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Molecular Dynamics (MD) simulations were performed on a gramicidin A dimer model 
representing a transmembrane channel. Different from previous simulations the peptide was in 
contact with bulk water at both ends of the dimer to guarantee a realistic description of the 
hydration of the biomolecule. The flexible BJH model for water was employed in the simula­
tions and the gramicidin-water, gramicidin-ion and ion-water potentials used are based on 
molecular orbital calculations. The water structure near the gramicidin was investigated first 
by a simulation without ions, while for the energy profiles of the ion transport through the 
channel a potassium or a sodium ion was added. These investigations provide a detailed and 
conclusive picture on a molecular level of the role of water in the ion transport through a 
gramicidin A channel and can explain the experimental results on the selectivity between alkali 
ions, their double or even triple occupancy, the exclusion or permeability of anions depending 
upon cation concentration and the consequences of differences in the ionic charge. The investi­
gation demonstrate that the water molecules around the gramicidin behave as an integral part 
of the peptide and the functionality is the result o f the whole complex biomolecule-water.

Introduction

The gram icidin A dim er is well know n for its 
function as a channel for cation transport (see e.g. 
[1, 2]). It shows a num ber o f interesting properties:

-  G ram icidin A is selectively perm eable for singly 
charged cations. The perm eability coefficient 
increases w ith alkali ion size ([3] and references 
in [4]).

-  Alkaline earth  ions do not diffuse through the 
channel, bu t associate a t its entrance [1].

-  There is no transfer o f anions through the chan­
nel except for high cation concentrations [5-7],

-  Double occupancy o f the channel is found for 
cations. The results even suggest occupancy 
num bers higher than  two [8].

In spite o f the huge am ount o f experim ental 
work done on this system, the question o f how all 
these reactions can occur is still hardly under­
stood. N early all biochemical processes occur in 
an aqueous environm ent. Because o f the polar and 
non-polar regions o f a peptide, a t least in the first 
layer the w ater structure is strongly influenced by 
the biomolecule. One can assum e that this well de­
fined hydration  is decisive for the functionality of
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the peptide and can therefore no t be neglected in 
the discussion. This active role o f  w ater is general­
ly accepted, bu t the exact contribu tion  o f  the w ater 
molecules to the functionality o f  the overall com ­
plex biom olecule-water is hardly understood  [9, 
10] because o f difficulties in the experim ental de­
term ination o f the hydration structure o f biom ole­
cules. C om puter sim ulations are a useful tool for 
an understanding o f these experim ental findings 
on a m olecular level, as this system is too  com pli­
cated for a treatm ent by analytical theory.

The big interest in gram icidin as a m odel for 
transm em brane transport is therefore reflected by 
the relatively large num ber o f M onte Carlo (M C) 
and M olecular Dynamics (M D ) sim ulations per­
formed on this system. The m odels used in the sim­
ulations differ m ainly in the sim plifications con­
cerning the am ino acids, the allowed flexibility of 
the model and the peptide-w ater interactions. 
W ith a simple geometrical criterion the m odels can 
be divided in two groups, which are in short char­
acterized by:

1) Simulations with an infinitely extended channel 
model:

This type o f model was used by Skerra and 
Brickmann [11] as well as R oux and  K arplus [12]. 
The influence o f the channel entrance is com plete­
ly neglected. Because o f the periodic boundary  
conditions the lack of a w ater reservoir a t both
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entrances will (m ost probably) lead to an over or 
under occupation o f the channel. The periodicity 
o f the channel will furtherm ore result in an artifi­
cial preferential orien tation  o f the hydrogen bond­
ed w ater molecules.

2) Sim ulations o f a gram icidin dimer 
(finite models):

In the investigations by M ackay et al. [13], Lee 
and Jo rdan  [14] and Etchebest and Pullm an [15] 
less than  24 w ater molecules were considered. 
Therefore the w ater molecules occupy essentially 
the channel in terior and only some o f them are 
found outside in the entrance region o f the chan­
nel. The lack o f a bulk phase does not lead to a 
realistic hydration  sphere at the entrances. Be­
cause o f the strong tendency to form  hydrogen 
bonds this may affect the structure and orientation 
o f the w ater molecules in the interior o f the chan­
nel, too. In a m ore recent investigation by Chiu 
et al. [16] 25 w ater molecules were added at each 
end o f the channel in form  of a cap. Even in this 
case surface effects are expected to prevent bulk 
like properties. Fornili et al. [17] used about 80 wa­
ter molecules in their sim ulations. To prevent wa­
ter molecules from  evaporation they introduced a 
cylindrical, repulsive wall with a radius o f 5.5 Ä at 
the entrances. The influence o f this wall on the w a­
ter structure a t the entrance region has not been in­
vestigated.

In the M D -sim ulations reported here a large 
num ber o f w ater molecules is em ployed which 
guarantees bulklike properties outside the channel 
and in this way provides a realistic hydration of 
the gram icidin. In  order to describe the peptide hy­
d ra tion  as realistic as possible we used a flexible 
w ater m odel which is able to react with internal 
d istortion  to  the in teraction with the biomolecule.

