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ABSTRACT A dihedral energy correction (CMAP) term has been recently included in the CHARMM force field to obtain a more
accurate description of the peptide backbone. Its importance in improving dynamical properties of proteins and preserving their
stability in long molecular-dynamics simulations has been established for several globular proteins. Here we investigate its role in
maintaining the structure and function of two potassium channels, Shaker Kv1.2 and KcsA, by performing molecular-dynamics
simulations with and without the CMAP correction in otherwise identical systems. We show that without CMAP, it is not possible
to maintain the experimentally observed orientations of the carbonyl groups in the selectivity filter in Shaker, and the channel
loses its selectivity property. In the case of KcsA, the channel retains some selectivity even without CMAP because the carbonyl
orientations are relatively better preserved compared to Shaker.
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INTRODUCTION

Since its release in 1998, the CHARMM22 force field has been

extensively used in molecular dynamics (MD) simulations

of proteins (1). In a recent study, it was found that the

CHARMM22 force field leads preferentially to p-helical

conformations of peptides rather than the more commonly

observed a-helix (2). The problem stems from the sinusoidal

form of the dihedral terms, which is too limiting and hence

unable to reproduce the results of ab initio calculations in

alanine dipeptide (3). This problem was resolved by MacKerell

et al. by introducing f, j dihedral crossterms and a two-dimen-

sional dihedral energy-grid correction map, which was called

CMAP (4,5). We note that while the form of the correction is

suggested by ab initio calculations in the gas phase, it has

been necessary to optimize it further to obtain improved agree-

ment for the f and j dihedral angles when compared with the

crystallographic data (4).

Since then, importance of the CMAP correction in long

MD simulations has been confirmed in several studies of

globular proteins. In a 25-ns MD study of hen lysozyme,

Buck et al. showed that using CHARMM22 led to substan-

tial deviations in the calculated root-mean-square Ca fluctu-

ations from the crystallographic B-factors. Similar deviations

were found for the order parameter S2 from the nuclear

magnetic resonance data (6). Inclusion of the CMAP correc-

tion dramatically improved the MD results, bringing them to

quantitative agreement with the data (6). Long MD simula-

tions of bovine pancreatic trypsin inhibitor with and without

the CMAP correction resulted in the protein becoming

unstable early on in the latter case while remaining stable

for the entire 30-ns simulation in the former case (7). Similar

results favoring the inclusion of CMAP were obtained in MD
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simulations of small peptides (8). Such corrections to the

dihedral terms have also been considered in the AMBER

force field, resulting in improved agreement between the

simulation results and experimental data (9).

So far, the effect of the CMAP correction in MD simulations

of membrane proteins has not been investigated properly. A

large number of MD simulations of the KcsA potassium

channel have been performed without CMAP using its high-

resolution crystal structure (10), and the results appear to

be consistent with experimental observations (reviewed in

(11–15)). That is, no glaring discrepancies have been found

that would suggest inclusion of the CMAP correction might

improve the results. In contrast, a recent MD study of the

Shaker potassium channel Kv1.2 without CMAP (16) indicated

that the carbonyl groups in the selectivity filter were not always

oriented toward the filter axis, as observed in the crystal struc-

ture (17). To prevent flipping of the carbonyl groups, the back-

bone dihedral angles of the filter residues were restrained using

a small harmonic force (16). This result is important in two

respects. First it shows that, although the TVGYG sequence

of residues in the filter is conserved among the potassium chan-

nels, this does not guarantee that the filter dynamics will also be

similar in all respects. Secondly, the requirement for additional

dihedral restraints suggests that the CMAP correction may be

needed in MD simulations of some potassium channels.

The above observations call for a comparative study of the

Shaker and KcsA potassium channels using the CHARMM22

force field with and without the CMAP correction. Here we

perform such a study focusing on the structure and function

of the selectivity filter. In all cases, the channel systems are

carefully equilibrated using several protocols, and the orienta-

tions of the carbonyl groups in the filter are traced to see

whether they remain oriented toward the filter axis or flip

back. For the equilibrated structures, the selectivity of the

S1 binding site in the filter (see Fig. 1) is studied via thermo-

dynamic integration, where the Kþ ion at S1 is transformed to
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a Naþ ion. From the difference of the free energy changes at

the S1 site and in bulk water, the selectivity free energy

DDG(Kþ / Naþ) is determined. In all cases, reverse trans-

formations are also performed to ensure that there are no

significant hysteresis effects. Our results show that inclusion

of the CMAP correction is essential for a proper description of

the selectivity filter in Shaker.

