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Molecular Dynamics Simulations of Water within Models of lon Channels

J. Breed, R. Sankararamakrishnan, |. D. Kerr, and M. S. P. Sansom
Laboratory of Molecular Biophysics, The Rex Richards Building, University of Oxford, South Parks Road, Oxford OX1 3QU England

ABSTRACT The transbilayer pores formed by ion channel proteins contain extended columns of water molecules. The
dynamic properties of such waters have been suggested to differ from those of water in its bulk state. Molecular dynamics
simulations of ion channel models solvated within and at the mouths of their pores are used to investigate the dynamics and
structure of intra-pore water. Three classes of channel model are investigated: a) parallel bundles of hydrophobic (Ala,)
a-helices; b) eight-stranded hydrophobic (Ala,q) antiparallel g-barrels; and c) parallel bundles of amphipathic a-helices
(namely, 8-toxin, alamethicin, and nicotinic acetylcholine receptor M2 helix). The self-diffusion coefficients of water molecules
within the pores are reduced significantly relative to bulk water in all of the models. Water rotational reorientation rates are
also reduced within the pores, particularly in those pores formed by a-helix bundles. In the narrowest pore (that of the Ala,,
pentameric helix bundle) self-diffusion coefficients and reorientation rates of intra-pore waters are reduced by approximately
an order of magnitude relative to bulk solvent. In Ala,, helix bundles the water dipoles orient antiparallel to the helix dipoles.
Such dipole/dipole interaction between water and pore may explain how water-filled ion channels may be formed by
hydrophobic helices. In the bundles of amphipathic helices the orientation of water dipoles is modulated by the presence of
charged side chains. No preferential orientation of water dipoles relative to the pore axis is observed in the hydrophobic

B-barrel models.

INTRODUCTION

Bilayer-spanning pores are present in several classes of
membrane transport protein: ion channels (Unwin, 1989;
Hille, 1992), bacterial porins (Cowan et al., 1992), and
aquaporins (Engel et al., 1994). All of these integral mem-
brane proteins are thought to have a central pore that con-
tains water molecules (Kreusch and Schulz, 1994; Unwin,
1995). To understand the molecular mechanisms of trans-
port through such pores it is valuable to characterize the
physical properties of intra-pore water (Dani and Levitt,
1990; Karshikoff et al., 1994). In particular, the dynamic
behavior of intra-pore water will, alongside long-range in-
teractions, influence the local dielectric constant and hence
the strength of the electrostatic field experienced within the
pore. Thus the dynamic behavior of intra-pore water may be
expected to play an important role in the processes of ion
permeation and/or gating of ion channels (Green and Lewis,
1991).

There have been numerous studies, both experimental
and computational, of the behavior of water molecules
interacting with the surfaces of globular proteins (reviews
by Teeter, 1991; Daggett and Levitt, 1993). From such
investigations it is evident that a degree of immobilization
of water molecules occurs at the surface of a protein mol-
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ecule. Rather less is known concerning the structure and
dynamics of water within transbilayer channels. Studies of
gramicidin A, a simple model channel containing a single-
file column of waters, suggest that intra-pore water differs
in its dynamic properties from bulk water (Chiu et al., 1991,
1993; Sancho et al., 1995). More generally, a number of
experimental and computational studies (Granick, 1991)
indicate that liquids confined within volumes of molecular
dimensions exhibit perturbed structural and dynamic behav-
ior. Using molecular dynamics (MD) simulations we have
explored how water molecules behave when confined in
channel-like hydrophobic cavities (Sansom et al., 1996).
These and other studies demonstrate the need for a more
detailed characterization to be made of the dynamic behav-
ior of water molecules confined within realistic models of
transbilayer pores. This is reinforced by experimental stud-
ies on the anion-selective porin PhoE, which show that
water within the transbilayer pore differs in its physico-
chemical properties from bulk water (Gutman et al., 1992).

In this paper we examine two classes of ion channel
model: a) channels formed by simple hydrophobic a-helix
bundles (Kerr et al., 1994) and B-barrels (Sansom and Kerr,
1995); and b) channels formed by bundles of amphipathic
a-helices (Sansom, 1991). These models are solvated within
their pores and used as the basis of ~100-ps simulations of
the dynamics of intra-pore water molecules. The simula-
tions are analyzed in terms of the mobility of the water
molecules and of their dipole orientations relative to the
pore axis. The results suggest features of the perturbation of
water dynamics that are common to different ion channel
models. In particular, it seems that within protein pores
water molecules are significantly immobilized, and that in
many cases the water dipoles are preferentially aligned
relative to the pore axis.
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METHODS
General

Simulations were performed using CHARMM (Brooks et al., 1983) ver-
sion 23f3 (for all models except M2a7NS5; see Table 1) or XPLOR
(Briinger, 1992) version 3.1 (for model M2a7N5) run on a DEC2100. All
other calculations were carried out on Silicon Graphics R3000 and R4000
workstations. Structure diagrams were drawn using Molscript (Kraulis,
1991).

Solvation of initial models

Initial models of pores were generated using simulated annealing via
restrained molecular dynamics (SA/MD), as described in previous publi-
cations (Kerr et al., 1994; Sansom and Kerr, 1995). Details of individual
models are provided below. Extended atoms were used, i.e., only polar
hydrogen atoms were explicitly represented.

The water model employed was a TIP3P three-site model (Jorgensen et
al., 1983) with partial charges g, = —0.834 and ¢ = +0.417, modified
as in the PARAM19 parameter set of CHARMM to allow internal flexi-
bility of the water molecules. Model pores that were solvated used pre-
equilibrated boxes of water molecules (see below for details). Water
molecules were selected so that the central pore and the cap regions at
either mouth of the pore were solvated, but such that no water molecules
were present on the bilayer-exposed faces of the pores.

Models of pores

The models of transbilayer pores in this study were generated by SA/MD.
This method has been described in detail in previous papers, as have the
geometry and energetics of simple models of channels formed by purely
hydrophobic (Alay) sequences (Kerr et al., 1994; Sansom and Kerr, 1995).
The same method has also been used to model pores formed by parallel
bundles of amphipathic a-helices, as are believed to be formed by many
channel-forming peptides (CFPs) (Sansom, 1991), including &-toxin (Kerr
et al., 1996), alamethicin (Sansom, 1993), and synthetic peptides corre-
sponding to the M2 helix of the nicotinic acetylcholine receptor (Montal,
1995). These various channel models are summarized in Table 1 and more
detailed descriptions are provided in the following sections.

Simple hydrophobic pores

These models were generated from assemblies of peptide chains with the
general sequence Ac-Alay-NH,, in which the N-terminal acetyl group and
the C-terminal amide group mimic the presence of preceding and following
peptide bonds in an intact channel protein. By employing Ala,, sequences
one may focus on the effects of confining water molecules within a protein
pore and of water/backbone interactions, independent of possible interac-
tions of water molecules with specific side chains. Furthermore, one should
note that several examples of transbilayer pores formed by hydrophobic

TABLE 1 Model pores
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sequences are known: i) polyalanine and polyleucine adopt largely a-he-
lical conformations and form H* channels in lipid bilayers (Oliver and
Deamer, 1994); ii) the hydrophobic a-helical peptide Boc-(Ala-Aib-Ala-
Aib-Ala),OMe forms voltage-gated channels (Menestrina et al., 1986); and
iii) the pore-lining a-helices of phospholamban are almost entirely hydro-
phobic (Arkin et al., 1994, 1995; Adams et al., 1995). Thus, simulations of
water within hydrophobic transbilayer pores are of direct relevance to these
systems.

Two classes of model of hydrophobic pores have been considered. A
recurrent motif in many channels is a bundle of approximately parallel
a-helices surrounding a central pore (Oiki et al., 1990). For example, a
pentameric helix bundle lines the pore of the nicotinic acetylcholine
receptor, and hexameric helix bundles are formed by several channel-
forming peptides (see below). As a first approximation to such structures
pores formed by parallel bundles of Ala,, helices were modeled (Kerr et
al., 1994). Both pentameric (ANS; Table 1) and hexameric (AN6) bundles
have been investigated. In models AN5 and ANG the helices exhibit
ridges-in-grooves packing, forming left-handed coiled coils around a cen-
tral water-filled pore.

