
Abstract In this paper, the finite difference Poisson-
Boltzmann (FDPB) method with four dielectric constants
is developed to study the effect of dielectric saturation on
the electrostatic barriers of the permeation ion. In this
method, the inner shape of the channel pore is explicitly
represented, and the fact that the dielectric constant inside
the channel pore is different from that of bulk water is taken
into account. A model channel system which is a right-
handed twist bundle with four α -helical segments is pro-
vided for this study. From the FDPB calculations, it is
found that the difference of the ionic electrostatic solva-
tion energy for wider domains depends strongly on the pore
radius in the vicinity of the ion when the pore dielectric
constant is changed from 78 to 5. However, the electro-
static solvation energy of the permeation ion can not be
significantly affected by the dielectric constant in regions
with small pore radii. Our results indicate that the local
electrostatic interactions inside the ion channel are of ma-
jor importance for ion electrostatic solvation energies, and
the effect of dielectric saturation on the electrostatic bar-
riers is coupled to the interior channel dimensions.
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Introduction

The effect of dielectric saturation inside the ion channel on
the electrostatic barriers of the permeation ion is, both theo-
retically and experimentally, a very important issue. In con-
ventional studies, the dielectric constant of the aqueous
pore has been considered as a high value (~80). This means
that pore water and bulk water are dielectrically equiva-
lent, and the associated permeation free energy barriers are
low enough to be consistent with kinetic data (Parsegian
1969; Levitt 1978). However, recent analysis demonstrates
that high values of the dielectric constant are not consis-
tent with the more realistic description of pore water. The
properties of the water molecules within the channel pore
have been proposed to the different from those of bulk wa-
ter (Partenskii and Jordan 1992; Breed et al. 1996). Both
the translational and rotational mobility of water molecules
inside the channel pore seem to be reduced relative to those
of bulk water (Breed et al., 1996). When the ion is present
in the channel, dielectric saturation will occur and the di-
pole polarization of water molecules will be reduced. The
direct result of the dielectric saturation is the reduction of
the water dielectric constant.

It has been proposed that both the structure and charge
distributions in the channel pore contribute to electrostatic
influences on channel conductance (Jordan 1986). On the
basis of this consideration, it is improper to deal with the
long-range interactions with simplified channel models
such as a cylinder or other geometry. The goal of the present
work is to study how the dielectric saturation affects the
electrostatic solvation energy of the permeation ion. The
FDPB method (Sharp and Honig 1990) is used to calculate
the electrostatic solvation energy for a model channel
system. In this method, the detailed shape of the inner pore
is incorporated into electrostatic solvation energy calcula-
tions so that the dielectric response of the water molecules
inside the channel pore can be separately treated with di-
electric constants which are different from that of bulk wa-
ter. In our model system, the lipid bilayer is also included
and treated with a dielectric constant of 2.
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In the present study, a 22-mer peptide which mimics the
sequence of S3 segments of the voltage-sensitive sodium
channel has been selected as our model system because of
its reasonableness and relative simplicity, as well as be-
cause of the physiological importance of the model. Pre-
vious experimental and simulation studies (Oiki et al.
1988; Greenblatt et al. 1985) have suggested that such a
22-mer peptide would form a transmembrane ion channel
structure with a bundle of four amphipathic α -helices in
lipid bilayers. From recent experimental NMR work (Doak
et al. 1996), it has also been demonstrated that synthetic
peptides dissected from the rat brain II sodium channel that
share high homology with our model peptide are predom-
inantly α -helical in trifluorethanol and in dodecylphos-
phocholine micelles. However, it should be noted that the
channel activity of this peptide in lipid bilayers may not
have any relationship to the conductance properties of in-
tact Na+ channels (Stephan and Agnew 1991). Since the
main interest of this work is to study the dielectric behav-
ior of channel pore water other than the conductance prop-
erties of the ion, our model system of the S3 peptide is suit-
able for this study with the theoretical FDPB method.

The outline of the paper is as follows. The procedures
to build the channel model and the methods for separating
the aqueous pore into the different regions for the FDPB
calculation are described in the next section. Then, our re-
sults obtained from the FDPB calculations are reported and
discussed. Finally, some important points are summarized
in the conclusions.

