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Abstract: The chemical-physical basis for K* permeation and selectivity in Kt channels has been the focus
of attention of many theoretical and computational studies since the first crystal structure was obtained by
the Mackinnon lab in 1998. Most of the previous studies reported focused on atomic descriptions of
permeation events in the selectivity filter of K* channels in their closed conformation. In this Article, a
comparative analysis of permeation events in the KirBacl.1 K* channel in a closed- and an open-state
model is presented. The availability of models of the same channel in two different conformations has
made this comparative analysis possible. All-atom molecular dynamics simulations of both models in a
membrane environment have been carried out. As previously suggested by many studies of this and other
K* channels, when the channel is closed the ion conduction involves transitions between two main sites
of the selectivity filter, with two K* ions each coordinated by eight carbonyl oxygens of the protein and
separated by a water molecule. In contrast, in our open-state model, three to four K* ions move in a
concerted motion during the permeation process. The selectivity filter, though maintaining a certain degree
of flexibility to cope with these cooperative events, appears to be more “symmetrical” and robust in the
simulations of the open-state channel when it is occupied by an average of three ions. Therefore, it appears
as if the occupation of the pore depends upon the global conformation of the channel. Due to the complexity
of these systems, only single conduction events have been described by means of molecular dynamics
trajectories. To complement these results and describe the energetics of ion permeation and ionic fluxes,
continuum approaches (Poisson—Boltzmann and Poisson—Nernst—Planck theory) have been also

employed.

Introduction

The KirBacl.1 channel belongs to the inward rectifier family
of K™ selective ion channels. Inward rectifier channels have
two main physiological roles: they are involved irt Kransport

across membranes and they regulate cell excitability by stabiliz-

ing the membrane potential close to the" kequilibrium
potential. In particular, Kirl channels are important for elec-
trolyte flow across kidney epithelial celldnward rectification
refers to the fact that under physiological conditions, Kir
channels exhibit higher conductance for Kowing into the
cell2 The inward rectification in Kir channels is caused by
blockers such as Mg ions or polyaminesthat hindered the
movement of K ions in the outward direction where the

T University of Oxford.
* Department of Chemistry and Center for Molecular Modeling, Uni-
versity of Pennsylvania.
8 The Institute of Mathematical Sciences, C.I.T. Campus.
' Department of Biochemistry and Molecular Biophysics, University of
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(1) Hebert, S. C.; Desir, G.; Giebisch, G.; Wang, W.Rhys. Re. 2005 85,
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(2) Lu, Z. Annu. Re. Phys.2004 66, 103-129.
(3) Ruppersberg, J. PPfluegers Arch200Q 441, 1-11.
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electrochemical gradient favors the outward flow of.KThe
three-dimensional structure of KirBacl.1 was first reported in
the closed state at 3.65 A resolutibiirBac1.1 is a tetramer
with a core pore-forming transmembrane (TM) domain. This
TM domain is composed of a M1-P-F-M2 motif, where M1
and M2 are helices, P is a short helix, and F is the extended
filter region. The selectivity filter adopts an extended strand
conformation where the carbonyl oxygens of the backbone point
toward the lumen orchestrating the movements of ions in and
out of the channel. The selectivity filter is identical to the KcsA
K* channel, suggesting that the mechanism fordélection is
likely to be the same. Below the selectivity filter, the channel
opens into a wide chamber connected to the intracellular space
by a hydrophobic pore. The intracellular (IC) domain of
Kirbacl.1 consists mostly ¢f-sheet, with a fold related to the

IC domain of the KirBac3.1 channel. The IC domain contains
mainly polar and charged residues and constitutes two-thirds
of the amino acid sequence of the channel. Negatively charged

(4) Kuo, A.; Gulbis, J. M.; Antcliff, J. F.; Rahman, T.; Lowe, E. D.; Jochen,
Z.; Cuthbertson, J.; Ashcroft, F. M.; Ezaki, T.; Doyle, D. 3cience2003
300 1922-1926.
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residues are strategically located along the ion conduction In this paper, an open model of KirBacl.1 based on two-
pathway which, as well as acting as a simple screen to repeldimensional electron microscopic data is adopted. This Kir-
anions, form binding sites that regulate the flow of ions. In the Bacl.1 open-state model was obtained using the channel
KirBacl.1 structure, there are two double rings of negatively structure in its X-ray closed conformation (1P78)[he initial
charged glutamate residues located in the vestibule region onopen-state model was refined by using projection maps obtained
the intracellular side of the membrane. These rings of negatively from electron microscopy experiments on two-dimensional
charged amino acids are thought to be important in ion binding crystals of the inwardly rectifying K channel KirBac3.1 from

and in ion conduction. Magentospirillum magnetotacticuoaptured in its open state.

It was hypothesized that the transmembrane helices moved away

bundle and at the apex of the cytoplasm pore, block the ion from. the central ion conductiqn pathway t.)y bending ap-
proximately halfway along their length. This arrangement

ducti th i int lul tes. The heli . . . .
concuction paiway, serving as Intracetuiar gates © helx resulted in a mouth of 12 A diameter which connected the high-

bundle consists simply of four hydrophobic phenylalanine - . . o . .
residues (Phe146), located at the interface between the rnem_ollelectrlc bulk solution to the anisotropic dielectric environment

brane and the cytoplasm. In order for the KirBac1.1 channel to of the channel pore. To test the validity of the open-state model,

. . . MD simulations in octane, a lipid bilayer mimetic, were
move into the open state, these hydrophobic Phe residues musberformedl“ and it was found that the open-state model was
be displaced from their centrally located position in the closed ’

) . . "~ stable during several simulations of tens of nanoseconds, with
state. The diameter of the intracellular mouth in closed form is

) - a total simulation time of over 138 ns.
about 4 A, which prevents any ion flux through the channel.

