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Abstract
In a previous study of ion selectivity of α-hemolysin (αHL) in complex with β-cyclodextrin (βCD)
adapter we calculated the potential of mean force (PMF) and characterized the self-diffusion
coefficients of isolated K+ and Cl− ions using molecular dynamics simulations [Y. Luo et al. Ion
Selectivity of α-Hemolysin with β-Cyclodextrin Adapter: I. Single Ion Potential of Mean Force and
Diffusion Coefficient]. In the present effort, these results pertaining to single isolated ions in the wide
aqueous pore are extended to take into account multi-ion effects. The grand canonical Monte Carlo/
Brownian dynamics (GCMC/BD) algorithm is used to simulate ion currents through the wild type
αHL ion channel, as well as two engineered αHL mutants, with and without the cyclic oligosaccaride
βCD lodged in the lumen of the pore. The GCMC/BD current-voltage curves agree well with
experimental results and show that βCD increases the anion selectivity of αHL. Comparisons between
multi-ion PMFs from GCMC/BD simulations and single ion PMFs demonstrate that multi-ion effects
and pore shape are crucial for explaining this behavior. It is concluded that the narrow βCD adapter
increases the anion selectivity of αHL because it reduces the pore radius locally, which decreases
the ionic screening and the dielectric shielding of the strong electrostatic field induced by a nearby
ring of positively charged αHL side chains.

Introduction
Using wild type (wt) α-hemolysin (αHL) as a scaffold, Bayley and coworkers have successfully
engineered αHL channels, a bacterial exotoxin forming wide heptameric β-barrel channels in
the outer membrane of cells,1 for a variety of biotechnological applications, such as stochastic
sensing of molecules,2,3 DNA sequencing,4–6 and single-molecule chemistry.7,8 They also
succeeded to alter the ion selectivity and permeation properties of αHL by lodging small
molecular adapters into the channel.9 A convenient and versatile adapter for αHL is β-
cyclodextrin (βCD), a cyclic oligosaccaride made of seven glucose subunits. The interaction
of αHL with βCD was studied experimentally10 and with molecular dynamics (MD)
simulations.11,12 βCD can bind noncovalently within the αHL pore lumen, but this can be
further stabilized by introducing a covalent linker.13 Wu et al.13 were able to design this
covalent linker with the aid of crystal structures of the αHL mutants (M113N)7 and
(M113F)7 with and without βCD bound (Montoya and Gouaux, unpublished).
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Experiments have shown that βCD significantly increases the anion selectivity of wt-αHL as
well as the αHL mutants (M113N)7 and (M113F)7.9,13 These mutants have the advantage that
they bind βCD 104 times longer than wt-α HL.14 Interestingly, the mutations only exchange
nonpolar methionine residues in all seven subunits of αHL by other uncharged residues and
βCD is uncharged as well. Therefore, the central question arises: How does βCD increase the
weak natural anion selectivity of αHL?

The crystal structure of wt-αHL15 has already enabled theoretical ion permeation studies using
an Ohmic approximation,16 approaches based on Poisson-Nernst-Planck electrodiffusion
theory in three dimension (3d-PNP),17–20 Brownian dynamics (BD) simulations,18 and all-
atom MD simulations.11,21 Some of these studies also address the origin of the weak anion
selectivity of αHL, and there is general consensus that the charged residues Lys147 and Glu111
located at one of the narrowest parts of the channel lumen play an important role.17–19 This
is consistent with the experimental observation that mutating Lys147 and Glu111 can make
αHL slightly cation selective.9

