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Abstract

The a-hemolysin (aHL) is a self-assembling exotoxin that binds to the membrane of a susceptible
host cell and causes its death. Experimental studies show that electrically neutral s-cyclodextrin
(BCD) can insert into the aHL channel and significantly increase its anion selectivity. To understand
how SCD can affect ion selectivity, molecular dynamics (MD) simulations potential of mean force
(PMF) calculations are carried out for different aHL channels with and without fCD adapter. A
multiscale approach based on the Generalized Solvent Boundary Potential (GSBP) is used to reduce
the size of the simulated system. The PMF profiles reveal that SCD has no anion selectivity by itself,
but can increase the CI™ selectivity of the aHL channel when lodged into the pore lumen. Analysis
shows that SCD causes a partial desolvation of ions and affects the orientation of nearby charged
residues. The ion selectivity appears to result from increased electrostatic interaction between the
ion and the channel due to a reduction in dielectric shielding by the solvent. These observations
suggest a reasonable explanation of the ion selectivity and provide important information for further
ion channel modification.
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Introduction

a-Hemolysin («HL) secreted by the bacterium Staphylococcus aureus is an exotoxin involved
in a number of human diseases.1 =2 It can self-assemble on lipid bilayers of a susceptible host
cell membrane to form a wide heptameric pore.* Uncontrolled permeation of water, ions and
small organic molecules through this wide transmembrane pore can then lead to the death of
the host cell.> Being a particularly robust structure, aHL has many potential applications in
biotechnology, such as single-molecule detection,510 single DNA sequencing, !
nanochemistry,12:13 nano-electro-osmotic transportation,14 and modulation of ion selectivity.
15 Important aspects of aHL as a promising scaffold for synthetic ion channels are: 1) it can
bind to various biological or synthetic lipid bilayers readily and spontaneously; 2) once bound
to the membrane, it is stable over a wide range of pH and temperature; 3) it can be modulated
in many ways to adjust ion selectivity. Experimental studies show that the wild type aHL
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displays a weak anionic selectivity and this selectivity can be increased by mutation of residues
lining the lumen of the channel,16 and by noncovalent”-15=17 or covalent linkage® of a cyclic
polysaccharide ($-cyclodextrin) in the lumen of the pore. For example, the (M113N)7 mutant
and (M113F); mutant aHL channels have been reported to be able to bind the g-cyclodextrin
(5CD) noncovalently for 104 times longer than the wild-type aHL16:17 and become highly
chloride ion selective.1> However, ACD is an electrically neutral molecule and the underlying
mechanism for the high chloride selectivity is unclear. To facilitate the chemical ion channel
design, it is essential to understand how SCD improves the anion selectivity of the channel.
Because ion selectivity is often dominated by relative free energy differences, molecular
dynamics potential of mean force (PMF) calculation is a powerful approach to deepen our
understanding of the ion selectivity mechanisms at the atomic level. Here, molecular dynamics
(MD) free energy simulations are carried out for different oHL channels with and without
SCD adapted inside. To reduce the size of the simulated system, a multiscale approach based
on the Generalized Solvent Boundary Potential (GSBP) is used whereby the local system is
simulated with atomic detail and the effects of the surroundings are approximated with
continuum electrostatics.1®

The outline of the article is as follows. In the following section, the theoretical background,
the system preparation and details about the simulation are briefly described. Then, the
interactions of isolated #CD with ions are calculated, first in vacuum and then in explicit water
solvent. The free energy of ion passage through the fCD adapted channel (M113N)7-#CD and
(M113F)7-ACD is investigated and compared with the free energy in the isolated channels and
wild-type channel. Finally, the main results are summarized in the last section.