N : ) . In this study, a comparative analysis of permeation events in
How K™ channels can be highly selective, what the chemical yho (irBac1.1 channel in the closed- and open-state models is
basis is by which the channel distinguishes betweénakd

o _ presented. lonprotein interactions and the translocation df K
other alkali ions, and how channels reshape the energeticiong a0ng the selectivity filter will be described on the basis
landscape to facilitate ion passage remain fundamental questionsyi MD simulations. MD simulations with explicit solvent,
with important implications for understanding ion channel memprane, protein, and ions provide a realistic representation
function and the effects of drugs and blockers. of these complex systems; however, the time scale of permeation

The physicochemical basis of the transport dfikns through events is notably longer than what can be achieved. Therefore,
the selectivity filter of these K channels has been the focus of in order to describe permeation characteristics, the Poisson
many studies using the closed conformation of the current Boltzmann (PB) and PoissetiNernst-Planck (PNP) electrod-
available crystal structurés® Fewer studies have been reported iffusion theories have been employed. In these approaches, the
aiming at describing conformational changes which might take protein is treated as a rigid structure, so atomic thermal
place during the gating process. Compoint et®applied a fluctuations are neglected, while hydration effects are absent
targeted molecular dynamics (MD) procedure to simulate the due to the representation of the solvent as a continuum dielectric
gating mechanism of the KcsA channel subject to an opening medium. These approaches are computationally less expensive
constraint. The constraint was applied starting from the crystal- than MD simulations, and despite their limitations, contributions
lized closed structure and moving toward a partially known open from all of them will certainly assist in the understanding of
form, derived from electron paramagnetic resonance experi- 10N permeation.
ments. During the relaxation of the protein, diffusion of K
ions toward the extracellular side is observed on a small time
scale. It remains to be determined whether the motions of the

e L .
K™ ions could be the origin of large displacements of the M then equilibrated for 5 ns before the insertion of either the closed or

helices and vice versa. o . open-state models of KirBacl.1. Both the closed- and open-state models
Chung and Alleft* and Biggin and Sansothhave indepen-  were inserted into the bilayer by aligning the protein’s axis of symmetry
dently performed steered MD to obtain models of KcsA open with the bilayer normal. The C-terminal carboxylate was protonated,
states. Chung and Allen pulled the TM helices outward and and the N-terminal amine was unprotonated to form neutral termini.
artificially stabilized the aperture at the desired configuration The programWhatif(www.cmbi.kun.liwhatif) was used to perforpia

by placing a repulsive cylinder inside the open pore, while calculations to aid in assigning side-chain ionization states. On the basis
Biggin and Sansom generated open states by placing r;lvan dePf these calculations, the side chains of Asp115 were protonated. The

Is ball he i lul h of the ch | and rest of the residues remained in their default ionization states.
Waals balloon at the intracellular mouth of the channel an Lipids located within 1 A of the protein were removed, and the

gradually inflating it as a function of time. When relaxed, these system was then solvated using ®ebate plug-in of VMD, 6 ensuring
different metastable structures led to a wider pore radius at the adequate hydration of the protein above and below the lipid membrane.

intracellular region and indicated that there should be a preferredThe total charge of the system wa$ in both the open and the closed

In the closed channel two constrictions, at the inner helix

Materials and Methods

Model Definitions. First, the DOPC lipid bilayer was built by
replicating a small equilibrated patthThe 340 DOPC bilayer was

pathway to the open state. conformations; ions were placed randomly corresponding to a salt
concentration of~150 mM using theAutoionizeplug-in of VMD to
(5) Ban, F. Q.; Kusalik, P.; Weaver, D. E.Am. Chem. So2004 126, 4711 ensure that the system was neutral. Water molecules were added in

{ris. the cavity of both open and closed-state models of KirBacl.1. The
(6) Aquvist, J.; Warshel, ABiophys. J.1989 56, 171-182. i i i i
(7) Guidoni, L: Garlon, PBiochim. Biophys. ACt2002 1563 1—6. distance between images of the protein in both cases 2asA. Table

(8) Berneche, S.; Roux, BNature2001, 414, 73-77.

(9) Domene, C.; Sansom, M. S. Biophys. J.2003 85, 2787-2800. (13) Kuo, A.; Domene, C.; Johnson, L.; Doyle, D.; Venien-BryanS@ucture
(10) Compoint, M.; Picaud, F.; Ramseyer, C.; Girardet]).GChem. Phy2005 2005 13, 1463-1472.
122 134707. (14) Domene, C.; Doyle, D.; Venien-Bryan, Biophys. J2005 89, L1-L3.
(11) Allen, T. W.; Chung, S. HBiochim. Biophys. Act2001, 83—91, 15515. (15) http://persweb.wabash.edu/facstaff/fellers/.
(12) Biggin, P. C.; Sansom, M. S. Biophys. J.2002 82, 2530. (16) Humphrey, W.; Dalke, A.; Schulten, K. Mol. Graphics1996 14, 33-&.
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Table 1. System Composition of the Open and Closed Systems by placing it at a series of positions within the pore in both the closed-
and open-state models; the ion trajectory was assumed to be straight
along thez axis. The channel inserted in the lipid bilayer was centered

closed open

U\g?:r (bulk) 25286??6 2525559 at the origin with the pore aligned along tkeaxis of the Cartesian
water (filter) 3 3 coordinate system. Electrostatic energies were calculated using the finite
water (cavity) 28 39 difference PB methodologd: 2 The grid dimensions were 193 193

K+ (bulk) 77 79 x 193, with a scale of-1 grid/A. Solutions were obtained for the

K™ (filter) 3 3 nonlinear Poisson equation, with Coulombic boundary conditiéns,
gjlt;l(l;ldlé)ber of atoms 13173?70 1297‘(;35 using the multigrid method of iteratici.The radii and charge values

used were taken from Dieckmann etZ@lwhile the solvent and protein
relative dielectric constants were 80 and 2, respectively.

h Poisson-Nernst—Planck (PNP).PNP theory describes the steady-
state fluxes ofN ion species by the Poisson and NerBtanck
equations

1 shows the number of atoms, lipids, water molecules, and ions in eac
of the systems.

