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Abstract
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Brownian dynamics (BD) in a suitably constructed potential of mean force is an efficient and
accurate method for simulating ion transport through wide ion channels. Here, a web-based
graphical user interface (GUI) is presented for grand canonical Monte Carlo (GCMC) BD
simulations of channel proteins: http://www.charmm-gui.org/input/gcmcbd. The webserver is
designed to help users avoid most of the technical difficulties and issues encountered in setting up
and simulating complex pore systems. GCMC/BD simulation results for three proteins, the voltage
dependent anion channel (VDAC), α-Hemolysin, and the protective antigen pore of the anthrax
toxin (PA), are presented to illustrate system setup, input preparation, and typical output
(conductance, ion density profile, ion selectivity, and ion asymmetry). Two models for the input
diffusion constants for potassium and chloride ions in the pore are compared: scaling of the bulk
diffusion constants by 0.5, as deduced from previous all-atom molecular dynamics simulations of
VDAC; and a hydrodynamics based model (HD) of diffusion through a tube. The HD model
yields excellent agreement with experimental conductances for VDAC and α-Hemolysin, while
scaling bulk diffusion constants by 0.5 leads to underestimates of 10–20%. For PA, simulated ion
conduction values overestimate experimental values by a factor of 1.5 to 7 (depending on His
protonation state and the transmembrane potential), implying that the currently available
computational model of this protein requires further structural refinement.
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INTRODUCTION
This manuscript describes the development and applications of a web interface to facilitate
the production of grand canonical Monte Carlo/Brownian dynamics (GCMC/BD)
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simulations,1 an open-source coarse-grained simulation tool in studies of ion transport. Ion
channels play a critical physiological role in metabolism and signaling of living cells,2 and
their malfunction is associated with numerous diseases.3,4 Engineered ion channels show
promise for nano-scale device applications including DNA sequencing and biochemical
sensors.5–7
Within the wide range of hierarchical computational approaches,8–10 coarse-grained BD
simulation11 lies between fully detailed all-atom molecular dynamics (MD) simulation with
explicit solvent molecules, and continuum-based Poisson-Nernst-Planck (PNP) mean-field
electrodiffusion theory. In a BD simulation, the trajectories of the ions are generated
explicitly while the influence of the solvent is incorporated implicitly from a continuum
dielectric model.12,13 Such an approach has a distinct advantage in the study of ion channels.
First, it provides a more realistic representation than the mean-field PNP continuum model,
which ignores the particle nature and the correlations of the diffusing ions. Second, it
enables a more efficient steady-state simulation than all-atom MD simulation, which
requires a considerable computational expense with present resources. There are, of course,
many other applications of Brownian Dynamics.13 This paper, however, focuses on utility of
BD for simulating ion channels.
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The applicability of GCMC/BD has been validated from previous simulation studies for the
outer membrane porin F (OmpF),14 α-Hemolysin (α-HL),15,16 and the voltage dependent
anion channel (VDAC).17 The simulation results agree well with experimental data and
other simulations, and have been analyzed to investigate the channel conductance, ion
selectivity, and the underlying physical mechanisms of permeation. To facilitate the use of
GCMC/BD in ion channel research, we have developed a web-based graphical user interface
(GUI) to setup GCMC/BD simulations, http://www.charmm-gui.org/input/gcmcbd.
Application of the GCMC/BD web-interface is illustrated using the simulation results of
three β-barrel pores: VDAC, α-HL, and protective antigen pore of the anthrax toxin (PA).
The simulations are based entirely on the input files generated by the interface.
The next section describes the theoretical background of GCMC/BD and its web interface
implementation. This is followed by analysis of the simulations, including a comparison of
the effects of different diffusion models for VDAC and α-HL.