In the next chapter the model is described to ­
gether with details o f the sim ulation. The hydra­
tion o f an ion-free gram icidin channel is investigat­
ed in a first sim ulation. By adding an ion to the 
system in various positions, all the above m en­
tioned properties o f  gram icidin will be discussed.

Description of the Model and Details of the 
Simulation

The coordinates o f the gramicidin dimer are 
taken from  U rry  [18], The model (Fig. 1) consists

o f 552 atom s and is surrounded by 490 w ater 
molecules. Lennard-Jones (LJ) walls at ±  31.45 A 
and ±  5.80 A keep the w ater density constan t and 
separate the two entrances o f the channel. Periodic 
boundary conditions are used in the x- and y-  
directions.

In the U rry  model the helix is left-handed. M ore 
recent investigations strongly indicate a right- 
handed one for gram icidin A [19, 20], however the 
earlier agreem ent o f experim ental da ta  with left- 
handedness is still no t resolved. The differences be­
tween the two kind o f helices seem not to be o f im ­
portance for the results reported here as in both 
cases three carbonyl groups extend into the solu­
tion due to the alternating D- and L-configura- 
tions o f the am ino acids.

An im portan t point which has to  be considered 
is that o f the flexibility o f the dim er and its possi­
ble influence on the results presented below. C er­
tainly the lipid environm ent will constrain the 
channel and act as a m odulator. In o ther sim ula­
tions with flexible models [12, 21] the essential 
features o f the backbone structure rem ained u n ­
changed. There are also experim ental hints that 
gramicidin A acts as a rigid channel [22]. The re­
sults presented below are o f purely structural na­
ture. The hydrogen bonding o f the w ater m ole­
cules and the coordination o f the ions are alm ost 
exclusively determ ined by the carbonyl groups. 
Therefore it is adequate to introduce flexibility for 
the carbonyl oxygens and keep the atom s o f the 
backbone rigid.

The carbonyl oxygens have three vibrational de­
grees o f freedom described by harm onic po ten ­
tials, similar to the model o f Skerra and Brick- 
m ann [11]. The m odes represent the in-plane, 3, 
and out-of-plane, cp, torsional m odes and the 
stretching m ode, d, o f  the C O -bond. The variables 
of these modes are defined by a local coordinate 
system at each carbonyl group. The plane is given 
by the equilibrium  position of the carbon  and oxy­
gen atom  and the projection o f the carbon on the 
channel axis. Therefore the equilibrium  position 
has the coordinates 9 = 0, cp = 0, d =  dQ =  \ .24 h .  
The potential energy function is defined as follows:

^  (cp, 9 , d) =  <p2 + 9 2 + A .  ( r f _  J o ) 2

The constants are taken from the w ork o f Dwi- 
vedi and K rim m  [23], who perform ed force field
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Fig. 1. Projection of all atoms of 
the gramicidin A dimer into the 
xj-plane (right) and the xz-plane 
(left) of the simulation box. The 
three outer most carbonyl oxy­
gens on the left projection are 
marked by white circles.

calculations on a polyalanin molecule, with a 
surrounding similar to gram icidin. The values are 
396 kJ m o l '1 r a d '1, 753 kJ m ol-1 ra d -1 and 
6 040-10-3 kJ/m o l-Ä 2 for k^, lc§ and kd, respec­
tively.

There is also an in teraction assum ed am ong the 
atom s o f the carbonyl groups, which is described 
by a (12-6-l)-LJ-potential. The charge o f the 
atom s is the same as in the case o f the peptide-wa- 
ter interaction (qc = 0 .451 e01, q0 = - 0 .4 4 1 e01). The 
e and a  for the C-C and 0 - 0  interaction are taken 
from M ackay et al. [ 13] and the Lorentz-Berthelot- 
rule was employed [24], The param eters are given 
in Table I together with the LJ-param eters for the 
water-wall interactions.

The w ater-w ater interactions are described by 
the flexible BJH model [25] which has proved its 
usefulness in sim ulations o f various aqueous sys­
tems [26, 27]. The gram icidin-w ater and gramici- 
din-ion potentials are taken from Fornili et al. [17] 
and Kim et al. [28, 29] derived from  m olecular o r­

bital calculations and fitted to a (12-6-l)-LJ-func- 
tion. The water-potassium  and w ater-sodium  p o ­
tentials are derived from  ab initio calculations. F o r 
the oxygen and hydrogen atom s the basis sets o f 
D unning [30] were employed, while for the sodium  
and potassium  ions the M ID I*-basis sets proposed 
by Huzinaga et al. [31] were used. The functional 
form o f the potentials and the param eters are 
presented in Table II.

Table I. Lennard-Jones parameters.

Interaction a  [A] e [kJ/mol ']

c-c 3.617 0.6191
0 - 0 2.860 0.9539
c-o 3.239 0.7684
LJ 2* 3.1 0.3168
_  * 2.5 0.3168

* LJ-parameter for the water-wall interactions at L J 2 = 
±31.45 Ä and at zm = ±5.80 Ä.
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Table II. Potential functions potassium-water and sodium-water*.