In a first paper,22 hereafter called paper I, we presented the results of single ion potential of
mean force (PMF) calculations yielding free energy profiles of a K+ as well as a Cl− ion along
the axis of the pore. Single ion PMFs computed for βCD solvated in water indicate that βCD,
on its own, gives rise to no selectivity for Cl− over K+. On the other hand, comparing single
ion PMFs of the apo channels (M113N)7 and (M113F)7 with those of the βCD bound channels
(M113N)7·βCD and (M113F)7·βCD shows that βCD increases the anion selectivity of the
channels. This can be partly explained by the short distance between βCD and seven adjacent
Lys147 residues, as well as by the partial ion desolvation in the narrow βCD ring, which locally
enhances the electrostatic interaction between the ion and the positively charged Lys147
residues. However, single ion PMFs neglect the presence of other ions, which should have an
effect, especially in a wide pore like αHL. In fact, electrostatic calculations show that even wt-
αHL should strongly favor anions over cations. Yet, this is not observed at physiological
concentration. These considerations suggest that multiple ions must be taken into account to
correctly grasp the effect of βCD on αHL.

This article is extending the study presented in paper I by investigating the impact of multi-
ion effects on the ion selectivity of αHL. The study is based on the crystal structure of wt-
αHL15 as well as on the crystal structures of the αHL mutants (M113N)7 and (M113F)7, with
and without βCD lodged nocovalently in the pore in two different orientations (Montoya and
Gouaux, unpublished). We use the grand canonical Monte Carlo/Brownian dynamics (GCMC/
BD) algorithm23 to simulate the dynamics of multiple ions permeating through these αHL
channels in an efficient and accurate way. The resulting current-voltage curves, multi-ion
PMFs, and reversal potentials of the different αHL structures yield additional insights into the
selectivity mechanism of αHL and complement the single ion part studied previously.22

Methods
Preparation of the simulation systems

Six different GCMC/BD simulation systems were constructed using the MD program
CHARMM.24–26 One system is based on the crystal structure of wt-αHL.15 Four systems
belong to crystal structures of the channels (M113N)7, (M113F)7, (M113N)7·βCD, and
(M113F)7·βCD (Montoya and Gouaux, unpublished). Another one is identical to the
(M113N)7·βCD system, but with an uncharged βCD molecule, i.e. all partial charges on the
βCD atoms were set to zero. This allows to study the influence of the βCD charge distribution.
The protonation state of all channels was chosen as described in Ref. 18. In all cases, the
CHARMM force field Param2227 was used for the protein. Parameters for βCD were generated
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with ANTECHAMBER,28 the general AMBER force field (GAFF),29 and the bond charge
correction model AM1-BCC.30,31 More details can be found in paper I.22

Figure 1 shows the GCMC/BD simulation system of (M113N)7·βCD. The other systems were
prepared according to the same method. For all simulation systems, the zero position of the
channel axis (z-axis) is located at the center of the membrane. Along the z-axis, the trans
entrance of the channel is at about –16Å, the cis entrance at about 84Å, and the center of the
βCD molecule at 25Å in the (M113N)7·βCD system and at 26Å in the (M113F)7·βCD system.
The αHL pore has a wide cavity below the cis entrance and gets narrower towards the trans
side. The latter part of the channel is embedded in a macroscopic membrane model, which
represents the low dielectric core of the lipid bilayer as a structureless slab with a thickness of
25Å and a dielectric constant of 2. The same dielectric constant was also applied for the interior
of the protein. Water is represented as a continuum with a dielectric constant of 80, which
should be appropriate for the wide aqueous pore of αHL. The dielectric boundary between the
molecules and the water continuum is defined by overlapping spheres of the protein and the
βCD atoms.34 An instantaneous snapshot taken from the ion trajectories of a GCMC/BD
simulation at zero membrane voltage is shown in Figure 1.

GCMC/BD simulations
The GCMC/BD algorithm23 was used to simulate ion currents across the six αHL simulation
systems. It describes the channel as well as the ions in the simulation box in atomic detail,
whereas the membrane, the water, and those ions located outside of the simulation box are
modeled implicitly. Only the ions in the simulation box are moving during a GCMC/BD
simulation, while everything else is fixed. The BD algorithm generates stochastic trajectories
for the ions by numerical integration of the Brownian dynamics algorithm of Ermak and
McCammon35

(1)

where ri is the position of ion i, Di(ri) is the position dependent diffusion coefficient, kB is
Boltzmann's constant, T = 300 K is the temperature, ▽ri is the nabla vector differential operator,
W is the multi-ion PMF, and ζi(t) is a Gaussian random noise with 〈ζ i(t) ·ζ j(0)〉 = 6Di(ri)δijδ
(t).18 The GCMC algorithm creates and annihilates ions to keep the electro-chemical potential
of the ions at a chosen and constant value in the two buffer regions near the edges of the
simulation box (see Figure 1). When these two electro-chemical potentials differ, then a steady
state non-equilibrium flux is established during the GCMC/BD simulation. Appropriate values
for the chemical potentials were taken from Ref. 36.