METHODS
Theoretical background of GCMC/BD
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Only the mobile ions are explicitly simulated in GCMC/BD, while the influence from the
protein, lipid, and water is implicitly taken into account via effective time-invariant potential
and dielectric maps.1 This approximation represents the solvent (water) region as an ionaccessible high dielectric medium and a source of random diffusive force. The lipid
membrane is represented as an ion-inaccessible low dielectric medium. Finally, the channel
protein is represented as a rigid ion-inaccessible low dielectric region of irregular shape
containing a fixed distribution of partial atomic charges. The boundary of the irregular
molecular pore region is constructed from the molecular structure of the channel protein. In
biological systems, the protein channel usually provides the permeation pathway between
the intra- and extra-cellular regions, and the bulk solutions away from the channel on both
sides of the membrane have constant ionic concentrations. In addition, there can be a net
potential difference across the membrane generated by the function of other channels and
transporters in the living cell or by electrodes imposed in biophysical experiments. The
boundary conditions consistent with the membrane potential and bulk ion concentrations are
modeled using the GCMC algorithm in which the process of insertion and annihilation of
ions is regulated according to thermodynamic probabilities.
J Comput Chem. Author manuscript; available in PMC 2013 January 30.

Lee et al.

Page 3

NIH-PA Author Manuscript

Alternate approaches for simulating a reduced model of a transmembrane molecular pore
with explicit mobile ions and continuum dielectric solvent include the dynamic lattice
Monte Carlo dynamics of Graf et al.18 and the Boltzmann transport Monte Carlo simulation
of Ravaioli and co-workers (BioMOCA).11 These methods are based on similar physical
approximations to GCMC/BD. The GCMC/BD method differs from these methods in that it
rigorously separates the electrostatic forces into static and reaction field contributions for
enhanced computational efficiency, allows off-lattice dynamics of the explicit mobile ions,
and imposes the proper thermodynamic boundary conditions on ion concentrations using a
GCMC algorithm.1
Assuming that the dynamics of the mobile ions is overdamped due to high friction in
solvent, the ion trajectory is generated via the BD equation,12,19

(1)
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where rα denotes the position of an ion α, is the multi-ion potential of mean force (PMF),
D is the diffusion constant, and ζ is the random Gaussian noise representing water collision
to mobile ions. The forces acting on the mobile ions are calculated from the spatial gradient
of the multi-ion PMF, ,

(2)

where φsf is the electrostatic potential from protein charges and transmembrane potential, φrf
is the reaction field potential arising from the dielectric hetero-junction between solvent,
protein, and lipid, Ucore is the core-repulsive steric potential from ion-inaccessible region
(protein and lipid), and uαγ is the ion-ion potential including the dielectric-screened
Coulombic electrostatic, Lennard-Jones, and water-mediated short-range terms.14 The ionion interactions are updated at every BD time-step while the other potential terms, Ucore, φsf,
and φrf, are calculated from lookup tables computed before the GCMC/BD simulation.
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Step-by-step illustration for the GCMC/BD web interface
While the GCMC/BD program is standalone and freely available, a web interface to
generate the necessary input files is implemented in CHARMM-GUI,20
http://www.charmm-gui.org, in order to take advantage of various functional utilities in
CHARMM-GUI. As shown in Fig. 1, the GCMC/BD module consists of five steps: STEP 1
for ion channel PDB structure file reading; STEP 2 for channel re-orientation (if necessary);
STEP 3 for generation of atomic radii and charge maps of the protein; STEP 4 for
calculations of look-up potential maps; and STEP 5 for GCMC/BD trajectory generation.
STEP 1 reads in the ion channel PDB structure file either from the public-accessible
databases such as RCSB Protein Data Bank21 (PDB, http://www.rcsb.org) and Orientations
of Proteins in Membranes database22 (OPM, http://opm.phar.umich.edu), or from the user’s
specification. STEP 2 manipulates the placement of the input PDB file in the membrane
according to user-specified orientation (the Z-axis as the membrane normal by definition).
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STEP 3 generates the protein fixed charge map, atomic radii map, and Stern radii map,
which are merged in the next step to calculate the potential map calculations in the next step.
For example, the atomic radii and charge maps are used to calculate the electrostatic
potential map by solving the Poisson-Boltzmann (PB) equation with appropriate dielectric
boundary setup, and the Stern radii map is used to calculate the repulsive (steric) potential
map to define the ion-accessible region in the system. STEP 4 calculates the grid-based
potential maps PHIV (Ucore), PHIX (φsf), and RFPAR (φrf). The user can also specify bath
concentration and transmembrane potential in this step. STEP 5 generates the input file for
the GCMC/BD simulation. The user can specify the location of the constant concentration
regions (buffer) and assign the space-dependent diffusion profile along the conducting
direction (see the next section). The web interface executes input files and provides the
corresponding outputs for the first three steps using CHARMM,23,24 while STEP 4 and
STEP 5 must be performed on the user’s local computer. The source codes and the user
manual for STEP 4 (PB/PNP) and STEP 5 (GCMC/BD) are also downloadable at the
GCMC/BD web interface.
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The main outputs from GCMC/BD simulations are the ionic currents and the time-averaged
ion number profiles along Z. In addition, the user can produce ion coordinate files
(CHARMM-format CRD) for ion trajectory analysis. The current-voltage (I-V) relation can
be translated into channel conductance (G = I/V), and the current ratio between cation and
anion can be computed to quantify ion selectivity. The average ion number profile at zero
transmembrane potential (Vmp = 0) can be converted to the one-dimensional (1D) multi-ion
),17 which represents the mean potential acting on an ion along the channel axis
PMF (
(Z), including the contributions from protein-ion, ion-ion, and ion-solvent interactions, and
the volume exclusion effect (i.e., variation in ion accessible cross-sectional area).
is
expressed as

