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Molecular Dynamics Simulations of Valinomycin and Its Potassium
Complex in Homogeneous Solvents
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ABSTRACT Molecular dynamics simulations of kalinomycin (VM) and its potassium complex in water and in a Lennard
Jones solvent are reported. In agreement with experimental evidence the structure of K+-VM in nonpolar solution is similar
to the solid state structure whereas the structure of uncomplexed VM is not. In water uncomplexed VM retains the Lac and
HyV faces (which are lost in nonpolar solution) and shows some similarity with the solid-state structure obtained by
crystallization from dimethyl sulfoxide (DMSO). However, also in agreement with spectroscopic data a dynamic equilibrium
between a set of conformers is established in both solvents. Our model reproduces the experimental dipole moment (3.6 D)
of VM in nonpolar solution. We also observed the spontaneous decomplexation of K+-VM in water, with the ion passing
through the HyV face in preference to the Lac face. Water attack was observed through both faces. The time scale for all
conformational transitions is of the order of 100 ps, with structural changes associated with the (de)-complexation reaction
controlled by the ring dihedrals in the vicinity of the L-lactic acid residues. Global structural functions, radial distribution
functions, and VM ring dihedral analysis are presented, along with an analysis of the decomplexation event.

INTRODUCTION

Valinomycin (VM) is a naturally occurring antibiotic iono-
phore that actively transports potassium through the cell
walls of living tissue. As a cyclodepsipeptide (Fig. 1) it is a
relatively simple biological molecule, but with considerable
conformational flexibility. In complexes of VM with alkali
metal ions in the solid state, the VM folds around the ion
with the ring adopting a "tennis ball seam" arrangement.
NMR, infrared (IR), and Circular Dichroism (CD) measure-
ments indicate that the conformational structure of the
K+-VM complex in chloroform, methanol, and cell vesicles
is similar to the solid state, though the complex itself is
unstable in water (Grell and Funck, 1975).
The uncomplexed molecule can be crystallized into a

number of conformers including the "twisted bracelet" (TB)
conformation from octane (Karle, 1975) and the "twisted
propeller" (TP) conformation from DMSO (Karle and Flip-
pen-Anderson, 1988). In solution the structural data are
much less clear, but conformations adopted by VM seem to
reflect the polarity of the solvent (Bystrov et al., 1977): one
set of conformers predominates in nonpolar solvent,
whereas another predominates in more polar environments,
such as methanol-water mixtures. Regardless of the solvent,
however, no single conformational state predominates at
room temperature nor are spectroscopic measurements Ultra-
Violet (UV), CD, IR, and NMR) of VM fully consistent
with the existence in solution of any of the solid-state
conformers (Grell and Funck, 1975; Feigenson and Meers,
1980; Jackson and Mantsch, 1991).
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Clearly, an understanding of the solvent-induced confor-
mations of VM (and K+-VM) is of central importance in
explaining its ability to facilitate ion transport across the
water-membrane interface. Ideally it would be useful to
have clear-cut structural data on VM adsorbed at such an
interface but no experimental data are available. One of the
aims of this article is to show that structural data from
computer simulations can be used to build an understanding
of structural effects in VM and then to enhance the inter-
pretation of experimental data. Preliminary to explicit sim-
ulation of antibiotic action at the interface, we report a
molecular dynamics (MD) study of VM and the K+-VM
complex in nonpolar and aqueous solution. These solvents
mimic the environments expected on either side of the cell
interface viz the interior of the lipid bilayer of the cell wall
and the water on either side of the cell wall.

In the next section, we give a description of the compu-
tational details and outline the approach we have used to
characterize structure and structural changes in this complex
system. In Results and Discussion we present and discuss
the results obtained for the structure ofVM and the K+-VM
complex in the Lennard-Jones solvent and in water; the
complex is unstable in water and we give details of the
mechanism of the decomplexation.

COMPUTATIONAL METHODOLOGY

Molecular dynamics simulations

The MD methods adopted in this study are closely related to those in our
previous work on the VM and K+-VM systems (Forester et al., 1994;
Forester et al., 1995). Four simulations were undertaken, each at a tem-

perature of 310 K and 300 ps in length, including a period of 50 ps for
initial equilibration of the system. The simulations were performed using a
16-processor IBM SP2 parallel computer at Daresbury Laboratory, and the
256 processor Cray-T3D at the Edinburgh Parallel Computing Centre. The
simulated systems were 1) VM in a Lennard-Jones (LJ) solvent; 2) VM in
water; 3) K+-VM in LJ solvent; and 4) K+-VM in water.
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FIGURE 1 Chemical structure of Valinomycin (VM). Ring dihedral
angles (a1 -2) are identified by the central atom pair. The molecule is
made from three (L-Val-D-HyV-D-Val-L-Lac) units.

