hydrogen bond to S624 is shown as a black
dotted line. E) Terfenadine hERG interactions for model 6, after 10 ns MD simulation, are shown. Hydrogen bonds to the selectivity filter residues are shown
as black dotted lines. F) Best docking pose obtained for the averaged coordinates of model 7 after 10 ns MD simulation. Helices S6 are considerably bent, in-
fluencing the shape of the cavity. Similar to model 4, the drug is orientated perpendicular with respect to the benzamidine ring of cisapride oriented toward
the intracellular side (circled).
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from the starting structure, (+ )-cisapride–hERG interactions
changed considerably from the starting structure to the aver-
aged structure after 10 ns MD simulation. Only results for the
averaged structure are described in detail in the following sec-
tion, as the cavities in all starting structures, except for
model 2, are very similar. No hydrogen bonds between (+ )-cis-
apride and any polar residues in the cavity are predicted. Inter-
actions to five aromatic side chains are predicted: three to
Y652 and two to F656. The benzamidine ring interacts via par-
allel displaced p–p stacking from neighboring Y652 residues,
while hydrophobic contacts are predicted to F656 residues.

Docking into starting and end coordinates of model 6 yield-
ed reasonable scores. Simultaneous interactions between six
aromatic side chains and (+ )-cisapride are observed. The fluo-
rophenoxy ring is flanked by two Y652 rings and one F656
ring which interact via T-shaped p–p stacking. Furthermore, a
hydrogen bond is predicted to the oxygen atom of one of the
serines (S624) from the base of the selectivity filter. Hydrogen
bonds are also predicted between methoxy groups and two
additional S624 residues and to the backbone carbonyl oxygen
atom of one T623 residue. The benzamidine ring interacts with
Y652 via parallel displaced p–p stacking and F656 from the
same subunit via T-stacking. There are more favorable interac-
tions between (+ )-cisapride and model 6 than to any other
model.

In contrast to cisapride, only two hydrogen bonds between
one hydroxy group of (S)-terfenadine and the side chains of
S624 and (a weaker hydrogen bond) to T623 from the same
subunit are predicted. This result is consistent with a recent
alanine scan reported by Kamiya et al.[25] Additionally, p–p in-
teractions to three Y652 residues and one F656 are predicted.
This finding is not completely consistent with the study report-
ed by Imai et al. ,[33] in which interactions to diagonal but not
adjacent Y652 residues are suggested.

Interactions between model 6 and MK-499 are illustrated in
Figure 7. In agreement with a study by Mitcheson et al. ,[10] a
hydrogen bond between S624 and the hydroxy group of MK-
499 is observed. However, the distance is much smaller (1.8 �)
as proposed by a recent docking study.[34] Similar to the find-
ings of Farid et al. ,[11] interactions between MK-499 and four ar-
omatic side chains are predicted. No direct contacts to G648
are observed (see Figure 7).

The averaged structure after 10 ns MD simulation provided a
suitable starting conformation to probe (+ )-cisapride interac-
tions with model 7. Similar to model 4, docking scores are sig-
nificantly lower than for models 2 and 6. The binding site in
model 7 differs from other models, because bending of the S6
segments in the region between Y652 and F656 occurs, and
the cavity is generally smaller than in models 2 and 6 (see Fig-
ures 2 and 5). Again, results for the averaged model after 10 ns
are quite different from the starting coordinates, as the model
is not stable in MD simulations. No hydrogen bonds between
selectivity filter residues (T623, S624) and (+ )-cisapride were
observed. Interactions with six aromatic side chains from three
different subunits are observed. Aromatic interactions with the
fluorophenoxy ring are predicted via parallel stacking between
two Y652 residues from neighboring subunits and sandwich

stacking occurs to an F656 residue. Surprisingly, no aromatic
contacts to the benzamidine ring are present, and the basic ni-
trogen atom faces toward the intracellular cavity. Taken togeth-
er, models with collapsed or very narrow inner cavities
(models 1, 3, and 5) are not suitable for drug docking. The
most favorable docking poses were obtained for model 6, fol-
lowed by model 2. Models 4 and 7 have fewer favorable con-
tacts than the other models.