Not all transbilayer pores are formed by a-helices. In porins a 16-strand
(18-strand in maltoporin; Schirmer et al., 1995) antiparaliel B-barrel sur-
rounds a central channel (Cowan et al., 1992). Furthermore, an 8-strand
antiparallel B-barrel has been widely invoked as a possible structure for the
pore domain of K* and related voltage-gated channels (Bogusz et al.,
1992). In the context of the latter, we have investigated model pores
formed by antiparallel B-barrels of eight Ala,, strands (Sansom and Kerr,
1995). Models BN8S8 and BN8S12 (Table 1) have the same number of
strands but differ in the stagger of their strands relative to one another (as
specified by the shear number §). Thus BN8S12, having the larger shear
number, forms a somewhat wider and shorter pore than does BN8S8.

Amphipathic a-helix bundles

Some of the simplest ion channels are those formed by parallel bundles of
amphipathic helices (Sansom, 1991). These include channel-forming pep-
tides (CFPs) such as 8-toxin (Mellor et al., 1988; Kerr et al., 1995) and
alamethicin (Sansom, 1993), and synthetic peptide fragments derived from
more complex ion channel proteins, such as the M28 peptide derived from
Torpedo nAChR (Montal, 1995).

8-Toxin is a 26-residue CFP from Staphylococcus aureus that has been
intensively studied, both in terms of its physico-chemical and its channel-
forming properties. NMR studies (Tappin et al., 1988) indicate that 8-toxin
forms highly amphipathic helices. The concentration and voltage depen-
dence of channel formation suggest that on average six 5-toxin helices
self-assemble within the lipid bilayer to form a parallel helix bundle
(Mellor et al., 1988). Models of hexameric 8-toxin bundles, in which the
polar faces of the helices form the pore lining, whereas the hydrophobic
faces point outward toward the surrounding lipid, have been generated
using SA/MD (Kerr et al., 1996). The helices are packed so as to form a
left-handed coiled coil, as is the case for ANS and ANG6.

Alamethicin (Alm) is the most intensively studied example of an ion
channel based on the helix bundle motif (Sansom, 1993). It is a 20-residue

Model Sequence Pore structure

ANS Ac-(A),,-NH, N = 5 parallel a-helix bundle

AN6 Ac-(A)g-NH, N = 6 parallel a-helix bundle
BN8S8 Ac-(A),o-NH, N = 8, S = 8 antiparallel 8-barrel
BN8S12 Ac-(A),-NH, N = 8, S = 12 antiparallel B-barrel
8-ToxN6 f-M-A-Q-D-I-1-§-T-1-G-D-L-V-K-W-I-I-D-T-V-N-K-F-T-K-K N = 6 parallel a-helix bundle
AlmN6 Ac-U-P-U-A-U-A-Q-U-V-U-G-L-U-P-V-U-U-E-Q-F-OH N = 6 parallel a-helix bundle
AlmN8 Ac-U-P-U-A-U-A-Q-U-V-U-G-L-U-P-V-U-U-E-Q-F-OH N = 8 parallel a-helix bundle
M2a7N5 Ac-E-K-1-§-L-G-I-T-V-L-L-S-L-T-V-F-M-L-L-V-A-E-NH, N = 5 parallel a-helix bundle
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peptaibol, a member of a family of CFPs that have a high content of the
helicogenic amino acid a-aminoisobutyric acid (Aib). Both x-ray (Fox and
Richards, 1982) and NMR (Esposito et al., 1987) studies demonstrate that
Alm forms an a-helix, kinked in its center by Pro-14. Channels are formed
by assemblies of between four and 12 alamethicin monomers. We have
used SA/MD to model pores formed by bundles of five to nine Alm
monomers (Sansom, 1993; Breed and Sansom, 1994). In these bundles the
N-terminal segments of the helices are close packed, whereas the C-
terminal segments are splayed outward so as to form a wider channel
mouth at the C-terminus. Models AlmN6 and AlImN8 allow us to explore
water dynamics in two pores of similar shape but differing radii.

Sequence M2a7 corresponds to the channel-lining M2 helix of the
neuronal a7 nAChR. M2q7 is similar to M2§, a synthetic peptide that has
been shown to adopt a transbilayer «-helical conformation and which
forms ion channels that resemble those of the parent nAChR (Montal,
1995). In the intact nAChR the pore is formed by a pentameric assembly
of approximately parallel M2 helices (Unwin, 1995). In model M2a7N5
five helices are packed in an approximately parallel fashion, such that the
C-terminal mouth is somewhat wider than the N-terminal mouth (San-
kararamakrishnan and Sansom, 1995a). This is similar to the case in the
Alm models, in that it allows the uncompensated negative charges of the
Glu-22 side chains to be spaced further apart.

Overall, 3-ToxN6, AImN6, AImN8, and M2a7N5 provide a range of
different models of pores formed by amphipathic helix bundles. 8- ToxN6 and
M2a7N5 contain linear helices and have highly polar channel linings, whereas
AlmNG6 and AImN8 have less polar linings to their pores, and their constituent
helices are kinked by proline residues. Thus these models permit exploration
of water dynamics in pores of differing geometry and polarity.

MD simulations

Solvated model pores were energy minimized before MD simulations. For
all models except M2a7N5 a four-stage energy minimization was per-
formed: a) 1000 cycles of adopted basis Newton Raphson (ABNR) mini-
mization with the protein atoms fixed; b) 1000 cycles of ABNR with the
protein backbone atoms restrained; ¢) 1000 cycles of ABNR with weak
restraints on the protein Ca atoms only; and d) 1000 cycles of ABNR with
no positional restraints. For M2a7N5 the system was minimized until the
norm of the energy gradient was less than 0.01. Note that during some
energy minimizations and MD simulations restraints were applied to water
and/or protein atoms. In some models (see below) protein atoms were
restrained using inter-helix distance restraints (Kerr et al., 1994). In some
models restraints were applied to water molecules to prevent them from
evaporating from the ends of the pore. The form of the restraining poten-
tial, applied to the waters using the MMFP module of CHARMM, was

_F A £ A
E—Eexp Y ifA>0, 93]

or

1 A .
E=F[1—§exp(+x)] ifA=<0, 2)

where F = —7.5 kcal/mol and A = 0.25 A, and in which A = r — rya.,
i.e., the distance of the atom from the restraining “wall.” Note that Eq. 1
applies to atoms outside the wall and Eq. 2 applies to atoms inside the wall.
Further details of both classes of restraint are given below.

MD simulations used a 1-fs time step. For all models other than
M2a7NS the system was heated from O to 300 K in 6 ps (5-K, 0.1-ps steps)
and equilibrated for 9 ps at 300 K by rescaling velocities every 0.1 ps. The
production stage of the simulation generally was run for 85 ps (485 ps for
ANS5/500; 60 ps for AImN6 and AlmNS8), and dynamic properties of water
were analyzed over the 170 coordinate set trajectories (485 coordinate sets
for AN5/500; 120 coordinate sets for AImN6 and AImN8) saved during
this latter stage of the simulations. Non-bonded interactions (both electro-
static and van der Waals) between distant atoms were truncated using a
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shift function (Brooks et al., 1983) with a cutoff of 13.0 A. In simulation
ANS5/G a group cutoff was applied to electrostatic interactions, using a
switching function and a cutoff distance of 13.0 A

For M2a7N5 MD simulations were performed essentially as described
in Sankararamakrishnan and Sansom (1994). During the heating stage (3
ps) the temperature was increased from 0 to 300 K in steps of 50 K, and
at each temperature 0.5 ps of MD simulation was run. Velocities were
rescaled every 0.1 ps during heating, and every 1 ps during the equilibra-
tion period (22 ps). At the end of equilibration, a further 100 ps simulation
was performed, with the system maintained at a constant temperature of
300 K by coupling to a temperature bath. A cutoff of 9.5 A was used for
non-bonded interactions.

