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As mentioned in the classical B. Hille’s book [1], to
calculate the change of solvation free energy for ion
entering into the cell membrane, the classical Born
treatment is usually used [1]. In the same book, one can
find the table of empirical experimental values of stan-
dard hydration energies of ions. However, only recently
Noskov and Roux [2] used these empirical data to eval-
uate the free energy of ion transfer into the ion channel
selectivity filter. There is also a brief review of theoret-
ical approaches to modify the Born formula in [1];
however, important, in our opinion, theoretical treat-
ment of ion salvation by Dogonadze–Kornyshev [3] is
not mentioned. The peculiarity of Dogonadze–Korny-
shev approach [3] is a consideration of the spatial dis-
persion of water dielectric permittivity. Consequen-
tially, the relation between the electric field induction
and tension around the ion becomes nonlocal, and the
Poisson equation describing the potential distribution
turns into the integro-differential equation. It also
shown in [3] that “the free energy of solvation is less
than given by the Born formula, due to the correlation
of polarization fluctuations in space.” Electrostatic
treatment, which accounts for spatial dispersion 

 

ε

 

, is
called nonlocal electrostatics (NE) [4]. Using the NE
approach, the modified Born formula has been derived
[5]. According to [5], when calculating the ion hydra-
tion energy, one should substitute into the Born formula
the effective dielectric permittivity 

 

ε

 

ef

 

f

 

, which depends
on the ion radius. The 

 

ε

 

ef

 

f

 

 value is considerably smaller
than the static dielectric permittivity of water 

 

ε

 

w

 

. The
importance of using the NE approach in the study of
ionic channels of biomembranes was pointed out in [6,

 

1

 

The article was translated by the authors.

 

7]. However, the static dielectric permittivity of water

 

ε

 

w

 

 = 80 is often used in the Born equation in analysis of
ionic channel functioning [7–10]. Moreover, neither
exact values of hydration energies nor the Born formula
modifications are taken into consideration. For numer-
ical calculations related to entering of ions into the
channel, the Poisson equation is used in its classical
form, i.e., the 

 

ε

 

w

 

 value is taken to be 80 even in the
water cavity of the 

 

K

 

+

 

-channel [9, 11].Currently, a def-
inite interest has been drawn to using the NE for solv-
ing the problem of electrostatic interaction in proteins
[12, 13]. Our work is the first attempt to apply NE in
analysis of ion stabilization in the selectivity filter of
channels and stabilization of cations in the water cavity
of the 

 

K

 

+

 

-channel. The last problem was studied in [1,
9, 11, 14].

According to [15], the free energy of ion transfer
from the volume of solvent into the pore of polymer
membrane 

 

∆

 

W

 

SP

 

 has two terms: 

 

∆

 

W

 

SP

 

 = 

 

∆

 

W

 

Bo

 

 + 

 

W

 

im

 

.
The proof of this division of 

 

∆

 

W

 

SP

 

 is based on the pro-
cedure called the Güntelberg charging cycle. 

 

∆

 

W

 

Bo

 

 is
the Born’s term that is conditioned by the difference
between the average 

 

ε

 

p

 

 in the pore and 

 

ε

 

ef

 

f

 

 for the ion in
water. The energy 

 

W

 

im

 

 is the work performed against
the image forces connected with the influence of the
pore walls. For the analysis of selectivity, the depen-
dence of the energy on the ion radius 

 

r

 

 is important.
This dependence is contained in the 

 

∆

 

W

 

Bo

 

 term but not
in 

 

W

 

im

 

 [15]. Later we will consider only 

 

∆

 

W

 

Bo

 

, as we
are primarily interested in the selectivity connected
with different radii of ions. For the complete analysis of
selectivity, it is necessary to establish the dependence
of the ion interaction energy in the selectivity filter on
coordinate 

 

x

 

 along the channel [2, 11]. However, there
is one more problem associated with evaluation of the
change in the free energy in ion transfer from water into
the selectivity filter. In solving the classical equation of
Poisson–Boltzmann for the water cavity in the channel
instead of its nonlocal analogue, the authors [9, 11]
introduce a principal error into the evaluation of 

 

∆

 

W

 

SP

 

.
To evaluate 

 

∆

 

W

 

SP

 

, it is necessary to make use of the
average effective 

 

ε

 

p

 

 in the channel selectivity filter. The
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evaluation of 

 

ε

 

p

 

 by the Frölich–Kirkwood theory of
dielectrics made in [8, 11] results in 

 

ε

 

p

 

 ~ 2–6 for the
selectivity filter in the channel. The average dipole
moment of the channel polar group determines 

 

ε

 

p

 

 and,
as we will show later, the channel selectivity. However,
the dependence of energy on 

 

ı

 

 determines the dynamics
of the permeating ion [2]. The calculation of the change
solvation energy 

 

∆

 

W

 

Bo

 

 for the case of transfer of an ion
with radius 

 

r

 

 from the bulk of water with 

 

ε

 

w

 

 into an
ionic channel with 

 

ε

 

p

 

 is usually made according to the
classical Born formula (1) with 

 

ε

 

w

 