Only one configuration of ions in the selectivity filter was used in
both the closed- and open-state systems. The definition of each of the

sites in KirBac is as follows: sites S1 to S4 form the selectivity region N

per se; an additional site, SO, equivalent to that in KcsA, is also Vi(eVe) = —p — Z zeG @)
considered at the external mouth. Each of these sites is defined as the =
center of two rings of four oxygen atoms. Site S1 is formed by the V-] =0 i=1,.N

|

carbonyl oxygens of residues Tyr113 and Gly114 of each of the four
monomers, S2 is formed by the carbonyl oxygens of Glyl12 and
Tyrl13, and S3 is formed by the carbonyl oxygens of residues Vall11l
and Gly112. Site S4, next to the central cavity, is formed by one ring
of carbonyl oxygen and another ring of hydroxyl oxygens from the whereg is the electric potentialZ;, D;, J, andz are the concentration,
side chains of the same residue Thr110. Finally, SO is defined by the the diffusion coefficient, the flux, and the valence of ttieion species;
carbonyls of Gly114, which provide four oxygen atoms, with the p is the density of fixed electric charge aadb the dielectric constant;
remaining four oxygens being donated by water molecules at the ande, k, and T are the elementary charge, the Boltzmann constant,
extracellular mouth. lons were placed in SO, S1, and S3, and a waterand the temperature. In the Poisson equation (ggi4) in this case,
molecule was placed in S2 and S4. The limits of the water-filled cavity equal to the charge due to the protein atoms, and, in contrast to the
were defined with the upper side located at Ala109 and the lower side jonic charge, is fixed in space. Only the protein charge distribution
ending at Ala150. That corresponds to dimensions of about 27 A in was modeled, and the lipid bilayer was assumed to be electrically

3=-D,(VC,+2;GCv4) #)

length and 15 A width at its maximum. neutral. Two monovalent ion species were included in the mathematical
Molecular Dynamics (MD). MD simulations were performed using  model to simulate K and CI ions, respectively.
the NAMD packagé’ The CHARMM 228 and CHARMM 279 force- Channel models, atomic radii, partial atomic charges, and dielectric

fields were used for the proteins and lipids, respectively, using a cutoff constants were defined as in the PB calculations. Outside the channel,
of 12 A for nonbonded interactions. To establish the sensitivity of the the diffusion coefficients were set to the experimental values for
results to changes in the ion parameters, two different parameter setsgiffusion in free solution Px+ = 1.96 x 10°° m?/s andD¢r = 2.03 x

were used. In one set, all the ions (bulk and filter ions) were described 10-° m2/s). Inside the channel, these values were reduced to 10% of
by the default CHARMM parameters for ions. In the second set, the their original value as in ref 26. PNP equations were solved by an
parameters for ions initially situated in the selectivity filter were chosen iterative algorithm, with a tolerance of 1 mV for the Poisson

as described in ref 20. No apparent differences in the behavior of the equations and 18° mM for the Nernst-Planck equation. Boundary
ions were observed, though differences might emerge if detailed conditions on electric potential were defined to simulate a membrane
energetic profiles were calculated. potential of—100 mV, while ion concentrations were set to 100 mM,

A conjugate-gradient-based minimization was first performed to  poth at the extracellular and intracellular boundaries. PNP calculations
remove any bad contacts. This was followed by a 300 ps run in which were performed on several snapshots extracted from the MD trajectory
the protein, ions, and water in the filter were fixed to allow relaxation of the open channel model at 5, 10, 15, and 20 ns. Analyses confirmed
of the lipids and water around the protein. The particle mesh Ewald that the main conclusions were not affected by the choice of snapshot.
(PME) method was used to treat the electrostatics interaction. Constant
pressure simulations were performed using the Né#sover Langevin Results and Discussion
piston method for 3 ns, followed by 17 ns of constant volume

simulations. Due to the large system size, the volume did not noticeably | .
vary after the 2 ns equilibration run and the system size justifies the drift of the closed- and open-state models, tfe Got-mean-

usage of a constant volume protocol. A time step of 1 fs was used for Sduare deviation (rmsd) from the initial structure as a function
the computation of bonded potential terms, and a multiple time step Of time was analyzed in each simulation. Figure 1.A shows the
method was employed for nonbonded interactions, wherein PME rmsd values for the protein and for various structural elements
electrostatics calculations were computed every two steps. of the channels: M1 and M2 helices, selectivity filter (F),
Continuum Electrical Calculations. Poissor-Boltzmann (PB). In intracellular domain (IC), and slide helices (SH). Values are in
PB calculations, the last frame of each simulation was used for the

system setup. All the channel atoms and the lipid bilayer were (21) :?2"750:?5,5'\/" K.; Sharp, K. A.; Honig, B. HJ. Comput. Chem198§ 9,

Structure Stability. To assess the degree of conformational

represented implicitly. Just one permeating ion was treated explicitly (22) Sharp, K. A.; Honig, BAnnu. Re. Biophys. Biophys. Cher199Q 19,
301-332.

(17) Kale, L.; Skeel, R.; Bhandarkar, M.; Brunner, R.; Gursoy, A.; Krawetz, (23) Nicholls, A.; Sharp, K. A.; Honig, BProteins: Struct., Funct., Genet.
N.; Philips, J.; Shinozaki, A.; Varadarajan, K.; SchutenJKComput. Phys. 1991 11, 281.
1999 151, 283-312. (24) Sharp, K. A.; Friedman, R. A.; Misra, V.; Hecht, J.; Honig,Bsopolymers

(18) MacKerell, A. D. et alJ. Phys. Chem. B998 102, 3586-3616. 1995 36, 245-262.

(19) Feller, S. E.; Yin, D.; Pastor, S. E.; MacKerell, A. Biophys. J.1997, (25) Dieckmann, G. R.; Lear, J. D.; Zhong, Q.; Klein, M. L.; DeGrado, W. F.;
73, 2269-2279. Sharp, K. A.Biophys. J.1999 76, 618-630.