(3)

where α is the ion type and Cref is the arbitrary reference concentration that is set to the bulk
concentration to make
(Z) → 0 as |Z| → ∞.
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The I-V curve from an asymmetric solution can be used for the calculation of ion selectivity
by measuring the reversal potential (Vrev). The permeability ratio (p) for ion selectivity
(anion over cation) can be calculated from Vrev using the Goldman-Hodgkin-Katz (GHK)
current equation2:

(4)

By convention, the cis-side (top, Z > 0) corresponds to the extracellular region and the transside (bottom, Z < 0) to the intracellular region. The conversion of Vrev into p using the GHK
current equation has been traditionally used for quantifying ion selectivity from experiments
because it is experimentally impractical to separate each ion current from total current.
Diffusion Profile
The diffusion constant of mobile ions is an important physical parameter in Langevin or BD
simulations; the ionic flux is proportional to the diffusion constant. While ion diffusion
J Comput Chem. Author manuscript; available in PMC 2013 January 30.
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constants in bulk solution have been measured, there exists no generally accepted spacedependent diffusion constant model in the vicinity of or inside the pore. We have
implemented/compared two types of space-dependent diffusion profiles. The first is based
on MD simulations (single-valued inside the pore), and the second is the hydrodynamic
(HD) model.25,26 The single-valued diffusion model assumes a uniform diffusion constant
inside the pore that is connected to the bulk value using a switching function.14 The HD
model is derived from the assumption of a rigid sphere moving through a rigid cylindrical
pore. The Z-dependent diffusion constant is related to the bulk diffusion constant by the
scale factor:

(5)

where β denotes the ratio between the ion radius and the pore radius (Rion/Rpore) at each
value of Z. The scale factor decreases as the ionic radii increases. The Lennard-Jones radii
were used as the ionic radii. In the GCMC/BD web interface (STEP 5), the user can assign
the diffusion constant in the system using (i) the bulk value, (ii) the single-valued model
inside the pore, (iii) the HD model, or (iv) a user-generated profile.
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Three β-barrel pores and other physical parameters
To test the GCMC/BD web interface and illustrate its efficacy, we selected three β-barrel
pores (VDAC, α-HL, and PA) and performed GCMC/BD simulations using the inputs from
the web interface (Table 1 and Fig. 2); a brief introduction of each selected channel is
provided in RESULTS AND DISCUSSION. Each channel was placed in a 30 Å-thick
implicit lipid membrane, and 5 Å-thick top and bottom (constant concentration) buffer
regions were located at 20 Å away from the protein in the Z direction. The relative dielectric
constants for water, protein, and lipid were set to 80, 2, and 2, following the conventional
values in the previous studies.14,17 The grid spacing for look-up potential maps (STEP 4:
PHIV, PHIX, and RFPAR) was set to 0.5 Å.