Equation 1 is governed by the gradient of the PMF of all ions in a simulation box

(2)
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which depends on all ion positions.18 Here, the direct ion-ion pair interactions ujk subsume the
shielded Coulomb interactions, Lennard-Jones interactions, and contributions accounting for
water-mediated short range interactions.36 The potential Ucore represents the core repulsion
from the protein and the membrane. The corresponding envelop for the channel core repulsion
was defined as the molecular surface37 calculated with a solvent probe radius of 1.4Å and an
optimized set of atomic radii.36 The static field contribution

(3)

contains the interactions of the ion charges qj with the shielded electrostatic field arising from
the partial charges of the fixed αHL and βCD atoms as well as the applied transmembrane
potential. The electrostatic potential ϕsf was calculated by solving the finite difference Poisson-
Boltzmann (PB) equation on a discrete grid,38,39 which was stored in memory for efficient
GCMC/BD simulations. In order to compute ϕsf, the Poisson-Boltzmann solver needs the
electrostatic potential at the grid boundary as an input, which was taken from a previous
calculation with a grid spacing of 1.5Å (focussing method). ΔWrf is the reaction field energy
of the ions, i.e. the difference between the electrostatic free energy of the ions in the
heterogeneous dielectric environment of a simulation system and the corresponding energy of
the same ions in a uniform bulk solvent continuum. In previous applications of GCMC/BD,
the reaction field was represented by basis set expansions which treat ions as point charges.
40 The optimized set of atomic radii used for the channel core repulsion Ucore was derived for
GCMC/BD simulations with this reaction field.36 In the present simulations, a new reaction
field method for ion channels was applied in order to parametrize ΔWrf.41 Its implementation
allows non-zero ion radii, but zero ion radii would cause integral singularities. In order to
reproduce the description of ions as point charges with the new reaction field method, a small
ion radius of 0.5Å was used for the ions, which is the minimum difference of the atom radii
defining the dielectric boundary of the protein and the bigger atom radii used for Ucore.36

Ucore, the electrostatic potential ϕsf, and the parameters for the reaction field energy ΔWrf were
calculated and stored on grids with 205×205×281 grid points and a grid spacing of 0.5 Å before
a simulation was started. During a GCMC/BD simulation, these grids were employed as look-
up tables for an efficient evaluation of Ucore, ΔWsf, and ΔWrf.

A time step of 15 fs was chosen for the numerical integration of the BD equation. One GCMC
iteration and one BD move were performed at each time step. The six systems were simulated
at different membrane voltages as well as with symmetric and asymmetric ion concentrations.
The sign of the transmembrane voltage was chosen so that it represents a setup where the
voltage is applied on the trans side of the channel and the cis side is grounded. Starting from
a simulation system prepared for a given membrane voltage and salt concentration, but without
explicit ions, an initial 30 ns GCMC/BD run filled up the channel with ions and equilibrated
them. After that, a 450 ns GCMC/BD simulation followed. In each case, this was done 10 times
with different seed values for the random number generator, allowing the calculation of average
ion currents and corresponding standard deviations by statistical analysis.