Discussion

In the present study we investigated the quality and stability
of seven different hERG models obtained by homology model-
ing. Due to the low sequence identity in S5 helices, no consen-
sus about the alignment of this segment has been achieved
(Figure 1 A). It was therefore a main goal of this study to identi-
fy the correct alignment of helix 5.

The importance of aromatic–aromatic interactions in ion
channels has been noted previously.[20, 35] In KcsA, residues W67
and W66 form an aromatic cuff, stabilizing the pore loop.[20]

This motif,[36] which is part of the pore loop signature se-
quence, is conserved in hERG. The exception is position + 8,
which is replaced by a tyrosine residue (see Figure 1 A).

A common observation in membrane proteins is the prefer-
ential location of aromatic residues, especially Trp and Tyr at
the interface between membrane and solvent.[37–41] In the
hERG models, aromatic residues are not only at the membrane
interface in most models (see Supporting Information figure 1),
but there are additional aromatic residues distributed over the
protein, making this feature difficult to interpret. Evenly distrib-
uted aromatic residues have been observed in the closed con-
formation of Kirbac1.1. However, a shift toward extra- and in-
tracellular regions has been suggested for the open conforma-
tion.[40]

There are significant differences between aromatic–aromatic
interactions in different hERG models (Table 1 and Figure 2). In-
teractions between aromatic residues are energetically favora-
ble.[41] One could therefore expect a contribution to the stabili-
ty of the protein. However, we found limited correlation be-
tween the aromatic clusters and the structural stability in MD
simulations. Models 1 and 6 are indeed among the most
stable, but model 7 is among the least stable (Figure 4). Upon
close inspection, an aromatic mismatch between model 7 and
the lipid bilayer becomes apparent. With lipid bilayers such as
POPC, it is not possible to satisfy the location of most Tyr and
Trp residues in the membrane head group region. Several Tyr
groups extend into the bulk water. This might well explain the
high RMSD values, despite favorable aromatic–aromatic inter-
actions in the protein structure per se.

The assessment methods used show a clear trend among
the studied models. Model 2 scores very low with all but one
of the tested methods, whereas model 6 is the only model
that does not show low values for any of the applied checks.
Models 3–5 show intermediate quality, and scores for model 7
are better than average with the exception of Verify3D, which
indicates low quality (Table 2 A). To evaluate the reliability of
the methods used to discriminate between slightly different
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models, we introduced a synthetic Kv1.2 test set, with shifted
helices. We found limited discriminative power for this decoy
set (Table 2 B). Part of the reason for this is that none of the
methods used was developed specifically for membrane pro-
teins. Programs such as Verify3D take the local residue environ-
ment into account. Therefore, limited use of this method
might be expected, because the environment for membrane
proteins differs significantly. The membrane environment is
predominantly hydrophobic with little possibility for hydrogen
bonding and electrostatic interactions. This is also reflected in
the differences in amino acid composition[42] with different sec-
ondary-structure propensities between membrane environ-
ments and aqueous solution.[43] Indeed, results obtained by
Verify3D are not able to discriminate between Kv1.2 and the
decoy set. We find that DFIRE and the local assessment
method from Fasnacht et al.[30] are able to discriminate be-
tween different alignments (Table 2 and Figure 3), whereas
methods such as Procheck (f/y angles) are not suited for this
task.

Law et al.[44] found a good correlation between quality as as-
sessed with static structure assessment and stability in MD sim-
ulations. Whether MD simulations are suitable to distinguish
between correctly and incorrectly folded models, for example,
via misalignment of certain segments is still an open question.
If helices are incorrectly packed one might expect to see a
greater degree of drift from the starting coordinates reflected
in large RMSD values.[45–47] Simulations have also proven help-
ful to distinguish between different Kir6.2 alignments,[44] and
we have previously shown that a distinction between clock-
wise and counterclockwise orientation in an L-type calcium
channel model is possible.[48] On the other hand, Law et al.[44]