Atomic model and GSBP method

The CHARMM PARAM2720 force field was used for the protein and the TIP3P was used for
the water molecules.?! The generalized AMBER force field (GAFF)22 was used to model
SCD. The topology and parameters of fCD for CHARMM were generated with
ANTECHAMBER 1.2723 and with AM1-BCC?4 partial charges (provided in Supplementary
Material: Table S1 and S2). The electrostatic potential surface of SCD (Figure 3) was produced
using Molecular Operating Environment, version 2007.09 (Chemical Computing Group,
Montreal), and AM1-BCC partial atomic charges.2 A Gaussian surface was generated, and
potential was calculated using the Poisson-Boltzmann (PB) equation.?®> The parameters for
K* and CI~ were taken from reference 26, Five channel systems were generated using
CHARMMZ7:28 on the basis of available X-ray structures. They are: wild-type aHL,2°
(M113N)7, (M113F)7, (M113N)7:4CD and (M113F)7-fCD (Montoya and Gouaux,
unpublished). However, there are one side chain missing in (M113F); crystal structrue
(Lys110—Gly110) and two side chains missing in (M113N)y crystal structure
(Tyrl48—Alal48, Leul288—Gly1288). We modified the (M113F)y structure by adding back
the charged Lys110, while keeping the (M113N)7 crystal structure unchanged. Hydrogen
atoms were added using the HBUILD facility in CHARMM. The protonation state of the
channels was chosen as in Noskov et al.3 In the simulations the channel structures are oriented
with their pore along the z-axis. The negative z-axis corresponds to the intracellular side
(trans side) and the positive z-axis corresponds to the extracellular side (cis side). The center
of the implicit membrane is located at z = 0 A, extending in the x and y directions with a
thickness of 25 A (Figure 1). In the X-ray structures, the seven glucose 6-OH groups of SCD
point toward the trans side in the (M113N)7-SCD channel, but toward the cis side in the
(M113F)7-SCD channel. The center of mass of SCD is located approximately on the z-axis
around 25 A in the (M113N)7-5CD system and at 26 A in the (M113F);:4CD system.
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The GSBP method implemented into the PBEQ module31=33 of the CHARMM program, was
used to simulate a reduced atomic model of aHL. The multiscale approach based on the GSBP
is similar to the semi-microscopic approach in existing literatures.34=37 The theoretical
foundation about GSBP method can be found in 19. In our simulation, a spherical inner region
was centered at (0.0, 0.0, 30.0), with a radius of 20 A. The inner region was extended by 3 A
to define a smooth spherical dielectric cavity of 23 A. Protein atoms near the edge of the
boundary were fixed during the simulation. In the inner region (see Figure 1 for top view and
side view), the protein, the cyclodextrin, and the solvent molecules were simulated explicitly
with all-atom MD simulations. In the outer region, the remaining protein atoms and solvent
were treated implicitly. The influence of the surrounding outer region on the atoms of the inner
region is represented in terms of a solvent-shielded static field ¢ and a solvent-induced
reaction field ¢.t. The reaction field due to changes in charge distribution in the dynamic inner
region is expressed in terms of a basis set expansion of the inner region charge density. The

solvent-shielded static field from the outer region goi‘f’) and the reaction field matrix A7,
representing the couplings between the generalized multipoles were calculated once and
recalled during the later simulations. Dielectric constants were assigned values of 80 for
solvent, and 2 for both protein and membrane. The finite-difference PB calculation was solved
with periodic boundary conditions in the xy-plane. The KCI concentration was assumed to be
150 mM in the bulk solvent. The reaction field matrix and static field were calculated using a
1113 coarse grid with a grid spacing of 3.0 A, followed by a 1613 fine grid centered at the
center of mass of ACD with a grid spacing of 0.5 A. The reaction field matrix was built using
25 basis functions of 5 multipoles without sorting. After defining the inner region and
calculating the static field and reaction field matrix, the inner region system was hydrated with
explicit TIP3P water molecules. We used 20 cycles of 10000 steps of MC followed by 10000
steps of Langevin dynamics. The MC consists of rigid body translation, rotation and GCMC
(grand canonical Monte Carlo) moves with equal probability. A friction coefficient of 5 ps~1
was assigned to all nonhydrogen atoms for the Langevin dynamics.

The potential of mean force

The 1D-PMF W (z) was calculated using umbrella sampling,38 in which a set of equally spaced
simulations were biased by the quadratic potential w;(z) = (1/2)k;(z-z;)? to restrain the ion near
specific positions z;j along the z-axis; 61 independent windows, separated by 0.5 A increments
in the z direction from 15 A to 45 A, were simulated with Langevin dynamics. A force constant
of 5 kcal/mol/A2 was used for the harmonic potential to ensure overlap of neighboring
windows. A time step of 2 fs was used for all simulations and a friction constant of 5 ps~! was
applied to all nonhydrogen atoms. Each window simulation started from the configuration
equilibrated during 20 ps with the ion near the constraint position. 500 ps of trajectory was
generated for each window. The results were unbiased using the weighted histogram analysis
method (WHAM),39 with a bin size of 0.05 A and a stringent tolerance of 0.0001 kcal/mol on
every point in the PMF.

