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Fast inactivation of the HERG potassium channel plays a critical role in normal cardiac function. Malfunction
of these channels due to either genetic mutations or blockade by drugs leads to cardiac arrhythmias. An
unusually long S5-P linker in the outer mouth of HERG is implicated in the fast inactivation mechanism. To
examine the role of the S5-P linker in this inactivation mechanism, we study the permeation properties of the
open and inactive states of a recent homology model of HERG. This model was constructed using the KcsA
potassium channel as a template and contains specific conformations of the S5-P linker in the open and
inactive states. We perform molecular dynamics simulations on the HERG model, followed by free energy,
structural, and continuum electrostatics calculations. Our free energy calculations lead to selectivity results
of the model channel (Kover Na) that are different in some respects from those of other potassium channels
but consistent with experimental observations. Our structural results show that, in the inactive state, the S5-P
linkers move closer to the channel axis, possibly causing a steric hindrance to permeatiagsKOur
electrostatics calculations reveal, in the inactive state, an electrostatic potential energy barrier of approximately
14 KT at the extracellular pore entrance, again sufficient to stojio permeation through the pore. These
results suggest that a steric and/or electrostatic plug mechanism contributes to inactivation in the HERG

homology model.

1. Introduction recovery from inactivation). Time constants for activation are
on the order of 186-10® ms, whereas time constants for
The human ether-a-go-go related gene (HERG) encodes the,activation are on the order of-10 ms: i.e., inactivation is
pore-forming subunit that conducts the rapid component of the 55 oximately 100 times faster than activation. By comparison,
delayed rectifier currerf,.! HERG is a member of the family i ghaker Kk channels the time constant of activation is on the
of voltage-gated potassium (Kchannels. Each channel consists orqer of 10 ms, whereas the time constant of C-type inactivation
of four identical subunits and, as shown in Figure 1, each s.ubunitis on the order of 1®ms® Second, HERG inactivation is
comprises six transmembrane domains. The role of HERG yitage-dependert The origin of this voltage dependence is
channels has been best characterized in cardiac tissues, Whergyniroversialo.11
they contribute to normal cardiac repolarizatfer(For a review
of the physiology of HERG, see ref 4.) Loss of function
mutations in HERG have been linked to the long-QT syn-
dromel® the most common inherited primary arrhythmia
syndrome, and gain of function mutations in HERG cause the
short-QT syndroméIn addition, blockade of HERG by several
common drugs causes drug-induced long-QT syndratitere

From fluorescence measurements of fluorophores attached
to the N-terminal end of the fourth transmembrane (S4) domain
of HERG'? and gating charge measuremefit#t, was found
that the slow activation kinetics was due to the slow movement
of the S4 domain. These fluorescence and gating charge
experiments-12 also revealed voltage-dependent changes in
. . . : 2 protein conformation that occurred on a millisecond time scale.
IS thgrefore cqn&dgrable interest in understanding the stracture However, the voltage range over which the rapid conformational
function relationship in HERG channels. o changes took place was not consistent with the voltage

Voltage-gated potassium channels can exist in at least threegependence of HERG inactivation. Thus the origin of the voltage
different gating states: the closed state, open state, andgependence of HERG inactivation remains unresolved. Mu-
inactivated state (an open but nonconducting state)com-  tagenesis studies have shown that at least two regions of the
parison to other k channels, HERG has rather unusual gating channel contribute to inactivation: the pore helix and selectivity
properties:19First, transitions between the open and the closed fjjter2.13-15 and the linker between the S5 domain and the pore
states (activation/deactivation) are considerably slower than pejix the so-called S5-P linkdf:1” The S5-P linker in HERG
transitions between the open and the inactive states (inactivation/ig relatively long (approximately 40 amino acids compared to

10—15 amino acids in most K channels}®18 Recent NMR
* Author to whom correspondence should be addressed. E-mail: studies of the S5-P linker have shown that while it does not

r'kfﬁen?\%p;ﬁ‘“aé’f&sorghe have discernible motifs in water it does display two well-defined
f Victor Cﬁ/ang gardigé Research Institute. helical regions in the presence of sodium dodecyl sulfate (SDS)
§ University of New South Wales. micelles” or dipalmitoyl phosphatidylcholine (DPC) micell&s.
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Shaker SFFESIPDAFWWAVVTMTTVGYGDMTPVGVHNGE IVGSLCATAGVLT IALPYVBVIVSESNFNYFYHR 487

