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Abstract. Electric dipoles placed side by side attract 
each other if antiparallel and repel each other if 
parallel. The hydrophobic e-helical sections of pro- 
teins that span membranes are known to possess 
large electric dipole moments. The first part of the 
paper consists of a calculation of the interaction 
energies between such helices including screening 
effects. Interaction energies remain comparable with 
a typical thermal energy of KT up to separations of 
order 20 A. In addition it is shown that, due solely 
to its dipole moment, an e-helix which completely 
spans the membrane has an energy up to 5 KT lower 
than one which terminates within the membrane 
width. The second part of the paper describes the 
electrical interaction of the charge structure of a 
membrane channel and the protein helices that 
surround the pore. The gating charge transfer that is 
measured when a voltage sensitive ion channel 
switches, means that the dipole moment of the ion 
channel changes. This in turn results in a change in 
the radial forces that act between the pore and the 
e-helices that surround it. A change in these radial 
forces which tend to open or to close the pore consti- 
tutes an electrically silent gating mechanism that 
must necessarily act subsequent to the gating charge 
transfer. The gating mechanism could consist of the 
radial translation of the neighbouring proteins or in 
their axial rotation under the influence of the torque 
that would act on a pair of approximately equi- 
distant but oppositely directed e-helices. An attempt 
to calculate the interaction energy of a typical pore 
and a single e-helix spanning the membrane results 
in an energy of many times KT. 
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Introduction 

The structure of most membrane channel proteins 
seems to consist of clumps of amphipathic protein 

that surround and define the pore in a barrel stave 
fashion. The clumps may be separate proteins as in 
the acetylcholine receptor (Changeux et al. 1984) or 
helical sections of a single large protein as in the 
sodium channel of Electrophorus electricus (Noda 
et al. 1984). In both cases the channel is closely sur- 
rounded by helical (probably e-helical) sections of 
protein that penetrate the membrane perpendicu- 
larly. Protein helices are known (Wada 1976; Hol 
et al. 1978) to possess large electric dipole moments 
and in this paper I consider some of the conse- 
quences of these large electric dipole moments in 
such close proximity to the ion channels including 
helix-helix interaction, helix-interface interaction 
and the interaction between the dipole moments of 
the helices and that of the pore which leads to a new 
model of voltage sensitive membrane channel gating. 

Results 

In Fig. 1 is displayed as a dotted line the calculated 
electrostatic interaction energy of two parallel 
c~-helices, each of 33 residues, as a function of their 
separation when they are embedded in a medium of 
relative dielectric constant e] = 3, typical of lipid or 
protein. The interaction energies are seen to be large 
in comparison with a typical thermal energy of 
KT=4.14 .10-21 j  as has been previously noted 
(Hol et al. 1981). However for helices that totally 
penetrate the membrane the calculation is unrealis- 
tic in that it does not take into account the electric 
field screening effects of the high dielectric constant 
fluid that bathes the two faces of the membrane. 
For a plane parallel sided slab of homogeneous di- 
electric it is possible to calculate the effects of screen- 
ing exactly using the method of electrical images, 
described in most undergraduate electricity texts, 
and treated in detail by Smythe (1939). In the case 
of a real biological membrane which is not homo- 
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Fig. 1. The dotted line in Fig. 1 shows the electrostatic inter- 
action energy of two parallel e-helices each of 33 residues as a 
function of their separation X when they are immersed in a 
fluid of relative dielectric constant e I = 3. The partial charges 
Q and cylindrical co-ordinates (R, Z, ~) of the atoms in a 
residue relative to that of the e-carbon atom in the same resi- 
due that were used to generate the e-helix are listed below. 
The increments in the cylindrical co-ordinates between the 
e-carbon atoms of adjacent residues used were AZ = 1.479 A 
and A~0= 101.1 ° and no charged side chain atoms were in- 
cluded in the calculation. 

The full line in Fig. 1 gives the calculated interaction 
energy of the same two parallel e-helices embedded perpen- 
dicularly across a parallel sided slab of material of relative 
dielectric constant e I = 3 and thickness 27 A when surrounded 
by a fluid of relative dielectric constant e2 = 80. The calcula- 
tion in performed using the method of images utilizing the 
first two image helices. The broken line in Fig. 1 shows the 
energy of interaction between the helices when e 2 is made very 
large in order to simulate perfect electrical screening of the 
electric fields at the ends of the helix. 

