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Abstract

Phospholamban is a small membrane protein which can form cation selective ion channels in lipid bilayers. Each subunit
contains a single, largely hydrophobic transmembrane helix. The helices are thought to assemble as a pentameric and
approximately parallel bundle surrounding a central pore. A model of this assembly (PDB code IPSL) has been used as the
starting point for molecular dynamics (MD) simulations of a system consisting of the pentameric helix bundle, plus 217
water molecules located within and at either mouth of the pore. Interhelix distance restraints were employed to maintain the
integrity of the helix bundle during a 500 ps MD simulation. Water molecules within the pore exhibited reduced diffusional
and rotational mobility. Interactions between the a-helix dipoles and the water dipoles, the latter aligned anti-parallel to the
former. contribute to the stability of the system. Analysis of the potential energy of interaction of a K™ ion as it was moved
through the pore suggested that unfavourable interactions of the cation with the aligned helix dipoles at the N-terminal
mouth were overcome by favourable ion—water interactions. Comparable analysis for a Cl ion revealed that the ion—(pore +
water) interactions were unfavourable along the whole of the pore. increasingly so from the N- to the C-terminal mouth.
Overall, the interaction energy profiles were consistent with a pore selective for cations over anions. Pore radius profiles
were used to predict a channel conductance of 50 to 70 ps in 0.2 M KCl, which compares well with an experimental value of
100 ps. © 1997 Elsevier Science B.V.
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1. Introduction 107 ions/s) [1]. They achieve this by forming
water-filled pores in membranes through which se-
lected ions pass. Molecular dynamics simulations
provide a tool for exploring the nature of the interac-
tions between ion and channel during permeation. To
date, most simulation studies on ion channels have
mponding author. Tel.: +44-1865-275371; fax: +44- been concerned with channel-forming peptides (2-5]
1865-510454: e-mail: mark @biop.ox.ac.uk or with simplified models of more complex channels

Ion channels are integral membrane proteins which
allow otherwise impermeable ions to cross biological
membranes at close to diffusion limited rates (ca.
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[6,7]. However, a problem with extending such stud-
ies channel proteins per se is the paucity of structural
information for such proteins. A valuable next step is
to analyze the behaviour of water within channels
formed by relatively ‘simple’ membrane proteins, of
which two of the best characterized examples are
phospholamban (from cardiac sarcoplasmic reticu-
lum; [8-11]) and the M2 protein of influenza A virus
[12-14]. Both of these proteins contain only a single
transmembrane (TM) helix within each subunit.
These assemble to form a bundle of five (phos-
pholamban) or four (flu M2) parallel helices within
the membrane.

The structure of the phospholamban helix bundle
has been characterised by a combination of mutagen-
esis, spectroscopic and computational techniques
[9,10,15—17]. The polypeptide chain is 52 residues in
length. Residues 35-52 form a single hydrophobic
TM helix (although it has been suggested that some-
what longer helices. from 26—52 may be involved;
[17]). and five such helices form a paraltel, left-
handed supercoil within the membrane, surrounding
a central pore [10,11]. There is a debate concerning
the in vivo role of phospholamban in the cardiac
sarcoplasmic reticulum [18,19]. In particular it is
argued whether channel activity [11] or direct pro-
tein—protein interactions [20,21] are responsible for
the negative regulatory action of phospholamban on
the Ca’" pump. However, when reconstituted in
lipid bilayers phospholamban does form ion channels
[8]. The channels formed by phospholamban are
permeable to Ca®" and to K* ions. Channels may
also be formed by assemblies of synthetic peptides
corresponding to just the TM domains of phospho-
lamban, although such channels may differ subtly
from those formed by the intact protein [8.11]. Thus,
to some extent regardless of the physiological role of
such channels, one is left with the biophysical prob-
lem of the nature of a channel formed by a bundle of
hydrophobic a-helices which lack any polar, pore-
lining sidechains. It is this problem which this paper
sets out to explore, from an MD simulation perspec-
tive.

In this paper a model of the phospholamban pore,
derived from conformational searching and in vacuo
restrained molecular dynamics (MD) simulations by
Adams et al. [10], is the starting point of MD
simulations of a water-filled phospholamban TM

helix bundle. The properties of intra-pore water and
their contributions to the energetics of the helix
bundle are analyzed. The energetics of a K™ ion and
of a ClI™ ion translated along the pore are deter-
mined, and the pore radius profile is used to predict
the conductance of the pore, enabling comparison
with experimental data.