Evil TKFES IPASFWWAT ITMTTVGYGDIYPETLLGCKIVGGLCCIAGVLVIALPIPIIVNNFSEFYEE 418
Evd3 SEFTSIPASFWYTIVTMTTLGYGDMVLETIAGKIFGS ICSLSGVLVIALPVEVIVSNFSRIYHDQ 412
EvAP SSIKSVFDALWWAVVTATTVGYGDVVEATPIGEVIGIAVMLTGISALTLLIGTVSNMFORILVG 254
KoshA AQLITYPRALWWSVETATTVGYGDLYPVTLWGRLVAVVVMVAGITSFGLVTAALATWEFVGREQE 120
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HERG SIKDEYVTALYFTFSSLTSVGFGNVSPNTHSEKIFSICVMLIGSLMYASIFGNVSAIIQRLYSG 669

Figure 1. (Top) Two-dimensional transmembrane topology of a voltage-gated potassiynecl{nnel subunit, showing the six transmembrane
domains StS6, the pore helix (P), and the S5-P extracellular linker. The computational studies in this work focus on a homology model of the
pore region (S5S6) of HERG. (Bottom) Alignment of amino acid sequences from the start of S5 (red band) to the end of S6 (green band) of
HERG and other potassium channels. For KcsA (also examined in this work), S5 and S6 correspond to its two domains. The yellow band marks
the S5-P linker, and the orange band marks the pore helix.

A partial helical structure for S5-P is also suggested from channel. The validity of the model is then assessed with
cysteine-scanning mutagenesis experiméhts. calculations of the relative binding free energies oftNand
These findings give valuable hints about the operation of the K* to the channel pore. Free energy results are compared to
HERG channel. However, it is very difficult to infer the structure those from analogous calculations we performed on a KcsA
of the channel from such experiments alone. Determination of system, and the computed selectivity of the HERG model is
the crystal structure of eukaryotic channel proteins is a difficult interpreted in terms of experimental data. After model validation,
problem, and it is unlikely that an experimental molecular structural and continuum electrostatics calculations are per-
structure for HERG will be available in the near future. An formed on configurations from the equilibrated HERG systems
alternative method that complements the experimental work is to compute average pore radii along the channel axis, molecular
to explore the gating properties of the channel through molecular surfaces, electrostatic potential and potential energy profiles
modeling and computation. Such computational studies canalong the channel axis, and potentials mapped to molecular
provide a direct link between the channel structure and its surfaces. The results of these calculations are used to study the
function, which is the main goal of all work in the field. suitability of this homology model for describing the permeation
Availability of several crystal structures for potassium channels properties of the open and inactive states in HERG. In particular,
(e.g., KcsA2021 MthK,22 and KvAP?®) makes this alternative  we address the important question of whether the inactivation
computational approach easier. Already several homology can be achieved by a steric and/or electrostatic barrier mediated
models of HERG have been constructed using the crystal by the S5-P linker or whether conformational changes in the
structures of the bacterial potassium channels, such as K@A, selectivity filter are necessary for that purpose.
MthK,26 and KvAP2728 The focus of these studies was drug
binding and blocking of the channel from the intracellular side. 2 \odel Systems and Methods
Consequently not much attention was paid to the S5-P linker
structure on the extracellular side and the inactivation mecha- 2.1. Construction and Equilibration of the SystemsUsing
nism associated with it. However, a homology model of HERG the aforementioned homology model of HERGwo simulation
that describes specifically the S5-P linker conformations in the systems are constructed using the VMD pack®gme for the
open and inactive states has been recently constructed from thehannel in the open state and another in the inactive state. As
KcsA structure?? but its functional properties have not been shown in Figure 2, the selectivity filter of the HERG channel
studied yet. is formed by the residue sequence SVGFG (residues Ser624 to
Here we use this HERG homology model and molecular Gly628), which differs from the TVGYG signature sequence
dynamics (MD) simulations to construct and equilibrate systems of other potassium channels (Figure 1). To distinguish between
corresponding to the open and inactive states of the HERG different filter occupancy states, we adopt henceforth the
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Figure 2. Selectivity filters of KcsA (TVGYG) and the HERG
homology model (SVGFG) prior to equilibration with *Kions
occupying the binding sites S1 and S3. The water molecules in sites
S2 and S4 are not shown. Only two subunits are displayed for clarity.