report that it is not possible to distinguish between different
subunit orientations in Twk-5 channels. Clearly this issue is in-
conclusive. In hERG models, large drifts (i.e. , repacking of heli-
ces) were observed only for three out of the seven models
(Figure 4 A). The simulations suggest that one can identify
models that contain serious problems, such as model 2, which
scored poorly in most of the static assessments and also dis-
plays a rather high RMSD value. However, models 1 and 6,
which are ranked among the best models, are difficult to dis-
tinguish using MD simulations. Simulations for these two
models were extended to 60 (m1) and 100 ns (m6), with still
no clear distinction between them (Figure 4 C). This suggests
that although MD can identify poor model quality, low RMSD
values do not automatically identify the correct fold.

Different RMSD values reflect packing differences between S5
and S6/P-helix. The exception is model 2, which has a somewhat
longer sequence (S5 intracellular), but it is unlikely the sole
reason for the higher RMSD values observed for this model. At
the end of the 10 ns simulation, no equilibrium is reached.

Significant differences in stability could not be detected in
our Kv1.2 decoy test sets, in which we mimicked incorrect pack-
ing between the outer M1 (corresponding to S5) and inner M2
(corresponding to S6) helices, by introducing artificial shifts in
the outer helices (Figure 4 B). This might be at least partially ex-
plained by the fact that M1 is rather symmetric, and changes in
helix–helix packing upon shifts are relatively minor (Figure 4 C).

In three out of the seven hERG models (m1, m3, and m5) a
drastic decrease in cavity size was observed due to a collapse
of all four aromatic F656 residues. This effect has been de-
scribed previously for model 3.[12] The authors reported the un-
suitability of the model for docking studies after 3.5 ns simula-
tion, which is in agreement with our analysis. It is reasonable
to assume that the orientation of the pore residues varies with
the channel state (i.e. , inactivated—activated—deactivated; for
examples, see references [31–33]), and we cannot exclude that
this “collapse” represents such a state. However, repeated col-
lapses on a very short time scale (several nanoseconds) are at
least suspicious, as although inactivation in hERG is fast, it
occurs on the millisecond time scale. Additionally, MD simula-
tions of a high-resolution crystal structure of the NaK cation
channel in the open conformation, which also contains four
pore-facing Phe residues, did not lead to similar narrow cavi-
ties (our unpublished observations). Our study suggests that
there is a correlation between pore collapse (see Figure 5) and
(mis)alignment.

Experimental validation of the S5 segments comes from a
recent alanine scan by Ju et al.[1] These data agree best with
the alignment of model 6 and thus confirm this model as likely
open conformation hERG structure (Figure 6). This alanine scan
is least compatible with model 2, which was constantly ranked
lowest with various programs.

Ju et al.[1] show that mutations on the S5 helix are capable
of strongly interfering with the energetics of inactivation and
activation gating in hERG. This underscores the importance of
modeling this section of hERG in addition to the cavity-forming
helixes S6, P, and the selectivity filter, in order to study the mo-
lecular basis of hERG kinetics and its possible impact on drug
binding, as inactivation plays an important role in high-affinity
drug interactions.

Most residues on S5 experimentally shown to impact inacti-
vation energetics were found to face S6 in our model. The
effect of the mutant F557A is especially intriguing, because it
decreases the barrier toward inactivation substantially. The
phenyl ring of F557 directly faces the side chain of Y652 on S6
in our model. Recent experimental work by Klement et al. ,[32] in
which the effect of the hERG-like mutation I470Y on the inacti-
vation properties of Shaker (I470 is homologous to Y652 in
hERG) was studied, shows that the mutation effects a consider-
able acceleration of the C-type component of inactivation. Kle-
ment et al.[32] suggest that it is the rotameric state of the tyro-
sine side chain (cavity-pointing vs. cavity-lining) which is most
crucially involved in the induction of this inactivated state. The
close stacking interaction between Y652 and F557 observed in
our model could serve as a basis to explain the strong effect
of this S5 residue on inactivation, as mutation of F557 most
probably influences the conformational state of Y652 in this
environment.