(20) Roux, B.; Berneche, Biophys. J2002 82, 1681-1684. (26) Furini, S.; Zerbetto, F.; Cavalcanti, Biophys. J.2006 91, 3162-9.
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Figure 1. (A) Ca atom rmsd from the crystal structure (top panel) and the open-state model (bottom panel) vs simulation time. Values are as noted: for
the protein in black; the intracellular domain (IC) in blue; the M2 and M1 helices in green and red, respectively; slide helices (SH) in magenta; and the
selectivity filter (F) in yellow. (B) @ root-mean-square fluctuations (rmsf) as a function of residue number for the closed- and open-state models. U1 to U4
corresponds to each of the four monomers; TM is the transmembrane domain and IC is the intracellular domain. In the bottom fpemef, (tlesed-

open) is also reported.

general higher in the case of the open-state system, reflectingloop on the C-terminal domain that interacts with the N-
the nature of the model. However, in both cases, the major riseterminus. The high rmsd of the slide helices can be accounted
seems to be in the initial 3 ns period. In the closed model, rmsd for by the lack of interactions with the lipid headgroups.
values for the M1, M2, and slide helices a¥®.1 nm for M1/ The fluctuations in the structure as a function of the residue
M2 and 0.15 nm for the slide helices. In the open-state model, number were evaluated in terms ofoCroot-mean-square
these values increase 0.3 nm for M1/M2 and slide helices.  fluctuations (rmsf). To compute the rmsf values, all the frames
In both cases, the rmsd for the filter region is lowQ(1 nm) in the last 10 ns of simulation were fitted to a common reference
and remains constant during the simulation. It is noteworthy point to remove the effects of any translational and rotational
that the IC domain and slide helices have quite high rmsd values.motions in the molecule (Figure 1b). The mean fluctuation of
This can be attributed to the fact that three small segments werethe core TM domain (M1, P, and M2) in the closed- and open-
built into the model in the IC domain (they were missing in the state models is less than 1 an@.5 A, respectively. In general,
initial model) and that there is a great deal of flexibility of the rmsf values are higher in the open-state model than in the closed-

3392 J. AM. CHEM. SOC. = VOL. 130, NO. 11, 2008
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state model; see Figure 1b bottom panel for a plot ofAhmasf 1P7B plus some others which were added (see methods), remain
(closed-open). In these simulations the slide helices and ICin the cavity during the 20 ns period. The number is nearly
domains exhibit greater fluctuations than the other constituents constant and equal to about 31. Initially, the same number of
in both models. The higher values of rmsf in the intracellular water molecules was added to the cavity of the open-state model
region correspond to loops lining the central pore. The lack of and it was later observed that as time evolved, water entered
interaction between the N and C termini in our models, the channel until the volume of the chamber was filled. The
particularly in the open-state model, might be the reason for distance between the intracellular side of the selectivity filter
the high rmsf. The nature of the lipitbrotein interactions and the lower end of the channel is about 70 A, with the bulk
involving the slide helices (first 10 residues of each monomer) of the IC domain lying about 40 A below the lipid bilayer. At
may play a role in controlling the gating. The lack of some of the cytosolic end of the transmembrane region, there are
these interactions might be another reason for the high drift hydrophobic residues in each subunit which form a girdle narrow
values. In both simulations, the rmsf is quite low in the filter enough to exclude water from entering the pore. Therefore,
region. In Figure 1b, residues corresponding to the selectivity water makes its way along the pore axis, perpendicular to the
filter are (72-76, 343-347, 614-618, 885-889) and (7579, bilayer. At around 12 ns, a plateau of ca. 90 water molecules is
349-353, 623-627, 897-901) in the closed- and open-state reached inside the open-state channel. Water inside the open
models, respectively, and U represents one of the four monomerspore is rather dynamic, and most of the water molecules
with index 1 to 4. migrating in or out of the cavity have transit residence times
Structural Waters and Water in the Cavity. The high- varying between 0.2 and 0.4 ns.
resolution structure of KcsA (2.0 A resolution) revealed four In simulations of the open-state model, the total dipole of
oxygen atoms from four water molecules sitting behind the the cavity waters varies from 19 to 199 D, with an average total
selectivity filter. These water molecules hydrogen bond to the dipole, calculated at the center of mass of the TM domain of
amide nitrogen of Glu71 and participate in an H-bond network the protein, of 47 D. This contrasts with the equivalent value
between residues Glu71 and AspB0t was reported that the  for the simulations of the closed-state model of 35 D. In both
movement of these crystallographic waters does not seem tothe closed- and open-state models, the average dipole moment
be correlated to the concerted translocations of the ions andof thex andy components is similar in magnitude and direction
water in the selectivity filter in MD simulations of the KcsA  while the average magnitude of taeomponent is double their
closed model in lipid bilayer$.Water molecules were not value, though larger fluctuations are observed. Interestingly, the
present at the back of the selectivity filter of KirBacl.1 in the direction of the total dipole in the open model is opposite to
crystal structure, and they were not included in the a priori that of the closed model. The contribution of the pore helix
models. However, four water molecules traveled from bulk dipole is similar in both of them, but in the case of the open-
solution to reach these sites and during most of the simulationsstate model, the M2 helices also have an effect which is different
remain between residues Glu106 and Aspl115, those residuesrom zero. This could explain why the average dipole of the
in KirBac1.1 equivalent to Glu71 and Asp80 in KcsA. In the water in the cavity has a different sign.
case of the open-state model, one molecule arrives to this site  pyring the first nanosecond of the simulation of the open-
after 1 ns, a second one after two and a half ns, the third onegate model, when a K ion enters the cavity from the
after 12 ns, and the fourth one at 16 ns. Only the third one iS jntracellular side heading toward the selectivity filter, the average
replaced by a different water molecule, after 2 ns. This suggestsgipole contribution of the water molecules vanishes. This is to

that these buried water molecules behave as a component o expected, due to the self-arrangement of the water molecules
the filter; they do not tend to exchange with bulk water or water i, 3 symmetric manner around the ion.