Appropriate profiles for the position-dependent diffusion coefficient Di(ri) in Eq. 1 were
created similar to the procedure described in Ref. 18 using the pore radius profile and a
hydrodynamic approximation. Figure S1 (supporting information) shows the computed
fraction  of the bulk diffusion constant  along the channel axis for the different
simulation systems. The fractions of the bulk diffusion constant for K+ and Cl− within the
(M113N)7·βCD pore (blue and red line in Figure S1 a) were calculated in paper I22 from the
trajectories of umbrella sampling MD simulations using a propagator based formalism.42 The
ion radius for the hydrodynamic approximation was chosen to be 2.25 Å for K+ and Cl−. This
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value was kept for all simulation systems. With this ion radius and the hydrodynamic
approximation, the pore radius profiles of (M113N)7·βCD and (M113F)7·βCD yield the purple
and orange lines in Figure S1 a. Their minimal values are close to 0.115, which is the average
value of the MD simulation results. For the GCMC/BD simulations, a smoothed diffusion
profile (green line) was used. Figure S1 b and Figure S1 c display the corresponding profiles
for wt-αHL, (M113F)7, (M113N)7, and their smoothed versions (green lines).

Single- and multi-ion PMF profiles
Besides ion currents, the GCMC/BD program also outputs the average density of K+ and
Cl− along the channel axis. From such an ion distribution 〈ρi(z)〉 one can compute the
corresponding one-dimensional (1-d) PMF by

(4)

The ion distributions from GCMC/BD simulations at zero membrane voltage yield the effective
1-d PMFs for K+ and Cl− at finite ion concentration. An offset energy is added to each i(z) so
that the resulting 1-d PMF approaches zero outside of the channel, i.e. in bulk solvent. To
obtain the 1-d PMF at a vanishingly small ion concentration, three or four BD simulations with
a single ion in the pore were performed at zero membrane voltage for each ion species. In each
simulation, the ion was confined in the lower part, the upper part, and the middle part of the
pore near the βCD, respectively. Each part was overlapping with the neighboring parts of the
channel, making it possible to combine the single ion PMFs of the parts, as in umbrella sampling
simulations. An offset energy was added to each i(z) so that the resulting single ion PMF
matches the respective free energy profile of a single ion located along the z-axis of the
simulation system, W(x = 0,y = 0,z), which is calculated directly from the free energy function
of the GCMC/BD program given in Eq. (2). The single-ion free energy profiles are calculated
by moving a single K+ and a single Cl− ion along the z-axis of the simulation system while
keeping x = 0 and y = 0.

Results and discussion
Single ion PMFs

The computed single ion PMFs contain important information about the forces acting on a
permeating ion. These PMFs provide a meaningful description of the system at low ion
concentrations. Figure 2 shows the single ion PMFs for the wt-αHL, (M113F)7, and
(M113F)7·βCD systems. The single ion PMFs for (M113N)7, (M113N)7·βCD, and
(M113N)7·βCD with uncharged βCD are displayed in Figure 3. For all simulation systems, the
difference between the K+ PMF (solid blue line) and the Cl− PMF (solid red line) has a
maximum close to the residues Lys147.22 A K+ ion has to overcome a high free energy barrier
in this region, whereas the free energy for a Cl− ion becomes quite negative there. In Figure 1,
the narrow ring of seven positively charged Lys147 residues is right above the βCD molecule,
where the protein surface is colored in blue in order to represent a high positive electrostatic
potential.

The free energy profiles of an ion constrained along the z-axis of the pore (dashed blue and red
lines) only contain contributions from the static field ΔWsf and the reaction field ΔWrf. The
deviations of these profiles from the corresponding single ion PMFs (solid blue and red lines)
are mainly caused by the variations in the cross-section area of the channels, because in the
latter case the ions are not restricted to the z-axis. This can be seen in the region between about
40 Å and 65 Å, where the single ion PMFs are below the respective free energy profiles. In
this region αHL has a wide cavity (see Figure 1) and, thus, ions have a higher statistical
probability to be found there than in a narrower region. The narrowest region is within the
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bound βCD molecule. Therefore, the single ion PMFs of the channels with βCD in Figure 2 c,
Figure 3 b, and Figure 3 c are above the respective free energy profiles in the region from about
20 Å to 35 Å, where the βCD molecules are located.