The chosen model for water was the simple point charge (SPC) potential
(Berendsen et al., 1981). Lennard Jones solvent has recently been success-
fully used to represent a biological membrane (Guba and Kessler, 1994;
Roux et al., 1995). In our previous work an adapted AMBER force field
(Weiner et al., 1986) was employed to model both K+-VM and VM in the
solid state and in vacuo (Forester et al., 1994); in addition it was used to
model the spontaneous capture of partially solvated K+ (Forester et al.,
1995). The same adapted AMBER force field was used here also. The
usual Berthelot combining rules were used for solute-solvent interactions.
The forcefield we used does have some limitations, notably that there is no
adjustment made for ion-induced polarization on the solvent or the
biopolymer. Consequently the strength of K+ binding to VM (and to the
solvent) will be underestimated. Moreover, as Marrone and Merz (1995),
who also used an AMBER-based force field, noted there are difficulties in
finding a static set of partial charges that faithfully model the electrostatics
of uncomplexed VM in its different conformational states. Our force field
undoubtedly suffers from the same limitations, although as mentioned
above it has proved robust in simulations of complexed and uncomplexed
VM in a number of environments.

All the simulations reported here utilized a truncated octahedral (TO)
MD cell based on a cube of length -45 A. TO boundary conditions are
considerably more efficient than a standard cubic cell as they reduce the
number of solvent molecules in the system for a given maximum potential
cutoff. Periodic boundary conditions were implemented to prevent surface
effects perturbing the calculations.

In the two LJ solvent simulations a standard Coulombic potential was
used with a cutoff of 20 A. This was sufficient to ensure all VM sites
interacted with each other but not with sites of solute molecules in neigh-
boring cells. The calculations thus effectively modeled VM or K+-VM at
infinite dilution. The simulation cell contained 500 solvent particles, which
had LJ interaction parameters of E = 598.6 J mol- l, o- = 3.923 A, the same
as used for methylene groups in hydrocarbon membranes (Bishop and
Clarke, 1991).

For the two simulations in water, an Ewald sum (Smith and Fincham,
1993) with energies and forces converged to one part in 10-6 was used to
calculate the electrostatic terms. The cell contained 1223 water molecules
in addition to the solute; the effective concentration of VM was 30
mmol/dm-3. The use of the Ewald sum was necessary to avoid structural
and dynamical artifacts arising from the truncation of electrostatic inter-
actions (Schreiber and Steinhauser, 1992; Lau et al., 1994; Perera et al.,
1995).

All simulations were performed using the parallel molecular dynamics
package DLAPOLY (Smith and Forester, 1994a; Smith and Forester,
1994b; Forester and Smith, 1994). The equations of motion were solved
using the Verlet leapfrog algorithm with a time step of 2 fs. A controlled
pressure algorithm (Melchionna et al., 1993) was used to allow the cell
volume to adjust during the equilibration portion of the simulations and to
obtain a mean pressure close to atmospheric. The production portion of the
simulations were carried out in the canonical ensemble (constant NVT)

with temperature coupled to a Nos6-Hoover thermostat (Hoover, 1985). All
bond lengths were constrained by application of the parallel SHAKE
algorithm, RD-SHAKE (Smith and Forester, 1994b). In all four simula-
tions the nonelectrostatic pair interactions (e.g., Lennard-Jones and hydro-
gen-bonding potentials) were truncated at 12 A.

Structure characterization

As in previous studies (Forester et al., 1994; Forester et al., 1995) we have
measured some aspects of the global structure of VM. The first was the
asphericity order parameter, A3 (Rudnick and Gaspari, 1987)

( I*j (Ai -A)2)
A3 -A3 2((E3 lAi)2) (1)

where (... .) denotes an ensemble average and the A1 are the three principal
moments of inertia of the molecule. A3 is 0 for a perfectly spherical object,
0.167 for an infinitely thin disk, and 1.0 for an infinitely thin rod.