Model and computational details

Channel model building and simulation procedures

The model channel was built with the INSIGHT II pack-
age from Biosym Technologies. The 22-mer peptide se-
quence, DPWNWLDFSVVTMTYITEFIDL, was taken
according to Greenblatt et al. (1985), and mimicked the S3
region of the voltage-sensitive sodium channel. In the be-
ginning, the four segments of the channel model were sep-
arately constructed using idealized α -helices, in which the
spacing distance between residues is taken as 0.15 nm and
each turn includes 3.6 residues. Then, the four segments
were combined to form an initial channel structure of a
bundle with an exactly parallel helix tetramer (shown in
Fig. 1). The N-terminus of the model was assigned to the
intra-cellular side of the membrane (Greenblatt et al. 1985).
The structural model of Noda et al. (1986) was selected as
our reference to construct the channel pore. The acidic Asp
residues in each helix were placed so as to face the inner
pore of the channel.

In the present work, we used several different methods
to study the packing of α -helices. In order to obtain a rea-
sonable channel structure, we employed the simulated an-
nealing (SA) procedure in the restraint molecular dynam-
ics (MD) simulation to explore the equilibrium conforma-
tion of the model channel system (Nilges and Brünger

1991; Treutlein et al. 1992; Kerr et al. 1994). The GRO-
MOS package (van Gunsteren and Berendsen 1987) was
used for all MD simulations. After energy minimization
(EM) of the initial structure, the temperature of the system
was assigned at 500 K and a 30 ps MD simulation was per-
formed for system equilibrium. Then, the system was
cooled down to 300 K in step of 10 K followed by 1.25 ps
MD equilibrium. When the temperature was reduced to 
300 K, the restraints for the Cα atoms were gradually re-
laxed and a 30 ps MD simulation with constant tempera-
ture was performed followed by a 200 step steepest descent
EM. The intra-helix distance restraints between the carbo-
nyl atom O of residue i + 4 and the amide atom H of resi-
due i were used to maintain α -helical geometry during all
the MD simulations. The target distance for these restraints
was derived from α -helical hydrogen-bonding geometries
observed after EM. During the last 30 ps MD simulation,
if the distance between the termini of two helices exceeded
the target value, a new distance restraint between the ter-
mini of the helices was applied to prevent the monomers
from moving too far apart. It is worth noting that this dis-
tance restraint can leave the monomers free to rotate around
their respective helix axes and no restraint was imposed on
the angle between two helices. As shown in Fig. 2, though
the helix bundles could take a left-handed twist or right-
handed twist, the distances between two neighboring ter-
mini were still kept unchanged.

The system was then centered in a rectangular box of
8 × 2 × 2 nm3 with 715 SPC water molecules (Berendsen
et al. 1981). After removing the water molecules that were
too close to the channel atoms, the system contained 613
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Fig. 1 The initial structure of the channel model in which helices
are exactly parallel to each other



water molecules. A further check of the system showed
that no water molecules were in contact with the presumed
lipid-facing surfaces of the helix bundle. Then, a 70 ps full
MD simulation with position restraints for all Cα atoms
was carried out at 300 K to provide an equilibrium system.
The SHAKE algorithm (Ryckaert et al. 1977) was used to
constraint bond lengths in EM and MD simulations. The
temperature was kept constant by coupling the system to
a thermal bath (Berendsen et al. 1984) with temperature
relaxation time 0.01 ps for the starting 500 steps and 0.1 ps 
for the remaining MD simulation. A force constant of 
1,000 kJ · mol–1 · nm–2 was used for distance restraint. The
non-bonded forces were calculated with the twin-range
charge group technique (van Gunsteren and Berendsen
1987) with cuf-offs of 1 nm, and the neighbor pair list was
updated every 10 steps.

The dielectric constant assignment for the channel model

In the normal FDPB method, a two-dielectric continuum
model was used, in which the solvated protein was repre-
sented as a uniform low dielectric solute surrounded by a
continuum of high dielectric solvent. Since the water mole-

cules in the channel pore have different properties from
those in the region of bulk water, the channel protein and
its aqueous pore need to be carefully considered. There-
fore, our basic idea was to circumscribe the channel pore
with its detailed shape and the dielectric constants were
treated separately from those of bulk water. The procedure
included mainly the following two parts.