 = 80 as in [7, 10]:

 

(1)

 

where 

 

e

 

 is the electron charge, 

 

z

 

 is the ion valence, and

 

ε

 

0

 

 is the dielectric permittivity of vacuum. Making use
of the NE method, Kornyshev [5] has derived the mod-
ified Born formula, which in our case (ion transfer from
water into the selectivity filter of an ionic channel) can
be written as:

 

(2)

 

Here, 

 

∆

 

W

 

NE

 

—the change solvation energy for ion
transfer into ion channel, corresponding to NE, 

 

ε

 

eff

 

—
effective dielectric permittivity, that depends on the ion
radius 

 

r

 

 calculated by Eq. (3) derived in [5]:

∆WBo r( ) z2e2

8πε0r
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εp
---- 1

εw
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⎛ ⎞ ,=
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8πε0r
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εp
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(3)

 

Parameter 

 

ε∗

 

 

 

in Eq. (3) is the short-wavelength dielec-
tric permittivity. At room temperature, 

 

ε∗

 

 for water is

 

≈

 

5,

 

 and 

 

Λ

 

 is a correlation radius for orientational Debye
degrees of freedom. The essence of parameter 

 

Λ

 

 is that
the orientation of the dipole moments of water mole-
cules up to 

 

Λ

 

 distance from the ion is not independent,
and, according to [4], “the value of 

 

Λ

 

 is the order of the
typical length of correlation in the chain of hydrogen
connections, that is ~0.3–0.7 nm.” Ion radii in calcula-
tions by Eqs. (1)–(3) are taken by us as well as in [3–5]
according to the scale of Gourary and Adrian [1, 3].
Values 

 

ε

 

ef

 

f

 

(

 

r

 

), calculated by Eq. (3) at 

 

Λ

 

 = 0.7 nm, are

 

ε

 

eff

 

(

 

rNa) = 5.82 and εeff(rK) = 6.05; at Λ = 0.3 nm,
εeff(rNa) = 7 and εeff(rK) = 7.6. In the small environment
of an ion, its potential reaches the maximum value, but
it is there that the effects of nonlocal screening take
place, and as a result, ε is considerably decreased. That
is why the Güntelberg charging cycle in the case of NE
gives the result for ∆WNE that considerably differs from
the classical one [3–5].

Figure 1a shows the graphs of the change of free sol-
vation energy in the transfer of Na+ and K+ cations from
the bulk of water into the ionic channel with the dielec-
tric permittivity εp. In these graphs ∆WBo and ∆WNE cal-
culated by Eqs. (1), (2) are given in kT units, k—the
Boltzmann constant, T—absolute temperature, T =

εeff r( )
εw

1
εw
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Fig. 1. (a) Dependences of changes in solvation energies on the dielectric permittivity in the channel εp, calculated for the transition

of cations Na+ (dashed lines) and K+ (solid lines) from the bulk of water into the selectivity filter of the ionic channel and (b) dif-
ferences between the changes in solvation energies, calculated by the classical and modified Born formulas depending on the ion
radius.
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300 K. It follows from Fig. 1a that the change in the sol-
vation energy ∆WNE is considerably less than ∆WBo cal-
culated with εw ≈ 79. The difference between these
energies does not depend on the dielectric permittivity
of the channel and changes with ion radius. This can be
seen in Fig. 1b, where the difference [∆WBo – ∆WNE] is
represented in kT units. This difference is equal 38kT
for Na+ and 28kT for K+ (for Λ = 0.7 nm). The curves
∆WNE are calculated with the effective dielectric per-
mittivity εeff; they cross the zero line within the range of
dielectric permittivity values which can be accepted for
the ion channel. At the same time, the Born energy
∆WBo is greater than 30kT in the range εp < 6, as it can
be seen in Fig. 1a. This fact is important for understand-
ing the process of ion penetration across the energy bar-
rier while entering into the channel from the bulk of
water. This barrier, calculated by NE formulas
(Eqs. (2), (3)) is substantially smaller than it follows
from the classical Born formula (Eq. (1)). The next
important conclusion from Fig. la consists in the fact
that the curves ∆WNE for the cations Na+ and K+ cross
one another within the range 3 < εp < 6; however, the
curve ∆WBo(Na+) is really uppermost than ∆WBo(K+)
within the entire range. This fact is essential for the
mechanism of cation selectivity of the channel. Let us
introduce into consideration the values ∆∆WBo and
∆∆WNE, which represent the differences between the
changes in the solvation energies for cations Na+ and
K+ at their crossing from the bulk of water to the selec-

tivity filter of the channel, which is calculated by the
Born Eqs. (1) and (2):

(4)

We can introduce the same definition for ∆∆WBo. The
dependences of ∆∆W on the dielectric permittivity in
the channel are shown in Fig. 2a. The value of ∆∆WBo
is positive for the entire range εp < 79 in the case of cal-
culation by the classical Born formula (Eq. (1)). This
means that it is not possible to explain the selectivity of
Na+ channel within the framework of the analysis of ion
solvation using Eq. (1). An opposite situation is
observed in the case of calculation of ∆∆WNE using
Eqs. (2)–(4). The curve ∆∆WNE crosses the zero line at
εp ≈ 5. Thus, the channel exhibits the K+ selectivity at
εp < 5 and the Na+ selectivity at εp > 5. The channel
exhibits neither K+ nor Na+ selectivity near the point
εp ≈ 5. The distribution coefficient n is an important
characteristic for the analysis of the distribution of ion
between the bulk of water and the ion channel:

(5)

Let us consider the value (nK/nNa) as a measure of
K+/Na+ selectivity of the ion channel. We can write for
this ratio the next formula: (nK/nNa) = exp[∆∆WNE], if
we combine Eqs. (4) and (5). This value is shown in
Fig. 2b for the case of the calculation of ∆WNE using
Eqs. (2) and (3). Our analysis confirms the qualitative
considerations of Hille (page 332 in [1]): “There we
believe that dipolar groups, forming part of the pore
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Fig. 2. (a) Difference between the changes in solvation energies for Na+ and K+ as a function of the dielectric permittivity εp in the
channel and (b) the ratio of distribution coefficients of ions between the bulk of water and the ionic channel.
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wall, substitute for the H2O dipole in providing electro-
static stabilization of the permeating ion.” Indeed, the
modified Born formula allows us to explain the exist-
ence of K+ or Na+ selectivity of the channel by the fact
that average εp in the channel is either smaller or greater
than short-wavelength ε∗ for water, as it follows from
Fig. 2b.

Applying the Güntelberg charging cycle within the
framework of NE [4] to the calculation of the free
energy WCAV of monovalent cations located in the cen-
ter of a spherical water cavity of RCAV radius inside K+-
channel, we obtain

(6)

To obtain Eq. (6), we used the fact that, according to
[1, 9, 11], RCAV is equal to approximately 0.5 nm, that
is the order of the value Λ in water. A similar formula
used in [9] was obtained within the framework of clas-
sical electrostatics. However, in this formula, εw = 80
was used instead of the short-wavelength value ε∗ = 5.
The dielectric permittivity of biomembrane εm in
Eq. (6) is considerably smaller than εw. It is evident that
the absolute value WCAV, calculated using Eq. (6), is
considerably smaller than that calculated using the
classical formula. This result is important for the expla-
nation of the mechanism of stabilization of K+ cations
in the water cavity of the K+-channel.

ACKNOWLEDGMENTS
We are grateful to A. A. Vereninov for his useful

remarks made in discussing this work. This study was
supported by the Russian Foundation for Basic
Research (project no. 06-04-48060) and by
RFBR_DFG 06-04-04000.

REFERENCES

1. Hille, B., Ion Channels of Excitable Membrane, Sunder-
land: Sinauer, 2001, 3rd edition.

2. Noskov, S.Y. and Roux, B., J. Gen. Physiol., 2007,
vol. 129, no. 2, pp. 135–143.

3. Dogonadze, R.R. and Kornyshev, A.A., J. Chem. Soc.
Faraday Trans., Pt. II, 1974, vol. 70, no. 6, pp. 1121–1132.

4. Vorotyntsev, M.A. and Kornyshev, A.A., Elektrostatika
sred s prostranstvennoi dispersiei (Electrostatics of
Media with Spatial Dispersion), Moscow: Nauka, 1993.

5. Kornyshev, A.A., Electrochim. Acta, 1981, vol. 26, no. 1,
pp. 1–20.

6. Partenskii, M.B. and Jordan, P.C., Quart. Rev. Biophys.,
1992, vol. 25, no. 4, pp. 477–510.

7. Roux, B., Allen, T., Berneche, S., and Im, W., Quart.
Rev. Biophys., 2004, vol. 37, no. 1, pp. 15–103.

8. Warshel, A., Sharma, P.K., Kato, M., and Parson, W.W.,
Biochim. Biophys. Acta, 2006, vol. 1764, no. 11,
pp. 1647–1676.

9. Roux, B. and Mackinnon, R., Science, 1999, vol. 285,
no. 5424, pp. 100–102.

10. Bastug, T. and Kuyucak, S., Biophys. J., 2003, vol. 84,
no. 5, pp. 2871–2882.

11. Jogini, V. and Roux, B., J. Mol. Biol., 2005, vol. 354,
pp. 272–288.

12. Rubinstein, A. and Sherman, S., Biophys. J., 2004,
vol. 87, pp. 1544–1557.

13. Hildebrandt, A., Blossey, R., Rjasanov, S., et al., Bioin-
formatics, 2007, vol. 23, no. 2, pp. e99–e103.

14. Bichet, D., Grabe, M., Jan, Y.N., and Jan, L.Y., Proc.
Natl. Acad. Sci. USA, 2006, vol. 103, no. 39, pp. 14355–
14360.

15. Kornyshev, A.A., Tsitsuashvili, G.I., and Yaroshchuk, A.E.,
Elektrokhimiya, 1989, vol. 25, no. 8, pp. 1027–1036.

Wc
e2

8πε0Rc
----------------- 1

εm
-----⎝

⎛ 1
ε*
-----⎠

⎞ .–=



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