657

VKO(r) = -9 .17  x 102 /-“1 -  3.77 x 102 r-2 + 3.94 x l05exp(-3 .76-/-) 
VKH(r) =  4.58 x 102-r- ' + 1.55 x 102 r"2 + 2.94 x 104exp(-3.80 r) 
FNaQ(r) = -9 .17  x IO2 /-"1 -  3.52 x I02 r"2 + 3.55 x 105exp(-4.30 r) 
FNaH(r) = 4.58 x 102-r~' + 1.52 x 102-r~2 + 5.19 x 104exp(-5.39 r)

* The energies are given in kJ/mol with the distance r in A.

The shifted force m ethod was employed for the 
short-range interactions while the two-dim ension­
al Ew ald-m ethod [32] was used for the Coulom b- 
interactions. The time step length was 2.5 x 1CT16 s. 
The sim ulation extended over 6.5 ps at an average 
tem perature o f 305 K  for the ion-free simulation 
and 7.5 ps at an average tem perature o f 297 K and 
300 K  for the potassium  ion at the entrance and in 
the interior, respectively.

The configuration o f the ion-free sim ulation was 
created by placing a cube o f bulk w ater from  an­
other sim ulation a t each side o f the channel. A ddi­
tionally the channel in terior was filled with eight 
w ater molecules. Then the sim ulation box was de­
creased in z-direction till a lam ina with bulk densi­
ty was achieved at bo th  sides. A fter lengthy equili­
brations, first at elevated tem perature, data  collec­
tion was started  after to tal energy and tem perature 
rem ained constan t w ithout rescaling.

Results and Discussion

H ydration  o f  the gram icidin a dimer 

W ater structure in the entrance region

The good agreem ent o f various structural, dy­
nam ical and therm odynam ical properties o f water 
in the region between |z | = 19 A and 22.5 Ä with 
those calculated from  sim ulations o f pure water 
dem onstrates th a t no t only the density but all 
o ther properties are very similar to those in the 
bulk. Obviously the influence o f the gramicidin on 
w ater is a short ranging one, similar to what was 
found for LJ- and Pt-walls [27].

A t bo th  entrances o f the gramicidin dimer the 
oxygen atom s o f three carbonyl groups extend into 
the solution. Their strong interaction with the sur­
rounding w ater molecules is dem onstrated by the 
radial d istribution function g^(r) between these 
carbonyl oxygens and w ater as shown in Fig. 2. 
The d istribution o f the w ater molecules around the 
carbonyl oxygens is no t spherically symmetric be­
cause o f the excluded volume effect o f the gramici-

Fig. 2. Radial distribution functions and running inte­
gration numbers for carbonyl oxygen-water oxygen 
(full) and carbonyl oxygen-water hydrogen (dashed). 
For details of their calculation see text.

din atom s. Therefore, the have been calculat­
ed by taking into account the volum e o f the pep­
tide as a function o f the distance to the carbonyl 
oxygens. But the running integration num bers are 
based on the uncorrected R D F s in order to p ro ­
vide the correct num ber o f neighbours. Only the 
w ater molecules w ith | z\ >  10 Ä are included in the 
R D Fs, to distinguish this subsystem  from  that o f 
the channel interior.

The carbonyl oxygen-water oxygen radial distri­
bution function (R D F ) has a peak at 2.7 Ä, which 
is m ore pronounced and appears a t shorter dis­
tances than  the oxygen-oxygen distribution of 
pure water. It shows the strong interaction be­
tween the carbonyl groups and water. Thanki et al.
[33] investigated the hydration  o f non-hom ologous 
proteins. The m axim um  o f the distance distribu­
tion between carbonyl oxygen and w ater was 
found at 2.7 Ä, in good agreem ent w ith this sim u­
lation. The num ber o f nearest neighbours up to a 
distance o f 3.1 Ä  is found to be 2.6 (Fig. 2). This 
coordination num ber is relatively high, consider­
ing the reduced space for w ater molecules in the 
entrance region.

The carbonyl oxygen-water hydrogen R D F  is 
also given in Fig. 2. Again the first peak is much
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stronger pronounced than the corresponding one 
in water. The integration up to the first m inimum 
gives 2.1 hydrogen atom s which dem onstrates that 
on the average two strongly directed hydrogen 
bonds are form ed between w ater molecules and 
the carbonyl oxygens.

The orientation o f the w ater molecules in the 
entrance region can be described by the distribution 
o f cos cp, where cp is the angle between the dipole 
m om ent vector o f a w ater molecule in the hydra­
tion shells o f the three outer carbonyl groups and 
the unit vector parallel to the channel axis, for sym­
m etry reasons pointing in the direction o f increas­
ing |z |-values. The result is given as the full line 
in Fig. 3. The pronounced peak near cos cp = - 1  in­
dicates a strong preference for dipole vectors o f 
w ater molecules directed parallel to the z-axis 
and tow ards the channel interior. There is a wide 
range o f uniform ly d istributed orientations be­
tween cos c p ~ —0.7 up to cos cp == 0.3. There are 
practically no orientations found for angles 
cp<60°. A m ore detailed investigation shows that 
the orientations w ith cos cp< -0 .7  mostly belong 
to w ater molecules which are positioned near the 
channel axis while the o ther w ater molecules hy­
drate the channel entrance laterally.