NIH-PA Author Manuscript

All GCMC/BD simulations were performed in KCl solution. The ionic radii were set to 1.57
Å (RK) and 2.02 Å (RCl) and their bulk diffusion constants (Dbulk) were set to 0.196 Å2/ps
(K+) and 0.203 Å2/ps (Cl−).14 The previous diffusion constant calculations using MD
simulations of OmpF27 and NMR hVDAC128 yielded D ≈ 0.5Dbulk in the pore region.
Based on these studies, the single-valued diffusion model was set to D = 0.5Dbulk inside the
pore (the 0.5Dbulk model). The 0.5Dbulk model assumes similar diffusion constants for K+
and Cl− because their bulk diffusion constants are nearly equal. However, in the HD model,
the diffusion constant for K+ is larger than that for Cl− because RK < RCl. The impacts of the
diffusion constant models were compared for VDAC and α-HL. As shown in Fig. 3, the HD
model generally predicts larger diffusion constants (and therefore larger conductances) than
the 0.5Dbulk model. It is also expected that the HD model slightly reduces the anion
selectivity due to the larger K+ diffusion constant.
Single channel conductances were obtained under a symmetric solution of 1.0 M KCl with
the transmembrane potentials of ±100 mV for VDAC and PA and ±150 mV for α-HL.
Reversal potentials were calculated from I-V curves with a 5 mV bias step under 10-fold
asymmetric KCl conditions for VDAC (Ccis:Ctrans = 0.1:1.0 or 1.0:0.1 M) and 5-fold KCl
conditions for α-HL (Ccis:Ctrans = 0.2:1.0 or 1.0:0.2 M). Ten independent runs for each
simulation condition were carried out to reduce the possible contribution from anomalous
initial condition and obtain statistically well-converged results. Also, the simulation time
was chosen to ensure sufficient number of ion crossing events (>100) for stable statistical
analysis. Simulation condition and parameters are summarized in Table 2.
J Comput Chem. Author manuscript; available in PMC 2013 January 30.
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Voltage Dependent Anion Channel
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VDAC provides a permeation pathway for metabolites and electrolytes between cell cytosol
and the mitochondria. Among three isoforms found in many eukaryotic cells, the prototype
isoform, VDAC1, shares a sequence identity up to 75% and the characteristic
electrophysiological features.29 The reconstructed human VDAC1 (hVDAC1) consists of 19
β strands and bears positive net charge. The channel has been reported to be open and anionselective when |Vmp| is low and becomes cation-selective with reduced conductance (halfopen) when |Vmp| exceeds a threshold of ~30 mV. The measured open-state ion selectivity
(anion over cation) ranges from 1.4 to 2.0 in terms of permeability ratio. We used the
hVDAC1 structure from X-ray and NMR hybrid study (PDB:2JK4)30 in OPM,22 where
hVDAC1 was oriented with N- and C-termini facing the cis side. Previously, we examined
ion permeation mechanism and selectivity of NMR hVDAC1 (PDB:2K4T)31 using both
MD28 and GCMC/BD17 simulations.
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Table 3 summarizes the conduction properties obtained from the GCMC/BD simulations
and Fig. 4A shows an ion trajectory snapshot for 1.0 M KCl solution. Fig. 5 shows the I-V
curves for the asymmetric solution cases. The single channel conductances and anion
selectivity are close to the experimental range, and similar to our NMR hVDAC1 study.
Slightly different conductances between the two diffusion models (0.5Dbulk and HD) are
observed. As expected from Fig. 3, BD simulations using the HD model resulted in larger
conductances (~30%), better reflecting the experimental conductance range. Current
asymmetries around Vmp = 0 mV are observed for both diffusion profile models. Compared
to Vmp = +100 mV, ~20% and ~30% higher total conductance is observed at Vmp = −100
mV for the 0.5Dbulk model and the HD model, respectively. Negative Vmp also resulted in
higher ionic conductance than positive Vmp of the same magnitude (Table 3). Similar
current asymmetry was also reported in our previous studies on NMR hVDAC1 using both
MD and GCMC/BD simulations.17,28
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The ion selectivity can be estimated from either the current ratio between anion and cation
or the reversal potential (Eq. 4) in the form of permeability ratio (p). As shown in Table 4,
the average current ratios are 1.65 (HD) and 1.93 (0.5Dbulk) and the permeability ratios are
1.81 (HD) and 1.96 (0.5Dbulk). These two measures of ion selectivity agree well with