The single ion PMFs of αHL with βCD bound have steeper and more localized maxima (K+)
and minima (Cl−) than those of the corresponding apo channels. A comparison between
(M113N)7·βCD in Figure 3 b and the same system with uncharged βCD in Figure 3 c shows
only minor differences in the single ion PMFs. From this, it follows that the partial charges of
the βCD atoms should have no significant impact on ion permeation and selectivity.

I-V curves
Figure 4 and Figure 5 contain the current-voltage (I-V) curves calculated for the six GCMC/
BD simulation systems. The GCMC/BD simulations were performed with a symmetric salt
concentration of 1 M KCl on both sides of the membrane. In addition to the GCMC/BD results
for wt-αHL, Figure 4 a also shows experimental I-V curves measured at pH 5.0 and pH 7.5
using a symmetric salt concentration of 1 M NaCl.10 Both are in remarkable agreement with
the GCMC/BD results. The measurements at pH 5.0 are almost perfectly aligned with the
GCMC/BD I-V curve. Figure 4 c and Figure 5 b also contain experimental data which was
measured for (M113F)7·βCD and (M113N)7·βCD (pH 8.0 and 1 M KCl) as well as for those
versions of these channels possessing a covalent linker between protein and βCD.13 The data
agrees well with the respective GCMC/BD results.

The I-V curves calculated for wt-αHL and the (M113F)7 mutant (Figure 4 a and Figure 4 b)
show a weak anion selectivity, because the Cl− currents exceed the still significant K+ currents.
Figure 4 c contains the results for (M113F)7·βCD, which are quite different. The total current
is reduced compared to (M113F)7. This can be explained by the narrow constriction caused by
βCD. Moreover, the total current is now strongly dominated by Cl− ions, whereas the K+ current
is suppressed. That is, the anion selectivity increases significantly after adding βCD.

The anion selectivity of (M113N)7 (see K+ and Cl− currents in Figure 5 a) is higher than for
(M113F)7 and wt-αHL. This difference can be related to the orientation of the seven positively
charged Lys147 residues in the pore.22 In (M113N)7 they are almost perpendicular to the
channel axis, which results in a more narrow Lys147 ring than in the other cases so that the
local electrostatic field is maximized. A comparison of Figure 5 a and Figure 5 b shows that
adding βCD increases the anion selectivity of (M113N)7, which is in accord with the
(M113F)7 case discussed above. There is a remarkable similarity between the computed I-V
curves of (M113F)7·βCD in Figure 4 c and those of (M113N)7·βCD in Figure 5 b.

The results for (M113N)7·βCD in Figure 5 b and for the same system with uncharged βCD in
Figure 5 c agree within the standard deviation of the currents. This is consistent with the high
similarity of the respective single ion PMFs in Figure 3 and with the conclusion that the impact
of the partial charges located on the βCD atoms is negligible.

Multi-ion PMFs
Figure 6 and Figure 7 display the multi-ion PMFs corresponding to the 1.0 M symmetric KCl
concentration GCMC/BD simulations at zero current and zero membrane voltage shown in
Figure 4 and Figure 5, respectively. These multi-ion PMFs are quite different from the single
ion PMFs shown in Figure 2 and Figure 3 due to multi-ion screening. In the case of wt-αHL,
the single ion K+ and Cl− PMFs in Figure 2 a differ from each other by up to about 9 kcal/mol,
whereas the corresponding multi-ion PMFs in Figure 6 a are very similar, with a maximum
difference of less than 1 kcal/mol. This shows the importance of multi-ion effects in wide pores
like αHL.
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Ionic shielding is the main multi-ion effect in aqueous solution. It reduces the electrostatic
interactions between αHL and the ions therein as well as the ion-ion interactions themselves.
Thus, the impact of electrostatic interactions in wide pores should decrease with increasing ion
concentration and the shape of a pore should become more important. This shape effect is
evident in all multi-ion PMFs (see Figure 6 and Figure 7), because there is almost no difference
between the K+ and Cl− PMFs in the wide cavity at the cis entrance of the pore (from about
40 Å to 84 Å), although the corresponding parts of the single ion PMFs (see Figure 2 and Figure
3) are always several kcal/mol apart. The reason for this effect is that ions in the wide cavity
are able to shield each other from the electrostatic field of the protein. On the other hand, the
multi-ion PMFs for K+ and Cl− in the (M113F)7·βCD and (M113N)7·βCD systems differ
significantly close to the βCD molecules (see Figure 6 c and Figure 7 b). This is caused by the
narrow βCD pore, which decreases the channel radius locally and reduces ionic shielding in
its surrounding compared to the wider apo structures (M113F)7 and (M113N)7 (see Figure 6
b and Figure 7 a).