Fig. 3. Distributions of cos cp, where cp is the angle be­
tween the dipole moment vector of a water molecule at 
the channel entrance and the unit vector of the r-axis 
(pointing outward at both channel entrances). For water 
molecules with carbonyl oxygen-water oxygen distances 
r <  3.1 A in the ion-free case (solid) and including those 
in the first hydration shell of the potassium ion (dashed).

W ater structure in the interior o f  the channel

For the investigation of the structure o f the w a­
ter molecules in the channel interior those w ater 
molecules were included in this subsystem  which 
are within the closed part o f the helix ( | z | <  10 Ä). 
D uring the whole sim ulation the same 8 w ater 
molecules fullfilled this condition. Consequently a 
mean distance between the neighbouring oxygen 
atom s of 2.85 A results, similar to th a t between 
first neighbours in a bulkw ater phase.

A water molecule in the channel interior forms 
hydrogen bonds not only with its w ater neigh­
bours but also with the carbonyl groups which are 
arranged as a helix around it. Therefore, it is o f in­
terest to consider the spacial orientations o f these 
water molecules together with hydrogen bonding. 
In Fig. 4 a  one can recognize that two orientated 
chains of water molecules extend from  bo th  en­
trances of the channel into the interior. These w a­
ter molecules form two different hydrogen bonds 
as donors. One bond which extends nearly parallel 
to the channel axis is formed with a neighbouring 
water molecule, while the second one -  m ore per­
pendicular to the channel axis -  is directed to the 
oxygen atom s of the carbonyl groups. A third 
hydrogen bond is formed by these molecules in 
the function of a pro ton  acceptor from  a w ater 
neighbour. These two chains are connected by a 
water molecule with a quite different orientation  
(m arked by an arrow  in Fig. 4 a) where the dipole 
m om ent vector is nearly perpendicular to the 
channel axis. This molecule acts as a double accep­
tor for hydrogen bonding with its two w ater neigh­
bours (double acceptor configuration), while two 
hydrogen bonds can be formed as a donor with the 
surrounding oxygen acceptors o f the gram icidin.

The orientation found can be derived from  the 
results m entioned above and the know n properties 
o f water. W ater molecules have a high correlation 
o f the dipole m om ent vector o f next neighbours
[34], This has the consequence tha t the o rien ta­
tions o f the water molecules at both  channel en­
trances are continued from both sides into the 
channel interior as a linear and nearly parallel 
orientated chain. An energetical very unfavour­
able antiparallel orientation o f two w ater neigh­
bours in the interior causes the tu rn  o f one m ole­
cule, this means the forming o f the double accep­
tor configuration. This leads to the conclusion that
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Fig. 4. Snapshots of the gramicidin-water and gramici- 
din-water-potassium ion simulations. Projection of the 
oxygen and hydrogen atoms of the water molecules at 
the channel entrance and in the channel interior onto a 
zr-plane. r is the distance from the z-axis. a) The car­
bonyl groups at the channel entrances are shown addi­
tionally (Fig. 1). b) The cation is placed in the entrance 
region, c) The cation is placed in the channel center, 
d) One cation is placed in each entrance region and one 
cation in the channel center. In all figures the arrows 
mark water molecules which act as a double acceptor for 
hydrogen bonds with their water neighbours while the 
left arrow in d) marks a break in the hydrogen bonded 
chain of the water molecules.

the described structure in the channel interior is 
the result, both o f  the in teraction  o f the w ater 
molecules w ith their w ater neighbours and the 
peptide and the hydration  structure a t the channel 
entrances.

The discribed structure o f tw o antiparallel w ater 
chains, connected by a double acceptor configura­
tion guarantees th a t a m axim um  am ount o f hydro­
gen bonds can be form ed. The position  o f the dou ­
ble acceptor configuration in the channel is a rb i­
trary  for the m entioned function. D uring the 
whole sim ulation time the sam e molecule re­
m ained in tha t configuration. R oux and K arplus

[12], who found an exclusively parallel orientation 
of the water molecules in their one dim ensional pe­
riodic model, observed only one turn  o f the whole 
configuration during a sim ulation time o f  250 ps.

The sim ulation o f Fornili et al. [17] with about 
80 water molecules in the entrance regions resulted 
in two antiparallel w ater chains in the channel, as 
in this work.

C ontrary to our w ork, Chiu et al. [21] even 
found a water molecule in the channel in a double 
donor instead of a double acceptor configuration. 
The num ber o f possible hydrogen bonds was 
therefore reduced. Jo rdan  [35] described configu­
rations with hydrogen atom s pointing ou t o f  the 
channel a t both ends as “typical” for the arrange­
ment o f the w ater molecules. M ackay e t al. [13] de­
scribed one parallel w ater chain in the whole chan­
nel. This structure means two different entrances, 
in contradiction to the symmetry o f the channel.