First, the inner dimensions of the channel pore were
evaluated. The program HOLE reported by Smart et al.
(1993) can be used to provide the channel pore dimensions.
In the program HOLE, the Monte Carlo SA procedure (Me-
tropolis et al. 1953; Kirkpatric et al. 1983) was used to pro-
duce a series of spheres along the channel axis, which do
not overlap any protein atoms. We have found that although
the program HOLE is effective to get the inner size of the
channel pore, the problem is that the cavities of the inter-
nal surface in the channel are neglected owing to the irreg-
ular shape of the internal surface (see Fig. 3a). As far as
the long-range electrostatic effects are concerned, these in-
ner cavities should be considered in the calculation. There-
fore, we developed a program PORE to overcome this de-
ficiency, in which the SA algorithm similar to the program
HOLE was used to generate a series of circles perpendic-
ular to the channel axis. The displacement for a Monte
Carlo step was set to 0.01 nm. The centers of all circles
were located at the channel axis, and those circles can com-
pletely cover the aqueous pore with the least overlapping
of the channel protein atoms (see Fig. 3b).

Second, the pore dimensions were incorporated into the
FDPB calculation. Using the centers and radii of the all
circles obtained from the program PORE, a cylinder with
a defined radius can accommodate all these circles. The
detailed method to search for the cylinder is given in the
Appendix. With the defined cylinder, the dielectric con-
stant for the FDPB calculations can be assigned. Figure 4
shows the schematic representation for the dielectric con-
stant assignment. In the first step, the dielectric constants
were assignment to each grid point according to whether
the grid point was within the sphere of the van der Waals
radius of channel protein atoms. The solvent probe radius
was also considered in this step. The second step was to
separate the channel pore from the rest of the grid. The grid
points inside the channel pore were all assigned a new value
of the dielectric constant, and the water molecules outside
the channel were assigned the dielectric constant of bulk
water. Therefore, the detailed shape of the aqueous pore
was explicitly separated with the cylinder.

To guarantee a continuous change of the water dielec-
tric constant, εpw, along the channel axis z, a dielectric
function for the water dielectric constant in the channel
pore region (Daggett et al. 1991) is given by
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Fig. 2 Schematic illustration of the effect of the termini distance re-
straint during MD simulations at 300 K. The distance between neigh-
boring helices is restrained. The helix bundle can take a left-handed
twist or a right-handed twist without changing the restrained distance

Fig. 3a, b Schematic representation of the irregular surfaces of the
channel pore: a the sphere obtained from the program HOLE is plot-
ted as the dark circular region with radius r, and the cavities of the
internal surfaces are not considered in the sphere; b the circle with
radius R obtained from the program PORE is represented by the dark
circular region, and the cavities of the internal surfaces are consid-
ered in this region



where z is the atom coordinate in the direction of the chan-
nel axis (in Angstroms), zmin and zmax are the minimum
and maximum value of z, and εpw0 is referred to as the pore
dielectric constant which can be given in the input param-
eter file. All eight parameters (a1, b1, c1, d1, a2, b2, c2, d2)
in Eq. (1) can be calculated according to the following 
eight equations: εpw(zmin + 5) = εpw(zmax – 5) = εpw0,
εpw(zmin) = εpw(zmax) = 78, ε′pw(zmin) = ε′pw(zmin + 5) = 0
and ε′pw(zmax) = ε′pw(zmax – 5) = 0, in which the symbol ′
represents the derivative of the function. This means that
there are maximum values of 78 for εpw at zmin and zmax
and minimum values for εpw0 at zmin + 5 and zmax – 5, re-
spectively. In addition, the influence of the lipid bilayer in
our model on the electrostatic interactions was considered
by using a low dielectric constant of 2.

Calculation of the electrostatic solvation energy 
of the permeation ion

According to Sharp and Honig (1990), the electrostatic free
energy of a collection of charges qi in the system, Eelec, can
be written as

(2)

where ΦI is the total potential at the ith charge and con-
tains contributions from electronic polarizability, solvent

E qelec i
i

= ∑1
2

ΦI ,

screening and mobile ions if they are present. The value of
ΦI can be obtained from the FDPB calculation. The elec-
trostatic enery in vacuo was taken as the reference state.
The change in electrostatic energy upon transfer of a so-
lute molecule from one medium to another defines the elec-
trostatic solvation energy. From Eq. (2), when the pore di-
electric constant εpw0 in Eq. (1) is changed, the electro-
static solvation energy difference, ∆E, is given by

(3)

where ∆ΦI is the change in potential ΦI due to the change
in pore dielectric constant.