Time (ps)

notation of Luzhkov and Aqvistt where “1” designates a
binding site occupied by a Kion and “0” designates a site 6
occupied by a water molecule. Hence (1010) denotes a filter
occupancy state where sites S1 and S3 are occupied each by a
K* ion while sites S2 and S4 are occupied each by a water
molecule. In addition, a third K ion is always present in the
internal cavity in all of our calculations. Initially, a bilayer of
palmitoyl oleoyl phosphatidyl ethanolamine (POPE) molecules
with 86 lipids per layer is constructed in anry area of 80x

80 A 2. Homology models of HERG in the open and inactive
structures, with filter occupancy state (1010) (TIP3P water
molecules in sites S2 and S4), are each embedded in the middle 0 2000 4000 6000
of a membrane bilayer. Each protein/membrane complex is then Time (ps)

solvated with TIP3P waters in a box with the samey

RMSD (A)

; ; 2 ; Figure 3. (Top) Root-mean-square deviations of the backbone atoms
dimensions of 80« 80 A » butextending 15 A above and below of HERG (residues Tyr545 to Thr670) from the initial homology models

the, membrane in theé-z and —z directions. Thls, qorrgsponds during equilibration. (Bottom) The same quantities plotted for the S5-P
to five layers of water molecules between the lipid bilayer and |inker (residues Ala570 to Tyr611) backbone atoms only. In both panels,
the simulation box surface, which is sufficient for avoiding the lower curves correspond to the inactive structure, and the upper
simulation artifacts arising from periodici#f. Water is then curves correspond to the open one.
removed from the hydrophobic inside of the membrane (except
the filter region). As the homology model of HERG hade the remainder of the equilibration. Finally, the harmonic
charge (without the three Kions), each system is then ionized restraints on the protein backbone atoms are removed, and each
with seven Ct ions to maintain total charge neutrality. system is equilibrated for an additional 4 ns. One indicator of
The two HERG systems, constructed as described above, areequilibration is the saturation with time in the root-mean-square
next equilibrated with MD simulations carried out using the deviation (rmsd) from the initial configuration of the system,
NAMD code®® with the CHARMM 27 force field}* which  as shown in Figure 3. Snapshots of the open and inactive HERG
provides a complete set of parameters for all the atoms in the structures at the end of equilibration are shown in Figure 4.

syst;m. An 'l\lPT ensgmple is qsed with periodi(zj bogndarr]y We have experimented with other less stringent equilibration
cont_ |:|ons. Egctrolztaltm |_r:;]era(:|?_ns a;e cofrgpfut_e usu?g tde protocols (e.g., keeping only the proteip &oms harmonically
particie mesh Ewald algortnm. A Ume Step of 2 1S 1S @mployed o iraineq rather than the backbone atoms) but found the one

fqr all simulations. A switching distance of 8'5.A and a cutoff described above necessary to prevent distortion in the filter
distance of 10 A are used for Lennard-Jones interactions. The . o .
structure during the early stages of equilibration. The two

list of nonbonded interactions is truncated at 11.5 A and updated™ " "~ ; . .
equilibrated systems, corresponding to the open and inactive

every 20 steps. First, energy minimization is performed on each o

system for 10 000 steps, keeping all protein backbone atomsHERG structures W|th_f|lter occupancy state (.1010)' form the

and the three K ions fixed. Further energy minimization is basis of the ele(_:trostatlc and_ structural calculatl_o_ns. For the free

performed for an additional 10000 steps, with all protein energy calculations we require instead two equilibrated systems
both corresponding to the open HERG structure but with filter

backbone atoms and the thre& Kns harmonically restrained ) X
with force constants of 10 kcal/molfAEach system is then ~ Occupancy states (1010) and (0101). The latter is obtained from

heated to 298 K with a Langevin damping coefficient of 10 the former with the appropriate interchanges in water arid K
pst for 200 ps. A pressure of 1 atm is then applied with a 10N positions in the filter binding sites, followed by equilibration
Langevin pistod? in all three directions until (for approximately ~ for 400 ps, maintaining the same values for all simulation
1 ns) thex—y area of each system has converged to the Parameters. Free energy calculations were also performed on

experimenta| ||p|d density of60 AZ per ||p|d molecule3® At two equilibrated Systems of the KcsA pOtaSSiUm channel with
this stage the periodic box is fixed in tieandy directions, a filter occupancy states (1010) and (0101). As shown in Figure
pressure coupling of 1 atm is applied in thelirection only, 2, the selectivity filter of the KcsA channel is formed by the

and the system is equilibrated for a further 400 ps. The harmonic signature residue sequence TVGYG (residues Thr75 to Gly79).
restraints on the protein backbone atoms are then reduced to iStarting with the KcsA crystallographic structure obtained at 2
kcal/mol/A2, and each system is equilibrated for a further 800 A resolution?! the two equilibrated systems were generated by
ps. To maintain the desired filter occupancy state, the harmonicthe same procedure described above for the HERG systems,
restraints on the threeKions are kept at 10 kcal/molP&or although a less stringent equilibration protocol was feasible for
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Equations 2 and 3 are referred to as the forward and backward
free energy differences. As free energy is a state function, we
should in principle haveAG(A — B) = —AG(B — A). In
practice, however, the values AfG(A — B) from eqs 2 and 3
differ by the so-called hysteresis of the computation. To improve
accuracy, double-ended sampling is usually performed by
calculatingAG(A — B) with both equations and taking the
average.