For calculating the PMF of one ion passage through SCD in explicit solvent, the SCD is located
in the center of a cylinder of TIP3P water molecules. The cylinder of solvent contains 404
TIP3P molecules and is about 62 A in length and 7.6 A in radius. Periodic boundary conditions
were used for the cylinder system (tetragonal box 31x31x62 A3 with cutoff distance 15 A).
The parameters for umbrella sampling are the same as in the channel system described above.

PB computations

Continuum electrostatic calculations were carried out by moving one ion along the z-axis by
1.0 A increments through the whole channel. The aqueous solution (including the water-filled
cavity at the center of the channel) was represented as a uniform continuum media with a

dielectric constant of 80. The channel with all explicit atoms was embedded into a low dielectric
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planar slab simulating the membrane, represented as a uniform slab of 25 A thickness with a
dielectric constant of 2.40 The crystal structures were used. The dielectric constant of the protein
interior was assumed to be 2. All calculations were performed using the PBEQ module,31733
implemented in CHARMM.27:28 The atomic charges were taken from the all-atom PARAM27
force field of the CHARMM program and the atomic radii used to define the protein-solvent
dielectric boundary were taken from previous free energy simulation studies with explicit water
molecules.3! Each PB calculation was performed in two steps with a cubic grid of 2403 points,
starting with a grid spacing of 1.0 A, followed by a focusing around the main region with a
grid spacing of 0.5 A.

Position-dependent diffusion coefficient of ions

The position-dependent diffusion coefficient of K* and CI~ inside the SCD were calculated
from the umbrella sampling MD trajectories using the GSBP reduced (M113N)7-#CD system.
The details about the simulations are the same as described in the PMF calculations, except
that the Langevin dynamics was turned off within a radius of 12 A from the center by setting
the parameter RBUF=12. The theoretical formulation used here was previously elaborated by
Hummer,*! based on an early development by Woolf and Roux.*2 Briefly, the position-
dependent diffusion coefficient D(z) along the z-axis aligne with the pore is expressed as,

(62)

T 1)

D(zi)=

where z(t) is the position of the ion along the z axis, dz(t) = z(t) — (z) (i), and zj is the correlation
time extracted from the biased simulation with the ith window potential,

(62(1)62(0)) (5

T,'medl
2 <5Zz>(,’) (2)

The diffusion coefficients in bulk are computed from additional MD simulations in which a
K* or CI~ was placed in a droplet of about 600 explicit TIP3P water molecules, contained by
the reactive spherical solvent boundary potential (SSBP).26 The ion was restrained near the
center of the droplet by a harmonic potential. The diffusion coefficients in bulk calculated using
the same equations (1' 2) are 0.33 A2/ps for both K* and CI~, which is in agreement with a
previous MD study.43

Results and Discussion

lon selectivity of BCD

Figure 3 shows the electrostatic potential surface of SCD calculated in vacuum. The potential
is slightly more positive through the lumen of the cyclodextrin (blue and red surfaces indicate
a positive and negative potential, respective). The ion selectivity of SCD alone was first
examined by moving one ion through ACD in vacuum. The results are shown in Figure 4A.
The vacuum inter-actionn energy profiles of K* and CI~ has symmetric and opposite
interactions, mainly due to the charge distribution of the fCD. In vacuum, the passage of CI~
is opposed by a larger energy barrier than K*. As shown in Figure 4B and D, the large energy
barriers observed in vacuum are considerably reduced by the influence of solvation. In Figure
4B, the electrostatic free energy of a single ion passing through SCD was calculated using
continuum electrostatics Poisson-Boltzmann (PB). In Figure 4D, the corresponding free energy
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profiles were calculated using umbrella sampling MD simulations with explicit solvent
molecules. The latter reveal relatively complex interactions, due in part to solvation and
desolvation effects of the ions as they pass through the small aperture of fCD. Nevertheless,
while there are quantitative differences, both Figure 4B and D show that  CD, by itself, is not
selective for CI™ over K* when solvation effects are taken into account.