Such configurations seem to be possible only be­
cause o f the lack o f a sufficient am ount o f w ater 
molecules a t the channel entrances, so th a t an in­
duced orientation o f the w ater molecules from  the 
channel ends to the interior cannot occur. The 
cases above show that even for finite sim ulation 
models different w ater molecule configurations in 
the channel interior are described in the literature. 
Either all dipole m om ent vectors point in the same 
direction or two different antiparallel orientations 
can be found. O f course, a larger num ber o f w ater 
molecules in the model m eans a m ore realistic de­
scription o f the natural conditions where a hydra­
tion sphere and a bulk solution exist. Furtherm ore 
it is our intention to show th a t all the described 
water configurations can be understood by con­
sidering the details o f the sim ulation m odels used.

Cation versus anion selectivity

Evidently the orientation  o f the w ater molecules 
hydrating the channel entrance is favourable for 
the approach of a cation along the z-axis o r even 
laterally (capture region). The ion can be fixed to 
the hydration sphere w ithout a reorientation o f the 
water molecules in the whole entrance region or 
even in the channel interior. Such an ion access 
may increase the probability  for ions to  enter the 
channel, because they are kept near the channel 
and the rate for a diffusion back into the solution 
is reduced [36],
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This w ater molecule orientation, o f course, pre­
vents anions from  approaching and consequently 
entering the channel although the structure o f the 
peptide should no t be responsible for an exclusion 
o f anions (see e.g. the discussion in [37]). A possi­
ble deviation from  this conclusion will be dis­
cussed below.

Gramicidin A and ions 

Energy profiles for cations

In order to obtain  a profile o f the minim um  po­
tential energy o f cations, which characterizes the 
reaction coordinate through the channel, further 
sim ulations with one sodium or one potassium  ion 
in addition  to the w ater molecules were perform ed 
for different z-values. The cations were fixed in the 
x j-p lan e  while no constraint acted on the water 
molecules or the flexible gram icidin atom s. After 
reaching a potential energy m inim um  the sim ula­
tion was continued with the corresponding config­
u ration  for at least 2000 time steps. If  a deeper 
m inim um  developed, this procedure was repeated 
until no further decrease in energy occurred. The 
m inim um  energy profile perm its to specify points 
o f the reaction coordinate which are o f specific in­
terest for a further investigation. This is a simplifi­
cation, as even with the largest com puters availa­
ble the m ovem ent o f an ion to and through the 
gram icidin channel cannot be followed.

The results are shown in Fig. 5. F o r both ions 
the energy m inim a along the reaction coordinate 
are found between the two outer carbonyl oxygens 
at \z \ ~  13 Ä. F o r both  ions an increase o f the en­
ergy at the channel entrance can be recognized. 
The m axim um  o f the barrier appears at \z\ ~  10 Ä 
for both  cations and is larger for the sodium  ion in 
agreem ent with the know n selectivity sequence. 
Energy variations tow ards the m iddle o f the chan­
nel seem not to be statistically significant because 
o f the regular structure o f the peptide backbone 
and therefore o f the carbonyl groups [38],

As the m inim um  o f the reaction path  close to 
the channel m outh  is o f special interest, we per­
form ed a sim ulation with a potassium  ion there. 
D uring the whole sim ulation time the potassium  
ion rem ained in the open part o f the channel helix 
at |z | = (13.2 ±  0.3) A which can be considered as 
the assoziation site o f the channel for a cation. The

Fig. 5. Minimum energy of a cation M + (potassium ( • )  
or sodium (O)) as a function of its z-coordinate (see text 
for a more detailed description). The perpendicular lines 
mark the z-coordinates o f the outer most carbonyl 
oxygens.

overall position o f the binding site is in agreem ent 
with the minimum o f the energy profile o f Fig. 5.

Electrochemical and spectroscopic investiga­
tions suggest a binding site in the region between 
10 Ä and 11 Ä. It was calculated with the assum p­
tion that Eyring’s rate theory can be used here. 
W hether this procedure is correct o r not is still 
under discussion [1, 39—41], K oeppe et al. [42] re­
port X-ray experiments on  gram icidin A and give a 
binding site o f about 11 Ä. But it is not sure 
whether the investigated structure is the same as in 
the case o f a m em brane-bound channel [43] be­
cause under those conditions gram icidin forms 
probably antiparallel double helices and no head- 
to-head dimers [44]. U rry  et al. [45] concluded 
from N M R  m easurem ents that two symmetric 
binding sites for m onovalent cations are localized 
between the Trp 11 and T rp  13 carbonyl groups of 
each m onom ere. Furtherm ore O lah e t al. [46] give 
binding sites for T l+ at ab o u t 9.6 Ä and  for Ba2+ at 
about 13.0 A, whereby the location o f the T l+- 
binding site is surprising because it was generally 
thought th a t m onovalent cations bind at the first 
turn o f the helix [47, 48], Finkelstein and Andersen 
[49] found experim entally that gram icidin shows 
water perm eability even with a sodium  ion at the 
channel entrance. They concluded, consistent with 
the sim ulation results, the existence o f a binding 
site in the open region o f the helix. Fig. 4 b gives a 
snapshot from  the sim ulation which is able to illus­
trate the described situation. The potassium  ion 
position at the channel entrance does not block the



channel for w ater molecules. This point will be 
investigated in m ore detail below.