molecules within the filter and their motion is strongly coupled
with those of the surrounding protein. Furthermore, their

dynamics does not seem to be controlled by the global molecules were examined in terms of their position along the

confc:rma::on Olf th.e.pr?.ltem. he ch | . id . pore axis, which corresponds to the principal symmetry axis of
Below the selectivity filter, the channel opens in a wide cavity o protein. In the crystal structure of KirBacl.1, only three

lined by hydrophobic residues. The volume of this central cavity binding sites were described within the selectivity fife®1,

is smaller in P;irl_fsac;.l than ir KesA; onlyf2(:]wat|er m(;)leﬁules 52, and S3. An extracellular binding site was also observed,
were reported in the crystal structure of the closed channel g 14 gther higher resolution structures of a different inwardly
versus 27 in the crystal structure of KcsA. Besides, in contrast rectifying K+ channel, KirBac3.1, at 2.6 and 2.85 A, have also

to KCSA' one feature .Of th? KirBacl.1 channel is that the pore been deposited in the protein data bank (PDBs 1XL6 and 1XL4).
helices no longer point directly to the center of the channel In all cases, the configuration of ions and water molecules in

cavity ar|1d _thereforeb the f((j)ur pore hellc"es hare r:nlsallgngd. the selectivity filter is described as an averaged view of alternate
Previously, it was observed experimentally that the negative ., g0 rations. Certainly, various configurations of ions and

stained crystals s_howed ir_‘ the open cor_n‘orn_1ation that the_ POT€yater molecules in the selectivity filter could be proposed from
became hydrophilic, and it was filled with highly hydrophilic . crystallographic data.

stain{® which correlates with the observations described from . . . _—
In the simulations reported here, ions were initially placed

the MD simulations. . .
. . at sites S0, S1, and S3 and water molecules at sites S2 and S4,
In the present simulations, we observed that the total number. .
of water molecules in the closed channel, those reported in PDBIn both the closed- and open-state models. No ions were placed
' P in the cavity. Figure 2 shows the trajectory of the ions along

(27) Zhou, Y.; Morais-Cabral, J. H.; Kaufman, A.; MacKinnon,NRature2001, the pore aXI§ (Fiufl_ﬂg the length of t_he simulation. The behavior
414, 43-48. of the selectivity filter and the ions in the closed model appears

Dynamics of K™ Permeation through the Open- and
Closed-State Models.Movements of K ions and water
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20— o™ T T T ——] agree with Hellgren et & that many more extensive simula-
10 (@) Closed - tions would be necessary to fully characterize all the possible
B e a— § configurations of ions in the selectivity filter of this family of
-10F K* channels during permeation.
— 20 L 1 L | TR 1 PR IS 1 L ] . . )
< Wramg=— — T A more complex scenario was observed in the simulation of
2 10 (b) Ope 'nu{__ L W}gﬂ\,‘h 3 the open-state model (Figure 2). In the first few picoseconds,
g 0 : ions move from [SO, S1, S3] to [S1, S2, S4], and this state
L -10f I“‘W ) e B remains for the first 2 ns of the simulation. During that time,
S 20 1 1 1 1 1 1 L 1 1 1 1 1 L . . .
&% S3 is empty, as the water molecule in that site escapes after
[~ T * W, r - 1. 1 1 1 ° ] « e ;
10[-(c) Open @ﬁ E abou'F 100 ps to the cavity” of _the channe_l. In the meantime,
ok — ] a K* ion from the intracellular side makes its way through the
a0k v . open pore until it reaches the lower side of the selectivity filter
) SR S I N NI IS S —— in over 1 ns of dynamics. Afterward, for over 3 ns, there is a

B

0 S ti 10[ 1 15 concerted motion upwaredownward of the four ions inter-
Ime [ns changing sites on a picosecond time scale. They move from
Figure 2. Trajectories of K ions and water molecules along the pore axis [SO, S2, S3, S4*| to [S1, S2, S4, S4_ext]. S4_ext is defined as

of (a) the closed-state model and (b and c) the open-state model of _ _. R Lo
KirBac1.1. In the three plots, the black horizontal lines correspond to the a site below the selectivity filter. In general, the S4 site is never

binding sites of the selectivity filter, labeled SO to S4. (a) Trajectories of 0Ccupied by an ion; instead, there is a water molecule displacing
K* ions (in red) and water molecules (in blue) along the symmetry axis of the K* ion from the geometrical center of site S4; this situation
the closed model of KirBacl.1. lons were initially placed in SO, S1, and is denoted by S4* to distinguish it from S4 where the ion sits

S3. Those in S1 and S3 quickly traveled to S2 and S4. (b) The same initial .
arrangement of ions and water was established in the simulation of the PETfectly between the eight carbonyl oxygens of the Thr110

open model. However, the behavior of the ions is different, and various amino acids.

transitions inside the selectivity filter are observed. The trajectory of a K Originally, when the ion first enters the filter from the IC
ion that enters the channel from the intracellular side is colored in magenta. o . .