lon selectivity of isolated ion channel and BCD adapted ion channel

The influence of the SCD and the pore architecture on the ion transfer is investigated for five
aHL channel systems: wt-aHL, (M113N)7, (M113F)7, (M113N)7-4CD and (M113F)-5CD.
For each system, the PB calculations and the PMF calculations were carried out as described
in Method section. The channel pore radius of the crystal structures versus position along the
channel axis (Figure 2) shows that there are two constriction regions inside the channels. The
first one is at the top of the f-barrel (near z = 30 — 35 A), with the total charge of +7e (7 Glu
and 14 Lys residues). The second constriction region is at the transmembrane domain (near z
=0 A), with the total charge of —7e (7 Lys and 14 Asp residues). The free energy in the PB
calculations is dominated by these two regions. Figure 5 shows the electrostatic free energy
profiles obtained from PB calculations by moving one ion along the z-axis through the five
channels. These profiles show that the free energy minima for CI~ (solid lines) and maxima
for K* (dashed lines) are located between z ~ 30 to 35 A. In the transmembrane region (z
between —12 and 12 A), the free energy of CI~ goes up and that of K* goes down. These
electrostatic free energy profiles correspond to the common feature of the aHL structure.

The structural difference among three channels, wt-aHL, (M113N), (M113F)7, is only at
residue 113, which is located near z = 29 A. The large change in the electrostatic free energy
profiles with the neutral mutation is actually caused by different orientation of Asp128 and
Lys131 side chains at the bottom of the crystal structures. This can be confirmed by re-
constructing the (M113N)7 and (M113F); mutants from the wt-aHL X-ray structure, while
keeping the configura-tion of the other side chains unchanged. The PB calculations on these
model structures, shown in Figure 6, confirm that the residue 113 does not give rise long range
effectin the transmembrane region. Comparing the energy profiles in the fCD adapted channels
(red lines) with the isolated channel (black lines), Figure 5b and ¢ both show that the
electrostatic free energy barrier between CI~ and K* is higher in the ACD adapted channels
than in the isolated channel.

Figure 7 shows the PMF of CI~ (red line) and K* (blue line) in the GSBP inner region of the
five channels. The PMF profiles of the isolated channels (Figure 7a, b, and c) are relatively
smooth and symmetric, similar to the electrostatic free energy obtained from PB calculations
(dashed lines). These profiles suggest that the ion selectivity in the isolated channels is
dominated by electrostatic interaction between the ion and the channel. The largest free energy
difference between CI~ PMF and K* PMF are found near z ~ 35 A in wt-oHL and the
(M113F); (Figure 7a and c), and near z ~ 31 A in the (M113N); mutant (Figure 7b). Those
positions correspond to the narrowest region in each channel, where seven Lys147 residues
are located (see the pore radius profile Figure 2). The position of the narrowest region in the
(M113N)7 is lower along the z-axis than the other channels because of the different orientations
of Lys147 residues. The shapshots of partial X-ray structures in Figure 8 show that Lys147
residues are pointing upwards in both wild-type and the (M113F)7, while they are pointing
slightly downwards in the (M113N);. The Lys147 has a considerable impact on the PMF
because the 7 positively charged side chains form a narrow ring, giving rise to a very strong
electrostatic field in this region of the pore.

Figure 7d and e show the PMF of CI~ and K* in SCD adapted channels. These PMF profiles
are clearly distinct from the one without SCD (Figure 7b and c). The CI- PMF in
(M113N)7-BCD channel features three distinct areas (Figure 7d). As illustrated in the inserted
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snapshots, the PMF in unfavorable when CI™ goes through the fCD. The local energy barrier,
similar to Figure 4D, reaches a maximum at z ~ 26 A, near the center of the SCD. Then, the
free energy goes down and reaches a minimum when the CI~ exits the SCD cavity. The K*
PMF remains unfavorable, displaying no region of appreciable stabilization in the inner region.
Similar features are also found in (M113F);-SCD profiles (Figure 7e).