Very recently Lees-Miller et al.[49] reported interactions of seg-
ment S5 with the pore helix of hERG. The alignment in their
paper corresponds to the alignment of model 1 described
herein. This model scores second best in our overall analysis ;
however, it is in contradiction with experiments reported by Ju
et al.[1] Although the overall structure of model 1 was stable in
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MD simulations, the pore-facing F656 residues were found to
collapse during MD simulations. In our model 1, the proposed
hydrogen bonding network between H562 from S5 and T618
and S621 from the P-helix was not observed. We therefore re-
built model 1 using the newest Modeller version (9v6), but
again, in none of the 100 generated structures were hydrogen
bonds between H562 and T618 and S621 present. To address
the question if such a putative hydrogen bonding network
would influence the stability of the inner pore, that is, prevent
collapse of the F656 rings, we performed two independent MD
simulations of 20 ns including distance restraints (force con-
stants 10 and 100 kJ mol�1 nm�2) to enforce similar hydrogen
bonds as suggested by Lees-Miller et al.[49] In both simulations,
only T618 was able to form hydrogen bonds with H562; how-
ever, S621 was found to be too far away (~6.4 �) from the his-
tidine side chain. Furthermore, no influence on the stability of
the inner cavity was observed. It is not clear if model 6, as pro-
posed by our work, can explain the mutational data on H562,
because in this model residue H562 is orientated toward the
voltage-sensing domain, which was not modeled.

Additionally, we performed a limited docking study on the
well-studied high-affinity blockers (+ )-cisapride, (S)-terfena-
dine, and MK-499.[10, 25] The outcome of our limited drug–recep-
tor evaluation is, with the exception of model 2, in good
agreement with results obtained by static assessment methods
and MD simulations. Docking into model 6, which scored best
with most assessment methods, yielded docking results that
are in good agreement with alanine scan experiments.[10, 25] Re-
sults for model 6 are also partly in agreement with recent chi-
mera studies by Imai et al.[33] and Myokai et al. ,[50] in which the
nature of aromatic interactions for cisapride and terfenadine
were studied. In agreement with Kamiya et al. ,[25] hydrogen
bonds to the selectivity filter residues are predicted.

No hydrogen bonds between the phenol side chain of Y652
and any of the three studied high-affinity drugs were predict-
ed, which agrees with the study by Fernandez et al.[51] Howev-
er, docking into static models cannot explain the importance
of V625 or G648, which influence the affinity of MK-499.[10] It
might be possible that these residues interact with blockers
via an indirect mechanism.

Cisapride was docked into all seven models, but did not fit
into the collapsed pores of models 1, 3, and 5. In model 1,
which scored second best in our quality assessment, two addi-
tional drugs (terfenadine and MK-499) were docked with two
different programs. However, none of the tested drugs could
be accommodated in the narrow cavity. This is surprising be-
cause there is good evidence that certain drugs such as MK-
499 might be trapped in the closed channel pore and thus
could possibly fit into a narrow cavity. Furthermore, docking
studies, with blockers in the closed hERG channels have been
published (for examples, see references [10, 13, 15, 34]). This
prompted us to compare the cavities of model 1 with a closed
channel cavity. Surprisingly, the volume of the collapsed pore
is smaller than the cavity of a closed channel pore (our unpub-
lished observations). Therefore, we suggest a possible relation-
ship between misalignment and pore collapse in MD simula-
tions. In agreement with this hypothesis, the size of the inner

cavity for model 6 does not change significantly over time, and
no collapse of the pore (up to 100 ns) emerges.