Reversal potentials
The reversal potential with asymmetric concentration is the most standard measure of ion
selectivity. The larger the magnitude of the reversal potential, the more selective is an ion
channel. Figure 8 shows I-V curves from GCMC/BD simulations with asymmetric salt
concentration. In Figure 8 a the salt concentration was 1.0 M KCl on the cis side and 0.2 M
KCl on the trans side of the membrane and in Figure 8 b 0.2 M KCl on the cis side and 1.0 M
KCl on the trans side. The corresponding reversal potentials are those voltages which belong
to zero current.

The reversal potentials from Figure 8 are listed in Table 1. They have large uncertainties, but
there is a clear trend that the magnitude of the reversal potential increases after adding βCD to
a channel, although the calculated magnitudes tend to overestimate the corresponding
experimental ones.9,13 Additional tests indicate that the overestimated reversal potentials are
due to the rigid protein structure approximation used in the GCMC/BD simulations. Even
though the channel structure is extremely stable, all-atom MD simulations of αHL in an explicit
membrane have shown that that there is a range of dynamics and that the interior of the pore
is flexible.21 In particular, this flexibility allows charged and polar residues in the pore lumen
to adjust and respond to electrostatic fields, so that direct Coulomb interactions are partly
reduced. The rigid pore in the present GCMC/BD simulations does not fluctuate, giving rise
to stronger electrostatic interactions and slightly overestimated reversal potentials. To illustrate
the effect of a reduced electrostatic field, GCMC/BD simulations of wt-αHL with all protein
charges scaled down by a factor of 0.5 were carried. The resulting reversal potentials are close
to the corresponding experimental values (see Table 1). This problem appears to be more acute
for the simulations of αHL without βCD. For αHL mutants with bound βCD, the approximation
of the rigid structure used in the GCMC/BD simulations is more accurate, because the
fluctuations of the residues in the narrowest part of the pore are restricted by the βCD molecule.
As a result, there is better agreement between experiment and simulation.

Table 1 also contains reversal potentials from additional GCMC/BD simulations with
asymmetric KCl concentration. In one wt-αHL system, a dielectric constant of 4 instead of 2
was used within the protein and the membrane. This increase in the dielectric constant has no
significant effect on the reversal potential. In another wt-αHL system, the reaction field energy
ΔWrf was omitted, which increases the magnitude of the reversal potential. The results of
Noskov et al.18 for wt-αHL have lower reversal potential magnitudes.

In addition to the crystal structures of the αHL mutants (M113N)7 and (M113F)7, paper I22

also discusses respective mutants which were modeled using wt-αHL as a template. The free
energy profiles of these mutant models are similar to the corresponding wt-αHL profile, but
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deviate from the profiles calculated for the (M113N)7 and (M113F)7 crystal structures. This
is due to minor variations in the protein structures, which also cause the differences between
the reversal potentials of the mutant models and the corresponding crystal structures in Table
1. The differences are significant, in particular in the case of (M113N)7, and show that the
effect of structural variations is not negligible. In the cases of the mutant models equipped with
βCD and the respective crystal structures, this effect is also evident.

Table 2 contains the reversal potentials from GCMC/BD simulations of wt-αHL with different
asymmetric salt concentrations [KCl]cis and [KCl]trans. The value of the ratio [KCl]cis/
[KCl]trans is the same in all cases. The results show that the reversal potential increases
significantly by decreasing the ion concentration. That is, the ion selectivity depends strongly
on the number of ions in the pore and multi-ion effects have to be taken into account in order
to understand the charge specificity of αHL.