The effect of BCD in the mutant channels

The PMF profiles show that the SCD can change the free energy of CI~ and K* near the adapter
region. Further analysis was performed to elucidate the role of the SCD in the lumen of the
pore. First, CD causes the partial desolvation of both ions. Taking the (M113N)7-fCD system
as example, the average number of water molecules in the first solvation shell of CI™ (red lines)
and K* (black lines) are shown in Figure 9. The first solvation shell radii are 3.7 A for CI~ and
3.5 A for K*, based on the radial distribution function (RDF) curves (not shown here).
Comparing the water profile in (M113N)7-4CD (solid lines) with the one in the isolated channel
(dashed lines), about two water molecules are removed when CI~ or K* approaches the small
rim of SCD (position a in Figure 9). When the ions are near this position, the primary hydroxyl
groups on SCD are able to rotate freely and interact with both CI~ or K*. The snapshots in
Figure 9 a show typical configurations of ions with their hydration shell near this position
(CI™ in green, K* in yellow). After entering the SCD cavity, both ions stay in the center of the
cavity and no special interaction is observed (snapshots b). Hence the first solvation shell is
partially restored in the fCD cavity (position b in Figure 9). When the ions exit the fCD and
approach the Lys147 ring, there is a strong electrostatic interaction between the ions and
positive amino groups of Lys147 (snapshots ). However, the first solvation shell of K* remains
intact, while the CI™ loses one water molecule, as shown in the water profile (position c in
Figure 9). This can be explained by the strong electrostatic interaction between CI~and Lys147,
which disrupt the hydration shell of the anion. The presence of SCD also affects the orientation
of the side chain of Lys147. The angle distributions of Lys147 side chain (Supplementary
Material, Figure S1) suggests that SCD can restrict the rotation of Lys147 by forming hydrogen
bonds between hydroxyl group on SCD and Lys147 side chain in (M113N); mutant. The
(M113F)7-5CD profile (Figure S1 d) also suggests that the partial desolvation of CI™ caused
by BCD increases the electrostatic interaction between CI™ and the positively charged Lys147
residues.

Position-dependent diffusion coefficient

At this point, our analysis has been exclusively focused on structural and energetic factors
associated with ion movement. However, permeation can also be affected by purely dissipative
factors, such as the friction or mobility coefficient along the pore.*4 For instance, the position-
dependent diffusion coefficient of ions is a central input parameter in many theoretical
descriptions of permeation.*3:45-47 To determine whether this plays an important role on the
anionic selectivity induced by SCD, the diffusion coefficients of K* and CI~ along the pore
axis were calculated using biased simulations. The umbrella sampling MD trajectories of
(M113N)7-8CD were used. The diffusion coefficient profiles of K* and CI™ as a fraction to
bulk values along the channel axis (15 < z < 35) shown in Supplementary Material (Figure S2).
The bulk value is 0.33 A%/ps for both K* and Cl~as observed in previous studies of OmpF.43:
47 The average fraction of bulk diffusion coefficient inside the SCD (21 < z < 29) is about 0.115
for both K* and CI™. There is a reduction by about a factor of 10 in the narrowest part of the
pore relative to the bulk. In a continuation of the present study,*8 the information about the
position-dependent diffusion coefficients of K* and CI~ calculated here from all-atom MD
simulation with explicit solvent will be incorporated into Brownian Dynamics (BD)
simulations and generate multi-ion GCMC/BD simulations.*® The present results will be
important to calibrate the BD simulations, particularly within the narrowest region in the pore
through the SCD.
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Conclusion

We have performed PMF calculations for five different «HL channels to elucidate the ability
of a SCD adapter to increase the anion selectivity of these channels. The free energy profiles
suggest that SCD alone has no intrinsic CI~ selectivity over K* ion, but it can increase the
CI™ selectivity of the aHL mutants when lodged inside the lumen of the pore. A detailed
trajectory analysis shows that the SCD causes a partial desolvation of the ions and also affect
the orientation of nearby charged residues. The ion selectivity appears to be improved when
the ion is less shielded by the solvent, which increase the electrostatic interaction between the
ion and the channel. These observations suggest a reasonable explanation of the ion selectivity
and provide important information for further channel modification. For example, the
cyclodextrin can be modified by adding positively charged groups to increase anion selectivity
or by adding bulky groups to increase the desolvation effect. The modified cyclodextrins can
be inserted into the channel and their effect on ion selectivity can be rapidly evaluated by the
computational inexpensive single ion PMF calculation. A large number of known
channelopathies require multiple channel modifications to adjust ion selectivity. For example,
cystic fibrosis is caused by a defect in a gene coding for an anion channel.3 The present study
shows that computational simulations provide an efficient way to predict the ion selectivity,
and could further support the experimental exploration of artificial exploration of artificial ion
channel design.