Analysis

Three parameters characterizing the dynamic behavior of water molecules
were estimated: the self-diffusion coefficient, D, and the rotational corre-
lation times, 7, and 7,. The self-diffusion coefficient for each water
molecule was obtained by evaluation of its mean square displacement as a
function of time:

(r(®)*) = ((x(@®) — r(0))), 3)

and using the relationship

lim{r(t)*>) = 6Dt + C 4

t—

to fit the {(r(f)) data for ¢ = 3 to 6 ps. Inspection of {r()?) vs. ¢ curves for
individual waters revealed them to approach linearity within this region,
justifying the fitting of Eq. 4 to the data. Comparable relationships were
used to estimate the components of the self-diffusion coefficient parallel to
the longitudinal axis of the pore (D) and in the plane perpendicular to the
pore axis (Dyy). Rotational correlation functions were defined in terms of
the angle, 6(r), made by the dipole of a water molecule at time O and the
dipole of the same water molecule at time ¢. Two rotational correlation
functions were estimated for each water molecule:

C\(1) = {cos(6(1)) &)

and
Co(t) = ((3 cos?06(r) — 1)/2). 6)

These were fitted (for the regions from 0.5 to 5.0 ps) as mono-exponential
decays with time constants 7, and 7,, respectively. Again, inspection of
plots of C,(#) and C,(#) for individual waters supported the fitting of
mono-exponentials to these regions. Rotational reorientation rates were
calculated as the reciprocals of these time constants.

Water dipole orientations were analyzed from the final coordinate sets
generated at the end of the simulations. The orientation of water molecules
relative to the pore (z) axis was measured in terms of the projection onto the
z axis of the dipole moment of each water, u,. Note that for an ideal TIP3P
water molecule with its dipole exactly parallel to the z axis, p, = 2.35 Debye.
The pore/water interaction energy of the models was defined as AEpqgrg,
waTerR = E(pore + water) — E(pore) — E(water). The interaction energy
between the protein segments making up the pore was defined as AEproreny
PROTEIN = FE(pore) — E(isolated TM segments). Pore radius profiles were
measured using HOLE (Smart et al., 1993), which calculates the pore radius as
a function of distance along the pore (z) axis.

RESULTS
Simulations AN5 and AN6

Models ANS and ANG6 consist of parallel bundles of hydro-
phobic helices surrounding a central pore of water mole-
cules. Water molecules were added by taking a pre-equili-
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FIGURE 1

brated cylinder (length, 60 A; radius, 6.9 A for ANS, 8.1 A
for ANG6), and removing all water molecules closer than 1.6
A to protein atoms plus those in the “pore” zone lying
outside the helix bundle. To prevent water molecules from
evaporating from the pore a restraining potential was ap-
plied to the waters. This comprised a cylindrical cavity, of
length 60 A and radius 8 A (for AN5) or 9.1 A (for ANG).
Note that this restraining potential only came into play for
waters at the mouths of the pore, as the cavity radius is
greater than the van der Waals radius of the pore lining. A
number of control simulations were also performed that
explored the effects of restraints on the polypeptide back-
bone. These did not yield significantly different results in
terms of water dynamics and orientations. In ANS5 and AN6
such restraints were not applied to the protein backbone.
The structure of model ANS and of its water at the end of
the MD run are shown in Fig. 1 a. The left-handed coiled
coil structure is retained. Indeed, in the initial model the
mean helix/helix separation was R = 7.8 (£0.1) A, and the
mean helix crossing angle was @ = +11.7 (*0.5)°,
whereas aftr MD R = 7.8 (x04) A and Q = +11.9
(*4.3)°. Similarly, for AN6 before solvation R = 7.8
(+0.2) A and Q = +11.6 (+2.4)°, whereas after MD R =

Alay; model pores. Molscript (Kraulis, 1991) generated diagrams of the structures of models (@) ANS and (b) BN8S8 at the end of 100 ps
MD. In both cases the pore model is shown in ribbon format along with its water molecules on the left-hand side, and the water molecules alone are shown
on the right-hand side.

8.4 (=0.7) A and Q = +11.1 (+2.9)°. Thus solvation and
100 ps of MD do not significantly alter the packing of the
helices within these bundles, as confirmed by the relatively
low Ca atom root mean square deviations (RMSDs) if one
compares the beginning and end of the MD simulations
(Table 2).

From Fig. 1 a it is evident that the ANS pore is fairly
narrow; in places it is only one or two water molecules
wide. This is confirmed by the pore radius profile (Fig. 2 a),
which reveals a pore of radius 2 to 2.5 A and of length ~30
A. The pore length is about the same for AN6, but the radius
is increased to ~4 A.

The energetics of protein/protein and pore/water interac-
tions within the bundles at the end of the MD simulations
are summarized in Table 2. Favorable interactions between
the Ala,, helices are van der Waals in origin, with a small
unfavorable electrostatic component reflecting helix dipole
repulsions. From the pore/water interaction energies it can
be seen that, despite the hydrophobic nature of the helices,
there is a large favorable electrostatic term. This is a result
of interaction of the water dipoles with the helix dipoles, as
is demonstrated below.
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TABLE 2 Model pores: energetics
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AERSREwATER AEE(’SE%/WATER AERROTEINFROTEIN AECRSTEINPROTEIN RMSD-Ca
Model (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) A&
ANS —128 —477 —-120 +46 1.6
ANS/G -159 —440 —83 +26 30
AN6 —191 —606 —118 +49 2.1
BN8S8 —208 —-369 —183 —-291 2.8
BN8S12 —-191 —~342 -210 —-274 1.7
8-Toxin —404 —4073 —263 —-797 2.1
AlmN6 —-352 —-1590 —144 +46 24
AlmN8 -502 —2425 —201 +71 29
M2a7 -362 —2616 —82 -20 14

EELEC

All energies refer to the model at the end of the MD simulation. AEyorewater and AESGes water € the van der Waals and electrostatic components
of the pore/water interaction energy; AEpsoremvproTeiy a1d AEERecEPrROTEIN AT€ the van der Waals and electrostatic components of the protein/protein
interaction energy for the pore subunits; and RMSD-Ca is the root mean square deviation of the Ca atoms of the pore model from the beginning to the

end of the MD simulation.

The dynamics and orientation of the pore water mole-
cules are summarized in Table 3. For these and subsequent
models the water molecules are divided into three zones on
the basis of their average z coordinate over the MD trajec-
tory: “Cap-N" corresponds to those water molecules at the
N-terminal mouth of the pore (for which z < —15 A);
“Pore” corresponds to those water molecules within the
lumen of the pore (for which [z| < 15 A); and “Cap-C”
corresponds to those waters at the C-terminal mouth (z >
+15 A). We will discuss the waters of AN5 before drawing
comparisons with AN6.

Waters within the lumen of the pore are preferentially
oriented relative to the pore axis. In Fig. 1 a, it can be seen
that the water molecules in the narrow column are oriented
such that their oxygen atoms point downward, i.e., toward
the N-terminal mouth of the pore. This may be quantified by
calculating the value of p, for each water molecule and
averaging this value for the three zones defined above. For
the pore zone the mean value of . is 62% of the maximum
possible value if all waters were aligned such that their
dipoles pointed exactly parallel to z, i.e., from the N-termi-
nal to the C-terminal mouth of the pore. Thus there is a
preferred orientation of water molecules within the pore.
Examination of u, for individual water molecules as a
function of the z coordinate of their oxygen atoms (Fig. 2 b)
shows that in the center of the pore the value of u rises to
~2 Debye, i.e., 85% of the maximum possible value. Such
coupling of the helix dipole (i.e., peptide bond dipoles) with
the water dipoles accounts for the favorable pore/water
interaction energy of these hydrophobic pores.