To obtain accurate results with eq 2, at least two criteria must
be observed in FEP calculatiof&?? (a) one must sample for a
sufficiently long time for the ensemble average to converge,
and (b) states A and B must be similar enough that the ensemble
of configurations generated for A is also representative of B. If
states A and B differ substantially, then the ensemble of
configurations generated for A will not be very representative
of B. In this case, given that the configurations generated for
state A will be predominantly low-energy configurations of A,
they will be predominantly high-energy configurations of B,

Figure 4. Structure of the open (left) and inactive (right) states in |€@ding to large positive values fdrg — Ha) or small values
HERG after equilibration with K ions (lime) in sites S1, S3, and the ~ for exp[~(Hg — Ha)/KT]. Such small values in the ensemble
internal cavity. The top panels show the top view of the S5-P linkers average are easily dominated by truncation and round-off errors,
(red, residues His578 to Gly604) and pore helices (blue, residues Pro603eading to poor convergence in eq 2. To obtain accurate results
to Leu622) from the extracellular side. The bottom panels show the ith eq 2, the free energy difference between states A and B
cross-sectional view of the channel inside the lipid bilayer, including must be roughly less than 2 KT:38 However, in most

the S5 helices (yellow, residues Tyr545 to Pro577) and the ilter . . .
PS6-S6 regions (yellow, residues Thr623 to Thr670). Only two of biochemical processes the free energy cha}nge is much Iarger
the four monomers are shown in the bottom panels for clarity. than that. In order to address (b) then, one introduces a hybrid
Hamiltonian of the system

KcsA, as its structure displays a higher degree of stability during
simulation than that of the HERG homology model. H(A) = (1 — A)H, + AHg (4)

2.2. Relative Binding Free Energies to the Channel Pore.
The selectivity of the HERG channel is controlled by the narrow Where 4 is a coupling parameter that labels intermediate
filter region formed by the residue sequence SVGFG (residues nonphysical states between the initial state/A< 0) and the
Ser624 to Gly628), as depicted in Figure 2. To examine the final state B { = 1). The interval betweeh= 0 and 1 is divided

selectivity property of the HERG homology model, we deter- into n windows, using{4o = 0, 41, 42, ..., 4n = 1} . For each

mine the relative binding free energy of Nand K" to the ~ window, the free energy difference is calculated as in eq 2
channel poreAAG, which is the difference between the binding
free energies of Naand K'. Specifically, AG(%; — Aiy1) = —KTIn [exp[—(H(4;,1) — H(A))/KT] @(5)
_ + N1 + +
AAG= [GP (Na’) =G, (Na’)] [GP (K7 = G, (K] and the total free energy change is obtained by summing the
= AGy 4 (Na") — AGy,4 (K*) contributions from the individual windows
In In
_ o Nah Nt n—1
=AG, (K Na") — AG,, (K Na") 1) AGA—B) =S AG(L — A1) (6)

where AGy(K™ — Nat) and AG.(K* — Na') represent the
mutation free energies of Kinto Na" in the protein and water, ~ Therefore in FEPAAG is computed by applying eq 6 t8G,-
respectively, and the last equality follows from standard (K* — Na') and AG,(K+ — Na") in eq 1.

thermodynamic cycle argumeriSA positive value forAAG 2.3. Electrostatic Calculations.The code DelPhP4Lis used
implies selectivity for K over Na . To determineAAG, the with the open and inactive structures of HERG to compute three
popular free energy perturbation (FEP) metH&8is employed electrostatic quantities: the electrostatic potential profiles along
to compute AGy(K* — Na') and AG,(K" — Na') by the channel axis, the potential maps (phimaps) of the systems,
transforming or mutating a Kion in the selectivity filter or and the electrostatic potential energy profiles of a testidh
bulk water into a N& ion. approaching the pore from the extracellular side along the

The FEP approach is based on Zwanzig's “perturbation channel axis. To generate the potential profiles, we first obtain
formula” for the free energy difference between the initial state a molecular configuration from either of the two equilibrated
A and the final state B of a system systems described in section 2.1, corresponding to the open or

inactive HERG structures with filter occupancy state (1010).