Lastly, it is worth pointing out that there is no simple and direct relationship between the
reversal potentials and the multi-ion PMFs shown in Figure 6 and Figure 7. The latter were
extracted from equilibrium BD simulations under symmetric concentration at zero current and
zero membrane voltage, whereas the reversal potential results from a complex interplay
between different factors in nonequilibrium simulations under asymmetric conditions. As
shown by a comparison of Figure 2 and Figure 3 with Figure 6 and Figure 7, the effective
PMFs of ions along the pore is extremely sensitive to the local ion concentration. Clearly, the
local average ion concentration in the nonequilibrium simulations modulates the amount of
multi-ion screening, which in turn, quantitatively controls the reversal potential.

Conclusion
In this second part of the study on ion selectivity of engineered αHL channels with βCD adapter,
the impact of multi-ion effects was investigated using GCMC/BD simulations. That βCD is
not ion selective on its own was already a result of the first part of the study,22 but it is confirmed
here from the highly similar results of the GCMC/BD simulations for (M113N)7·βCD and
(M113N)7·βCD with uncharged βCD.

The I-V curves calculated with the GCMC/BD algorithm at symmetric salt concentration are
in good agreement with experiments and show a significant increase in anion selectivity after
lodging βCD into an αHL pore. This trend was also seen in the reversal potentials from
simulations at asymmetric salt concentrations. Further simulations of wt-αHL with asymmetric
salt concentrations showed that an increase in salt concentration causes a decrease in ion
selectivity, which can be explained by ion shielding of the electrostatic field induced by the
protein. In a recent article,43 it was demonstrated that such concentration effects can help to
distinguish different molecule species from each other in stochastic sensing experiments.

Comparisons between single and multi-ion PMFs showed that, in addition to electrostatic ion-
protein interactions, multi-ion effects in combination with the pore shape play an important
role for ion selectivity. In particular, the wide cavity at the cis side of the channels provides
enough space for ion shielding, which makes this pore region non-selective in the multi-ion
case, although the single ion PMFs are selective there. On the other hand, the narrow βCD
region prevents ion shielding and, thus, enables strong ion-protein interactions. In addition,
the first part of the study22 showed that an ion inside the narrow βCD molecule gets partially
desolvated. These results complement each other and explain why βCD increases the anion
selectivity of αHL. It is mainly because βCD reduces locally the ion shielding and also the
water shielding of the strong electrostatic field induced by the nearby ring of seven Lys147
residues.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
GCMC/BD simulation system based on the crystal structure of (M113N)7·βCD (Montoya and
Gouaux, unpublished). Parts of the protein and the membrane are truncated to open a view into
the channel lumen. The cut surface is grey. The protein surface is colored according to the
electrostatic potential (blue is positive, red negative). The slab surrounding the lower part of
the channel represents the low dielectric core of the membrane. The βCD molecule (magenta)
is lodged at the narrowest part of the pore. Note, in (M113F)7·βCD the orientation of the βCD
ring is upside down.13 The simulation box (big black frame, 62Å×62Å×132Å in size) contains
K+ (yellow) and Cl− (green) ions, which are the only moving parts of the simulation system.
Buffer regions (small black frames, 3Å thick) are located on both ends of the simulation box.
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Within these buffers a GCMC algorithm is creating and destroying ions to keep the chemical
potential on the cis and the trans side of the membrane constant. The image was produced
using the program UCSF Chimera.32 The electrostatic potential was computed with the
adaptive Poisson-Boltzmann solver (APBS).33
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Figure 2.
Single ion PMFs from BD simulations (solid lines) for (a) wt-αHL, (b) (M113F)7, and (c)
(M113F)7·βCD extracted from BD simulations via Eq. (4). Also shown in dashed lines are the
free energy profiles W(x = 0, y = 0,z) of a single K+ or Cl− located along the channel axis
calculated via Eq. (2). The BD PMFs are aligned with the corresponding dashed lines.
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Figure 3.
Single ion PMFs from BD simulations (solid lines) for (a) (M113N)7, (b) (M113N)7·βCD, and
(c) (M113N)7·βCD with all charges on the βCD atoms set to zero Free energy profiles of a
single K+ or Cl− located along the channel axis calculated via Eq. (2) are shown as dashed
lines. See Figure 2 for further information.
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Figure 4.
I-V curves from GCMC/BD simulations with symmetric salt concentration (1.0 M KCl on
cis and trans side). (a) wt-αHL (including experimental results measured at pH 5.0 and pH 7.5
using a symmetric salt concentration of 1 M NaCl10), (b) (M113F)7, and (c) (M113F)7·βCD
(including experimental results for this channel without and with covalent linker between
protein and βCD13).
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Figure 5.
I-V curves from GCMC/BD simulations with symmetric salt concentration (1.0 M KCl on
cis and trans side). (a) (M113N)7, (b) (M113N)7·βCD (including experimental results for this
channel without and with covalent linker between protein and βCD13), and (c)
(M113N)7·βCD with all charges on the βCD atoms set to zero.
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Figure 6.
Multi-ion PMFs from GCMC/BD simulations at zero current and zero membrane voltage with
1.0 M symmetric KCl concentration for (a) wt-αHL, (b) (M113F)7, and (c) (M113F)7·βCD.
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Figure 7.
Multi-ion PMFs from GCMC/BD simulations at zero current and zero membrane voltage with
1.0 M symmetric KCl concentration for (a) (M113N)7, (b) (M113N)7·βCD, and (c)
(M113N)7·βCD with all charges on the βCD atoms set to zero.
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Figure 8.
I-V curves from GCMC/BD simulations with asymmetric salt concentration. (a) 1.0 M KCl
on cis side and 0.2 M KCl on trans side (location of cis and trans side is indicated in Figure
1). (b) 0.2 M KCl on cis side and 1.0 M KCl on trans side. The reversal potential of a simulation
system is the voltage at the intersection of the corresponding I-V curve with the zero current
axis.
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Table 1