Let us now consider the dynamic properties of the
water molecules. For comparison (Table 3), D, 7; ', and
7, ! for bulk water are listed, both experimental values
(Eisenberg and Kauzmann, 1969) and values from a
simulation of 231 modified TIP3 waters in the bulk state.
Comparing waters in the cap and pore zones of ANS5 with
bulk water reveals that a) translational and rotational
mobility within the lumen of the pore are reduced relative
to the cap zones and b) mobility in the cap zones is

comparable to that observed in the bulk water simulation.
In Fig. 3 a a plot of the (r(H®) vs. t curves averaged across
all pore waters and all cap waters is shown. Comparable
plots of averages of C,(f) and C,(#) are shown in Fig. 3,
b and c, respectively. These confirm the difference in
mobility between the cap and pore waters, and show that
the analysis of mobilities described above (in Methods) is
valid for both classes of water. If one examines D and
7, ' as functions of the average z coordinates of the
waters (Fig. 2, ¢ and d), it is evident that for those waters
in the narrowest region of the pore (see Fig. 2 a), both D
and 75 ! are reduced by a factor of 10 relative to their bulk
water values. Thus significant immobilization of water
occurs within the lumen of the ANS pore. However, no
significant difference between the Dy and D, values for
the pore water (Table 3) is observed, indicating that the
reduction in translational mobility is in directions both
parallel to and perpendicular to the pore axis.

It is important to test whether a 100-ps MD simulation
is sufficiently long to characterize the structural and
dynamic properties of pore waters. From examination of
the trajectories of the dipole orientations of individual
water molecules within the pore (Fig. 3 d) it is evident
that the pore waters align themselves with their dipoles
antiparallel to the helix dipoles in less than 20 ps. In
contrast, the orientation of the cap water fluctuates mark-
edly between their different orientations on the same time
scale. To explore more systematically the effects of sim-
ulation duration on the analysis of water dynamic prop-
erties, simulation ANS5 was repeated, but for a total
duration of 500 ps (i.e., simulation AN5/500). Analysis
of water dynamic parameters for AN5/500 (Table 3)
reveals no significant difference from those derived from
the corresponding 100-ps simulation (ANS).

To examine the sensitivity of the results to possible
artefacts introduced by the use of atom-based cutoffs to
truncate long-range electrostatic interactions, simulation
ANS was repeated using group-based cutoffs for electro-
static interactions, yielding simulation AN5/G. As can be
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FIGURE 2 ANS solvent structure and dynamics. (a) The pore radius profile. Each point represents the mean (error bars, =SD) pore radius calculated
across structures saved every 5 ps during the MD trajectory. (b) Water dipole orientation profile. The points represent p, for each water molecule, calculated
from the structure at the end of the MD simulation. The solid line represents the running average of the p, values. (¢) Self-diffusion coefficient profile.
The self-diffusion coefficient (D) is plotted for each water molecule as a function of the average water oxygen z coordinate for the trajectory. (d) Dipole
reorientation rate profile. The second-order water dipole reorientation rate (75 ') is plotted for each water molecule as a function of the average water oxygen

z coordinate for the trajectory.

seen from Table 2, this does not alter the conclusions
concerning the energetics of pore/water interactions.
Similarly (Table 3), the use of group-based cutoffs did
not significantly alter the dynamic or structural properties
of the intra-pore water. Thus, in all subsequent simula-
tions, atom-based cutoffs were retained.

Examination of water behavior in AN6 (Table 3) reveals
the same overall pattern as for ANS. The dipole orientation
effect is as strong as for ANS. However, the degree of
immobilization is a little less than for ANS, reflecting the
increased radius of the pore. The D and 7, ! profiles versus
z (not shown) are the same shape as those for ANS.

Simulations BN8S8 and BN8S12

These simulations were performed in essentially the same
manner as ANS and ANG6. As before, water molecules were
added by taking a pre-equilibrated cylinder of waters
(length, 60 A; radius, 9.5 A for BN8S8, 10.0 A for BN8S12)
and removing all water molecules closer than 1.6 A to
protein atoms plus those in the “pore” zone lying outside the
helix bundle. Again, a cylindrical restraining potential was
applied to the waters. For BN8SS the radius of the restraint
cylinder was 10.5 A; for BN8S12 it was 11.0 A. No other
restraints were applied.
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TABLE 3 Ala, model pores: water properties
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Model Zone Ny D(A%ps™!) Dyy A%ps™) Dy (A%s™  7,7'(ps™H o '(psThH g (D)
Bulk water (experimental) — — 0.23 [1] — — 0.21 [1] 0.52 2] —
Bulk water (modified TIP3P)  All 23] 0.32 (10.12) — — 0.30(0.16)  0.64 (0.28) —0.02 (1.45)
ANS5 Cap-N 55 0.31 (0.16) 0.30 (0.17) 0.35(0.22) 0.19(0.10)  0.56 (0.35) —0.43 (1.39)
Pore 40 0.05 (0.05) 0.04 (0.04) 0.06 (0.06) 0.03 (0.03)  0.08 (0.07) +1.45 (1.35)
Cap-C 65 0.31(0.11) 0.33 (0.14) 0.26 (0.16) 022(0.11)  0.44(0.24) —0.83 (1.23)
ANS5/500 Cap-N 48 0.36 (0.14) 0.36 (0.15) 0.35 (0.16) 0.15(0.06)  0.27(0.13) +0.01 (1.45)
Pore 52 0.08 (0.05) 0.07 (0.06) 0.09 (0.07) 0.04 (0.03)  0.09 (0.04) +1.61 (0.97)
Cap-C 60 0.29 (0.11) 0.30 (0.14) 0.25 (0.11) 0.17 (0.05)  0.31(0.12) —0.39 (1.26)
ANS5/G Cap-N 41 0.38 (0.18) 0.40 (0.20) 0.32 (0.18) 0.21(0.13)  0.54(0.36) +0.03 (1.38)
Pore 69 0.08 (0.05) 0.07 (0.05) 0.09 (0.08) 0.02 (0.03)  0.06 (0.05) +1.95 (0.78)
Cap-C 50 0.26 (0.13) 0.27 (0.13) 0.22 (0.17) 024 (0.16) 044 (0.27) —0.23 (1.66)
AN6 Cap-N 70 0.28 (0.15) 0.29 (0.17) 0.25 (0.16) 0.21(0.12)  0.50(0.27) —0.27 (1.41)
Pore 99 0.08 (0.05) 0.07 (0.05) 0.09 (0.07) 0.04 (0.03)  0.11(0.07) +1.54 (1.01)
Cap-C 72 0.27 (0.13) 0.29 (0.16) 0.23 (0.15) 0.19(0.11)  0.42(0.22) —0.39 (1.43)
BN8S8 Cap-1 83 0.29 (0.14) 0.32 (0.19) 0.23 (0.11) 0.21(0.10)  0.45(0.22) +0.15 (1.44)
Pore 114 0.09(0.08) 0.09 (0.08) 0.10 (0.10) 0.10(0.08)  0.22(0.18) +0.03 (1.51)
Cap-2 96 0.38 (0.17) 0.39 (0.19) 0.35 (0.20) 023(0.11)  0.56(0.24) —0.12(1.52)
BN8S12 Cap-1 107 0.37(0.15) 0.39 (0.19) 0.33 (0.19) 028 (0.12)  0.57(0.20) +0.06 (1.43)
Pore 160  0.15(0.10) 0.15 (0.11) 0.15 (0.12) 0.17(0.10)  0.32(0.20) +0.10 (1.49)
Cap-2 116  0.40(0.14) 0.41 (0.18) 0.39 (0.21) 028 (0.13)  0.59(0.25) —0.22 (1.38)

Zones: Cap-N and Cap-C, N- and C-terminal caps for a-helix bundles; Cap-1 and Cap-2, caps for B-barrels; Pore, pore. Ny, is the number of water
molecules in a zone; D is their self-diffusion coefficient; 77! and 75 ! are the first- and second-order rotational reorientation rates; and p, is the projection
of the water molecule dipole onto the pore (i.e., z) axis. All values are given as mean (SD) for all water molecules in a zone. Two sets of parameters are
given for “bulk” water: experimental values ([1], Eisenberg and Kauzmann, 1969; [2], Rahman and Stillinger, 1971); and values for a simulation of 231
modified TIP3P waters in a (19.042)° A3 box of water, using periodic boundaries.

The structure of BN8S8 at the end of the MD simulation
is shown in Fig. 1 b. It is evident that the pore is wider than
that of ANS, and there does not appear to be any preferential
orientation of the water dipoles within the lumen of the
pore. The pore radius profile for BN8S8 (Fig. 4 a) reveals a
pore of radius 3 to 3.5 A, i.e., comparable to that of ANG,
whereas the mean radius of BN8S12 is ~4.5 A. Comparison
of the models before and after solvation and 100-ps MD
revealed no significant changes in the geometry of the
barrels. Some fraying of H-bonding between the B-strands
occurred at their extremities, resulting, in BN8S8, in some-
what more extensive disruption of H-bonding between two
of the strands. This is the cause of the higher Caa RMSD for
BN8S8 (Table 2) but does not result in any major distortion
of the pore.