AG(A — B) = —kTIn [exp[-(Hs — HA)/KTILA  (2) All water molecules and chloride ions (initially added for total
charge neutrality) are extracted from the PDB file of this

where the ensemble average is performed over configurationsconfiguration, leaving the protein/membrane complex (including
representative of state A (i.e., generated with the Hamiltonian the three potassium ions). The reduced PDB file is then fed
Ha). Interchanging the final and initial states, eq 2 becomes jnto DelPhi to compute the electrostatic potential profile along
by symmetry the channel axis of the configuration. DelPhi places the protein/
membrane complex in a cubic grid box and treats it as a single

AG(B — A) = —KkTIn [exp[~(H, — He)kT][§  (3) dielectric object. The remainder of the volume in the box is
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occupied by a continuum solvent, which is taken here to be for the given configuration consists of the self-energy of the
water. First, the molecular surface of the dielectric object is test ion evaluated at 26 points separatgd i intervals along
computed using the CHARMM Van der Waals radii of the the channel axis, betwee= 10 A andz = 35 A.

atoms. Using this dielectric/solvent boundary and the CHARMM 2.4, Structural Calculations. The pore radius along the
partial charges for all atoms, DelPhi then solves the Poissonchannel axis of the open and inactive structures of HERG is
equation iteratively with a finite difference algorithm. Because calculated using the code HOI¥% As with the electrostatic
the Van der Waals radii and partial charges of protein atoms potential computations, we first obtain a molecular configuration
only are provided with DelPhi, we extracted for our purposes from either of the two equilibrated systems described in section
the Van der Waals radii and partial charges of all POPE lipid 2.1, with open or inactive HERG structures and filter occupancy
membrane atoms from the CHARMM parameter and topology state (1010). We extract from the PDB file of this configuration
files, respectively. all water molecules, chloride and potassium ions, and POPE

For the dielectric constants of the protein/membrane complex lipid molecules, leaving only the protein in the file. The PDB
and water, the typical values of 4 and 80, respectively, are used/file is then fed into HOLE to compute the pore radius along
A convergence threshold value of Y0kT/e (T = 298 K) is the channel axis of the configuration. In the HOLE computa-
imposed, based on the maximum change of grid potential tions, AMBER values are u;gd for the Van der Waals radii of
between successive iterations. The number of grid points onthe protein atoms. In addition to the pore radius, we also
each side of the cubic lattice was chosen to be 285. To havecompute the molecular surface of the open and inactive
accurate boundary conditions on the sides of the grid box while Structures of HERG. The molecular surface is exploited both
simultaneously employing a sufficiently fine grid for an accurate for the information it conveys and for mapping the electrostatic
calculation of the potential, a two-run focusing stratégg potential computed as described above.
adopted in all of our DelPhi calculations. In the first run, the
largest linear dimension of the protein/membrane complex is 3- Results

scaled to 45% of the side of the grid box (i.e., resolution of  \ye first examine the validity of the HERG homology model
1.45 grid points per A), and dipolar boundary conditions are \yith free energy calculations of its selectivity. We then explore
used. In the second run, the largest linear dimension of the yhe nossibility of a steric and/or electrostatic mechanism of
protein/membrane complex is scaled to 65% of the side of the jnactivation, based on structural and electrostatics results.
box (i.e., resolution of 2.1 grid points per A), and the boundary 31 gelectivity of the HERG Homology ModelAs a means
condltlons.are ca_lculated by interpolation from the _potentla[s of checking the validity of the HERG homology model, its
computed in the first run. To generate the electrostatic potential selectivity property is examined. FEP is used to compute the
profile along the axis of a channel structure, we need the ,q|ative binding free energiesAG of K+ and N in the filter
potential at all grid points at the end of this second run. To this gjeg by means of eq 1. In all FEP calculations, we enforced
end, we output from DelPhi a table of the potential at all grid estrictions (a) and (b) of section 2.2 to obtain accurate results.
points. The X,y) coordinates of the channel axis are obtained Specifically, to ensure that the free energy change in each
by averaging thex andy coordinates of the two Kions in the window of any FEP run is less than 2 KT (1.5 kcal/mol), we
channel filter. We then select from this table the grid line parallel performed preliminary FEP runs with 20, 40, and 80 equal-
to thez-axis and with the nearest,y) coordinates and assume  gjzed windows. To ensure good convergence of ensemble
the potential profile along the channel axis to be approximately averages in each window, various equilibration and sampling
given by the potential profile along that grid line. Given the times per window were tested. On the basis of these tests, we
high resolution of the grid in the second run, this approximation opted to use 40 windows in any FEP run and 20 ps of
is reasonable. In addition to the table of the potential at all grid equilibration followed by 20 ps of ensemble sampling in each
points, we also output at the end of this second run a map of yindow. Double-ended sampling over the entire run is also used
the potential (phimap) throughout the system. This map is usedin all FEP runs; thus in what followAG(K*+* — Na*) represents

to project the potential to the molecular surface of the corre- the average of the free energy differences from a forward and
sponding channel configuration. a backward mutation between'kand Na.