Surprisingly, model 2 performed quite well in docking analy-
sis, despite the poor values obtained in quality assessments. It is
likely that the results for model 2 are influenced by the adjust-
ments of glycine residues in S5 and S6, leading to an artificially
large inner cavity.[11] Reasonable binding modes could be ob-
tained for the best and the lowest scoring model, highlighting
the limits of static docking methods to validate models. One
major disadvantage of such methods is the limited possibility to
address receptor dynamics, which will be an essential step
toward understanding the promiscuity of hERG. The model of
the hERG structure presented in this study provides a basis for
addressing the relation between ligand affinity and hERG con-
formational dynamics, using methods that take the receptor dy-
namics explicitly into account. In particular, the model can help
to study aspects of channel kinetics such as mechanisms induc-
ing entry into inactivation and activation gating in greater
detail. Dependence of high-affinity drug binding on conforma-
tional changes related to inactivation gating has been described
before,[50,52] and some members of the relatively newly discov-
ered class of channel activators appear to work through inhibi-
tion of channel C-type inactivation,[53] whereas others seem to
prevent deactivation.[54a] The elucidation of these conformational
changes also requires knowledge of the electrostatic properties
of the entire pore region. A complete and reliable molecular
model of the pore-forming part of hERG is a prerequisite to un-
derstand these mechanisms and their possible influence on the
characteristic promiscuity of drug binding.

Limitations

The major aim of this study was the identification of the cor-
rect alignment for segment S5 in hERG. We did not focus on
detailed refinement of the models, and although model 6 fits
the experimental data for S5 well, we cannot rule out that fur-
ther refinement might be necessary, for example, to study in-
activation. Furthermore, structurally important segments such
as the S5 turret helices and the voltage-sensing domains are
missing. Moreover, the structural quality of the models pre-
sented herein is limited by the resolution of the KvAP template
(3.2 �). Nevertheless, we view the structural model presented
here as an important step, as it represents the most plausible
model of the hERG inner pore structure based on currently
available data, and provides a necessary prerequisite to study
the determinants of ligand binding to the hERG inner cavity.

Conclusions

It is critically important to use a combination of methods to
assess the quality of homology models.[44] Careful model evalu-
ation is crucial, especially when target and template are dis-
tantly related (i.e. below the 30 % identity threshold). With a
combination of static assessment programs, MD simulations,
and experimental validation, we identified the most likely
alignment for hERG out of seven suggested possibilities. Our
study clearly shows that a careful evaluation of model quality
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is able to distinguish between different alignments. Further-
more, we show that alignment errors, even in segments not di-
rectly involved in drug interactions, can severely influence the
shape and size of the binding site. Using this combined ap-
proach, we propose a consensus model of the hERG potassium
channel structure that can be used as a basis for structure-
based ligand affinity predictions, to study structure–function
relationships, and to inspire future experiments.

Experimental Section

Model building

We used Modeller 7v7[55] to generate homology models of the
open conformation of the human ERG1 (accession number:
Q12809) channel using the KvAP crystal structure (PDB ID: 1ORQ)
and a refined model thereof[56] as templates. KvAP was preferred
over Kv1.2 because the latter channel contains a PXP motif in the
inner S6 segments, which might change the shape of the pore.[51]

Furthermore, the sequence of KvAP is more similar to that of the
hERG pore domain. Alignments 2–6 were extracted from published
sources,[11–14, 16] and alignments for models 1 and 7 were added for
completeness. Fourfold symmetry was imposed for modeling the
tetrameric structures of the pore-forming domains including S5
segments, P-helices, re-entrant loops, and S6 segments. Models do
not include the S5-P linkers and the voltage-sensing domains. Ad-
ditionally, a synthetic test set containing the Kv1.2/2.1 chimera
pore domain (PDB ID: 2R9R) plus eight models with shifted S5 seg-
ments were built.

Static quality assessment

Verify3D,[57] Procheck f/y angle check,[58] WHAT_CHECK Pack-
ing 2,[59] Prosa2003,[60] ProQres,[61] DFIRE,[62] ModFOLD,[63] and a local
quality assessment method developed by Fasnacht et al. ,[30] were
used to assess the quality of various models.