experimental ranges of 1.4–2.0.31,32 The ion selectivity measured from both the current ratio
and the reversal potential using the HD model is slightly smaller than the selectivity
calculated using the 0.5Dbulk model. This arises from the larger K+ diffusion constant in the
HD model (Fig. 3) due to ion size difference in diffusion constant scaling factor calculation
in Eq. 5. Regardless of the diffusion model, the direction of the bath asymmetry also affects
the calculated ion selectivity. In the current protein orientation, systems bathed in 0.1:1.0 M
KCl resulted in larger anion selectivity with about 10 mV difference in the calculated
reversal potentials compared to those under inverted bath condition (selectivity asymmetry).
This observation indeed echoes the aforementioned current asymmetry. In Ccis:Ctrans =
0.1:1.0 M, the higher concentration on the trans side drives both K+ and Cl− to the cis side
through the channel. This is equivalent to K+ and Cl− movements from the trans to the cis
side with a negative Vmp. In a given time interval with Vmp < 0, the number of Cl− (K+)
going through the channel from the trans to the cis side is larger (smaller) than that with
Vmp > 0, resulting in the elevated anion selectivity.
The present study shows that the NMR/X-ray hybrid hVDAC1 model also represents the
anion-selective open-state, much like the NMR hVDAC1 model. In addition, the single
channel conductance and the ion selectivity from GCMC/BD simulations are in good
agreement with experimental measurements. It can be deduced from the current and
J Comput Chem. Author manuscript; available in PMC 2013 January 30.
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selectivity asymmetries that the transport of Cl− (K+) from the trans (cis) to the cis (trans)
side occurs at higher rate than that of opposite direction under current orientation of
hVDAC1. The HD model better reproduces experimental conductance and selectivity than
the 0.5Dbulk model.
α-Hemolysin
α-HL is a bacterial exotoxin protein involved in many diseases including urinary infection in
human body.33 It makes a heptameric pore with a +7e net charge in the host cell membrane,
and serves as draining hole of cell content, leading to irreversible cell content outflux and
eventually cell lysis. Wildtype α-HL, as well as a modified structure with a molecular
adaptor (covalently or non-covalently attached β-cyclodextrin) placed at the constriction
region have been extensively studied using experiments5,34 and simulations.15,16,35,36 α-HL
is mildly anion-selective and its conduction properties are known to be asymmetric around
Vmp = 0, i.e., showing rectification effect. The protein structure (PDB:7AHL)33 used in the
current simulations was also obtained from OPM.22
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BD simulation results of α-HL are summarized in Table 5. Fig. 6 compares the I-V curves
under symmetric and asymmetric solution conditions; an ion trajectory snapshot is shown in
Fig. 4B. Similar to the hVDAC1 case, the HD model yielded slightly larger conductances
than the 0.5Dbulk model. As the conductance is predominantly determined by the diffusion
constant inside the narrow transmembrane region, the larger cross-section in the cap region
has only a small effect on the total conductance level. There is current asymmetry under
transmembrane potentials of different signs, but its extent is smaller than the experimental
measurement as seen in Table 5. Compared with the 0.5Dbulk model, the HD diffusion
model results in slightly smaller anion selectivity of the channel based on current ratio
calculations, although the permeability ratios calculated from the reversal potentials are
quite similar (Table 6 and Fig. 6B). In contrast to hVDAC1, the selectivity asymmetry of αHL is not so prominent. This is likely related to the weak current asymmetry for the ionic
currents.
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Fig. 7 compares the 1D multi-ion PMFs (Eq. 4) for K+ and Cl− under equilibrium condition.
The PMF profile shows that the nature of α-HL anion selectivity mainly arises from the
elevated K+ PMF barriers in 10 Å < Z < 40 Å, which corresponds to the narrowest
constriction region (Z ≈ 32 Å, Fig. 2A). There are seven Lys147 residues forming a ring in
this region, which may be responsible for the larger K+ barrier. Instead of adopting a
symmetric bell shape, the K+ PMF barrier is asymmetric, possibly due to the presence of
negatively charged Asp111 residues located above Lys147 (Z > 32 Å). Hence, the K+ PMF