To compute the electrostatic potential energy profile of atest  To obtainAAG, we first compute the solvation free energy
K™ ion along the axis of a channel structure, we require, in difference of K" and N& in bulk water using FEP in a cubic
addition to the Coulomb contribution arising from the corre- water box with side length 29 A. We obtaixG,(K+ — Nat)
sponding potential profile discussed above, a contribution due = —20.9 kcal/mol. FEP calculations &G,,(K™ — Na') with
to the interaction of the test charge with its reaction field, the 20 and 80 windows yielded similar values. This value\@G,-
so-called reaction-field energy or self-enefgy.o compute the (KT — Na'), obtained with the CHARMM 27 force fielé! is
self-energy profile of a K ion along the channel axis of a given  consistent with values computed elsewhere with the same force
configuration, we insert into the corresponding reduced PDB field.*> Although the CHARMM force field appears to overes-
file (see above) a test™Kion at the starting position of = 35 timate the experimental valéfeof the solvation free energy
A on the grid line chosen above to approximate the channel difference of K- and Na by approximately 3 kcal/mol, error
axis. For the electrostatic and structural calculations performed cancellation effects between the computed,(K™ — Na*) and
here, the channel typically lies in the range frame —32 A AG, (KT — Na') terms in eq 1 should yield accurate values
(intracellular side) ta = 35 A (extracellular side). The resulting ~ for AAG.

PDB file is then fed into DelPhi, with all charges except that ~ Second, we consider two equilibrated systems of HERG
of the test ion set to zero, and the self-energy of the test ion atcorresponding to its open structure with filter occupancy states
z= 35 A is computed. The same DelPhi parameters and strategy(1010) and (0101), generated as described in section 2.1. As
are employed as for the potential profile calculation above. The noted previously, a third Kion is always present in the internal
test ion is then moved toward the porngbA along the channel  cavity. Experimental and theoretical justifications have been
axis, and the DelPhi self-energy calculation is repeated and sogiven, for instance, for the inclusion of the"Kon in the cavity

on untilz= 10 A is reached. The resulting self-energy profile in FEP calculations involving these filter occupancy states in
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Figure 6. Average pore radius for the open (solid) and inactive
Figure 5. Selectivity filters of KcsA and the HERG homology model  (dashed) states of HERG along the central axis of the channel. The
after equilibration with K ions occupying the binding sites S1 and channel is in the (1010) filter occupancy state.
S3. The filter of HERG is from the structure corresponding to the open

state of the channel. The water molecules in sites S2 and S4 are notstudies of inactivation in HERG. and possible improvement and

shown. refinement of the model are worth pursuing.

the KcsA potassium chann&l.To maintain the desired oc- 3.2. Steric Mechanism for Inactivation.Figure 4 shows the
cupancy states during the FEP calculations, harmonic restraintsstructures of the open and inactive states of the HERG homology
of 10 kcal/mol/& were applied to the threeKions. For the model with filter occupancy state (1010), obtained after the
system with the (1010) occupancy state, theiéh in site S1 equilibration described in section 2.1. The initial homology
is mutated into a Naion and vice versa to obtaiﬁG;(KJF — structures for the open and inactive states employ the helical
Na*) = —20.68 kcal/mol, yielding frome@1 a relative binding structures for the S5-P linkers, as determined from the NMR
free energy for site S1 a§AG! = 0.22 kcal/mol. For the system  experiments./:*® As seen in Figure 4, this feature is partially
with the (0101) occupancy state, we mutated tHeidh in site lost after equilibration. More importantly, in the initial homology
S2 into a N4 ion and vice versa to obtaiﬂGﬁ(K* — Na*) = structures, the S5-P linkers are closer to the pore axis in the
—15.24 kcal/mol, yielding a relative binding free energy for inactive state than in the open one. This contrast becomes even
site S2 of AAG2 = 5.66 kcal/mol. ThesAAG! and AAG? greater in Figure 4, as the S5-P linkers move during equilibration
values imply that the HERG homology model is essentially much further away from the channel axis in the open state than
nonselective in site S1 and strongly selective fordver Na in the inactive one. This effect can also be inferred from Figure
in site S2. 3, which shows the rmsd from the initial configurations of
For comparison, we consider also two equilibrated systems HERG, for the open and inactive structures during equilibration.
of the KcsA potassium channel with filter occupancy states In the top panel all of the backbone atoms in the HERG model
(1010) and (0101), generated as described in section 2.1. FEFare included in the calculation, while in the bottom panel only
calculations are performed on these systems with the samethe backbone atoms in the S5-P linker are included. It is clear
simulation parameter values used for the HERG systems. Forfrom the bottom panel that the S5-P linkers exhibit a more