C oord ination  o f the potassium  ion at the 
association site

The next step in the investigation o f ion selectiv­
ity is the calculation o f the ion-oxygen coordina­
tion in the entrance region.

The norm alized potassium  ion-peptide oxygen 
distance d istribution  is shown as a full line in 
Fig. 6. In the U rry  m odel the ethanolam ine tail has 
the energetically favourable staggered conform a­
tion. Because o f the position at the channel en­
trance (see Fig. 1), its oxygen atom  can also coor­
dinate the potassium  ion and is therefore included 
here. There are four peaks up to the first p ro ­
nounced m inim um  at 4.7 Ä, which are connected 
with the three ou ter carbonyl oxygens and the 
ethanolam ine oxygen. Because o f the m ovem ent of 
the cation a t the association site the four peaks are 
no t well defined but overlap. T ogether they define 
the solvation sphere o f the cation  by the peptide. 
The to tal num ber o f peptide oxygens, nKO(d) up to 
the distance o f d  = 4.7 Ä, is 4. The distribution 
function shows tw o pronounced peaks at larger 
distances, each o f them  caused by two carbonyl 
oxygens in the channel interior. They are well sep­
arated  as the distances between the potassium  ion 
and these oxygen atom s are no t changed m uch by 
the m otion o f the cation in the entrance region.

The coord ination  o f the w ater molecules to the 
K + in the entrance region is described by the K +- 
oxygen R D F , calculated as explained above. It is 
presented in Fig. 7. In Table III the characteristic
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Fig. 6. Distribution PKO( ^  of the distances between the 
potassium ion and the oxygens of gramicidin A. The full 
line refers to the simulation with a potassium ion at the 
channel entrance (including the ethanolamine oxygen), 
while the dashed line gives the coordination by carbonyl 
oxygens when the cation is in the middle of one mono­
mer. The integration numbers nK0( /̂) are given on the 
right axis.

Fig. 7. Radial distribution functions for potassium ion- 
water oxygen gKO(/\)- The full line gives the running inte­
gration number for all the atoms, while the dashed one 
considers only those which fullfill the condition z0 >  zK+.

Table III. Characteristic values* of the potassium-water pair distribution 
functions.

i j rM\ g(f A /l) r m\ S(rm,) rm S(rm ) « ( ' 'm l )

K O (e) 2.5 2.7 4.7 3.5 0.3 4.9 1.4 5.2
(b) 2.48 2.69 5.37 3.68 0.49 5.08 1.49 7.5

K H (e) 2.9 3.3 2.3 4.2 0.6 5.4 1.2 14.1
(b) 3.01 3.33 2.72 4.24 0.56 5.67 1.36 18.4

* Rk, rMk and rmk are the distances in A where g^r) first becomes 1 or has its /c-th 
maximum or minimum, respectively, n is the number of next neighbours, de­
fined as the spacial integral up to the first minimum, (e) and (b) give the charac­
teristic values of the pair distribution functions for K + in the entrance region 
and the bulk solution, respectively.
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values bo th  o f the K +-oxygen and K +-hydrogen 
R D F  are com pared with those o f a 2.2 m olal KC1 
bulk solution, for the sim ulation o f which the same 
w ater-w ater and potassium -w ater potentials were 
employed. The com parison shows only small de­
viations for the distances o f the characteristic 
points. Only the heights o f the peaks show differ­
ences because o f the different surroundings -  pep­
tide or bulk. The num ber o f nearest neighbours of 
K + in the entrance region is 5.2. C om pared with 
the bulk solution this m eans tha t the hydration 
num ber is reduced by 2.3 because o f the excluded 
volume effect o f the gram icidin. Thus the po tas­
sium ion a t the channel entrance is coordinated by 
4 peptide and 5.2 w ater oxygens. This high solva­
tion num ber explains the position o f the binding 
site in the open part o f the helix, where such a high 
coordination is solely possible.

It is interesting to distinguish w hether a water 
molecule in the first shell o f K + is positioned 
tow ards the bulk z0 >  zK- or in the direction of 
the channel in terior Z0 <  ZK • The dashed line in 
Fig. 7 shows the num ber o f w ater molecules with 
z0 >  z K+ as a function o f distance. U p to the first 
m inim um  3.2 neighbours are found. This means 
tha t two w ater molecules are between the ion and 
the one-dim ensional w ater structure in the channel 
interior. The w ater structure is therefore not inter­
rupted from  the channel interior to the bulk, in 
agreem ent with the above m entioned w ater perm e­
ability if a cation is bound at the channel.

In Fig. 3 the distribution o f the orientation  of 
those w ater molecules which hydrate the ion occu­
pied channel entrance -  the carbonyl oxygens or 
the potassium  ion -  is shown as a dashed line. D if­
ferent from  the ion-free case a m axim um  appears 
at cos (p = 0.8. Obviously it m arks the orientation 
o f dipole m om ent vectors o f those w ater molecules 
which are bound to the cation and have Z0 >  ZK + - 
Because o f the in teraction  o f these w ater molecules 
in the hydration sphere o f the cation am ong each 
other and with the carbonyl groups in the neigh­
bourhood, it can be understood tha t they are not 
preferentially parallel to the z-axis. Anyway, one 
has to keep in m ind tha t the z-axis is not the sym­
m etry axis o f the channel entrance, but only of 
the channel interior. The num ber o f w ater mole­
cules with orientations antiparallel to the z-axis 
(cos (p = - 1 )  is strongly reduced, as the position 
close to the channel entrance is now occupied

by the cation. A second m axim um  is found at 
cos cp ~  —0.3. This reflects, as in the ion-free case, 
the orientations o f the dipole m om ent vectors o f 
those w ater molecules which hydrate the channel 
laterally.