Positions of ions that approach SO from the extracellular side are also d0mMain, it goes straight to the center of S4 where there is another
represented in various colors (cyan, light green, green, yellow, orange, andK™ ion, which is displaced to an empty S3 site. The ion at S2
dark purple). (c) To establish the sensitivity of the results to the ion stays, and the ion at S1 moves to an intermediate position
parameters, the default ion parameters in the CHARMM force field were ' . . .

also used. Trajectories along the pore axis of the ions which were initially between, S1 and SO. Then, the ion in S4 moves to one Sld.e of
inside the selectivity are represented in red; in magenta is the ion that entersS4, leaving space for a water molecule to enter between this K
the protein through the IC domain and in green is an ion that approachesand the one at S3. From this moment on, S4 seems always
the protein from the extracellular solution. occupied by a water molecule and & on; the ion lies slightly

out of the geometric center of this site, and there is always a
water molecule between this ion and the one at S3. Figure 3
shows three different views of a snapshot of the simulation of
the open-state model where it can be observed that the ion at
S4 (in orange) is not completely aligned with the ions in S2
and S3 (in green). It can also be observed that S1 can

to be indistinguishable from that of previous simulations which
were based on the closed state of KirBacl.1 or the KcsA
channeP2829The positions of the Kions in the filter remained
more or less fixed relative to the carbonyl oxygens of the
TVGYG motif. Initially, during the first few picoseconds, the . -
ion in SO travels toward the bulk, but it quickly returns to its accommodate. either or?e or two Water.molecule_s atatime.
original site. In contrast, ions in the selectivity filter jumped ~ Once the K'ion at S4is off center, an ion occupies the center
very quickly, during the first nanosecond, from S1 and S3 to pf SQ (in p_urple), and there are concerted.movements of all the
S2 and S4 (Figure 2). During the 20 ns simulation, ions remain 10N jumping up and down. At 5 ns, the ion at SO leaves and
in the [SO, S2, S4] state, which has already been reported inthe configuration [S2, S3, S4*] seems to be the preferred one
simulations of this chann®land the KcsA channel. Free-energy fOr the remaining 11 ns. During this time, we observed that
perturbation and umbrella sampling calculations have suggeste(ﬁevera| ions from the bulk solution approach SO in three different

the [SO, S2, S4] configuration as the most stable configuration 0ccasions for periods of 500 ps up to 1 ns. lons at S2 and S3
of ions in other K channel$:3! remain in their positions, but the position of the ion at S4 is

In contrast, configurations of ions in the selectivity filter of ~ affected, and it is usually displaced an extrar RaA from the
the closed model similar to those reported in ref 32, [S1, S4] ion in S3. After 15 ns, the ion in S4 travels abGuA toward
or [S3, S4], are not observed in the present study. There arethe intracellular side of the pore. At this point, the selectivity
many differences between the set-ups of these simulations andilter is occupied by water molecules and 4 fon at S2 and
those in ref 32, such as the number of water molecules in the S3- At 17 ns, a couple of Kions approach the channel from
cavity, minor differences in the protonation states of the channel the extracellular side and one of them manages its way to SO
transmembranes, the force fields employed for protein, water, Where it remains for over 1 ns. Then it moves to S1, and it
and particularly for ions, etc. We are inclined to say that the remains there for the last 2 ns of the simulation. While this
main differences between the results presented here and thostakes place, the Kat S3 also starts moving toward S4. The

in ref 32 might be due to the parameters used for the ions. we final situation is one where three ions are inside the selectivity
filter, at S1, S2, and S3, and the fourth ion is at S4 but slightly

(28) Berneche, S.; Roux, Biophys. J.200Q 78, 2900-2917. displaced from its geometrical center by a water molecule.

(29) Luzhkov, V. B.; Agvist, JBiochim. Biophys. Act2001, 1548 194—202. .

(30) Domene, C.; Grottesi, A.; Sansom, M. S.Bophys. J.2004 87, 256— In general, only flipping of the carbonyl atoms of Gly114
267. ; ity i ; oy

(31) Aquist, J.; Luzhkov, VNature 200q 404, 881884, (top residue of the selectivity filter facmg the bulk_ solution) is

(32) Hellgren, M.; Sandberg, L.; Edholm, Biophys. Chem2006 120, 1-9. observed. It can also be noted that the ion at S2 is always well

3394 J. AM. CHEM. SOC. = VOL. 130, NO. 11, 2008



lon Permeation in a K Channel ARTICLES

Figure 3. Dynamics of water and ions in the selectivity filter of the open-state model of the KirBac1.1 channel. The figure shows three different views from
a snapshot of the simulation of the open model where it can be observed that the ion in S4 (in orange) is not completely aligned with the ions in S2 and S3
(in green). In the central representation, only two out of the four chains are shown for simplicity. The four chains are shown in the right ansdefatiems

S0

S3
S4

o
s2 X @
«

Figure 4. Snapshots of the selectivity filter in the open model of KirBacl.1. The TVGYG motif is shown in licorice representation for two of the four
subunits. The K ion entering the filter from the extracellular side is represented with a purple sphere, those inside the selectivity filter since the beginning
of the simulation are represented in green, and theid@ which enters the channel from the intracellular side is represented by an orange sphere. For
simplicity, water molecules are not represented.

packed by the surrounding carbonyl oxygen atoms. S1 and S3of KcsA. An underlying assumption of previous simulations is
are implicated in a sort of “breathing” motion as the ions move that the conformational behavior of the filter region is not
up and down. This situation where the sites tend to “swell” or significantly altered by the opening of the cytoplasmic gate,
“shrink” depending on their occupancy was first described by which also seems to be valid in our simulations. However, other
Luzhkov et al2® though in that occasion it referred to the factors should be affecting the dynamics of the ions in the
situation when the filter was occupied by water and ions selectivity filter and its occupancy, as it appears that the behavior
alternating. Then, the sites with water swelled while those sites of the ions in the open-state model is different from those in
accommodating ions tended to shrink. Significant reorientations the closed model. One contributing factor might come from the
are almost absent apart from those involving Gly114, especially water in the cavity, whose average dipole has the opposite
when the selectivity filter is highly occupied by ions. contribution in each case, as shown before.