the system with the (1010) occupancy state, tHeidf in site dynamic behavior in the open state and a comparatively more
S1is mutated into a Naion and vice versa to obtaiG(K* stable behavior in the inactive one.
— Nat) = —16.6 kcal/mol, yielding from@ 1 a relative binding To give a more quantitative measure of this structural

free energy for site S1 aAAG! = 4.3 kcal/mol. For the system  difference between the S5-P linkers of the open and inactive
with the (0101) occupancy state, the in in site S2 is mutated ~ states, we calculate the pore radius along the channel axis of

into a Na and vice versa to obtaimGS(K+ — Na) = the open and inactive equilibrated structures of HERG. To have
—17.55 kcal/mol, yielding a relative binding free energy for a sufficient sampling of the open and inactive structures, we
site S2 ofAAG2 = 3.35 kcal/mol. These values ofAG! and run MD simulations on the corresponding equilibrated systems

AAG? imply that the KcsA channel, in either occupancy state, of section 2.1 with filter occupancy state (1010) and generate
is highly selective for K over Na" and are consistent with the 10 configurations from each system, with successive configura-
values computed by Luzhkov and Aqv#t. tions separated by a time interval of 20 ps. The pore radius
The result that the HERG homology model is nonselective along the channel axis of each configuration is then computed
in site S1 is in contrast to other potassium channels, which (like with the HOLE program as detailed in section 2.4. The 10 results
KcsA above) are strongly selective for'kat all binding sites. corresponding to either the open or the inactive structure of
However, this lack of selectivity in site S1 of the HERG model HERG are then smoothed with natural cubic splines and
is consistent with the experimental observation that HERG averaged to generate an average pore radius versus channel axis
channels, unlike other voltage-gated potassium channels, areplot for each structure. The average pore radius plots for the
blocked by extracellular Na*¢ The contrast in the selectivity ~ open and inactive states of HERG are shown in Figure 6. Recall
of the S1 site between KcsA and the HERG model can be that the channel lies roughly in the range fram= —32 A
interpreted by comparing the structures of their filters in the (intracellular side) toz = 35 A (extracellular side). As
equilibrated systems used in the FEP calculations. As seen inanticipated, the open state displays a much larger average pore
Figure 5, the S254 sites are structurally very similar in both  radius at the extracellular pore entrance than the inactive state.
filters, but the S1 site displays a much more open structure in The observation that the S5-P linkers are much closer to the
HERG. Consequently this site is not selective fof ins in pore axis in the inactive state, and thus might create a steric
the HERG model. These findings on the selectivity of the HERG hindrance for permeatingKions, suggests the possibility of a
homology model suggest that it is a reliable starting point for steric mechanism for inactivation in the HERG homology model.
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Potential (kT/e)

Figure 7. Electrostatic potential mapped to the molecular surfaces _20 _1'0 6 1'0 2'0 éo 40
associated with the S5-P linkers shown in the top panels of Figure 4. Channel axis (A)
As in Figure 4, the left and right images correspond to the open and
inactive states in HERG after equilibration with Kons (lime) in sites 25 F
S1, S3, and the internal cavity. The molecular surfaces associated with
the pore helices in the top panels of Figure 4 are not displayed. Zero 20 | N
potentials appear in white. Positive potentials range in color transpar-
ency from white to blue, with potentials greater than or equal to 2
kT/e shown in blue. Negative potentials range in color transparency
from white to red, with potentials smaller than or equal-@ kT/e
shown in red.

15

Potential energy (kT)

Further appreciation of this possibility can be obtained by
examining the molecular surface of the channel. To this end,
we select from the pair of 10 equilibrated configurations . . . . . .
mentioned above, one configuration corresponding to the open 12 16 20 24 28 32
HERG state and another to the inactive state. For convenience, Channel axis (A)
the two configurations used to generate Figure 4 are chosen rigyre 8. (Top) Average electrostatic potential profiles along the
Next we compute the molecular surface of each configuration central axis of the HERG channel. (Bottom) Average electrostatic
and display in Figure 7 only that part of the surface associated potential energy profiles of a test'kion along the channel axis. The
Wi he SS-P nkers i the top panel of Figure . The sharp Lol =0 e (010 e bcuparcy i n bl b e ol
contrast between the open geometry of the molecular surfaceCorlrespond ?o the inactivepstate. ’
at the extracellular pore entrance in the open state and the narrow
restrictive geometry of the corresponding surface in the inactive ~As with assessing the possibility of a steric mechanism for
state strongly hints at the feasibility of a steric barrier mechanism inactivation, additional appreciation of the possibility of an
for inactivation, mediated by the S5-P linkers. Calculations of electrostatic mechanism is achieved by examining the electro-
the molecular surface with other equilibrated configurations static potential evaluated at the molecular surfaces from section