METHODS

Model system and MD simulations

The crystal structures of the selectivity filter in the Shaker (17) and KcsA (10)

potassium channels are shown in Fig. 1. The TVGYG sequence of the filter

residues is identical in both cases, and the filter structures are seen to be

very similar. Nevertheless there are two important differences between the

two structures, which are found to have implications on the function of the

filter. The first is that the Val-370 residue in Shaker is replaced by Glu-71

in KcsA. The side chain of Glu-71 is assumed to be protonated (18,19) and

FIGURE 1 Crystal structures of the selectivity filter in Shaker and KcsA

potassium channels. The CO and NH groups of TVGYG residues, the side

chains of Tyr-377 and Val-370 in Shaker and Tyr-78 and Glu-71 in KcsA

are shown explicitly. Two Kþ ions occupy the S1 and S3 binding sites,

which are indicated by spheres in the figures (S1 refers to the binding site

at the top, coordinated by the carbonyls of Y and G residues). The water

molecule near the Tyr-78 residue in KcsA is also shown.
makes a hydrogen bond with the amide group of Tyr-78 (Fig. 1), which helps

in stabilizing the upper part of the filter in KcsA. Secondly, as shown in Fig. 1,

there is a water molecule in KcsA near the Tyr-78 residue, whereas there are

no water molecules near the corresponding Tyr-377 residue in the Shaker

structure. As will be seen below, this water molecule plays an important

role in stabilizing the filter structure in KcsA. To delineate the role of this

water molecule, we have removed it from the KcsA structure and repeated

the MD simulations for the resulting system. Considering the possibility

that this water molecule may not have been observed in the lower-resolution

crystal structure of Shaker, we have included it in a similar position as in KcsA

and repeated the Shaker MD simulations for this system as well.

The simulationsystems for the Shaker and KcsA potassium channels are con-

structed using the VMD suite of software (20). The pore domain of the crystal

structure of Shaker (PDB ID: 2A79, residues 312–421) is embedded in a lipid

bilayer consisting of 96 1-palmitoyl-2-oleoyl-phosphatidylethanolamine mole-

cules and solvated with 8900 water molecules, 8 Kþ and 24 Cl– ions. The extra

Cl– ions are needed to neutralize the positive charges on the channel protein and

thus avoid any simulation artifacts associated with periodic boundaries. Three

of the Kþ ions are placed in the cavity and the S1 and S3 binding sites as

observed in the crystal structure. Initially the protein coordinates are fixed

and the system is equilibrated with 1 atm pressure coupling until the correct

water and lipid densities are obtained. At this point, the x and y dimensions

of the simulation box is fixed (at 76 and 72 Å, respectively), and pressure

coupling is applied only in the z direction. At the second stage of equilibration,

the side chains of the protein atoms are gradually relaxed in a 2-ns MD simula-

tion while the backbone atoms are still constrained. In the final stage, the back-

bone atoms are relaxed in several steps using the restraints (in kcal/mol/Å2):

100, 50, 20, 10, 5, 2.5, 1.5, 1.0, 0.6, 0.3, and 0.1. Reduction of k from 0.1 to

0 has not caused any visible changes in the KcsA results (see Figs. 4 and 5),

and therefore it is not included in the Shaker results. We have experimented

with different simulation times for these restraints to make sure that the final

results are independent of how the system is equilibrated (the exceptions are

the first three steps, for which 200 ps is used uniformly).

The simulation system for the KcsA channel is constructed in a similar

manner. The crystal structure (PDB ID: 1K4C) is embedded in a bilayer

of 105 phosphatidylethanolamine molecules and solvated with 9640 water

molecules, 6 Kþ and 18 Cl– ions. This system is equilibrated using the

same protocol as in the case of Shaker. For both potassium channels, iden-

tical procedures are employed in constructing two simulation systems, one

with the original CHARMM22 (without CMAP) and another with the

CMAP correction included.

MD simulations are carried out using the latest version (2.6) of the NAMD

code (21), which allows inclusion of the CMAP correction terms in the

CHARMM22 force field. CHARMM22 provides a complete set of parameters

for all the atoms in the system and uses the TIP3P model for water molecules.