Brief description of quality assessment methods

Verify3D[57] is a knowledge-based method that uses statistical poten-
tials from real proteins and assesses how well a sequence fits its 3D
structure by taking into account the residue environment combining
secondary structure, solvent accessibility, and polarity. Procheck[58]

assesses the stereochemical parameters of a protein. The Ramachan-
dran plot shows the f/y torsion angles for all residues in the struc-
ture, defining different regions ranging from highly populated to
very unusual or “forbidden” values. WHAT_CHECK Packing[59] uses
“fixed fragments” in a protein structure and checks the occurrence
of all possible atom types in all possible positions around these frag-
ments. Frequently occurring configurations are considered preferred.
A summary score for each residue is calculated. Prosa2003[60] uses
distance- and surface-dependent statistical potentials for Ca atoms
of all residues in the model. ProQres[61] is a structure-based method
that analyzes atom–atom contacts, residue–residue contacts, sol-
vent-accessible surfaces, and secondary structure. The DFIRE score is
a statistical potential summed over all pairs of non-hydrogen atoms.
As reference state, DFIRE[62] uses a distance-scaled finite ideal gas.
The ModFOLD method,[63] which is available as web sever, combines
data from ModSSEA,[30] MODCHECK,[64] and ProQ[65] using a neural
network to predict the accuracy of a model. The method developed
by Fasnacht et al.[30] uses a combination of different statistical poten-
tials (DFIRE, contact and torsion potentials), and structural features

making use of programs such as DSSP,[66] psipred,[67] and Verify3D,
using a support vector machine to assess the local quality of a
model.

Molecular dynamics simulations

MD simulations were performed with Gromacs v. 3.3.[68] All hERG
models, as well as crystal structures of KvAP and Kv1.2 plus synthet-
ic models, were embedded in an equilibrated simulation box of
241 palmitoyloleoyl phosphatidylcholine (POPC) lipids. The chan-
nels were inserted into the membrane as described previously.[69]

K+ ions were placed in the channel at K+ sites S0, S2, and S4, with
waters placed at S1 and S3 of the selectivity filter.[70] Cl� ions were
added randomly within the solvent to neutralize the system. Identi-
cal simulations with an ionic strength of 150 mm were also carried
out. Lipid parameters were taken from Berger et al. ,[71] and the
OPLS-all-atom force field[72] was used for the protein. The solvent
was described by the TIP4P water model.[73] Electrostatic interac-
tions were calculated explicitly at a distance <1 nm, and long-
range electrostatic interactions were calculated at every step by
particle-mesh Ewald summation.[74] Lennard–Jones interactions
were calculated with a cutoff of 1 nm. All bonds were constrained
by using the LINCS algorithm,[75] allowing for an integration time
step of 2 fs. The simulation temperature was kept constant by
weakly (t= 0.1 ps) coupling the lipids, protein, and solvent
(water + counter-ions) separately to a temperature bath of 300 K.
The pressure was kept constant by weakly coupling the system to
a pressure bath of 1 bar with semi-isotropic pressure coupling.
Prior to simulations, 500 conjugate gradient energy-minimization
steps were performed, followed by 2 ns of restrained MD in which
the protein atoms were restrained with a force constant of
1000 kJ mol�1 nm�2 to their initial position. Ions, lipids, and solvent
were allowed to move freely during this 2 ns equilibration phase.
The system was then subjected to 20 ns of unrestrained MD,
during which coordinates were saved every 10 ps for analysis. Parts
of models 2 and 7 started to unfold after several ns; therefore, sim-
ulations were stopped after 10 ns. Simulations for models 1 and 6
were extended to 60 and 100 ns, respectively. pKa values for all ti-
tratable amino acid side chains within the models were calculated
using PROPKA.[76] Residues at the N- and C-termini were considered
as uncharged, as neither lie at the actual termini of the complete
channel.

Drug docking

FlexX v. 3.0.2[77] and the GOLD evaluation v. 4.0.1[78] with standard
parameters were used to analyze hERG interactions with (+ )-cis-
apride, (S)-terfenadine, and MK-499. Drug coordinates were ob-
tained from the PubChem structure database.[79] The starting geo-
metries of the drugs were optimized with the Hartree–Fock, 6-
31G* basis set, as implemented in Gaussian 03.[54b] Structures prior
to MD simulations and minimized averaged structures (final
500 ps) were used as starting coordinates for docking. The highest-
scoring docking poses for each model were stored, and results of
different hERG models were compared.
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