yield similar contrasting features between the open and the 3.2 by means of the potential maps computed as described in
inactive HERG states. section 2.3. Figure 7 shows the electrostatic potential mapped

to the molecular surfaces and color-coded by value with cutoffs
at 2 kTk and —2 kT/e. The immediate narrow region of the
molecular surface defining the extracellular pore entrance in
the inactive HERG state is almost entirely the source of a
positive potential greater than or equal to 2éThus contribut-

. - ing to the presence of a potential barrier in the inactive state of
the glectrostatlc potential mappgd to the. molecular surfaces OfFigure 8. By contrast, the region of the corresponding molecular
sectlon_ 3.2, an(_j the electrostatic potential energy pr_of||e ofa surface defining the extracellular pore entrance in the open state
test K" ion entering the channel from the extracellular side along is both geometrically open (i.e., far from the channel axis) and
the channel axis. To obtain the potential profiles and have a 5 miytyre of patches of positive and negative potentials. Both
sufficient sampling of the open and inactive structures we USe t5ctors contribute to the absence of a potential barrier in the
the same 10 configurations generated from the correspondingypen state of Figure 8. Again, calculations of the electrostatic
equilibrated systems for the pore radii calculations described pntential mapped to the molecular surface with other equilibrated
above. The electrostatic potential profile along the channel axis configurations yield similar contrasting features between the
of each configuration is computed with the DelPhi program as open and the inactive HERG states.

detailed in section 2.3. The 10 potential profiles corresponding T obtain the electrostatic potential energy profile of a test
to either the open or the inactive structure of HERG are then K+ jon along the channel axis of the open or inactive structure
smoothed and averaged to generate an average potential profilef HERG, the self-energy profile of the test ion along the axis
along the channel axis of each structure. The average electrois computed first. To this end, we use the same 10 equilibrated
static potential profiles for the open and inactive states of HERG configurations for the open or inactive structures as in the
are shown in Figure 8 and correspond to the average pore radiipotential profile calculations above. The self-energy profile of
plots in Figure 6. Figure 8 shows an electrostatic barrier of a test K ion along the channel axis of each configuration is
approximately 8 kTé¢ around z = 18 A at the channel computed with DelPhi as described in section 2.3. The 10 self-
extracellular entrance in the inactive state. This barrier hints at energy profiles corresponding to either the open or the inactive
the likelihood of an electrostatic mechanism for inactivation in  structure of HERG are then averaged, and the result is smoothed
the HERG homology model. to generate an average self-energy profile (not shown here) along

3.3. Electrostatic Mechanism for Inactivation. To determine
the viability of an electrostatic mechanism for inactivation in
the HERG homology model, we examine three electrostatic
quantities in both the open and the inactive structures of
HERG: the electrostatic potential profile along the channel axis,
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the channel axis of each structure in thenge of 16-35 A. rather than two tryptophans in the pore héfixthereby
Multiplication of the average potential profiles in Figure 8 by eliminating any possibility of a hydrogen bond network. It has
the test ion charge (here simple)lleads to corresponding therefore often been suggested that this would make the HERG
average Coulomb energy profiles of d kon along the channel  selectivity filter more flexible and prone to collapZeRecently,
axis. Finally, the average self-enegy profile for the open or Gang and Zhang have shown that the inactivated state of HERG
inactive structure of HERG is added to the corresponding does appear to involve collapse of the selectivity fifer.
average Coulomb energy profile to give an average potential However, the precise molecular basis of this collapse remains
energy profile of a test Kion approaching the channel pore to be determined. Given that mutations in the selectivity filter
from the extracellular side along the channel axis, as shown in and pore helix are usually nonfunctional, this question will be
Figure 8. As expectetf inclusion of the self-energy enhances difficult to address experimentally. An alternative strategy for
the potential energy barrier encountered in the inactive state byexamining this problem is to use a computational modeling
a Kt ion entering from the extracellular side. The barrier is approach. The results presented here suggest that the HERG
increased from its 8 kT Coulomb value to a total value of homology model, developed by Tseng and &wnd adopted
approximately 14 kT, around= 18 A. The potential energy  here, is suitable for pursuing this strategy in future studies.
barrier in the inactive state, which could prevent the permeation
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