An NpT ensemble is used with periodic boundary conditions. Pressure is kept

at 1 atm using the Langevin piston method with a damping coefficient of 5 ps–1

(22). Similarly, temperature is maintained at 298 K through Langevin damping

with a coefficient of 5 ps–1. Electrostatic interactions are computed using the

particle-mesh Ewald algorithm. The list of nonbonded interactions is truncated

at 13.5 Å, and a switching cut-off distance of 10 Å is used for the Lennard-

Jones interactions. A time-step of 2 fs is employed in all simulations. Trajectory

data is written at 1-ps intervals during both equilibration and production runs.

Free energy calculations

The selectivity of the model channels against permeation of Naþ ion is studied

using the thermodynamic integration (TI) method (23). For this purpose, the

Kþ ion at the S1 binding site is alchemically transformed into Naþ ion, and the

resulting free energy difference is calculated from TI using

DG ¼
Z 1

0

�
vHðlÞ

vl

�
l

dl; (1)

where H(l)¼ (1 – l)H0þ lH1, with H0 and H1 representing the Hamiltonians

of the initial and final states, respectively (e.g., if the initial state is a Kþ ion, in
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the final state it becomes a Naþ ion at the same position). A restraining force of

5 kcal/mol/Å2 is applied on the ion during the free energy simulations. We

have checked the influence of this restraint on the results in a test case, and

found no perceptible change in the free energy difference for different values

of the restraining force. The integral in Eq. 1 is performed using a seven-point

Gaussian quadrature, which has been shown to yield sufficiently accurate

results (24). At each TI window, the system is equilibrated for 150 ps, followed

by 350 ps of a production run. To check against hysteresis effects, we have also

performed the reverse transformation. The free energy change is determined

from the average of the forward and backward transformations as

DGav

�
Kþ/Naþ

�
¼
�
DGf

�
Kþ/Naþ

�
� DGb

�
Naþ/Kþ

��
=2: (2)

To determine the selectivity free energy, an identical calculation is performed in

bulk water and the result is subtracted from that in the binding site, yielding

DDG
�
Kþ/Naþ

�
¼ DGb;s

�
Kþ/Naþ

�
� DGbulk

�
Kþ/Naþ

�
: (3)

FIGURE 2 Behavior of the carbonyl oxygens in the selectivity filter of the

Shaker potassium channel as the system is slowly relaxed to equilibrium.

The results are obtained using the CHARMM22 force field without the

CMAP correction. Distance of the carbonyl oxygens of Tyr, Gly, Val, and

Thr residues from the filter axis are plotted as a function of time. The set

of four oxygens for each residue is plotted separately for clarity. The value

of the restraints used on the backbone atoms in each simulation window is

indicated at the top (in kcal/mol/Å2). A sudden jump in the axial distance

from the baseline of ~2.5 Å indicates flipping of the carbonyl oxygen

away from the filter axis.
Biophysical Journal 96(10) 4006–4012
A positive result for DDG(Kþ/ Naþ) indicates that the channel is selective

for Kþ ions, and a negative one indicates it is Naþ-selective.

RESULTS

Structure of the selectivity filter

The main question regarding the structure of the selectivity

filter is whether the carbonyl groups forming the binding sites

retain their orientations toward the channel axis as observed

in the crystal structure, or flip back. To address this issue we

have plotted the r coordinate of the carbonyl oxygens of

Tyr, Gly, Val, and Thr residues—which measures their

distance from the filter axis—as a function of time during

equilibration. As mentioned in Methods, we have experi-

mented with different equilibration times for the restraints

employed in relaxing the system. Shaker simulations are found

to be quite robust, leading to similar final results regardless of

the simulation time used. In Figs. 2 and 3 we show the results

obtained from a 3.5-ns MD simulation, where the backbone

restraints are reduced from 10 to 0.1 kcal/mol/Å2 in 8 steps

as indicated on the figures. As seen in Fig. 2, without the

CMAP correction, the carbonyl oxygens are not very stable

and start flipping back as soon as the restraints are relaxed,

consistent with the observations of Khalili-Araghi et al. (16).

FIGURE 3 Same as Fig. 2, Shaker, but with the CMAP correction

included in the CHARMM22 force field.
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Among the valine residues, three of the four carbonyls flip and

among tyrosine, two carbonyls flip. Substantial fluctuations

are observed among the carbonyls of the threonine and glycine

residues, though they mostly retain their axial orientations.

Inclusion of the CMAP correction (Fig. 3) is seen to prevent

these flipping events and suppress the fluctuations in carbonyl

orientations, leading to a filter structure that is in more confor-

mity with the crystal structure. Only one valine carbonyl is

seen to flip toward the end of the simulation, which remains

flipped when the simulation is continued for another 0.5 ns.