The second measure of global structure calculated was the mean-
squared radius of gyration, S2, defined as

I N

S2 = M > mi|r, -rcomII2
i=l

(2)

where M is molecular mass, ri the position of the ith atom, mi its mass, and
rcom the position of the VM center of mass.

The conformational state of the VM or K+-VM can be defined in terms
of the 36 ring dihedral angles, which are grouped in 12 distinct types.
These are indicated in Fig. 1. Each of the angles may be classified as
gauche (g+ or g-) or trans (t), the complete specification of which
uniquely defines the structure. All three sets of angles for the TB and TP
conformers and for the K+-VM forms are shown in columns 2, 3, and 6,
respectively, of Table 1. In all three cases the atomic coordinates were
taken from crystallographic data. In each structure the VM has two distinct
faces, and in the case of K+-VM it is through these faces that potassium
(de-)complexation is thought to take place. The faces are evident in the
molecular structures (Fig. 2 a-c). The Lac face contains the three methyl
groups from the L-lactic acid residues and three isopropyl groups from the
D-Valine residues, and involves the angles a2 - 2. The HyV face is more
bulky; it contains six isopropyl groups from the three HyV residues and the
three L-Valine residues, and its conformation is defined by the angles aI -
(1. A number of general features are evident from the data in Table 1, such
as rigidity of the 3 and e dihedrals and the almost perfect regularity of the
K+-VM structure. However, it is noticeable that neither the TB nor the TP
structure has perfect threefold symmetry (which requires that all three
angles of a given type have the same conformation). The presence of the
Lac and HyV faces appears to be relatively insensitive to at least some of
the dihedral types (e.g., y2 and 62) that are key to some of the structural
transitions we observe. The key parameters that we use in discussing the
conformational changes underlying the decomplexation reaction are 62
and, to a lesser extent, the a2 and 'y2 dihedral angles, which are all in the
neighborhood of the L-lactic acid residues.
We shall also discuss local solvation effects in terms of partial radial

distribution functions (RDFs), from which the extent of solvation around
each site can be obtained by integrating the partial RDFs. The integral
coordination number, na,,9(r), which gives the mean number of (3 sites
within a sphere of radius r around an a site, is defined as

na113(r) = 4'lTpf3 x2g11J(x) dx. (3)

Where g,,3(r) is the partial RDF between atoms of types a and (3, and pp
is the number density of (3 sites in the system. Throughout this article we
use the following notation to denote VM and water sites: "CT" is the Sp3
hybridized carbon; "C" the sp2 carbon; "H" the amide hydrogen; "N" the
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TABLE I Dihedral conformations of representative VM configurations

K+- K+-
Dihedral VM(TB)* VM(TP)# VM(LJ) VM(H20) K+-VM§ VM(H20)1 VM(H20)2

a, t t g- t g- g- g- t g- t g- g- t t t t t g- t g- g-

91 t t t t t t t t t t t t t t t t t t t t t

yi g-g-t g- g- g- g- g-g- g- g-g g- g- g- g- g- g- g g- g-
5, g- g+ g+ g+ g-g- - g-g- g-g-g- g- g-g-g- g- g- g-

El t t t t t t t t t t t t t t t t t t t t t

C, g- g- g- g- g- g- g-g- g-- g- g- g- g- g- g- g- g- g- g- g-
a2 t g+ t t t t g+ t g- g+ g+ g+ t t t g+ t g+ t t t

P2 t t t t t t t t t t t t t t t t t t t t t

Y2 g+ t g+ t t t t t t t t t g+g± g+ g+ g+ g+ g+ g+ g+
52 g- g- g+ g- g- g- g- g- g+ g- g- g+ g+ g+ g+ g+ g+ g+ g- g- g-
E2 t t t t t t t t t t t t t t t t t t t t t

C2 g+g+ g+ g+ g+ g+ t g+ g+ g+ t g+ g+ g+ g+ g+ g+ g+ g+ t g+

*Crystal structure from Karle (1975).
#Crystal structure from Karle and Flippen-Anderson (1988).
§Crystal structure from Neupert-Laves and Dobler (1975).
sClose to the g-/g+ borderline.

amide nitrogen; "O" the oxygen of the amide carbonyl; "Oe" the oxygen of
the ester carbonyl; "Os" the ester linkage oxygen; "Ow" the water oxygen;
and "Hw" the water hydrogen.