One important aspect missing from the present study is the influence of multiple ions inside
the pore. The anion selectivity displayed by the single ion PMFs with and without SCD seems
overestimated. In a wide channel like aHL, multi-ion screening is expected to impact on the
electrostatic interactions between the pore and the ions. One can expect that the multi-ion PMF
will be less dominated by the electrostatic interaction, therefore becoming more sensitive to
the geometry of the pore. This part is discussed in the follow-up study.*®

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Molecular graphics view of the GSBP simulation system for (M113N); channel with 5CD
adapter inside. The full protein is shown in cartoon style (grey), while the inner GSBP
simulation region is highlighted in yellow. Channel axis is along the z-axis. Implicit membrane
is centered at z = 0 A with thickness of 25 A. The reduced system for GSBP is zoomed in and
shown in top view and side view. The residues in the inner region, yellow ribbons; fCD, VDW
model in whole channel and licorice model in zoom-in figure; CI~, green ball; TIP3 water,
stick in atom type colors.
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20

Page 10

Pore radius profiles along the channel axis calculated using CHARMM program. wt-oHL in
black, (M113F)7 in red and (M113N)7 in blue.
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Figure 3.

S-cyclodextrin is shown as ball-and-stick models and as Connolly surfaces onto which
electrostatic potential is mapped (blue = positive, red = negative). Partial atomic charges and
force field parameters were calculated using the General Amber Force Field/AM1/BCC
method.22
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Figure 4.

(A) Interaction of K* and CI~ ions with SCD in vacuum. SCD is located at z = 25 A. The ion
is moving from 5 A to 45 A through SCD along the z-axis. (B) The electrostatic free energy
profiles of ion passage through SCD, obtained from PB calculations. SCD is located at z = 25
A. (C) The cartoon of single ion passage through SCD in the cylinder of explicit water solvent.
BCD, licorice in atom type colors; K* in yellow ball; TIP3 water in red stick. (D) 1D-PMF of
K*and CI~ passage through ACD in the cylinder of explicit water solvent.
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The electrostatic free energy profiles of ion passage through five channels, obtained from PB

calculations. The solid lines are CI~ profiles and the dashed lines are K* profile.
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100

The electrostatic free energy profiles obtained from PB calculations. The (M113N); and
(M113F)7 mutants are re-constructed from the wt-aHL X-ray structure, with the configuration
of the other side chains unchanged. The solid lines are CI™ profiles and the dashed lines are

K* profile.
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Figure 7.

1D-PMF profiles of ion passage through five channels. In PMF profiles, the red line is CI™
profile, the blue line is K* profile and the dashed line is the electrostatic free energy profile.
Three snapshots show the CI™ position corresponding to the z coordinates in the PMF profile.
SCD is in licorice with atom type colors; CI™ in green ball; protein and TIP3 water molecules
are not shown here.
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Figure 8.

The snapshots of partial segment of channels showing the orientation of Lys147 and the residue
at position 113 in three crystal structures. The (M113F); has Lys147 in the same orientation
as the wt-aHL. While in the (M113N)7 Lys147 is pointing slightly downwards.
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Figure 9.

Average number of water molecules in the first solvation shell of ion inside (M113N)7 and
(M113N)7-5CD channels. Radius cutoff 3.7 A is used for CI™ (red lines), 3.5 A for K* (black
lines). Snapshots show the typical ion and water configurations inside (M113N)7-CD channel
at ion position of (a) z~ 21 A, (b) z~ 25 A, (c) z~ 33 A. The three positions are also pointed
out in the figure. CI™ in green VDW sphere; K* in yellow VDW sphere; TIP3P water in VDW
sphere with atom type colors; both SCD and Lys147 residues are shown in licorice style with
atom type colors. Only water molecules within the first hydration shell are shown here, other
residues and water molecules are omitted for clarity.

J Phys Chem B. Author manuscript; available in PMC 2011 January 21.