Such an event has also been observed in KcsA simulations and

is thought to be related to the inactivation of the channel (25).

The results in Figs. 2 and 3 are obtained by placing a water

molecule near the Tyr-377 residue, as observed in the KcsA

structure. This water molecule does not form permanent

hydrogen bonds with the filter atoms but remains in the

vicinity of Tyr-377. When it does form a hydrogen bond

for a period, it stabilizes the corresponding tyrosine carbonyl

(e.g., the blue and red lines in the top panel of Fig. 2). To

further assess its functional role, we have repeated the Shaker
simulations described above without this water molecule

(not shown). We find that the carbonyl orientation results

shown in Figs. 2 and 3 are essentially replicated. Only the

FIGURE 4 Same as Fig. 2, but for the KcsA potassium channel (without

CMAP).
tyrosine carbonyls exhibit some difference—one more tyro-

sine-carbonyl flips, compared to Fig. 2 (without CMAP), and

they exhibit larger fluctuations compared to the situation

shown in Fig. 3 (with CMAP). Comparison of the two sets

of simulations shows that the presence of a water molecule

near Tyr-377 provides some help in stabilizing the tyro-

sine-carbonyl’s orientation toward the filter axis, but as it is

clear from Figs. 2 and 3, only the inclusion of the CMAP

correction completely resolves the problem with the carbonyl

orientations.

Many MD simulations of the KcsA channel have been per-

formed using the CHARMM22 force field but so far none

of them included the CMAP correction. In the light of the

Shaker results discussed above, an interesting question here

is how the stability of the carbonyl orientations are maintained

in MD simulations of KcsA without including the CMAP

correction. To address this question, we have repeated the

equilibration simulations for the KcsA channel with and

without the CMAP correction. One immediate difference

from the Shaker simulations is that without CMAP, the results

are more sensitive to equilibration times requiring longer

simulations to settle down. Specifically, as the restraints are

relaxed, the valine carbonyls tend to flip back, and some of

FIGURE 5 Same as Fig. 3, but for the KcsA potassium channel (with
Biophysical Journal 96(10) 4006–4012
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the glycine and tyrosine carbonyls become unstable espe-

cially when the water molecule shown in Fig. 1 is removed

from the system. The reason for the latter is traced back to

the stability of the hydrogen bond between the amide group

of Tyr-78 and the side chain of Glu-71. Regardless of how

slowly the backbone atoms are relaxed and whether the

CMAP correction is included or not, this hydrogen bond

breaks in some of the monomers when the restraint is reduced

from 0.6 to 0.3 kcal/mol/Å2. The Glu-71 side chain moves

away from the filter, with the O-H hydrogen bond distance

increasing from ~2 Å to 4–5 Å. In simulations where the water

molecule near Tyr-78 is removed, this leads to substantial

fluctuations of the glycine and tyrosine carbonyls with some

flipping back. When the water molecule is present, it makes

occasional hydrogen bond with the amide group of Tyr-78,

thus preserving the stability of the glycine and tyrosine

carbonyl orientations to a large degree.

With the above caveats, we show in Figs. 4 and 5 the results

of carbonyl orientations obtained from a 6.5-ns MD simula-

tion of the KcsA system with the water molecule near

Tyr-78 present. Inclusion of the CMAP correction in the

CHARMM22 force field (Fig. 5) is again seen to suppress fluc-

tuations of the carbonyl groups observed in MD simulations

without CMAP (Fig. 4). However, when contrasted with the

Shaker results (Figs. 2 and 3), the impact of the CMAP correc-

tion is seen to be somewhat less in KcsA because the reference

results without CMAP are already in a better shape. All the

tyrosine carbonyls are oriented toward the filter axis. As

stressed above, this happens because the Glu-71 side chain

and the water molecule near Tyr-78 help to stabilize the

carbonyl orientations of tyrosine. There are some fluctuations

in glycine and threonine carbonyls but none of them flip back,

and only one or two valine carbonyls flip back. Flipping of the

valine carbonyls have been noted in previous MD simulations

of the KcsA channel. In our simulations also they are seen to

flip back whether CMAP is included or not, though its pres-

ence is seen to sharpen the distinction between the two states

with axial and flipped orientations (Fig. 5). Thus inclusion

of the CMAP correction in KcsA simulations mainly helps

in suppressing the fluctuations of the glycine and threonine

carbonyls. Without CMAP the carbonyls are not as stable,

exhibiting fairly large fluctuations as well as sizable deflec-

tions from the axial orientation. Overall, our results indicate

that inclusion of the CMAP correction in CHARMM22 leads

to a very robust filter structure in KcsA, but a reasonable struc-

ture can also be obtained in its absence.