is asymmetric around its maximum at Z = 32 Å; the PMF drops more sharply in Z > 32 Å
than in Z < 32 Å due to the screening from Asp111 as shown in Fig. 7. In addition, the anion
selectivity is mainly the result of the positively charged constriction zone rather than the
transmembrane pore region where the PMF barrier difference is small.
The present study shows that reasonable diffusion profile models produce similar
conduction properties in α-HL channels. The BD simulations using the GCMC/BD web
interface successfully reproduced the previous BD simulation results15,16 and the results
from both diffusion models are in line with the experimentally measured properties. In
addition, the 1D multi-ion PMF profile reveals that the anion selectivity arises from the ring
of positively charged residues (Lys147) in the constriction region. Again, the HD model
shows better agreement with experimental measurement, however, the differences of
conducting properties between the HD model and 0.5Dbulk model is smaller than in the
hVDAC1 case. The smaller difference is due to the similarity in diffusion constant in the
constriction region which determines the total conductance of the pore.
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Protective antigen of anthrax toxin (PA) makes a heptameric pore providing pathways for
the lethal factor and the edema factor.37 Each monomer of the channel contains 7 His
residues and the net charge of the channel can be either −70e with all unprotonated His
(denoted by HSD) or −21e with all protonated His (HSP). Low pH condition used to
enhance the pore formation in the experiment may protonate His near the trans-side bath,
but the exact protonation state of each His is yet to be determined. Currently, only a
computational model structure (PDB:1V36)38 has been reported. In this study, we used two
model PA structures, the reported structure (hereinafter, PDB) and another model structure
constructed by the 7-fold rotational symmetry. The sixth monomer in PDB:1V36 (PROF)
was chosen to generate the symmetric model (hereinafter, PROF), based on the
experimentally suggested hydrophobic Phe427 ring (φ-clamp) formation around the pore
(Fig. 8). The φ-clamp is found in 80 Å < Z < 95 Å, which is near the junction between the
narrow stem region and the wide cap region (Fig. 2A).
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When the 0.5Dbulk model is used (Fig. 3 and Table 7), the PA simulation results for both
PDB (Fig. 4C for ion trajectory snapshot) and PROF show 1.5 to 7 times higher
conductances than the experimental data,39 depending on His protonation state and Vmp.
The HD model was not compared for PA as it would result in even larger conductance than
the 0.5Dbulk model (Fig. 3C) due to its similar diffusion profile in the stem region and larger
diffusion profile in the cap region. Interestingly, the current asymmetry (±100 mV) is very
high compared to the other channel cases. The formation of the φ-clamp, similar to the ring
of Lys147 in α-HL, greatly affects the total conductance as it acts as a steric bottleneck. As a
result, the symmetric model structure (PROF) with an apparent φ-clamp results in smaller
conductance than the original computational model (PDB:1V36).
The protonation state significantly affects the conduction properties, as shown in Table 7.
When all His residues are protonated (HSP), the electrostatic potential energy well depth for
K+ is greatly reduced (Fig. 9) and thus the K+ current is substantially decreased, compared
to the unprotonated histidine model (HSD). However, the Cl− current with positive Vmp is
relatively independent of the protonation states while in the negative Vmp, the increase in the
Cl− current is drastic (Table 7). In contrast, the reduction in the K+ current is very large for
positive Vmp compared to negative Vmp. The opposite reduction trends for the K+ and Cl−
current result in greatly reduced current ratio between K+ and Cl− for HSP, which is also
amplified for negative Vmp. The total current is smaller in the HSP case, resulting from the
reduction of the K+ current, which is larger than the increase of the Cl− current (Table 7).
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Because the calculated electrophysiological properties substantially deviate from available
experimental data, the present study suggests that further structural refinement and
determination of His protonation state are required for PA. Such structural refinement will
facilitate the understanding of the channel conducting mechanism.