The energetics of B-barrel pore models are different from
a-helix bundles. There is a large favorable electrostatic term
for the protein/protein interactions, reflecting interstrand
H-bonding. The strength of the electrostatic interaction be-
tween the pore and the water is significantly reduced rela-
tive to ANS and ANG, reflecting a difference in the nature
of the pore/water interactions. This difference is evident
once one examines the water dipole orientations for 3-barrel
models (Table 3). No significant alignment of water dipoles
relative to the pore axis is found. This is confirmed if one
examines p, versus z (Fig. 4 b), which reveals a random
distribution of water dipoles relative to the pore axis. Evi-
dently the absence of a net pore dipole for B-barrel models
weakens pore/water electrostatic interactions, and so pref-
erential orientation of water molecules does not take place.

Despite the absence of dipole orientation of the intra-pore
waters in BN8S8 and BN8S12, the waters in the lumen of
the pore are immobilized relative to bulk water. Table 3
reveals a small but consistent reduction of translational and
rotational mobility within the B-barrel pores. This is more
evident when one examines the profiles along z of D and of
7, ! for BN8S8 (Fig. 4, ¢ and d). Comparison of BN8S12
with BN8S8 reveals that the reduction of mobility is greater
for the narrower pore. However, if one compares BN8S8
with ANG6, bearing in mind that the pores are of about the
same radius, it is evident that the degree of rotational
immobilization is greater for AN6. This correlates with the
helix/water dipole coupling in AN6. Thus, our studies on
water molecules within hydrophobic pores suggest that con-
finement within a polypeptide pore reduces both transla-
tional and rotational mobility, and that electrostatic effects
may enhance the latter effect.

Simulation 5-ToxN6

This simulation model provides an opportunity to examine
the behavior of water within a hydrophilic pore. Water
molecules were added to the model of the pore using the
same protocol as for ANS and ANG6. The presence of polar
side chains reduced problems with evaporation of waters
during the MD simulation, so a restraining potential was
only placed on the water molecules at the mouths of the
pore, in the form of a planar potential at z = —30 A and z =
+30 A. Thus, within the region —30 A < z < +30 A the
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FIGURE 3 Analysis of dynamics for simulation ANS5. (a) Plots of mean square deviation, i.e., (r(#)) vs. ¢ (see Eq. 4), for the cap and the pore waters.
The two curves represent averages for a give zone (with £SD as error bars). (b) Rotational correlation function C,(z) for cap and pore waters. (c) Rotational
correlation function C,(¢) for cap and pore waters. (d) Trajectories of the z axis projection of the dipole moment for two individual water molecules, one

from the pore zone and one from the cap.

waters were unrestrained. Intra-helical distance restraints
(from O, to H; , ,) were employed, as in the initial gener-
ation of the 8-ToxN6 pore model by SA/MD (Kerr et al.,
1996), to maintain the &-toxin monomers in an a-helical
conformation.

The structure of the 8-ToxN6 pore is illustrated in Fig.
5 a. As in ANS and ANG6 the helices form a left-handed
coiled coil, and the structure of the helix bundle did not
change greatly after solvation and 100-ps MD simulation.
Thus, in the initial model R = 9.6 (+0.5) A and Q = +18.9
(*2.3)°, whereas after solvation and 100-ps MD R = 10.3
(£0.1) A and Q = +16.1 (+8.2)°. The Ca RMSD for
8-ToxNG6 is the same as that for ANG6.

The mean pore radius for the N-terminal two-thirds of the
8-ToxN6 pore is about the same as that for ANG, i.e., 4 A.
Close to the C-terminus the pore is constricted to a radius of

~2.5 A (Fig. 6 a) by a ring of Lys-25 side chains. The
fluctuations in the C-terminal pore radius (evident from the
error bars of Fig. 6 a) are due to changes in conformation of
these side chains.

The energetics of 8-ToxN6 (Table 2) reveal the interac-
tions of the polar, pore-lining side chains. The electrostatic
components of protein/protein and of pore/water interaction
energies are large and favorable. The favorable protein/
protein interaction energy reflects the formation of inter-
helix H-bonds (Kerr et al., 1996). The highly favorable
pore/water interaction energy reflects the formation of nu-
merous H-bonds between intra-pore waters and side chains
of the pore-lining residues.

Strong interactions of pore waters with polar and charged
side chains result in an inversion of the water dipole orien-
tation relative to that seen in AN5 and AN6. From Fig. 5 a
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FIGURE 4 BNS8SS8 solvent structure and dynamics. (a) The pore radius profile. (b) Water dipole orientation profile. (c) Self-diffusion coefficient profile.

(d) Dipole reorientation rate profile.

it can be seen that most of the intra-pore waters have their
oxygen atoms pointing toward the C-termini of the helices.
This inversion is even more obvious from the plot of u,
versus z (Fig. 6 b). Within the center of the pore, ., falls to
~—1.5 Debye, i.e., —64% of the value expected if the water
dipoles were aligned exactly parallel to z. Inversion of the
water orientation reflects the pattern of charged side chains
along the &-toxin sequence (Table 1). Thus, the N-terminal
half of the helix contains two anionic side chains (Asp-4 and
Asp-11), whereas there are three positively charged side
chains (Lys-22, Lys-25, and Lys-26) at the C-terminus.
Simple electrostatics calculations (Kerr et al., 1996) indicate
that this distribution of side chains is sufficient to reverse
the effect of the helix dipoles on the net electrostatic field
experienced along the pore axis. In addition to the inversion
of the orientation of the pore waters relative to ANS, the

mean orientation of the waters at the pore mouths is also
inverted.

The changes in dynamics of waters along the pore axis
are slightly obscured by the relatively small numbers of
waters included at the pore mouths in this model (Table 4).
However, it is evident that the translational and rotational
mobility of waters within the pore lumen is significantly
lower than that of bulk water and is lower than that of the
cap waters. In general the pore water is slightly more mobile
than, e.g., in the AN6 pore. The variation of D and 7!
along the pore axis (Fig. 6, ¢ and d) reveals an interesting
correlation with the pore radius profile (Fig. 6 a). Thus, the
lowest mobility correlates with the constriction of the chan-
nel close to its C-terminal mouth, at z = +10 A.

The clear partitioning of side chains in 8-ToxN6, between
the hydrophilic side chains lining the pore and the hydro-
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FIGURE 5 Pores formed by amphipathic he-
lix bundles. Molscript-generated diagrams of
the structures of models (@) 8-ToxN6, (b)
AlmNS6, and (c) at the end the MD simulation.

phobic side chains covering the outside of the helix bundle,
enabled us to determine whether there was any pronounced
difference in side-chain mobility between the inside and
outside of the pore. Side-chain mobility was measured at the
total number of y, transitions (i.e., between g+, g—, and 1)
for a given residue during the course of the simulation.
Display of the frequency of such transitions as a function of
residue position within the sequence (Fig. 7 a) reveals that
there is no simple correlation between hydrophilicity/hydro-

Volume 70 April 1996

phobicity and residue mobility. The results do show signif-
icant mobility for the two lysines (Lys-25 and Lys-26) that
guard the C-terminal mouth of the pore. It was of interest to
examine whether the motions of these side chains correlated
with that of waters into and out of the C-terminal mouth of
the pore. To this end we traced the movements of water
molecules which at some stage in the trajectory formed
H-bonds to Lys-26 of one of the helices. These showed
variable patterns of correlation between Lys and water
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movements. In Fig. 7, b, ¢, and d, three examples of differ-
ing degrees of correlation are shown. Water-297 (Fig. 7 b)
forms an H-bond to Lys-26 (of helix 1) for over 90 ps.
During this time the movement (on z) of the water and the
lysine amino group are highly correlated. Water-232 (Fig. 7
¢) shows intermediate behavior—for the first 50 ps it is in
the Cap-C zone. It then forms an H-bond to Lys-26 as it
moves into the pore, and subsequently the motions of water
and the side chain are highly correlated. Water-70 (Fig. 7 d)
shows the opposite extreme of behavior. It sits close to the
mouth of the pore and only forms a transient H-bond to
Lys-78 (i.e., Lys-26 of helix 3). Its movements on z are not
correlated with those of the side chain. From inspection of
these and other comparable trajectories it would appear that
there is no simple rule governing the coupling of side-chain

and water motions at the mouths of the pore, although it is
clear that in some cases the waters do move in a concerted
fashion with the flexible side chains.