2. Methods

2.1. General

MD simulations were performed using CHARMm
[22] version 23f3. The parameter set employed was
version 22, with only polar H atoms represented
explicitly. This was modified so as to treat the Hy
atom of Cys sidechains as an explicit (i.e., polar)
hydrogen. Simulations were run on a DEC 2100
4 /275. All other calculations were on Silicon Graph-
ics R4000 workstations. Structures were visualized
using Quanta V4.0 (Biosym /Molecular Simulations),
and diagrams were drawn using Quanta or Molscript
[23].

2.2. MD simulations of a solvated phospholamban
pore

The initial model of a phospholamban pore was
extracted from the Brookhaven database [24] (code
1PSL). This is the model described by Adams et al.
[10] and Arkin et al. [11], containing non-hydrogen
atoms only. Polar hydrogen atoms were added to the
structure using the molecular editor in Quanta. The
termini of the helices were such that the N-termini
were free and unprotonated. whilst the C-termini
were free and negatively charged. This was intended
to mimic the situation in the intact protein, in which
the N-termini of the TM helices would not be charged
as they are preceded by 34 extramembraneous
residues. Thus, the sequence of each helix of the
bundle was: H,N-Phe*-Cys-Leu-Ile-Leu-Ile-Cys-
Leu-Leu-Leu-Ile-Cys-Ile-1le-Val-Met-Leu-Leu™-CO;

The pore was solvated and MD simulations per-
formed using protocols based on those described
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previously [4.5]. The water model employed was a
TIP3P three-site model [25] with partial charges
4o = —0.834 and ¢, = +0.417. modified as in the
CHARMM parameter set to allow internal flexibility
of the water molecules. Model pores were solvated
using a pre-equilibrated cylinder (length = 60 A, ra-
dius =7 A) of water molecules. Water molecules
from this cylinder 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-cxposed surfaces of the pores.

The solvated model pore was energy minimized
prior to the MD simulation. A four-stage energy
minimization was performed: (a) 1000 cycles of
adopted basis Newton Raphson (ABNR) minimiza-

tion 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.

During the MD simulation a number of restraints
were applied: (a) a cylindrical restraining potential
on the waters (see Refs. [4.5] for details) so as 0
prevent “evaporation” from the mouths of the pore:
(b) intra-helix  restraints (between NH and CO
groups. see Refs. [4.5]) to maintain the TM segments
in an  «-helical conformation: (¢) inter-helix re-
straints (between the geometrical centres of adjacent
helices in the bundle} to hold together the helix
bundle (see Rets. [26.27]): and (d) a “bilayer” poten-
tial, based on residue-by-residue hydrophobicities
[28] to mimic the embedding of the helix bundle in a
membrane. Trial simulations with different combina-
tions of these restraints indicated that they prevented
the pore model from drifting trom the initial model.
but did not substantially alter the behaviour of the
water molecules either within or at the mouths of the
pore.

MD simulations used a 1 ts timestep. The system
was heated from 0 to 300 K in 6 ps (5 K. 0.1 ps
steps) and cquilibrated for 9 ps at 300 K by rescaling
of atomic velocities every 0.1 ps. The production
stage of the simulation was for 485 ps. giving a total
simulation time of 500 ps. The trajectory was ana-
lyzed using coordinate sets saved every | ps during
the production stage of the simulations. Non-bonded
interactions (both electrostatic and van der Waals)
between distant atoms were truncated using a shift

function [22] with a cutoff of 13.0 A. and a fixed
dielectric of & =1 was used for electrostatic interac-
tions.

2.3, MD sinudations with an ion in the pore

Short MD simulations with a K™ ion restrained to
lie in successive xv-planes along the pore () axis
were performed in order to evaluate the etfect of an
ion on the behaviour of the water molecules. For step
i the K7 ion was placed at (0. 0. z,) and subjected to
a quadratic planar restraint with a force gonstant of
10 kcal mol ' A *. The system was subjected to
1000 steps off ABNR energy minimization (1o relax
any bad contacts between water and ion) tollowed by
6 ps heating and 9 ps equilibration MD (see above).
This process was repeated for the ion at -, = — S to
+15 Ain I-A steps. Two sets of simulations were
preformed: () starting with the pore plus water
configuration at the end of cnergy minimization (in
the absence of the ion): and (b) starting with the pore
plus water configuration at the end the 500 ps MD
run. No significant differences in the jon—pore~water
interaction energies were observed between these
two simulations. The results described below refer o
simulation (b). With the K™ ion restrained at - =10
Aa 100 ps simulation was also performed.