CONCLUSION
The GCMC/BD web interface provides the systematic system setup and input preparation
for GCMC/BD ion transport simulations. GCMC/BD simulation enables examination of the
channel conduction properties in a feasible simulation time because of its efficiency and
robustness, as previously illustrated by comparative studies with MD simulations.14,17,28
Using the setup from the GCMC/BD web interface developed in the current study, we
carried out GCMC/BD simulations for three selected β-barrel pores (hVDAC1, α-HL, and
PA). The results from these simulations provide important physiological insights into the
channels. They also offer directions for further studies in computational transport studies.

J Comput Chem. Author manuscript; available in PMC 2013 January 30.
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The GCMC/BD simulation results capture the important ion permeation properties such as
channel conductance (Tables 3, 5, and 7) and ion selectivity (Figs. 5 and 6/Tables 4 and 6)
observed in experimental studies. Also, the origin of selectivity can be explained using the
structural information and the 1D multi-ion PMF using time-averaged ion density profile
(Fig. 7). Comparison of conduction properties for three illustration examples shows the
importance of diffusion constant model and structural information in GCMC/BD
simulations. Generally, the HD model resulted in conductance and ion selectivity that show
better agreements with experimental measurements than the single-valued effective
diffusion profile (0.5Dbulk). Hence, the HD model represents the diffusion profile inside the
pore more accurately by including the variation of pore size effect. Nevertheless, the
0.5Dbulk model is a reasonable approximation for pores of similar sizes to current studies.
Finally, the GCMC/BD simulations of PA suggests that further structural refinement of the
channel is required for proper analysis of the system, especially regarding the channel
conformation at the constriction region and protonation states of His residues.
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Figure 1.

Work flow of the GCMC/BD web interface, consisting of 5 steps for the preparation of
GCMC/BD simulation.
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Figure 2.

(A) Side and top views of the selected pore structures, hVDAC1, α-HL, and PA (the
symmetric PROF model) and (B) their ion-accessible cross-sectional area (inverse) profiles
along the Z-axis. The positions of Lys147’s in α-HL and Phe427’s in PA are also marked in
(A) for their importance in the transport properties (see RESULTS AND DISCUSSION).
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Figure 3.

Comparison of diffusion constant (diffusion scaling factor) profiles for the selected pores:
(A) hVDAC1, (B) α-HL, and (C) PA using PDB and the symmetric PROF model. 0.5Dbulk
and the HD models are compared for hVDAC1 and α-HL. Shaded area denotes the
transmembrane region.
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Figure 4.
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Snapshots of ion trajectories from the BD simulations of (A) hVDAC1, (B) α-HL, and (C)
PA (PROF) bathed in 1.0 M KCl symmetric solutions.
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Figure 5.

I-V curves for hVDAC1 in asymmetric 0.1:1.0 M (black) and 1.0:0.1 M (red) KCl solutions
are compared between the 0.5Dbulk model (solid) and the HD model (dashed). The reversal
potential is measured from the I-V curves to calculate the permeability ratio using the GHK
current equation (Eq. 4).
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Figure 6.

I-V curves for α-HL in (A) a symmetric 1.0 M KCl solution and (B) asymmetric 0.2:1.0 M
(black) and 1.0:0.2 M (red) KCl solutions. Solid lines are for the 0.5Dbulk model and the
dashed lines are for the HD model.
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Figure 7.

NIH-PA Author Manuscript

1D multi-ion K+ and Cl− PMFs for α-HL in a symmetric 1.0 M KCl solution under
equilibrium condition (Vmp = 0 mV). The maximum PMF barrier for K+ is found at Z = 32
Å in the cap region of α-HL. Shaded area denotes the transmembrane region.
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Figure 8.

Comparison of the Phe427 φ-clamp in PA: PDB:1V36 and the symmetric PROF model in
80 Å < Z < 95 Å (viewed from Z > 0).
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Figure 9.

Comparison of electrostatic potential energy (PHIX) profiles along PA: PDB:1V36 (black)
and the symmetric PROF model (red). The impact of His protonation (HSP, dashed) over
unprotonated His (HSD, solid) is prominent at the transmembrane region (shaded area).
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Table 1

Structural information of the selected β-barrel pores
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Channel

PDB

Pore size [Å] (outer radius)

Protein net charge*

System dimension [Å3]

hVDAC1

2JK4

18.5

+5e

80×80×95

α-HL

7AHL

14.5

+7e

62×62×142

13

−70e (HSD)
−21e (HSP)

70×70×220

φ

1V36

*

Using CHARMM PARAM27 force field38
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Sym.

1.0

0.2:1.0/1.0:0.2

1.0

Sym.

Asym*

0.1:1.0/1.0:0.1

1.0

Asym*

Sym.

Bath concentration [M]

BD time-step is 10 fs.

†

±100

−50~10/−10~50

−150~150

−50~10/−10~50

±100

Transmembrane potential§ [mV]

Transmembrane potential reference is the cis-side bath.