Reversal potentials from Figure 8 and from additional GCMC/BD simulations.

System Reversal potential [mV]

1.0M/0.2Ma 0.2M/1.0Ma

GCMC/BD Exp. GCMC/BD Exp.

wt-αHL −10±4 −3.7g 16 ± 7 9.1g

wt-αHLb −5±7 9 ± 5

wt-αHLc −9±5 16 ± 4

wt-αHLd −14±4 19 ± 6

wt-αHLe -−0.5 11.2

(M113N)7 −24±8 −2.2g 27 ± 3 6.0g

(M113N)7
f −10±5 20 ± 4

(M113N)7·βCD −34±18 −32.3g 27 ± 8 29.7g

(M113N)7·βCDf −25±15 28 ± 10

(M113F)7 −6±9 −5.0h 18 ± 4 11.4h

(M113F)7
f −13±5 19 ± 4

(M113F)7·βCD −43±14 −26.0h 28 ± 6 28.3h

(M113F)7·βCDf −28±16 19 ± 10

a
Ratio of salt concentrations [KCl]cis/[KCl]trans

b
Protein charges scaled by a factor of 0.5

c
Dielectric constant of 4 instead of 2 within the protein and the membrane

d
Simulations without reaction field

e
Results from Noskov et al.;18

f
Mutant models generated from the wt-αHL structure

g
Experimental results taken from Ref. 9

h
Experimental results for the similar systems (M113F)6(M113C-D8RL2)1 and (M113F)6(M113C-D8RL2)1·βCD possessing a covalent linker

between protein and βCD.13
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Table 2

Reversal potentials from GCMC/BD simulations of wt-αHL with different asymmetric KCl concentrations.

[KCl]cis/[KCl]trans Reversal potential [mV]

0.4M/2.0M 12±4

0.2M/1.0M 16±7

0.1M/0.5M 24±6

0.02M/0.1M 31±5
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