The atom coordinates of the channel model were taken
from the structure obtained from the last 70 ps MD simu-
lation in water. The values of atom charges were taken from
the GROMOS force field. The inwardly facing Glu and
Asp residues have been assumed to be in their fully deprot-
onated state. The ion was treated as a point charge within
a dielectric sphere with the dielectric constant of 2 and
placed inside the channel. The dielectric constant for the
peptide helix was set to 4 to mimic the dipole reorienta-
tion effect. The dielectric constant for bulk water was set
to 78. The dielectric constant for pore water can be deter-
mined with Eq. (1). The low ionic strength of 0.093 M was
taken into account so that the linear Poisson-Boltzmann
equation was enough to get accurate results in the FDPB
calculation (Jordan et al. 1989). The 400 iteration steps

∆ ∆ ΦE qi
i

= ∑1
2 I ,
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Fig. 4 Schematic representa-
tion of the dielectric constant
assignment to the finite differ-
ence grid before solving the
Poisson-Boltzmann equation.
The defined cylinder is shown
with the dashed lines. Step 1
and step 2 show the assignment
procedures. In step 2, the model
system is separated into four
different regions: the thin line
region is for the channel model,
the dark black region for the
water pore, the white region for
membrane lipid, and the grey
region for bulk water



were performed for each solution. A two-step focusing
technique was used to obtain better results (Gilson et al.
1987). In the first run, the molecule was scaled to occupy
61% of the lattice, and the zero boundary conditions for
the potential were used. In the second run, the channel was
scaled to occupy 92% of the lattice so as to obtain finer
grids, and the potential map obtained from the first run was
used. In all FDPB calculations, the lattice order was 65.
The molecular surface was defined with a 0.14 nm probe
radius. The cavity radius for the sodium ion was set to 
0.168 nm according to Rashin and Honig (1985). Through-
out this work, energies are expressed in kcal/mol, and
charges in units of electron charge.

Results and discussion

The structure of the channel model

The SA/MD method has become a reliable technique for
identifying the low-energy packing arrangements of α -hel-
ices (Nilges and Brünger 1991). In the current study,
SA/MD is used to generate a rational channel model
formed by parallel α -helix bundles. The final structure of
the ion channel model obtained from MD simulation,
shown in Fig. 5, is a right-handed twist bundle. The pore
dimensions provided from the program PORE as a func-
tion of the distance along the channel axis are plotted in
Fig. 6a–c. From Fig. 6a, it is found that there is a fairly
large change in the local pore dimensions of the structure

after EM compared with the initial structure. It appears that
the EM is effective in reducing the unfavorable interac-
tions among inner side chains. As shown in Fig. 6b, more
drastic dimension changes are observed after the SA/MD
simulation in vacuo as the system is annealed from 500 K
and then equilibrated at room temperature. However, when
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Fig. 5 The final channel structure with the right-handed twist bun-
dle

Fig. 6a–c Channel pore dimension versus the distance along the
channel axis (in nm) is plotted for comparisons between different
structures: a the solid line represents the structure after EM and the
dashed line refers to the initially built structure; b the solid line rep-
resents the structure obtained from SA/MD simulation in vacuo and
the dashed line is for the structure after EM; c the solid line repre-
sents the structure after MD equilibrium with explicit water and the
dashed line is for the structure obtained from SA/MD simulation in
vacuo



the MD simulation with explicit water is carried out, the
pore dimensions are very similar to those obtained from
the SA/MD simulation in vacuo (see Fig. 6c). It can be de-
duced that the inner side-chain conformation obtained from
the SA/MD simulation in vacuo is a quite stable one.
Though a number of water molecules are included in the
system, these water molecules do not have a significant in-
fluence on the side chain conformations.

It has been proposed that a left-handed twist is a favored
by the non-bonded interactions among helices (Chothia
1984; Chou et al. 1988). To examine the rationality of the
right-handed twist structure obtained from our simulation,
we have also performed a global search for both right-
handed and left-handed twist structures, and the results all
show the energetic superiority of the right-handed bundle.
Actually, it is worth noting that a variety of positive and
negative values of twist angles has been found in crystal
structures (Chothia et al. 1977; Richmond and Richards
1978). Using SA/MD modeling, Treutlein and co-workers
(1992) have also got a super-coiled structure with a right-
handed twist for transmembrane peptides. It has been pro-
posed that for α -helical bundles, the side-chain interac-
tions, especially the hydrophobic side-chain interactions
on the exterior of the bundle, are the dominant factors of
the twist angle (Sansom 1993; Sansom and Kerr 1993).
Therefore, we suggest that the amino acid sequence is very
important in defining the twist of helix bundles as it deter-
mines the characters of side chains, and the right-handed
twisted bundle presented in this work may be reasonable
because of its specific sequence.