§

Ccis:Ctrans

*

PA

α-HL

hVDAC1

Channel
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GCMC/BD simulation conditions

0.5Dbulk

0.5Dbulk and HD

Diffusion model

1.00

1.25

1.00

1.25

0.25

Simulation time† [μs]
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Exp.30

HD

0.5Dbulk

hVDAC1

2.48±0.12
4.85±0.03
1.80±0.04
3.05±0.03

Cl−

Total

K+

Cl−
2.50±0.08

1.56±0.03

4.06±0.07

2.08±0.12

1.07±0.08

3.15±0.09

+100 mV

3.9~4.5

1.29±0.05

K+

Total

3.77±0.11

Total

−100 mV

G [nS]

1.69

1.92

−100 mV

-

1.60

1.94

+100 mV

GCl/GK

-

1.30±0.03

1.20±0.07

G−/G+ (±100 mV)

Ion conduction properties of hVDAC1: Conductance (G), ion selectivity from current ratio (GCl/GK), and current asymmetry (G−/G+)
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Reversal potential* (Vrev) and permeability ratio (p) of hVDAC1
0.1:1.0 M KCl

1.0:0.1 M KCl

hVDAC1
Vrev [mV]

p

Vrev [mV]

p

0.5Dbulk

−24.2±0.4

3.28

14.1±0.4

1.96

HD

−20.1±0.6

2.65

12.4±0.2

1.81

10.2±0.2

1.62

Exp.39

-

*

An exponential curve fitting (V=(a + b)ecI − b; a, b, and c are fitting coefficients.) was used to calculate Vrev (coefficient a) and the standard

error of Vrev from the I–V curve.
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Exp.5

HD

0.5Dbulk

α-HL

0.53±0.02
0.87±0.01
0.29±0.02
0.58±0.02

Cl−

Total

K+

Cl−
0.80±0.04

0.23±0.02

K+

Total

0.76±0.01

Total

Vmp < 0

G [nS]

1.00±0.05

0.58±0.02

0.38±0.02

0.97±0.02

0.51±0.02

0.30±0.01

0.81±0.01

Vmp > 0

2.01±0.24

2.13±0.32

Vmp < 0

-

1.67±0.23

1.96±0.23

Vmp > 0

GCl/GK

0.80

0.89±0.03

0.93±0.03

G−/G+

Ion conduction properties of α-HL: Conductance (G), ion selectivity from current ratio (GCl/GK), and current asymmetry (G−/G+)
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Reversal potential* (Vrev) and permeability ratio (p) of α-HL
α-HL

0.2:1.0 M KCl

1.0:0.2 M KCl

Vrev [mV]

p

Vrev [mV]

p

0.5Dbulk

−13.4±0.6

2.23

12.9±0.7

2.16

HD

−13.4±0.5

2.23

12.0±0.7

2.04

Exp.32,40

−3.7

1.24

9.2

1.72

*

An exponential curve fitting (V=(a + b)ecI − b; a, b, and c are fitting coefficients.) was used to calculate Vrev (coefficient a) and the standard

error of Vrev from the I–V curve.
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HSP

HSD

HSP

HSD

Exp.37,41

PROF

1V36

PA

Total

0.08±0.01

0.30±0.01

0.38±0.01

0.09±0.01

1.08±0.04

1.17±0.03

0.10±0.01

0.21±0.01

0.31±0.01

0.10±0.01

1.38±0.06

1.48±0.05

+100 mV

0.17~0.20

0.14±0.01

0.03±0.01

Cl−

0.35±0.02

0.63±0.03

K+

Cl−

0.66±0.02

Total

K+

0.20±0.01

0.49±0.02

0.45±0.03

Cl−

Total

0.65±0.03

0.04±0.01

Cl−

K+

0.89±0.04

K+

Total

0.93±0.04

Total

−100 mV

G [nS]

2.50

21.0

2.25

22.3

−100 mV

-

3.75

12.0

2.10

13.8

+100 mV

GK/GCl

-

1.29

0.56

2.10

0.62

G−/G+

Ion conduction properties of PA: Conductance (G), ion selectivity from current ratio (GCl/GK), and current asymmetry (G−/G+)

NIH-PA Author Manuscript

Table 7
Lee et al.
Page 26

J Comput Chem. Author manuscript; available in PMC 2013 January 30.