Simulations AImMN6 and AImN8

These two models present the opportunity to explore water
dynamics in a model pore of more complex geometry and
for which different sizes of pores (in terms of numbers of
helices per bundle) exist. The initial models were generated
by SA/MD (Sansom, 1993; Breed and Sansom, 1994) such
that the N-terminal helical segments were closely packed
together. To maintain this close packing inter-helix distance
restraints were employed between the N-terminal helix seg-
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Model Zone Ny D(A%ps™") Dyxy (A%ps™") D, (A%ps™") ! (ps™h ! (ps™h pz (D)
8-ToxN6 Cap-N 23 0.25 (0.15) 0.30 (0.20) 0.16 (0.18) 0.11 (0.06) 0.25 (0.18) +0.41 (1.1)
Pore 219 0.12 (0.09) 0.12 (0.10) 0.13 (0.11) 0.07 (0.06) 0.17 (0.13) —0.73 (1.5)
Cap-C 75 0.27 (0.16) 0.32 (0.20) 0.17 (0.14) 0.13 (0.07) 0.26 (0.11) +0.24 (1.1)
AlmN6 Cap-N 139 0.38 (0.25) 0.43 (0.34) 0.27 (0.29) 0.25 (0.14) 0.54 (0.29) -0.20 (1.31)
Pore 181 0.14 (0.11) 0.14 (0.13) 0.13 (0.16) 0.12 (0.11) 0.26 (0.19) +0.37 (1.53)
Cap-C 272 0.39 (0.20) 0.43 (0.26) 0.32 (0.28) 0.26 (0.14) 0.58 (0.29) —0.67 (1.33)
AlmNS8 Cap-N 207 0.43 (0.23) 0.50 (0.31) 0.31 (0.25) 0.27 (0.16) 0.58 (0.28) +0.03 (0.60)
Pore 335 0.17 (0.12) 0.17 (0.13) 0.16 (0.17) 0.18 (0.10) 0.31 (0.26) +0.87 (1.06)
Cap-C 241 0.45 (0.23) 0.51 (0.30) 0.34 (0.26) 0.26 (0.16) 0.59 (0.28) —0.55 (0.45)
M2a«7N5 Cap-N 229 0.27 (0.13) 0.29 (0.15) 0.23 (0.13) 0.25 0.17) 0.61 (0.45) —-0.07 (1.51)
Pore 185 0.08 (0.05) 0.08 (0.05) 0.09 (0.07) 0.08 (0.06) 0.16 (0.11) +0.98 (1.32)
Cap-C 277 0.27 (0.10) 0.28 (0.12) 0.24 (0.13) 0.31 (0.17) 0.68 (0.43) —0.44 (1.39)

Zones: Cap-N and Cap-C, N- and C-terminal caps for a-helix bundles; Cap-1 and Cap-2, caps for 8-barrels; Pore, pore. Ny, is the number of water
molecules in a zone; D is the self-diffusion coefficient; Dy and D, are the self-diffusion coefficients in the xy plane (i.e., perpendicular to the pore axis)
and along z (i.e., parallel to the pore axis); 7; ' and 7 ' are the first- and second-order rotational reorientation rates; and u, is the projection of the water
molecule dipole onto the pore (i.e., z) axis. All values are given as mean (SD) for all water molecules in a zone.

ments. Because of the looser packing of the C-terminal
segments (which were not subject to inter-helix distance
restraints) it was necessary to employ a cylindrical restrain-
ing potential on the water molecules. The water molecules
were added to the pore models by a two-stage solvation
procedure. In the first stage a 10-A sphere of pre-equili-
brated waters was centered on each amino acid residue in
turn, and waters not overlapping with either protein or other
water atoms were retained. Water molecules outside the
bundle pore or the cap regions were then discarded. The
second stage of solvation repeated the first stage, this time
placing the 10-A sphere on all of the first-stage waters as
well as the amino acids. The second stage of solvation had
the effect of increasing the size of the two caps of water at
either mouth of the pore.

The structure of the AlImNG6 pore is illustrated in Fig. 5 b.
Two features are evident: a) the caps of water molecules are
larger than for 8-ToxN®6, thus allowing improved statistical
analysis of differences in water parameters between the cap
and pore zones; b) the C-terminal helical segments splay
outward. The latter is a result of the flexibility of the Alm
helices at their central Pro-14-induced kinks, combined with
the electrostatic repulsions between their Glu-18 residues.
Consequently the pore is much wider at its C-terminal
mouth than at its N-terminal mouth: for AImN®6 the radius is
~2 A at the N-terminus and ~5 A at the C-terminus; for
AImNS the radius increases from ~5 A to ~7 A. The Ca
RMSDs for the two Alm simulations are somewhat higher
than for the other helix bundles, also reflecting the flexibil-
ity of the C-terminal helical segments in Alm pores.

The energetics of protein/protein interactions for AImN6
and AImN8 are similar to those for ANS and AN6. The
electrostatic interaction is weakly unfavorable, reflecting
the balance of favorable inter-helix H-bonds in the vicinity
of GlIn-7 and of electrostatic repulsion in the vicinity of the
Glu-18 ring at the C-terminal mouth. Pore/water interac-
tions are favorable and are dominated by the electrostatic
term, because of the favorable interactions of water mole-
cules with polar side chains (Gln-7, Glu-18, and GIn-19)

and with the exposed main-chain carbonyl oxygens in the
vicinity of the proline-induced kink.

Focusing on AImNG®6, the values of u, for the three zones
of the pore (Table 4) suggest that alignment of water dipoles
parallel to the pore (z) axis occurs, but that this is not
pronounced. However, inspection of u versus z (Fig. 8 b)
reveals a more complex pattern. For the N-terminal half of
the pore (—15 A < z < 0 A), in which the helices are
closely packed, waters are oriented such that p, assumes
~75% of its maximum value. A weakening of water dipole
alignment occurs in the C-terminal half of the pore, which
is wider and contains the ring of anionic residues. Thus
maximum preferential orientation of the water dipoles oc-
curs in the narrowest region of the pore.

Water dynamic properties show a similarly complex pat-
tern. Comparing the cap and pore zones reveals a degree of
immobilization of waters within the pore. Fig. 8, ¢ and d,
reveals a clear correlation between the loss of mobility of
water molecules and the radius of the pore. Thus, in the
narrowest region of the pore (z = —10 A, pore radius ~1.8
A) both translational and rotational mobilities are reduced
by approximately an order of magnitude relative to the bulk
simulation. There is then a gradual increase in the average
mobility as the pore widens from its N- to its C-termini.

If one compares AImN8 with AlmN6 the patterns of
water dipole orientation and water dynamics are the same.
The greater overall pore radius of AImN8 relative to AImN6
does not appear to reduce the degree of orientation of the
water dipoles, but it does reduce the effect on water mobil-
ity. This is in agreement with the results from comparing
ANS and ANG.