Atom R[A] Z[A l ~0 [Deg] Q[le[] 

H 1.492 + 1.863 + 18.88 +0.2 
N t.505 +0.890 +27.82 -0.2 
e-C 2.260 0 0 0 
C 1.628 - 1.066 -27.99 +0.42 
O 1.877 -2.246 -21.60 -0.42 

geneous the method provides only an approximate 
solution which is however likely to prove much 
more accurate than calculations, such as that re- 
presented by the dotted line in Fig. 1, which totally 
ignore screening. In this case the calculation involves 
the addition to the electric field of an unscreened 
helix, of the electric fields of  the "image helices" 
which occupy the positions of  the optical virtual 

images of  the original helix as seen in two parallel 
plane mirrors that occupy the positions of the mem- 
brane surfaces. A full calculation involves the sum 
of  an infinite set of image helices at increasing 
distances from the membrane but, because we are 
dealing with dipolar fields, the convergence is rapid 
so that the force calculated using only the first two 
image helices leads to an approximation as accurate 
as is warranted in view of  the known inhomogeneity 
o f  real membranes. Using 4 image helices rather 
than 2 changes the calculated force by less than 10%. 
The full line in Fig. 1 shows the calculated inter- 
action energy of the two helices as a function of 
their separation using the nearest two image helices. 
The interaction energy is appreciable in comparison 
with KT up to separations of  about 20 A but is 
much reduced in comparison with the unscreened 
calculation. A similar reduction in the calculated 
electrostatic interaction of a-helices in globular pro- 
teins surrounded by water has been noted by Rogers 
and Sternberg (1984). The force between the helices 
that results from an interaction energy U is given by 
- D  U/DX.  It is repulsive for parallel helices and 
attractive for those antiparallel. These calculations 
are not much dependent on the dielectric constant 
chosen for the aqueous phase and the broken line in 
Fig. 1 gives the results for a bathing fluid of in- 
definitely large dielectric constant corresponding to 
perfect screening. 

A second consequence of the interaction of  the 
dipole moment  of the helix and the screening charge 
induced by it at the membrane surface, is the inter- 
action energy displayed in Fig. 2, calculated as a 
function of the distance between the end of the helix 
and the membrane surface. A helix is seen to lower 
its energy by about 10-2°J (2.5 KT) independent of 
the helix length in the low dielectric region for each 
end that terminates in the aqueous phase. An a-helix 
will, of  course, parti t ion between hydrophobic and 
hydrophillic environments largely depending upon 
the ability of its surface groups to form hydrogen 
bonds but  this dipolar effect is due to the backbone 
partial charges and applies to any helical poly- 
peptide section in a protein. This energy drop may 
explain why even strongly hydrophobic  a-helical 
sections of proteins so often span the complete low 
dielectric constant region of  both membranes and 
globular proteins to terminate at the surface. 

When a gated channel switches in response to a 
change in the voltage across the membrane,  gating 
charge transfer occurs. The charge transfer, prob- 
ably due to the combination of charged particle 
translation and electric dipole rotation, is currently 
estimated (Keynes 1983) to be the equivalent of the 
transfer across the membrane of 141e I for the 
sodium channel in the squid giant axon and 221e ] 
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Fig. 2. The calculated negative electrostatic energy of an 
a-helix oriented perpendicular to a plane interface between 
material of relative dielectric constant e 1 = 3 in which the 
helix is immersed and a second material of relative dielectric 
constant e2 = 80, as a function of the distance Z between the 
end of the helix and the interface. The calculation is per- 
formed using the method of images on helices of 7, 13, and 33 
residues. The energy arises from the interaction of the electric 
dipoles of the helix and the charges induced at the interface 
by these dipole moments. The most negative energy is ob- 
tained when Z is small and is approximated given by 
- 1 * 10-2° J, independent of the length of the helix 
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Fig. 3. This figure shows the calculated negative interaction 
energy between an e-helix of 33 residues embedded perpen- 
dicularly across a parallel sided slab of material with relative 
dielectric constant el = 3 and charges of - 5 l ei and 5 lel 
situated on an axis parallel to that of the helix, separated by a 
distance of 48 A and disposed symmetrically with respect to 
the helix as sketched in the figure. The dielectric slab is sur- 
rounded by a material of relative dielectric constant e2 = 80 
and the charges are supposed to be embedded in material of 
the same high dielectric constant. The calculation is again per- 
formed by the method of images using the first two image 
helices 