Dielectric effects of pore water

Different dielectric constants for water within the channel
pore have been suggested in previous studies. For porin-
like channels, a dielectric constant of 24 has been suggested
(Gutman et al. 1992). However, for gramicidin-like chan-
nels, a dielectric constant ranging from 2.5 to 5 has been
recommended (Partenskii et al. 1994). As the pore radius
for our channel can be readily compared with that of gra-
micidin, a dielectric constant of 5 for the pore water was
chosen for our calculation.

The electrostatic solvation energy differences of the
permeation ion, ∆E, can be calculated with Eq. (3). Figure
7 shows the values of ∆E as a function of the local pore 
radius when the pore dielectric constant is changed from
78 to 5. From Fig. 7, it is found that the values of ∆E de-
pend strongly on the local pore radius. The exists a quad-
ratic curve correlation between ∆E and pore radius except
for a few points. For instance, there are 3 points where the
error bars are not marked in Fig. 7 since they are automat-
ically excluded during the data fitting because of large de-
viation errors. However, the correlation appears to be good
for most points. In the regions for the small local dimen-
sions, the values of ∆E are also modest. This indicates that
the electrostatic solvation energy of the permeation ion in
the regions for smaller pore radii is changed less compared
with the regions for larger pore radii when the pore dielec-

tric constant is decreased from 78 to 5. According to this
result, we suggest that the ion electrostatic solvation en-
ergy is largely determined by the local environment in these
regions. The ion-water interactions in regions with smaller
pore radii could be a minor part of the ion solvation energy
but the electrostatic interactions between the permeation
ion and the channel atoms in the vicinity of the ion are the
dominant part. In contrast, it is also clear form Fig. 7 that
the value of ∆E can exceed 8 kcal/mol for the wide do-
mains. This indicates that the dielectric screening effects
of water molecules have become significant for the wide
domains. The larger the local pore dimensions, the stronger
the dielectric effects of the channel pore water. In other
words, more water molecules can be held in the wide do-
mains so that the ion has more opportunity to interact with
water molecules. Therefore, many electrostatic interac-
tions between ion and channel protein atoms could be di-
minished due to the screening by these water molecules.
In this case, the mobility of water molecules in the regions
of the wide domains is also less restrained, which should
result in their better ligation with the permeating ion. Since
the properties of local water molecules in the large pore
region become the major factor of the electrostatic solva-
tion energy, the dramatic electrostatic energy difference
could be revealed by the pore dielectric constant.

Though the pore dimension is a significant factor in ion
solvation, the local charge distribution in the channel pro-
tein is also important. For instance, at the position where
the interactions between water and the channel atoms are
unfavorable, the actual solvation of the permeating ion by
water molecules will be poor, even though the pore dimen-
sions are large enough to have better ion solvation. This is
why a few points in Fig. 7 deviate from the fitted curve.
Given the result that most of the points in Fig. 7 are close
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Fig. 7 The electrostatic solvation energy difference of the ion, ∆E,
is plotted versus the local pore radius when the pore dielectric con-
stant varies from 78 to 5 (shown in hollow circles). The dotted line
shows the fitted curve obtained from the quadratic curve fitting for
the data points with a quadratic equation (y = 148.9x2 – 36.734x
+ 2.168). The small solid circles and error bars represent the fitted
data and the associated deviations for each fitted point, respectively



to the fitted quadratic curve, we suggest that the local pore
dimensions play a more important role than the local charge
distributions.

It may be argued that the above result is due to the uni-
form assignment of pore dielectric constant, whereas in
fact the dielectric parameter inside the channel pore can
not be a constant. It would be more accurate to consider
the local dielectric constant to be determined by each dis-
tinct region inside the channel pore rather than to use an
averaged dielectric constant. As discussed above, in the re-
gion where the pore dimensions are relatively large, the
properties of pore water molecules would be more like
those of bulk water. Therefore, the dielectric constant in
this region would become larger and the calculated value
of ∆E would be smaller. On the basis of this analysis, the
dielectric effects of channel pore water molecules would
be somewhat diminished when the local dielectric constant
is taken into account, and the electrostatic solvation energy
of the ion would be less sensitive to the dielectric constant
of the pore water. However, according to our calculation,
when the pore dielectric constant varies from 5 to 2.5, the
trend of ∆E versus the local pore dimensions is similar to
the case shown in Fig. 7.