C oordination o f the potassium  ion in the channel 
interior

In order to understand the selectivity it is im por­
tan t to know how the coord ination  o f K + in the 
channel interior differs from  th a t a t the associa­
tion site. F o r this purpose a sim ulation w ith a 
potassium  ion at z ~  4 A (Fig. 1, side view) was 
perform ed. The distribution o f the distances be­
tween the potassium  ion and all the peptide oxy­
gens is shown as a dashed line in Fig. 6. A clear 
peak can be seen at d  =  2.7 A in agreem ent with 
the typical potassium -oxygen first neighbour dis­
tance. The integration up to the well-defined m ini­
mum at 3.5 Ä leads to a coord ination  num ber o f  3. 
Three further oxygens form  a second peak up to
4.5 A. The peaks at larger distances reflect the re­
m aining carbonyl oxygens, which become less at 
distances beyond abou t 6 A because o f the limited 
channel length and asym m etric position o f K + in 
the channel interior. The channel diam eter perm its 
only two w ater molecules as nearest neighbours to 
the K + in the interior. Their cation-oxygen distri­
bution is shown in Fig. 8. The distribution  is ra th ­
er narrow  and the m axim um  appears a t a distance 
smaller than in the bulk, indicating a strong cation 
hydration.

Fig. 8. Distribution of the distances dKO between the 
potassium ion in the middle of one monomer and the 
oxygen atoms of its two closest water neighbours.
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Cation selectivity

The perm eability coefficients o f  singly charged 
cations as deduced from  experim ent show the fol­
lowing sequence:

<  ^*Na+ <  + < ^ >Rb" ~  ^ C s + <  ^ H  -

The differences between the larger alkali ions 
are rather small. C om pared with sodium , the coef­
ficients for potassium  and cesium are larger by 
47%  and 55% [47], respectively.

In the case o f gram icidin there is still a discus­
sion about the question w hether the entry into or 
the diffusion th rough the channel is the rate deter­
m ining step for the selectivity. The energy profiles 
in Fig. 5 dem onstrate that for the diffusion o f a 
cation in the in terior o f the gram icidin channel no 
big changes in the energy occur as the carbonyl 
groups form  a regular structure, which continues 
over the junction  o f the m onom ers [38], This is dif­
ferent in the entrance region. In going from the 
bulk to the association site the hydration  num ber 
o f the potassium  ion is reduced from  7.5 to 5.2, but 
the cation is solvated by 4 oxygens o f the peptide. 
The entering o f the channel is connected with a 
further loss o f 3.2 w ater molecules, because in the 
channel interior the cation is only hydrated  by two 
w ater molecules. The solvation num ber o f the pep­
tide oxygen is increased by abou t two. This means 
tha t during the first partial dehydration  (associa­
tion step), the potential energy decreases, while the 
second partial dehydration (entering the channel) 
is connected with an increase in potential energy. 
This two step reaction may be w ritten in the fol­
lowing way:

K +(H 20 ) 7 5 + G A  2J ? 2°  G A (K +U H 20 ) , 2

-3.2 H ,0
G A (K +U H 20 ) 2.

It can be concluded from  these results tha t nei­
ther the diffusion through the channel, nor the as­
sociation step is rate determ ining, bu t the entering 
into the channel. We already m entioned that the 
energy barriers at the channel entrance reproduce 
the selectivity sequence between sodium  and 
potassium  correctly. F or a better understanding o f 
the selectivity it is im portan t to know  w hether the 
increase o f the potential energy results m ainly 
from  the interactions o f the cation w ith gram icidin 
or with water. The num ber o f nearest neighbour 
peptide oxygens is larger by abou t two in the inte­

rior than at the channel entrance (Fig. 6), and gen­
erally the running integration num ber gives higher 
values for all distances. This means a better coor­
dination o f the cation by the peptide and a lower 
cation-peptide energy in the channel interior com ­
pared with the state when the ion is bound at the 
entrance. This is in accordance with the energy 
profiles o f sodium and potassium  along the 
z-coordinate calculated by K im  and Clementi [38]. 
F or both cations they found in the region 10 Ä <  
z  <  13 A, nearly constant energy values for the 
peptide contribution. Then, these energy values 
decrease and reach nearly constant values in the 
interior o f the channel. The profile o f the cation- 
water interaction is different. In the above m en­
tioned interval the profiles increase. This means 
that the cation suffers -  caused by a partial dehy­
dration -  a loss o f binding energy concerning 
water. In the channel in terior the profile is nearly 
constant, too.