for the frog node. The gating charge transfer 
changes the electric dipole momen t  of  the channel 
and hence the electrostatic forces in the plane of  the 
membrane  acting on the protein helices in its vicin- 
ity. To first order these forces depend on the total 
dipole moment  of  the channel and not on the 
detailed distribution of  the charges and so for sim- 
plicity I will assume an electrically neutral channel 
which, in the resting state, has a total charge of  
-5]e '~  located near  its outer end and a total charge 
of  + 5 ] el located near its inner end as sketched in 
Fig. 3 a. When the channel is activated I assume that 
the positions of  the two charges are interchanged 
leading to a total equivalent charge transfer of  
10ie ]. A calculation that treats the channel as a uni- 
formly polarized cylinder with the same equivalent 
gating charge transfer yields similar results. As- 
suming that the dipole momen t  of  a neighbouring 
parallel a-helix is directed outward, the electrostatic 
interaction of  the helix and the dipole momen t  of  
the pore will result in a force attracting the helix 
radially inward toward the channel axis when it is 

resting, and a radially outward force tending to repel 
the helix when the gating charge transfer occurs. 

These forces can give rise to channel gating in 
the manner  to be described below if they are of  a 
sufficient magni tude and here I a t tempt  an estima- 
tion of their size. To do so I make two extreme as- 
sumptions. The first is that  the gating charge moves 
within a pore which has an effective dielectric con- 
stant of  e2 -- 80, as high as bulk water. It is in fact 
highly unlikely that all the charge is screened by 
water or indeed that  the water molecules within a 
pore of  d iameter  only 10 A will so effectively screen 
any charge within it, particularly if  the water  is itself 
electrically ordered (Edmonds 1984), so that this 
represents an extreme lower bound to the size of  the 
effect. An equally extreme upper  bound is obtained 
by assuming that  the gating charges move in an 
environment with an effective dielectric constant of  
el = 3, close to that of  lipid. The lower bound for the 
energy U of  interaction of the a-helix and the gating 
charges in the resting state is shown in Fig. 3 and 
the resultant inward force - D  U / D X  is easily cal- 
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Fig. 4. a shows a pore with a dipolar structure represented by a pair of charges of equal magnitude but opposite sign surrounded in 
a barrel stave fashion by 6 identical proteins each with the nearest helical section of the protein to the pore having its electrical 
dipole moment directed outward. In this resting configuration the forces between the charged structure of the pore and the 
adjacent helices attract the protein inward towards the axis of the pore thus ensuring that the pore remains closed, b shows the 
proteins unchanged but the dipole moment of the pore reversed following the gating charge transfer perpendicularly across the 
membrane in response to a change in the voltage applied across the membrane. The forces on the neighbouring helices due to 
their interaction with the pore have now reversed in sign so as to point outward from the pore axis. c shows the surrounding pro- 
teins slightly displaced outward from the pore axis in response to the radial forces so that the pore diameter has reached some 
critical diameter allowing it to conduct ions 

culated. The upper  bound to the effects is obtained 
by multiplying the interaction energy displayed in 
Fig. 3 by a factor of  (el + e2)/2el = 13.83. It is clear 
that despite the deficiencies of  such simple calcula- 
tions the energies, being of  order 5 or 10 times KT 
for each e-helix, are probably of  sufficient magni- 
tude to provide a viable gating mechanism. 

A much simplified picture of  the new gating 
mechanism is displayed in Fig. 4. Figure 4 a shows a 
channel with an electrical dipolar structure again 
represented by 2 charges of  opposite sign and 
surrounded by 6 identical amphipathic  proteins 
each with an outwardly directed e-helix closest to 
the pore axis. The interactions calculated above lead 
to forces on the helices acting in the plane of  the 
membrane which attract the proteins toward the 
axis of the channel tending to close the channel. 
Because of  the steep (approx. 1/X 4) separation 
dependence of these radial forces the total force on 
the protein molecules is dominated by that on the 
nearest outward directed helix even if  the protein 
contains equal numbers of  helices directed inward 
and outward. Figure 4b  shows the situation after 
the gating charge transfer has occured in response to 
a change in the voltage applied across the mem- 
brane. Now the forces between the channel core and 
the nearest helices are radially outward from the 
channel axis tending to enlarge the central pore size. 
Finally in Fig. 4c  is displayed the situation when 

the proteins have moved slightly under the the in- 
fluence of the forces opening the channel to some 
critical diameter  that allows ion conduction through 
it. It is clear that the transition between the situa- 
tions portrayed in Figs. 4 b and c is electrically silent 
as far as gating charge transfer measurement is con- 
cerned and that it necessarily takes place after the 
majority of the gating charge transfer has occurred. 
High pressure experiments on the squid axon do 
suggest that the final rate limiting step in the 
conduction of  sodium ions is electrically silent and 
has a sizeable activation volume (Conti et al. 1984). 