In principle, this single trajectory suggests that the organiza-  Energetics of lon Permeation and lon Flows.For any
tion of ions in the selectivity filter of a channel in an open charged species there is a purely electrostatic dielectric barrier
conformation is different from that in the closed conformation. to move from a high-dielectric medium to a low-dielectric
One configuration which seems to be favorable is one where medium, generally referred to as the Born energy. Clearly, the
two ions occupy consecutive positions, either S1 and S2 or S2parriers that an ion has to overcome to cross the channel pore
and S3 (Figure 4). A configuration with the filter occupied by iy the closed- and open-state models are very different. The
three ions also seems to be possible. In general, when the filterjternal profile of the channel during the simulations was
is occupied by three ions at a time, and one of them occupiescomputed with thélOLE program, in both the closed- and open-
S4, tlhis ion is not totally aligned along taexis with the other state models (Figure 5). The size of the pore at the center of
two ions. the lipid bilayer wa 6 A in theclosed-state model and 11 A in

Recently, similar events have been described in simulations the open-state model. A larger difference between the internal
of an open-state Kchannel, Kv1.2? Certainly, these events  radii in the two models was observed on the intracellular side
ought to be characterized using more sophisticated calculationsof the pore, which acts as the channel gate. The internal radius
in order to be able to energetically rank the configurations fa|is below 2 A (the permeant ion size) in the closed-state model,
described above. These results might be relevant in the contexiyhile in the open-state model the intracellular cavity is

of the many simulation studies that have addressed issues okonnected to the extracellular domain without any interruption.
ion permeation and selectivity based on the closed-state structure As previously mentioned, it is not feasible to calculate

meaningful ionic currents from MD simulations at present due
to the limitations in the time scales of MD. Therefore, PB and

(33) Khalili-Araghi, F.; Tajkhorshid, E.; Schulten, K8iophys. J.2006 91,
L72—4.
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Figure 6. Energy profile of an ion transferred from the bulk into the channel
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‘§ T T 0 ns Closed 3 (in kcal/mol) versus the position of the permeating ion along the chanr_]el
§ — 20 ns Closed 3 pore. Values are for the open and closed models as well as for data obtained
iE from calculations using snapshots of the simulation of the open channel
E where an ion travels from the IC domain up to the selectivity filter.
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Figure 5. Pore profiles of the closed (bottom) and open models (top). position along pore axis (A)

Radius of the pore (A) versus position along the channel axis (A); top panel ) ] ) ) )
corresponds to the pore profile at 0 ns (red) and 20 ns (magenta) of the Figure 7. K* concentration along the channel axis using a boundary ion
open model, and bottom panel corresponds to the pore profile at 0 ns (blue)concentration of 100 mM and a membrane potential of 100 mV. The dotted
and 20 ns (green) of the closed channel. The figures are the representatioine corresponds to the open model, and the continuous line corresponds to
at 0 ns. Two monomers of the open (top) and closed (bottom) models are the closed model.
shown superimposed upon a representation of the diameter of the central
ion conduction path. The red volume represents the place where there isthe KcsA cavity* by electrostatic interaction, and more recently,
not enough space for a water molecule to pass, the green volume is wherelt has been used to investigate how the stability of an ion in the
one or two molecules could fit, and the blue volume corresponds to the . .
space where more than two water molecules can fit. intracellular cavity is affected as the channel gate opens and
the cavity becomes larger and contiguous to the intracellular
PNP theories were used to investigate the energetics of ionsolution®> Here, a similar analysis has been carried out to
translocation through the model channels and ionic fluxes. ~ compare the characteristics of the closed- and open-state models
of KirBacl.1l. The electrostatic energy has been obtained for
calculations, both for the open- and the closed-channel models.the process .Of moving an ion along the 'chan'nel s pore, from
the IC domain to the bottom of the selectivity filter (Figure 6).

Thls memb_r_a ne potential is phy5|_olog|cally relevant_for Fhe As expected, the radius of the channel pore has a dramatic effect
inward rectifier channel, such as KirBacl.1. The physiological . . . .
on the energetic penalty for moving an ion from the bulk, high-

fur_u_:tlon of these_chan_nels IS to increase the membrane PEMEjielectric region to the anisotropic dielectric environment of the
ability to potassium ions at negative membrane potentials

heref h bability of th i< high .~" channel pore. As the pore becomes larger, the intracellular cavity
Therefore, the probability of the open state Is higher at negative of the channel becomes an extended medium of the high-

membrane potentials. The higher open-state probability doesjg|eciric intracellular solution, and the energy barrier at the
not mean that inward rectifier channels are steadily open. 10N jyaceliular entrance of the cavity vanishes. In the open-state
channels always flip between the open and the closed statemodel, the cavity is at the same membrane potential as the
which justifies the comparison between the open and the closedinternal solution. An open K channel effectively thins the
model at the same membrane potential. The transmembrangnembrane for diffusing K ions to approximately the 12 A
potential was set to zero in the PB calculations. PB equations|ength of the selectivity filter. The access resistance forta K
describe a steady state, with no ion fluxes. Therefore, it is not jon diffusing between the cytoplasm and the selectivity filter is
possible to study a nonequilibrium situation by the PB theory. consequently low, which contributes to the high conductance
Thus, PB and PNP theories were used to compare the open andf potassium channels.

the closed model in two different situations: with and without Neither MD simulations of the length presented here nor PB

ion fluxes. theory are able to provide information about the ion fluxes
By application of the PB theory, the energetics of an ion through the protein. Therefore, to further characterize the

moving through the channel in the closed- and open-state modelgMovement of ions from the bulk solution to the intracellular

was calculated. PB theory has_ befen use_q before to show that 334) Roux, B.: MacKinnon, RScience1999 285 100102,

fully hydrated monovalent cation is stabilized at the center of (35) Jogini, V.; Roux, BJ. Mol. Biol. 2005 354, 272-288.