Consequently, the stripping o f w ater molecules 
during the entrance step into the channel causes 
the increase o f the energy in region 10 A <  z <  
13 Ä shown in Fig. 5. The barrier for this step is 
therefore determ ined by the alkali ion-w ater in ter­
action energies. The depth o f these potential func­
tions correlate with the above m entioned sequence 
o f the alkali ion selectivity o f gram icidin A.

A nalogously, the experim entally know n proper­
ties o f the alkaline earth  (divalent) ions in contact 
with gramicidin can be understood, too. In the lit­
erature [1] an association o f alkaline earth  ions at 
the channel is described, but a diffusion through 
the channel cannot be found. F urtherm ore, a dy­
namical equilibrium  between the alkaline earth  
ions in solution and associated at the channel en­
trance was detected. These results are in agreem ent 
with the discussion above th a t not the association 
but the next step, the entrance into the channel, is 
rate determining. The binding energies o f the a lka­
line earth  ions to a w ater molecule are significantly 
larger than for the alkali metal ions because o f the 
double charge. Therefore a further dehydration 
necessary for entering the channel is energetically 
not possible.

M ultiple occupancy by cations and anion 
perm eability

Conductivity m easurem ents and other investi­
gations indicate [8, 50] tha t the channel can be oc-
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cupied by two alkali ions. It is assum ed that these 
cations are positioned at the two channel en­
trances. A so-called “knock on reaction” [51], 
whereby one o f the ions enters at the already occu­
pied side, is excluded for electrostatic reasons [43]. 
A doubly occupied channel is blocked for ion 
transfer.

D ouble occupancy is in com plete agreement 
with the results o f this work. One can see from 
Fig. 4 b tha t the hydration  o f the entrance at the 
ion-free side (left) o f the ion-occupied gramicidin 
is in principle the same as shown in Fig. 4 a at both 
entrances. This is due to the existence o f a w ater 
molecule in double acceptor configuration (arrow  
in Fig. 4 b). The conditions for the approach and 
the binding o f a second cation are therefore the 
same as discussed above for ion-free case.

Based on experiments, Eisenm an et al. [8] as­
sumed the existence o f gram icidin channels, which 
are occupied by three or even m ore cations. It is 
imagined tha t in such a case one cation is found in 
the channel in terior while the o ther two cations are 
located at the entrances [43]. Again this result can 
be explained by the sim ulation. Fig. 4c shows a 
snapshot from  a sim ulation with a cation in the 
middle o f the channel (junction o f the m onomers). 
The orientations o f the dipole m om ent vectors of 
the w ater molecules a t the channel entrances can 
rem ain essentially the same as in the ion-free case, 
because two w ater molecules in double acceptor 
configuration exist. The conditions for the associa­
tion o f two further cations at the entrances are 
therefore fullfilled as discussed above. To check 
this we perform ed a sim ulation with three po tas­
sium ions -  one placed at each channel entrance 
and one in the m iddle o f the gramicidin. A snap­
shot o f tha t investigation is shown in Fig. 4d. Here 
one w ater molecule acts as a double acceptor (right 
arrow ) in one half o f the channel. There is a clear 
hydrogen bonded chain o f w ater molecules be­
tween the potassium  ion at the right association 
site and that in the in terior o f the channel. Because 
o f the fixed positions o f the association sites at the 
entrances, and because there is not sufficient space 
for ano ther w ater molecule, a break in the hydro­
gen bonded chain occurs in the second half o f the

channel (left arrow). The direction o f the dipole 
m om ents is there determ ined by the strong hydra­
tion o f the two cations and  the interaction between 
the water molecules and  the channel interior. This 
leads to the gap between two neighbouring water 
molecules which point w ith their dipole m om ents 
in opposite directions. This arrangem ent o f three 
solvated cations in the channel which are at least 
partly connected by w ater molecules can therefore 
explain the stability o f  the suggested triple occu­
pancy o f gram icidin in spite o f the high num ber o f 
positive charges in a distance range o f abou t 13 Ä.

While no anion perm eability can be m easured 
under norm al experim ental conditions, Eisenman 
et al. [8] found at high thallium  concentrations -  
when both  channel entrances are occupied by tha l­
lium ions caused by the high affinity o f thallium  
tow ards gram icidin -  a perm eability o f acetate 
and chloride ions which reaches 10% o f the value 
for the thallium  ions. The sim ulation w ith a po tas­
sium ion associated at the channel entrance is ap ­
propriate to discuss this phenom enon because 
potassium  and thallium  are similar in a num ber of 
properties.

D ifferent from  the ion-free case, the cation at 
the channel entrance reorientates the w ater m ole­
cules in the outer sphere o f the hydration  shell 
(Fig. 3 and Fig. 4b). Their dipole m om ent vectors 
point preferentially tow ards the bulk. This orien­
tation o f the w ater molecules should perm it anions 
to approach the channel and enter it together with 
the cation. A t this stage o f the investigation it can­
not be decided on the basis o f the sim ulations 
w hether the diffusion o f  the T1+/C1~ -complex oc­
curs as a contact ion pa ir or a solvent separated 
one. Electrostatic calculations suggest a contact 
ion pair [43]. This question is currently investigat­
ed in our laboratory.
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