Simulation M2a7N5

M2a7N5 is an approximate model of the pore of the
nAChR. As such it does not take into account the kinking of
the M2 helices observed in the intact protein (Sansom et al.,
1995; Unwin, 1995) and so is more representative of pores
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formed by synthetic M2 peptides (Montal, 1995; Sankarara-
makrishnan and Sansom, 1995a,b). The helices are packed
in a tilted fashion such that the C-terminal mouth of the pore
is somewhat wider than the N-terminal mouth (Sankarara-
makrishnan and Sansom, 1995a,b). This is necessary to
overcome electrostatic repulsion of Glu-22 residues of ad-
jacent helices. It also enables large organic cations, e.g., the
local anesthetic derivative QX222, which blocks both
nAChR and M2 peptide channels to enter the pore at its
C-terminal mouth and gain access to their binding site,
which is close to the middle of the M2 sequence (Charnet et
al., 1990). Both during the initial SA/MD run (Sankarara-
makrishnan and Sansom, 1995a) and during the MD simu-
lation on the solvated bundle, tilting of the helices was
maintained by inter-helix distance restraints. As in
6-ToxNG6, intra-helix restraints were used to maintain an
a-helical conformation. Restraints were not necessary to
prevent evaporation of the water molecules from the pore,
because of the rings of charged residues at either mouth of
the pore, which interacted strongly with the waters. The

pore model was solvated using an I-shaped box of 1000
TIP3P water molecules. This box was placed such that the
top and bottom of the “I”’ corresponded to the caps at either
mouth of the pore. Those water molecules that formed close
contacts with protein atoms were then removed. Simulation
M2a7N5 used XPLOR, rather than CHARMM, and a
somewhat different MD protocol from that of the other
simulations.

The structure of M2a7N5 is shown in Fig. 5 ¢. The caps
of water molecules are quite extensive, and the pore is wider
at the C-termini of the helices. Partly as a result of the
inter-helix distance restraints, the packing of the helices did
not alter significantly during the MD simulation, as revealed
by the low value of the Ca RMSD. For the initial model the
mean helix crossing angle was {} = +9°; after solvation and
MD simulation this increased to )} = +11° Thus the
M2a7N5 bundle also corresponds to a left-handed coiled
coil. The pore radius profile confirms that the pore widens
as one moves from the N- to the C-terminal mouth, from a
radius of ~2.5 A to ~3.5 A. There are constrictions along
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FIGURE 8 AlmNG6 solvent structure and dynamics. (a) The pore radius profile. (b) Water dipole orientation profile. (c) Self-diffusion coefficient profile.

(d) Dipole reorientation rate profile.

the pore corresponding to the rings of pore-lining side
chains found in the nAChR (Bertrand et al., 1993).

The energetics of M2a7NS5 (Table 2) reveal that helix-
helix interactions are weak but favorable. As with other
pores formed from amphipathic helices, there is a strong
favorable electrostatic interaction between the pore and
water molecules. This is mainly a result of the rings of
anionic residues (Glu-1 and Glu-22) at either mouth of the
pore and the rings of hydroxyl-containing residues (Ser-4,
Thr-8, Ser-12) lining the N-terminal half of the pore.

Examination of Fig. 5 ¢ shows that water molecules
within the pore lumen are oriented such that their oxygens
point toward the N-termini of the helices. This orientation of
the water dipoles is confirmed by the statistical analysis
(Table 4) and by the plot of u, as a function of z (Fig. 9 b).
Within the pore the mean value of p, is ~1.3 Debye, i.e.,
55% of the maximum possible value. Inspection of the

M2a7 sequence (Table 1) indicates that the distribution of
side chains reinforces the helix dipole effect (as in Alm)
rather than reversing it (as in 8-toxin).

The pattern of translational and rotational mobilities of
waters within the M2a7N5 pore is similar to that for the
Alm pores. Thus, at the narrowest region of the pore (z =
—15 A), D and 7; ! are reduced ~5-fold relative to that of
bulk water. There is a gradual increase in translational
mobility along the length of the pore as the pore radius
increases. Furthermore, a local widening of the pore mid-
way down (at z ~0 A; Fig. 9 a) seems to rgsult in a small
increase in D and 75 ! for those waters located in this region
(Fig. 9, ¢ and d). Thus, M2«a7NS5 confirms that the dynamic
properties of the intra-pore waters are sensitive to the local
geometry of the pore, in particular its radius. The overall
similarity of the patterns of pore versus cap water dynamics,
and of water dipole orientation for M2a7NS and for the
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profile. (d) Dipole reorientation rate profile.

other simulations, suggests that these results are relatively
robust to small changes in simulation protocol.

DISCUSSION
Critique of methods

In any simulation study it is important to consider the extent
to which the results are influenced by the conditions of the
simulation. In the current study this requires examination of
three aspects: a) the pore models employed; b) the water
model employed; and c) the effects of restraints.

The pore models employed were all developed by SA/
MD. This has been demonstrated to generate plausible mod-
els of pores formed by either parallel a-helix bundles (Kerr
et al., 1994) or antiparallel B-barrels (Sansom and Kerr,
1995). In the absence of high-resolution structures for any

trans-bilayer pores other than porins (Cowan et al., 1992),
one cannot be certain that such models are correct. How-
ever, the models presented for the amphipathic helix bun-
dles are supported by a substantial body of spectroscopic
and/or crystallographic evidence for their secondary struc-
ture, plus indirect evidence for the overall architecture of the
bundles (Sansom, 1991, 1993). The other limitation of the
models is the absence of a lipid bilayer. Inclusion of an
all-atom model for a bilayer would have rendered the com-
putations prohibitively long. However, as the direct inter-
actions of the water molecules are with one another and
with the protein atoms lining the pore, the omission of a
lipid bilayer may be an acceptable first approximation.
The second aspect that should be considered is the water
model employed. There has been some discussion concern-
ing which water model(s) to use in simulations of protein
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solvation (Daggett and Levitt, 1993). In these studies we
used the modified TIP3P model in CHARMM, which has
been used in a number of other simulation studies (Roux
and Karplus, 1991; Knapp and Muegge, 1993; Komeiji et
al., 1993). Although the values of D, 7 !, and 7, ! for a bulk
TIP3P simulation do not agree exactly with the experimen-
tal values of these parameters (Table 3), the disagreement is
not so great as to invalidate the current study. Furthermore,
analyses in the current study have focused on comparisons
of the dynamics of modified TIP3P in different environ-
ments, rather than on absolute values of dynamic properties.
It seems unlikely that an alternative water model would
radically transform the general patterns in dynamic behavior
that have been observed.

During several simulations, restraints were imposed ei-
ther on the protein and/or on the water molecules. In the
case of inter-helix restraints on the protein atoms, simula-
tion ANS, when repeated with such restraints present,
yielded no significant differences from the results in the
unrestrained ANS simulations presented in this paper. Thus
we can be reasonably confident that inter-helix restraints do
not have artefactual effects on the dynamics of pore water.
In some cases such restraints were necessary to maintain the
integrity of the helix bundles. They are thought to mimic the
effect of the lipid bilayer in stabilizing transmembrane helix
bundle formation (cf. Chiu et al., 1991). In several simula-
tions cylindrical restraints were imposed on the water mol-
ecules, to prevent their “evaporation” at the ends of the
pore. It might be asked whether such restraints, acting
primarily on waters in the cap zones, might not be respon-
sible for the greater mobility of the water molecules in those
regions. Two lines of argument suggest that this is not the
case. First, simulations of water molecules in the presence
of such restraints but in the absence of any protein do not
increase the mobility of the cap waters. If the cavity gen-
erated by the restraints is of radius 6 A or less, then the
restraints tend to immobilize the water molecules somewhat
(Sansom et al., 1996). However, this is not the case in the
current simulations, where the radius of the cavity defined
by the cylindrical restraints is greater than the van der Waals
radius of the pore. The second, perhaps more persuasive,
argument that cylindrical restraints do not result in an arte-
factual decrease in mobility comes from the studies on
M2a7N5 in which, in the absence of such restraints, the
same general pattern of water dynamic behavior is ob-
served.

We have taken care to point out the relatively minor
differences in dynamics protocol between the different sim-
ulations. This is important, as the observation of the same
general pattern of water dynamic behavior despite such
differences suggests that the exact conditions of the simu-
lations do not greatly influence the overall result. Similarly,
the observation of the same general pattern of dynamic
behavior in several different models of transbilayer pores
suggests that the overall result will prove robust to ongoing
changes in the models as improved structural data emerge.
Of course, this is not to imply that the details of dynamic
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behavior are insensitive to the details of the individual
models, and thus are contingent upon the accuracy of the
models.

Interpretation of results

Overall, our results confirm studies on gramicidin A (GA)
(reviewed by Roux and Karplus, 1994) in demonstrating
that water molecules confined within narrow transbilayer
pores exhibit reduced mobility relative to bulk water. The
current study extends the GA results in two respects: a) we
have examined the dynamics of water in pores that are
thought to more closely reflect the structure of ion channel
proteins than does GA; and b) comparisons between differ-
ent models enable us to dissect the factors influencing
channel water dynamics.