RESULTS AND DISCUSSION

Uncomplexed VM in the apolar U solvent

The starting structure for this simulation was a VM mole-
cule taken from the TB crystal structure and surrounded by
500 LJ particles. Some of the global properties ofVM in the
LJ solvent are shown in Table 2, and a snapshot of the
structure is shown in Fig. 2 d. There are some similarities,
e.g., in the values of A3 and S2, with the crystalline TB and
TP structures, but there are, however, several mismatches
(S2 with the TP structure, the dipole moment ,u with the TB
structure) that, suggest, in agreement with the conclusions
of experimental studies, that the structure in solution is not
the same as in the associated crystal. The high conforma-
tional flexibility of VM has already been referred to and it
is quite possible that under the influence of solvent interac-
tions there is a range of closely related conformations in
dynamic equilibrium. In the case of the TB structure ob-
tained from n-octane, there is considerable symmetry in the
distribution of polar carbonyl groups and the associated
H-bonds, so it is perhaps not surprising that this conformer
has a low dipole moment (the value quoted in Table 2 was
calculated using experimental structural data and using our
charge distribution). The much larger value observed in
solution, which agrees closely with the experimental value
measured in CC14 (Ivanov et al., 1969), suggests a greater
degree of structural disorder.
The conformational structure of VM in the LJ solvent

is included in Table 1; once again we see some similar-
ities in the pattern of dihedral angles with either (for yj
or 62) or both (p and E) the TB and TP crystalline forms.
However, we can extend the picture further by examining
the data in Table 3, which gives the percentage of each
conformation adopted by a particular dihedral type in the

course of the simulation. Because there are three sets of
each of the 12 dihedral types, if one conformer predom-
inated in a solvent each entry in Table 3 would be a
multiple of 33.3%. Although this is found for some
individual dihedrals (e.g., the ,B and E and a2 for VM in
the LJ solvent), it is not so for all the dihedrals, e.g., al,
Cl, and ;2. The values given in Table 3 (for all systems)
were from averages taken over the 250-ps production
period of the simulation. They were little different from
the averages obtained over the first 150 ps of the same
period. Larger fluctuations were seen if a 50-ps window
was used for the averages. These results imply that there
is a dynamic equilibrium between a number of conform-
ers in solution with a time scale for conformational
relaxation of about 100 ps. This is - 10 times faster than
the experimental estimates of VM conformational relax-
ation times (Grell and Funck, 1975) but shows agreement
with the experiment in that an equilibrium is established
between different sets of conformers in solution.
The RDFs for solvent molecules around some of the VM

sites are shown in Fig. 3 a, whereas estimates for the n(r)
are collated in Table 4. In this solvent n(r) was evaluated out
to r = 1.5 X 216u,,o , the position of the first minimum in
gaLj(r) in a liquid mixture of nonbonded, neutral, a, and LJ
particles. The applied cutoffs were thus 4.80 A (a = H),
5.36 A (HC), 5.70 A (o, Oe, Os), 5.93 A (N), 6.00 A (CT),
and 6.08 A (C).

Fig. 3 a and Table 4 also include the solvent-solvent
functions for reference. The solvent was found to have all
the characteristics of a well-behaved LJ liquid; the coordi-
nation number was close to 12 (Table 4) and gL(r) had
clear first and second maxima. As would be expected from
the hydrophobic nature of the solvent, the alkyl groups were
the most strongly solvated of the VM sites. Also of note is
that the ester carbonyls (Ge) were considerably less solvated
than the amide carbonyls (0), a feature that was reproduced
in all four simulations. The ester linkage oxygen (Os) did
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FIGURE 2 Snapshots of representative valinomycin (VM) structures. In each case the color scheme is as follows: methyl carbon of the lac residues
(yellow), all other carbons (green), oxygen (red), nitrogen (purple), hydrogen (grey). In each case a view is shown along two orthogonal directions. In the
first view the Lac face is on the left and the HyV face on the right. In the second view the Lac face is at the back and the HyV at the front of the structure.