Function of the selectivity filter

The selectivity of the potassium channels is controlled by the

carbonyl groups in the filter, and hence, whether they are

stably oriented toward the filter axis or wildly fluctuate, is

expected to have a big impact on their selectivity. To study

the functional implications of the CMAP correction on the

selectivity of the Shaker and KcsA potassium channels, we
Biophysical Journal 96(10) 4006–4012
have performed thermodynamic integration calculations

with and without the CMAP correction and determined the

free energy difference for binding of a Kþ ion to the S1

site relative to a Naþ ion. A similar calculation is performed

in bulk water, which is needed to determine the selectivity

free energy.

In Fig. 6 we show the running averages of DGf(K
þ/ Naþ)

for the forward transformation (solid line) and�DGb(Naþ/
Kþ) for the backward transformation (dashed line). Five sets

of calculations are performed with the Kþ ion in bulk water,

at the S1 binding site in Shaker (with and without CMAP)

and the same in KcsA. In all cases, there is minimal hysteresis

between the forward and backward directions (%1 kcal/mol),

and the running averages remain almost flat, which ensure that

the results have properly converged. The end point of each

running average in Fig. 6 is listed in Table 1, from which

the average free energy difference DGav (fourth column) and

the final selectivity free energy DDG (fifth column) are deter-

mined. The experimental values quoted in the last column are

estimated from the permeability ratios obtained under bi-ionic

FIGURE 6 Running averages of the free energy differences for the forward

DGf(K
þ/ Naþ) (solid lines) and the backward�DGb(Naþ/ Kþ) (dashed

lines) transformations. The five sets of calculations shown correspond to

bulk water (top panel), the S1 binding site in Shaker with and without

CMAP (middle panel), and the same in KcsA (bottom panel). The end points

of the free energy curves are listed in Table 1.
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conditions, which are given by PNa/PK< 0.03 for Shaker (27)

and PNa/PK < 1/150 for KcsA (28).

The most important result that emerges from this study is

that, without the CMAP correction in the CHARMM force

field, the S1 binding site in Shaker is not selective for Kþ

ions but slightly prefers Naþ ions with a free energy margin

of 0.7 kcal/mol. Preferential binding of Naþ ions to S1 would

lead to blocking of Kþ permeation, which is not observed

experimentally. Moreover the calculated selectivity free

energy is 2.8 kcal/mol smaller than the experimental lower

bound, which is a significant discrepancy when compared

to the accuracy of the calculations (~1 kcal/mol). Inclusion

of the CMAP correction restores the Kþ selectivity of the

channel with a selectivity free energy of 5.2 kcal/mol. Thus,

the CMAP correction has a substantial impact on the selec-

tivity of Shaker, contributing almost 6 kcal/mol to the selec-

tivity free energy and thereby restoring the agreement with

the experimental observations. We note that new measure-

ments of selectivity in Shaker is likely to improve this lower

bound and thus sharpen the difference with KcsA and further

strengthen the case for the necessity of the CMAP correction

in MD simulations.

As one might surmise from the filter structure results, the

situation is better in the KcsA channel with regard to selec-

tivity. The S1 site retains Kþ selectivity with a free energy

margin of 1.8 kcal/mol even in the absence of CMAP. While

this value is also smaller than the experimental lower bound,

the margin of error in this case (1.1 kcal/mol) is nearly

within the accuracy of the calculations. When the CMAP

correction is included, the selectivity free energy increases

to 8.4 kcal/mol, in comfortable agreement with the experi-

mental lower bound. Again, inclusion of CMAP boosts the

selectivity free energy of KcsA by >6 kcal/mol. Our result

for the selectivity of the S1 site without CMAP is consistent

with earlier calculations using the CHARMM force field,

e.g., Noskov et al. found 2.6 kcal/mol for the selectivity

free energy (26).

TABLE 1 Free energy differences obtained using the

thermodynamic integration method in bulk water (first row) and

at the S1 binding site (second to fourth rows)

DGf �DGb DGav DDG Exp.