The simulations of hydrophobic a-helix bundles and
B-barrels reveal two effects contributing to water molecule
immobilization within pores. Thus, in AN6 and BN8SS8 the
self-diffusion coefficients for the pore waters are almost the
same, whereas the water dipole reorientation rates are sig-
nificantly lower for the a-helix bundle model. This corre-
lates with the preferential orientation of the water dipoles
observed in ANS. This suggests that the reduction in trans-
lational mobility may be due to confinement of the waters,
arising from their van der Waals interaction with the pro-
tein, whereas the additional reduction in rotational reorien-
tation rates depends upon electrostatic interactions between
the water dipoles and the pore. This view is reinforced by
the results from those amphipathic helix bundles (8-ToxN6
and M2a7NS) in which particularly strong electrostatic
interactions are correlated with a marked reduction in rota-
tional mobility of pore waters.

An unanticipated result from the AN5 and AN6 simula-
tions is that they help to explain how parallel bundles of
hydrophobic  a-helices (e.g., Boc-(Ala-Aib-Ala-Aib-
Ala),OMe, Menestrina et al., 1986; and phospholamban,
Arkin et al., 1994, 1995; Adams et al., 1995) may form ion
channels. Although the evidence for the existence of chan-
nels formed by hydrophobic helices is quite compelling, it is
difficult to see how water molecules could stably occupy a
pore without any polar pore-lining side chains. However,
coupling of water dipoles to summated helix dipoles in a
parallel helix bundle generates a favorable electrostatic in-
teraction despite the absence of such polar side chains. Of
course, to form a parallel helix bundle (which is necessary
for such a water dipole/helix dipole interaction) requires
that the helix dipole repulsions (in a low dielectric environ-
ment) be overcome. This may be achieved either by the
interactions of peptide helices with an applied transbilayer
voltage (in Boc-(Ala-Aib-Ala-Aib-Ala),OMe) (Menestrina
et al., 1986) or possibly by interactions between non-bilayer
regions of the polypeptide chain (e.g., in phospholamban;
Arkin et al., 1995). Similar principles of helix/water inter-
actions may apply in those regions of CFPs such as alam-
ethicin that are predominantly hydrophobic.
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Comparisons with other studies

Several different MD simulations of gramicidin A (Roux
and Karplus, 1994) have revealed a single-file column of
water molecules that forms a H-bonded chain within the GA
channel. The self-diffusion coefficient of these waters is
considerably lower than that of bulk water and a little lower
than for the ion channel models considered in the current
study. Using SPC water Chiu et al. (1991) estimated D =
0.06 A2 ps~!; using modified TIP3P Roux and Karplus
(1994) estimated D = 0.003 A% ps™!. The latter value is
close to the experimental estimate of D = 0.004 A% ps™! for
GA channel water. Thus, it is evident that substantial trans-
lational immobilization of water occurs within the GA pore.
The conclusion of (Chiu et al., 1993) that GA channel water
should be viewed as a distinct phase (not like a solid or a
liquid or a liquid crystal) is relevant in this context. Fur-
thermore, studies by Jordan and colleagues (Sancho et al.,
1995) have emphasized that the presence of a cation within
the GA channel will result in further reductions of the
rotational mobility of intra-pore water.

Another model channel that has been used to simulate the
dynamics of intra-pore water is that of Ghadiri and col-
leagues (Engels et al., 1995). This channel is formed by a
stack of 10 S-sheet-like H-bonded cyclic peptides, with a
channel running down the center of the peptide rings. The
channel is wide enough to accommodate an alternating
column of 1-2 waters. Estimation of the self-diffusion co-
efficient of the intra-pore TIP3P waters yielded D = 0.04
A? ps™!. This is close to the value obtained in simulation
ANS5, which has a pore of similar dimensions. Thus it
appears that the reduced mobility of intra-pore water may be
a general property of simple ion channels.

Comparisons may also be made with MD simulations of
water confined within small volumes. Granick (1991) has
provided an extensive review of studies of confined liquids,
arriving at a general conclusion that relaxation times are
prolonged by confinement in volumes of molecular dimen-
sions. MD simulations of water molecules confined be-
tween two planar walls (Marchesi, 1983; Barabino et al.,
1984) demonstrated a reduction in D and in 7; ' for waters
adjacent to the wall. Simulations of modified TIP3P water
confined within channel-like cavities (Sansom et al., 1996)
suggest a degree of immobilization comparable to that ob-
served in the current investigations. Thus confinement
within a cylinder of radius 3 A (cf. BN8S8) and length 60
A resulted in a self-diffusion coefficient of D = 0.1 to 0.15
A% ps™!.

There have been many studies of the structure and dy-
namics of water molecules close to the surface of globular
proteins. It is not our intention to provide a review of such
work (see Teeter, 1991; Daggett and Levitt, 1993), but
rather to highlight studies relevant to our results. Systems
investigated include an alanine dipeptide (Rossky and Kar-
plus, 1979), the active site of lysozyme (Brooks and Kar-
plus, 1989), and bovine pancreatic trypsin inhibitor (Levitt
and Sharon, 1988; Knapp and Muegge, 1993). All revealed
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a reduction of the mobility of surface water relative to bulk.
A detailed study of the trp-holorepressor (Komeiji et al.,
1993) suggested that D for surface water increased toward
the bulk value as the distance of the water oxygen atom
from the protein surface increased. Experimental estimates
of D for surface water (e.g., Bellisent-Funel et al., 1992;
Steinhoff et al., 1993) also suggest reduced translational
mobility. The general picture emerging from such studies is
that surface water is immobilized relative to bulk water such
that Dgyrpace =~ 0.25Dgy k. This should be compared
with, e.g., Dporg =~ 0.16Dgy; ¢ for channel model ANS.
There have been fewer estimates of rotational reorientation
rates of surface waters. For waters close to the hydrophobic
regions of the Ala dipeptide (the most highly immobilized
in this simulation), 7, ! and 7;' were about one-third of
their values for bulk water (Rossky and Karplus, 1979).
This should be compared with, e.g., ANS, for which the
values of 7 ! and 75 ! for intra-pore water are about an order
of magnitude lower than those for bulk solvent.

Overall, such comparisons suggest that transbilayer pores
contain extended columns of water whose dynamic proper-
ties are comparable to those of water bound to the surface of
a globular protein. Comparison with studies of water held
within small cavities suggests that much of this immobili-
zation may be the result of confinement per se. Results for
a-helix bundle models of channels indicate that a slightly
greater degree of rotational immobilization may result from
water/helix dipole interactions.

It is clear from our results that immobilization of intra-
pore waters is not confined to single-file water such as that
of GA but is present in much wider pores (e.g., BN8S8) and
in pores lined with flexible polar side chains (e.g.,
M2a7NS5). Thus immobilization appears to be a general
property of water within ion channels. It will be important
to confirm this by extending simulations to other systems
(e.g., the pore domain of the nicotinic receptor, Sansom et
al., 1995; and channels formed by de novo designed pep-
tides, Lear et al., 1988). It will also be necessary to relate the
extent of loss of rotational mobility to the decrease in local
dielectric within such transbilayer pores. For example, San-
cho et al. (1995) have suggested that within the GA/cation/
water complex the dielectric of intra-pore water may be as
low as € = 5-10. To estimate € for channel models may
require long (~1 ns) MD simulations (e.g., model ANS) if
approaches recently applied to estimation of e for spheri-
cally confined water (Zhang et al., 1995) and for globular
proteins (Smith et al., 1993; Simonson and Perahia, 1995)
are to be employed. Careful attention to the treatment of
long-range interactions will also be required if reliable
estimates of e are to be obtained. Preliminary simulations
(Sansom, unpublished results) suggest that significant dif-
ferences in € of the intra-pore waters may occur between
different channel models. In general, if € can be estimated
for the pore regions of ion channel models, then more
realistic continuum electrostatics calculations upon chan-
nels should be possible, leading to greater insights into the
nature of ion permeation and selectivity.
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