(a) The K+-VM crystal structure (Neupert-Laves and Dobler, 1975). The potassium is drawn as a sphere in the center of the structure. (b) The twisted
bracelet (TB) crystal structure (Karle, 1975). (c) The twisted propellar (TP) crystal structure (Karle and Flippen-Anderson, 1988). (d) VM in a

Lennard-Jones solvent. The Lac and HyV faces are no longer present. (e) VM in water.
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TABLE 2 Conformational properties of VM and
K+-VM at 310 K

A3 S2/A2 AD

VM Environment
TB (Karle, 1975)* 0.160 28.5 1.39
TP (Karle and Flippen-Anderson,

1988)* 0.164 38.2 3.54
CCl4 (expt) (Ivanov et al., 1969) 3.5
in vacuo (Forester, et al., 1994) 0.15 29.5 3.6
LJ 0.16 29.8 3.7
water 0.07 30.3 2.7

K+-VM Environment
Crystal (Neupert-Laves and Dobler,

1975) 0.04 27.5 1.41
in vacuo (Forester et al., 1994) 0.02 27.5 3.2
LJ 0.07 28.5 3.1

*,u calculated with our charge set.
Expt. values not available.

not show a clear first solvation peak (Fig. 3 a) and was

effectively hidden from close contact with solvent.

Uncomplexed VM in water

The starting structure for this simulation was a VM mole-
cule taken from the TB crystal structure and surrounded by
1223 SPC water molecules. VM is practically insoluble in
water so there is no experimental data with which we can

make close comparisons. However, the structural data from
the simulations, which is summarized in Tables 1-4, can be
compared with those of the TP conformer, which is crys-

tallized from the moderately polar DMSO. There are indeed
some similarities. Viewed down the axis of the pore, the
molecule has almost trigonal symmetry in both cases (Fig.
2 c and e), and dihedral conformations (Table 1) differed
only in that for the aqueous structure a2 was predominantly
g+, whereas in the TP crystal they were t. In addition, in
water VM has on average one ;2 t for half the time, whereas
in the TP crystal they are always g+. Nonetheless, the TP
conformer was considerably more disklike than VM in
water and, therefore, had a much larger mean-squared ra-

dius of gyration (Table 2).
A selection of the water RDFs are shown in Fig. 4, and

the integral coordination numbers are given in Table 4. The
Ow coordination numbers were calculated in a similar man-
ner to those in LJ solvent. In this case, the cutoff criterion

was determined from the clear minimum in goow(r), and
cutoffs for other sites were obtained by adding the differ-
ence between the Lennard-Jones for the site and the value
of or. The cutoff radii used were: 2.77 A (H), 3.32 A (HC),
3.41 A (0, Oe, Os), 3.53 A (N), 3.57 A (CT), and 3.62 A
(C). Two points are noteworthy. First, comparing the coor-

dination numbers in Table 4 for water [n(Ow)] with those
for LJ solvent [n(LJ)], it was apparent that the total coor-

dination numbers around the VM sites are reduced. In part
this is because of the significantly smaller cutoffs used, but
it is also a consequence of the quasi-tetrahedral packing of
water (4-5 neighbors) versus the closest packed structure of
LJ solvent (- 12 neighbors). Second, the order of solvation
in water is significantly changed from that in nonpolar
solvent. In water it is the polar carbonyl oxygens (0, Oe)
that are the most heavily solvated, whereas solvation of the
CT sites is reduced from the high value in LJ solvent to be
on a par with that of the amide nitrogen. The solvation of the
carbonyl oxygens in water is primarily due to hydrogen
bonding. This can be seen from an analysis of the RDFs in
Fig. 4 b and the coordination numbers (n(Hw) and n(Ow))
in Table 4. Values for n(Hw) were calculated at 0.81 A less
than the corresponding Ow function. As the Ow-Hw bond-
length in the SPC model is 1 A, this cutoff criterion gives a

crude measure of the number of (near) linear hydrogen
bonds to a given site. Indeed, if a site acts as hydrogen bond
acceptor then one would expect to see a sharp first peak in
gaffw(r) around 1.8 A and a Hw coordination number close
to the Ow coordination number. Such was the case for Oe
and 0 sites but not for the remaining VM sites (which all,
except for C, had values for n(Hw) less than half of n(Ow)).
The first and second peaks in g9eH,(r) and gOHw(r) oc-

curred at precisely the same positions as in the water-water
function, g90Hw(r) (Fig. 4 b). As in LJ solvent, the amide
carbonyls were more heavily solvated than the ester carbon-
yls and the Os sites were effectively hidden from the sol-
vent. The amide hydrogen remained relatively unsolvated
and showed only small amounts of hydrogen bonding to the
solvent.