Experiments involving deuteration (Schauf and 
Bullock 1979) also point to a final electrically silent 
step in the conduction process that follows the 
gating charge transfer. An alternative gating 
mechanism to that shown in Fig. 4 is channel 
opening due to protein rotation about axes parallel 
to the channel axis that would result from the equal 
and opposite forces acting between the pore and 
equidistant but  oppositely directed pairs of  helices 
in the protein blocks. This torque would reverse in 
sign when the gating charge transfers. 

Discussion 

A gating mechanism that depends on the electric 
dipole moment  of  helical proteins that span the 
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membrane  has previously been described (Boheim 
et al. 1983) for the alamethicin pore but this relies 
on the flip-flop reversal of  the helix across the mem-  
brane. In most  biological membranes ,  including the 
two mentioned in the introduction, the helical sec- 
tions that define the pore form part  of  large amphi-  
pathic proteins embedded  in the membrane  and 
helix flip-flop is not possible. The gating mechanism 
described here does not involve helix flip-flop and 
should be applicable to real channel structures. 
Indeed, at least for the voltage sensitive sodium 
channel, the gating charge transfer and the presence 
of  helical protein sections in the close vicinity of  the 
pore are both confirmed experimentally (Keynes 
1983; Noda  etal .  1984) so that the interaction 
energies described in this paper  must  exist. The 
question that remains concerns their magni tude in 
comparison with thermal energies and the calcula- 
tions of  this paper  suggest that  even making con- 
servative assumptions they are of  sufficient magni-  
tude to provide a viable gating mechanism. Calcula- 
tions of  the likely kinetics of  the process do reveal 
that it can give rise to the sigmoid (m 3) sodium 
current switch-on characteristic that is observed for 
the squid axon, and these calculations will be 
presented elsewhere. 

Acknowledgement. I am most grateful to Royal Society for the 
award of a Senior Research Fellowship. 

References 

Boheim G, Hanke W, Jung G (1983) Alamethicin pore forma- 
tion: Voltage-dependent flip-flop of c~-helix dipoles. Bio- 
phys Struct Mech 9:181-191 

Changeux J, Devillers-Yhiery A, Chemouilli P (1984) Acetyl- 
choline receptor: an allosteric protein. Science 225:1335- 
1345 

Conti F, Inoue I, Kukita F, Stuhmer W (1984) Pressure de- 
pendence of sodium gating currents in the squid giant 
axon. Eur Biophys J 11:137-147 

Edmonds DT (1984) The ordered water model of membrane 
channels. In: Biological membranes, vol 5. Academic Press, 
New York, Chap 10 

Hol WGJ, Duijnen PT van, Berendsen HJC (1978) The e-helix 
and the properties of proteins. Nature 273:443-446 

Hol WGJ, Halie LM, Sander C (1981) Dipoles of the c~-helix 
and /~-sheet: their role in protein folding. Nature 294: 
532-553 

Keynes RD (1983) Voltage gated ion channels in the nerve 
membrane. Proc R Soc London Ser B220:1-30 

Noda M, Shimizu S, Tanabe T, Takai T, Kayano T, Ikeda T, 
Takahashi H, Nakayama H, Kanaoka Y, Minamino N, 
Kangawa K, Matsuo H, Raftery MA, Hirose T, Inayama S, 
Hayashida H, Miyata T, Numa S (1984) Primary structure 
of Electrophorus electricus sodium channel deduced from 
cDNA sequence. Nature 312:121-127 

Rogers NK, Sternberg MJE (1984) Electrostatic interactions in 
globular proteins: different dielectric models applied to 
the packing of e-helices. J Mol Biol 174: 527-542 

Schauf CL, Bullock JO (1979) Modifications of sodium chan- 
nel gating in Myxicola giant axons by deuterium oxide, 
temperature and internal cations. Biophys J 27:193-208 

Smythe WR (1939) In: Static and dynamic electricity. 
McGraw-Hill, New York, pp 193-195 

Wada A (1976) The e-helix as an electric macro-dipole. Adv 
Biophys 9:1-63 