In addition, we would like to point out that the effect of
pore dielectric constant on the electrostatic solvation 
energy should strongly depend on the parameter of the ion
radius. The Born radius corresponds to the size of the 
cavity formed by an ion in solvent (Rashin and Honig
1985). It is clear that the ion inside the narrow pores should
have a different cavity radius compared to that in the wide
pore. According to Roux et al. (1990), the Born radius of
hydration can be interpreted in terms of the first peak in
the solute-solvent radial distribution function. Thus, the
Born radius is directly related to the properties of the sol-
vent.

In order to explore the effect of the Born radius on the
electrostatic energy, we have calculated the electrostatic
solvation energies of cations with different radii for the
cases where the pore dielectric constant is set to 78 and 5
using the FDPB method. Figure 8 shows the electrostatic
solvation energy differences, ∆E, as a function of the cat-
ion radius when the pore dielectric constant decreases from
78 to 5 for three cases where the pore radii are 0.20, 0.25
and 0.30 nm, respectively. From Fig. 8, it is found that the
value of ∆E for monovalent cations increases as the ion 
radius decreases. Meanwhile, the trend for the value of ∆E
to be dependent on the pore radius as shown in Fig. 7 is
still maintained. Since cations with a smaller ion radius
have much stronger abilities to induce dielectric satura-
tion, they should make the electrostatic solvation energy
difference more dramatic than for larger cations when the
pore dielectric constant decreases from 78 to 5.

Conclusions

The modified FDPB method for the aqueous channel pore
has been used to study the dielectric effects of pore water
on the electrostatic barrier. A model channel system that
contains four α -helical segments with a right-handed twist
is provided for this study. From the FDPB calculations, it
is found that the effect of the pore dielectric constant on
the electrostatic barrier of the permeating ion strongly de-
pends on the pore radius in the vicinity of the ion. In the
region where the pore radius is small, the pore dielectric
constant can not significantly affect the barrier; this can be
accounted for by the limited access of pore water mole-
cules to the permeating ion. For this case, the ion electro-
static solvation energy is mostly defined by the interac-
tions between the ion and the channel protein atoms. In
contrast, the dielectric effect of pore water on the electro-
static barrier is quite strong for the wide domain where the
interactions between ion and water are crucial and the vari-
ation of the electrostatic solvation energy become signifi-
cant. Our results suggest that the electrostatic solvation 
energy of the permeating ion is dominated by local elec-
trostatic interactions. Moreover, discussions of pore di-
electric effects should be made with consideration of the
particular dimensions of the channel pore.

We would like to point out that all calculations in this
work were made on a model system. This study will be
continued with other real or well-studied systems for which
there are experimental and computational data as a refer-
ence.
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Fig. 8 The electrostatic solvation energy differences, ∆E, for cat-
ions are shown as a function of the cation cavity radius when the pore
dielectric constant is changed from 78 to 5. The cation is located at
three positions where the pore radius is 0.20, 0.25 and 0.30 nm



Appendix

Here we present the detailed computational method for
finding the radius of the defined cylinder in FDPB calcu-
lations. From the program HOLE, a series of spheres can
be obtained, which accommodate the main portion of the
channel pore without overlapping any channel protein at-
oms. We use (xi, yi, zi) and ri to represent the center and
radius of these spheres, respectively; here i ranges from 1
to 80 for the current study. On the plane to which the pore
axis is perpendicular and in which the sphere center is lo-
cated, we can find the maximum distance Ri between the
sphere center and the channel atoms. With the radius of Ri
and the point (xi, yi, zi), a series of new circles which cover
the entire channel pore can be defined. The diameters of
these circles Dx and Dy in the x and y directions can be cal-
culated according to the following equations:

Dx = |Px2 – Px | (4)

and

Dy = |Py2 – Py1|, (5)

where Px2 and Py2 are the maximum coordinate values along
the x and y axes, Px1 and Py1 are the minimum coordinate
values. The radius of the cylinder, Rc, is defined as

Rc = 1/2[Max (Dx, Dy)]. (6)

Because the diameter of the α -helices is about 1 nm, the
defined radius of the cylinder Rc is always within the range
of the channel model. The cylinder with the radius Rc can
accommodate the entire pore.
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