K+-VM in U solvent

We have previously reported that the K+-VM crystal struc-
ture can be reproduced using our force field. Although the

TABLE 3 Average dihedral conformations of VM and K+-VM in solution

% a, PI a 51 El a2 P2 Y2 52 E2 {2

VM (H20) g- 38 - 97 95 96 92
g+ 5 73 28 3 83
t 62 100 3 100 4 27 100 72 5 100 17

VM (LJ) g- 55 100 98 76 33 63
g+ 2 33 2 37 77

t 45 100 100 24 34 100 98 100 23
K+-VM (LJ) g- 34 - 100 96 99 1 - 31

g+ 23 4 22 100 99 - 64
t 43 100 - 100 1 78 100 100 5
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FIGURE 3 Valinomycin (VM)-LJ RDFs in (a) the VM (LJ) simulation
and (b) the K+-VM (LJ) system. CT are the alkyl carbons, Os the ester
linkage oxygen, Oe the ester carbonyl oxygen, and 0 the amide carbonyl
oxygen.

main features of the structure were retained in apolar solu-
tion, including clearly defined Lac and HyV faces, as in the
simulations of K+-VM in vacuo (Forester et al., 1994),
some minor deviations from the crystal structure were ap-

parent. Of particular interest was that an average of 2.0

TABLE 4 Integral coordination numbers of
uncomplexed VM in solution

site n(LJ)* n(Ow)* n(Hw)#

CT 4.95 0.48 0.04
O 2.98 1.34 1.10
C 2.92 0.27 0.21
N 2.23 0.43 0.08
Os 2.06 0.24 0.12
Oe 1.64 0.75 0.55
H 0.37 0.32 0.03
[LJ] 11.4
[Ow] 4.73 2.06
[Hw] 1.03

*See text for values of cutoff radii used.
#RDFs integrated out to 0.81 A less than the corresponding Ow RDF.

amide carbonyls entered the first coordination sphere of the
cation and one ester carbonyl was displaced from it. (The
first coordination sphere is defined to be 3.25 A from the
potassium.) This raised the K+ coordination number to 7.0
from the solid-state value of 6.0. The coordination number
for K+ reported here is much the same as observed in in
vacuo simulation of K+-VM (Forester et al., 1994). This
appears to introduce some lability in the complex because
rapid exchange of amide carbonyls between first and second
coordination spheres of the cation is apparent from the
nonzero minimum in gOK(r) (Fig. 5). Fig. 5 also demon-
strates that the Os oxygens remained only in the second
coordination sphere of the cation. The RDFs with the sol-
vent (Fig. 3 b) are broadly similar to those for uncomplexed
VM (Fig. 3 a). However, in the case of the K+-VM, the
alkyl carbons are more exposed to the solvent and the
carbonyl oxygens less exposed than in the uncomplexed
form.

K+-VM in water and the decomplexation reaction

A single complex from the K+-VM crystal structure was
used to prepare this solution. Because the experimental
stability constant for K+-VM in water is about 0.1 (Grell
and Funck, 1975) decomplexation is expected to be spon-
taneous. Consequently during the equilibration period of 50
ps, harmonic restraints were applied to the six K-Oe dis-
tances to inhibit decomplexation. The force constant for
each restraint was 70 kcal mol-1 A-2 and the equilibrium
restraint length was 2.75 A. Electrostatic and short-ranged
interactions between the K+ and Oe sites were evaluated in
addition to the restraint terms. The restraints were removed
at the start of the production portion of the simulation. We
observed spontaneous decomplexation over a period of
about 100 ps.
To examine the underlying structural changes free from

uninteresting vibrational effects we have taken a series of
configurations from points during this simulation and per-
formed energy minimizations on the structures using a
steepest descent method. Fig. 6 shows snapshots of two of
the resultant conformers.

CT - LJ

-i; Os- LJ

- o-----oOe - LJ-

j \ b--i O - LJ

| 'LJ------ LJ

L

................................. R
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FIGURE 4 VM-water RDFs (a) for water oxygen (I
hydrogen (Hw). VM site labels as in Fig. 3.

The details of the decomplexation event
tored through the cation coordination numbe
of time (Fig. 7). In this figure we show cooi

bers of all potential oxygen ligands in the fi
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FIGURE 5 Oxygen-Potassium partial RDFs for the K+-VM complex in
UJ solvent. VM site labels as in Fig. 3.