A membrane potential 0100 mV was used in the PNP
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Figure 8. Some snapshots from the trajectory of the open model where @K (red sphere) makes its way from the bulk solution to the central water
cavity up to the selectivity filter. For simplicity, only two of the chains are represented.

cavity, the PNP electrodiffusion theory has also been employed. particularly useful for revealing the dominant energetic factors
The concentration of Kalong the channel axis exhibits strong related to ion permeation, as they provide a semiquantitative
differences between the closed- and open-state models (Figureneasure of the energetics of & Kon as it is moved through

7). The main difference is located at the intracellular entrance the channels. However, they do not reveal the specific role of
of the channelZ ~ 5 A), where the closed structure shows a individual water molecules in confined regions, and it has been
sharp peak of K concentration. This concentration peak shown that an electrostatic continuum approach alone does not
overlaps with the energetic barrier shown in Figure 6. The capture the essentials of ion permeation through pores in a low
simultaneous occurrence of an energetic barrier and a concentraeielectric medium. Continuum theory uses a fixed atomic
tion peak, which seems inconsistent, is actually an artifact of channel structure as an input, and ion-channel interactions
the continuum approach, caused by the narrow cross section atlepend dramatically on even the tiniest atomic flexibility of
the intracellular gate. To compute the energy profile of Figure the channel. In the case of wide pores, this is not such a bad
6, the product of the electrostatic potential and the electrical approximation, but in the case of narrow pores such as
charge is summed over all the grid points. Then this value is KirBac1.1, a more detailed atomistic approach is required that
compared to the equivalent value for a potassium ion in bulk. incorporates both the interaction of the water molecules with
At the intracellular gate the channel is almost close (internal the ion and the protein flexibility. Here, advantage was taken
radius below 2 A), and the Kion partially overlaps with the  of the fact that in the MD simulation one*kion entered the
protein, which causes the high energetic barrier. In contrast, ppen-state model from the intracellular side, providing a
Figure 7 shows the Kconcentration in the grid elements along  complete sequence of frames where the ion-channel interactions
the channel axis, where there is no overlap between the ionsyould be fully described (Figure 8). A set of calculations were
and the protein atoms. The peak in concentration is caused bycarried out using snapshots from the MD trajectory of the open-
the narrow cross section of the channel in the closed-state modektate model. The energetics of ion translocation using this MD
in the intracellular entrance corresponding to the aromatic rings trajectory does not differ from those obtained when the ion was
of amino acids Phell4 of each monomer. The channel is arbitrarily moved along the channel axis (Figure 6). The
occluded, and consequently, the ion current estimated by theyg|atively small energy barriers for ion translocation in this
PNP theory is close to zero; the closed model is physically shut region obtained from both the continuum electrostatics model
at the intracellular gate (internal radius narrower than that of a 53nq the spontaneous ion movement in the MD simulations
K* ion), and continuum calculatiopsjust reveal this fact. In the jhdicate that ior-protein interactions largely compensate for
open-state model, PNP calculations revealed an almost flatjon—solvent interactions lost in the channel lumen. lon channels
concentration profile, moving from the intracellular compartment provide an important challenge for continuum calculations
to the bottom of _the selectivity filter. Th(_a flat concentration pocause of the extreme sensitivity of ion permeation kinetics
profile agrees with the flat energy profile revealed by PB {4 the structural details of the pore. For this reason, in the present
calculations. A slight increase in the'l€oncentration is located work we limited the discussion of the continuum model to the
in the IC domain of the channet-¢5 A <z<-5 A); the _ region below the selectivity filter which connects to the bulk
negatively charged amino acids of the intracellular domain g tion at the intracellular side. The radius of the pore in the
account for this increase. No peak of Kconcentration was jyiracellular cavity of the open-state model is greater than 10

revealed in the intracellular cavity (8 A z < 18 A). This data A, which is reasonable to treat with a continuum solvent
supports the experimental results obtained from functional approach

mutations where it was demonstrated thdtdhannel function

was remarkably unperturbed when positive charge changes occuggnclusions

near the permeant ions, at a location that should counteract pore

helix electrostatic effect® Therefore, it appears that pore helices ~ The availability of both closed- and open-state models for

in inward rectifier channels play a minor role in"ermeation. the KirBac1.1 K channel has made possible the comparative

The main results are not affected by the specific snapshot choseranalysis of permeation events of the same channel in two

from the MD trajectory of the open-state model. different conformations. To date, comparison between the open
Macroscopic continuum electrostatic models, in which the and closed states had only been made between families, but

solvent is described as a structureless dielectric medium, arenot within one family: for instance, Kcs& and KirBacl.1

(36) Chatelain, F. C.; Alagem, N.; Xu, Q.; Pancaroglu, R.; Reuveny, E.; Minor, (37) Doyle, D. A.; Cabral, J. M.; Pfuetzner, R. A.; Kuo, A. L.; Gulbis, J. M.;
D. L., Jr.Neuron2005 47, 833-43. Cohen, S. L.; Chait, B. T.; MacKinnon, RSciencel998 280, 69—77.
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for the closed state and MthK for the open sf&t&rom the ibility to cope with these cooperative events, appears to be more
present studies, it can be concluded that the unfavorable barrief'symmetrical” and robust in the simulations of the open-state
at the bundle crossing in the closed-state model disappears irmodel when it is occupied by an average of three ions. In
the open-state model and ions are free to make their way throughKirBac1.1, sites S1 and S4 appear to be different from those in
the protein. Analysis of the dynamics of the ions through these KcsA, as they can be occupied by more than one water molecule
two models strongly suggests that the occupation of the at a time. Further investigations will be required to clarify the
selectivity filter depends upon the global conformation of the precise chemical mechanism and energetics of permeation in
channel. As previously described by many studies of this and this inward rectifier channel.

other K" channels, when the channel is closed the ion  acknowledgment. C.D. thanks The Royal Society for a
conduction involves transitions between two main sites, with University Research Fellowship, EPSRC (E004539), and the
two ions occupying the selectivity filter and separated by a water epsrc National Service for Computational Chemistry Software.

molecule. In contrast, in our open-state model, three to four g v/ and M.L.K. thank the NIH and the NCSA Supercomputing
ions move in a concerted motion during the conduction processsagijities.

which suggests the existence of a different conduction mech-
anism when the channel is in its open conformation. The
selectivity filter, though maintaining a certain degree of flex-
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