Bulk �20.6 �20.4 �20.5 — —

Shaker w/out CMAP �21.7 �20.7 �21.2 �0.7 >2.1

Shaker with CMAP �15.2 �15.4 �15.3 5.2 //

KcsA w/out CMAP �18.3 �19.0 �18.7 1.8 >2.9

KcsA with CMAP �11.7 �12.4 �12.1 8.4 //

The free energy differences for the forward (Kþ/ Naþ) and negative of the

backward (Naþ / Kþ) transformations are listed in the second and third

columns. The fourth column gives the average of the two values (Eq. 2),

and the fifth one gives the selectivity free energy obtained by subtracting

the average bulk value from that of the binding site (Eq. 3). For comparison,

the experimental lower-bounds for the selectivity free energies estimated

from the permeability ratios are listed in the last column. The Shaker result

is from Heginbotham and MacKinnon (27) and KcsA from LeMasurier et al.

(28). All free energies are given in units of kcal/mol.
DISCUSSION AND CONCLUSIONS

Our main conclusion is that inclusion of the CMAP correction

in the CHARMM22 force field is essential for maintaining the

structural integrity and Kþ/Naþ selectivity of the Shaker
channel. The situation in the KcsA channel in this regard is

not as clear because it has a relatively more stable filter structure

compared to Shaker, which helps KcsA to retain some selec-

tivity even in the absence of the CMAP correction. A general

conclusion that applies to both cases is that inclusion of the

CMAP correction suppresses the fluctuations of the carbonyl

groups in the filter and stabilizes their orientations toward the

filter axis. As shown in free energy calculations, this extra

stability of the carbonyl orientations leads to ~6 kcal/mol

increase in the selectivity free energy, turning the S1 site

in Shaker from Naþ-selective to Kþ-selective. It has been

demonstrated previously that making the filter structure more

rigid increases its selectivity free energy (26). The CMAP

correction can be interpreted in the same light—it causes the

filter structure to become more rigid, and thereby helps to

increase the Kþ/Naþ selectivity free energy.

The KcsA potassium channel is the first biological ion

channel to be solved, and therefore it has played a central

role in computational studies of not only potassium but

many other ion channels (see, for example (11–15),). Because

the selectivity filter sequence is conserved in most potassium

channels, it has been implicitly assumed that selectivity

properties obtained from studies of KcsA would equally apply

to other potassium channels. For example, a recent debate

about the nature of the selectivity in potassium channels has

mostly focused on the KcsA structure (26,29–32). The possi-

bility that different results may be obtained in other potassium

channels was considered only in a quantum mechanical study

of the filter environment (33). Indeed, comparison of the struc-

ture and function of the selectivity filter in the KcsA and Shaker
channels in this study has revealed significant differences

between the two channels, which may have implications in

selectivity. The most important difference is the replacement

of the Glu-71 residue in KcsA with the nonpolar Val-370

residue in Shaker. An immediate question is: How common

is this glutamate residue in other potassium channels? A gluta-

mate residue in an equivalent position to Glu-71 in KcsA is

found in all inward rectifier Kir channels. Thus, the KcsA filter

is likely to be a good model for the Kir channels. On the other

hand, for the main class of voltage-gated potassium channels,

a completely different picture emerges. Of the 676 voltage-

gated potassium channel sequences we have considered,

a majority (35%) has a valine residue at the equivalent position

to Glu-71 just like Shaker, followed by isoleucine (20%) and

other nonpolar residues, but none has a glutamate residue.

Thus, the Shaker channel, rather than KcsA, provides a more

appropriate model for studying the selectivity property in

voltage-gated potassium channels.

There have been very few computational studies of the

Shaker pore domain so far (16,34,35). One reason for this
Biophysical Journal 96(10) 4006–4012
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paucity has been the difficulty of obtaining stable structures

in MD simulations of Shaker in the absence of the CMAP

correction in the CHARMM force field (e.g., the CMAP

correction was incorporated in the popular NAMD code in

version 2.6, in September, 2006). As demonstrated here,

stable Shaker structures are feasible in MD simulations

once the CMAP correction is included. More work is needed

to study the permeation properties of the Shaker channel and

especially the energetics of Kþ ion conduction. More accu-

rate measurements of the Naþ/Kþ permeability ratios in

various potassium channels would also be very valuable in

assessing and interpreting the computational results. Only

through such work can we find out the functional conse-

quences of the structural differences between the inward

rectifier and voltage-gated potassium channels.
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