)s- Hw hydration spheres of the cation. During the equilibration

)e- Hw period (corresponding to t < 0), one water molecule ap-

> - Hw proached the cation through the HyV face and another
W - Hw through the Lac face (Fig. 6 a). It is the former water that is

the most closely coordinated. In this state there are five Oe
_ __ ligands in the first shell (six if the shell is defined at 3.5 A

rather than 3.25 A). On removal of the restraints another
water is added through the HyV face (after 5 ps), which then

"-0^< displaces one of the Oe groups. However it is after -25 ps
that more major changes occur. In the first solvation shell
the process is principally one of exchange of Oe ligands for
water, although as the K+ moves away from the center of
the VM the cation is finally coordinated to an amide 0

rather than to an Oe site. This is consistent with the solva-
tion pattern seen in the other simulations viz the amide
carbonyls are more exposed to the solvent and thus reside
closer to the surface of the VM than the ester carbonyl
groups. The displacement of the cation from the center of

the VM (beginning at -25 ps) is evidenced by the decay in
7 8 9 the number of 0, Os, and Oe groups in the second coordi-

nation sphere of the K+. The coordination pattern seen after
45 ps is that which persisted until the final release at -85 ps

Ow) (b) for water of simulation. In this state the K+ was coordinated by six
waters and one 0 ligand, with several VM ligands in the
second coordination sphere. The long residence time of the
Lac face water and the 0 ligand in the first coordination

may be moni- sphere of the cation before the fimal release arises because
r as a function the VM places steric restrictions on the direction of further
rdination num- water attacks. Indeed final release occurred only when fluc-
irst and second tuations in the local structures managed both to break one of
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- t,
\-Of-K

S..Ig.A

2

I 1-i I

.~ ~~ . ....-kA

550 Biophysical Joumal



Molecular Dynamics Simulations of Valinomycin

FIGURE 6 Snapshots along the K+-VM decomplexation pathway in water. Color schemes and view orientations as in Fig. 2. The waters are shown in
blue. Only water molecules within 6 A of the K+ are shown. (a) In the early stages water attack on the K+ is evident through both Lac and HyV faces.
The closest attack is through the HyV face. (b) Eventually the K+ is drawn out through the HyV face and the Lac face water drawn into the center of the VM.

the Lac face water hydrogen bonds and disrupt the coordi-
nation of this water to the cation. Only then was the remain-
ing VM O ligand displaced by a water from the solvent. As
the cation was drawn into the bulk water, VM sites were lost
from the second coordination sphere within 10 ps leaving
the cation solvated by seven waters in the first shell and
-20 in the second.
As already noted during the final release, the coordination

of the K+ to the Lac face water was lost. Fig. 8 shows the
distances to the cation of this and one other water and to the
last VM ligand as a function of time. The figure illustrates
that the remaining carbonyl ligand [0(165)] is displaced
from the first coordination sphere by the entry of Ow(742)
from the bulk at -83 ps. (The plot for Ow(742) also shows
the lability of exchange between the first and outer coordi-
nation spheres of the K+.) The Lac face water [Ow(637)] is
displaced to the second coordination sphere 0.5 ps later and,
subsequently, to the third coordination sphere. However,
this water did leave the VM through the HyV face some 15
ps later and was seen to re-enter the first coordination
sphere of the cation (t = 107 ps) when both were in the
bulk.
The decomplexation event is of some significance as

there is disagreement in the literature over which face is
preferred for cation passage during (de-)complexation. Free
energy perturbation studies in methanol (Aqvist et al., 1992)
suggested the Lac face is the most prone to attack from
solvent such as methanol, whereas potential of mean force
calculations favored passage of K+ through the HyV face
(Marrone and Merz, 1995). In the aqueous case it appears

that passage through the HyV face is favored. We are

currently carrying out potential of mean force calculations
to further characterize the mechanism. Nonetheless, our

results do show some similarity with the methanol results of
Marrone and Merz viz that solvent attack takes place
through both faces and that metastable solvent adducts are

formed along the decomplexation pathway. However, in the

methanol case the most stable intermediate corresponded to
cation coordination to an average of 3.3 VM carbonyls,
whereas in water the adduct with only one VM ligand was

the most long lived (an adduct with two to three VM ligands
persisted for 15 ps, also).

Unfortunately there is little, if any, experimental data to
resolve the discrepancy in the theoretical studies in metha-
nol. The situation is little better for water. Although a

monohydrate form of K+-VM can be crystallized, the water
is associated with the counterion rather than the potassium
(Hamilton et al., 1981). However in the Na+ analog the
cation is displaced toward the Lac face to bind with the
counterion while a water molecule resides in the centre of
the VM cage (Steinrauf et al., 1982) suggesting that water
attack occurs most readily through the HyV face.

Examination of structures along the reaction pathway
suggest a simple explanation for the observed mechanism.
As the cation moves through the HyV face, that orifice
undergoes an expansion. To compensate the orifice at the
opposite face, the Lac face contracts. An extreme form of
the expansion/contraction behavior is seen in the TP solid-
state conformer. There the orifice associated with the Lac
face all but vanishes and the HyV face is completely open

(Fig. 2 c). There are twice as many isopropyl groups in the
neighborhood of the HyV orifice and steric hindrance
strongly disfavors the alternative mechanism, which is con-

traction of the HyV orifice to allow opening of the Lac face.
The dihedral configurations of two minimized struc-

tures of Fig. 6 are given in Table 1. They are labeled as

K+-VM(H20)1 and K+-VM(H20)2 designating the num-

ber of water molecules coordinating to the cation through
the HyV face. The coordination of the first water is
accompanied by only minor conformational changes in
a1I and a2 from the K+-VM structure. It is the close
coordination of the second water through the HyV face
that requires all the 62 dihedrals to change from g+ to
g-. Subsequently the transition of the y2(g+ -> t) allows

A B

)
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K+ coordination numbers vs. time 10
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FIGURE 7 Potassium coordination as a function of time in the K+-VM/
water system in the first 100 ps of the production part of the simulation.
First shell coordination numbers are evaluated out to 3.25 A from the
cation. The second shell was defmed to be between 3.25 and 5.75 A from
the cation. To reduce statistical noise, coordination numbers are given as

the average coordination number, rounded to the nearest integer, in a 1-ps

window centered about each point in time. Note that in the second shell
values for Ow (*) have been divided by 2.0. Symbols for the VM sites are:

Oe (0), 0 (A), and Os (--).

two, and then three, more waters to coordinate through
the HyV face. Once this has taken place, exchange of the
remaining VM ligand occurred when there were large
fluctuations in one Yj (still g-) associated with the
breaking of the Lac face waters first hydrogen bond. The
remaining dihedral transitions to the VM(H20) structure
(Table 1) involving a2(t -> g+) were established on the

same time scale as the final cation removal.

CONCLUSION

In agreement with experiment, the simulations show that the
conformation of the K+ complex in a nonpolar solvent is
very similar to that in the solid state (Neupert-Laves and
Dobler, 1975; Feigenson and Meers, 1980), but that the
complex is unstable in water (Grell and Funck, 1975). In
addition, the simulations confirm the conclusions from ex-

perimental data that uncomplexed VM in solution is differ-
ent from any of the known solid-state structures; a dynamic
equilibrium between a distribution of closely related con-

formers is suggested. The actual distribution is solvent
dependent (Grell and Funck, 1975; Bystrov et al., 1977) and

85 90 95 100 105 110
time/ps

FIGURE 8 Selected K+-O distances around the time of final release.
0(165) is the last VM carbonyl to be coordinated to the cation; Ow(637)
is the Lac face water and Ow(742) a water that coordinates to the cation
from the bulk. The first coordination shell corresponds to distances around
3 A the second coordination shell to those around 5 A.

reflects the preferential solvation of either the hydrophobic
or hydrophilic moities in the molecule. In nonpolar solvent,
uncomplexed VM loses the distinctive Lac and HyV faces
found in the solid state and the K+-VM complex. In water
the faces are retained and in resemblance to the TP solid-
state structure VM adopts near trigonal symmetry. For our
potential model, the time scale for the key dihedral transi-
tions between the various complexed and uncomplexed
conformers is - 100 ps.

In our simulations the decomplexation of K+-VM in
water is initiated by water molecule attack through both the
faces of the complex. Rotation around the 82 dihedral angles
in the three lactic acid residues provides a hinge effect,
which allows the HyV orifice to open with further hydration
and eventual removal of K+. Opening of the HyV orifice is
less sterically hindered than opening of the Lac face.

There is considerable interest in understanding the struc-
ture and reaction mechanisms of VM and K+-VM at a
membrane-water interface. The evidence suggests, how-
ever, that considerable care must be taken in drawing con-
clusions concerning such behavior from data obtained in
homogeneous solvents. The lability of the solution struc-
tures and the sensitivity to hydrophobic and hydrophilic
interactions makes accurate predictions very difficult.
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