Potential cnergies of interaction cnergies of the
ton with the pore and /or water were calculated as:
(a) AFE, Ly = Elpore + water + K') — E(pore +
water) — E(K ') (b)) AE, , = E(pore + K') -
Elpore) — F(K™):and (¢) A £, ., = Elwater + K )
— E(water) — E(K ™). 1t should be stressed that these
are potential energies and so do not take account of
entropic contributions to the ion-pore—water free
energy. Similar simulations were performed with a
Cl  ion instead of the K™ ion.

2.4 Analysis

Two parameters characterising the dynamic be-
haviour of water molecules were estimated: the selt-
ditfusion coefticient, D (which measures transla-
tional mobility). and the rotational reorientation rate
time. 7 ' (sce Ref. [4] for methodological details).
Walter dipole orientations were analyzed from coor-



[
~J
XS]

M.S.P. Sansom et al. / Biophysical Chemistry 69 (1997) 269-281

Fig. 1. Structure of the phospholamban pore plus water. {(A) The five helices which form the pore are shown in ‘ribbons’ format, with the
water molecules as V-shapes. The limits (z= £12 A) of the bilayer potential are indicated as two broken horizontal lines. (B) Shows just
the waters from A. Both diagrams are of the structure midway through the MD simulation. i.e.. at 7= 250 ps. (C) and (D) show Ca traces
of the helix bundle at 7 = 100, 150. 200, 250, 300, 350, 400, 450 and 500 ps superimposed. (C) is viewed perpendicular to the pore (2) axis.
with the N-termini of the helices on the left-hand side. (D) is viewed down the pore axis.
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dinate sets saved at 100 ps and every subsequent 50
ps. The orientation of water molecules relative to the
pore (z) axis was measured in terms of the projec-
tion onto the : axis of the dipole moment of each
water, u.. where the pore axis (2) runs from the
N-termini to the C-termini of the helices. Thus, a
water molecule with its O atom closer to the N-
termini and its H atoms closer to the C-termini
would have a positive value for w.. Thus an undis-
torted TIP3P water molecule with its dipole exactly
parallel to the = axis would have u.= +2.35 De-
bye.

Pore radius profiles were determined using HOLE
[29]. which gives the pore radius, r(z), as a function
of distance along the pore (z) axis. HOLE was also
used to calculate predicted conductances for the
channel [30]. The pore radius profile was converted
to the cross-sectional area of the pore as a function
of z:A(z). If the resistivity, p, of the electrolyte
within the pore were equal to that ot the bulk
solution the conductance of the structure would be
approximately [31.32]:

. P '
Gupprr = [./ _Tdi]

mr-

In practice it is tfound for all the channel structures
examined that the experimental conductance is ca.
5 X less than this. Thus, an empirically-based cor-
rection tunction may be introduced, and a reasonable
prediction tor the conductance obtained from:

G - GL'PPER
PRED (a( RM|N)

where the correction function, C, depends on the
minimum radius, R, y. of the channel, and ranges in
value from ca. 5.6 for Ry, = 1.3 A (gramicidin A)
to ca. 5 for Ry = 4.0 A (porin OmpF) [30]. This
correction factor takes into the account the differ-
ences between an essentially macroscopic descrip-
tion ot conductance. as given above, and a truly
atomistic description of the microscopic process. such
as may be provided by e.g., free energy perturbation
calculations [33]. In trials for six experimentally
determined channel structures the predictions were
accurate to within an average factor of 1.6 to the true
value. If there is agreement between the predicted
vialue and the experimentally determined conduc-

tance this provides support for the validity of the
model.

3. Results

3.1. MD simulation of a solvated phospholamban
pore

The pore model which formed the basis of the
MD simulation is shown in Fig. [A.B. This is a
snapshot of the system midway through the MD
simulation. The lett-hand supercoiled helix bundle
present in the original model pore (i.c., IPSL:[10.11])
is retained throughout the solvated MD simulation. A
column of water molecules, on average 3 or 4 water
molecules in width, extends throughout the length of
the pore. widening towards either mouth of the porc.
The free C-termini of the helices result in the C-
terminal mouth to the pore being encircled a ring of
negative charges. This may be compared with c.g..
the rings of acidic sidechains at either mouth of the
pore of the nicotinic acetylcholine receptor [7.34.35].

From consecutive snapshots (every 50 ps) of the
C « traces of the helices (Fig. 1C.D) it is evident that
the fluctuations of the helices do not result in large
changes in the bundle geometry relative to the initial
model. The RMSD (on Ca« atoms only) trom the
start to the end of the 500 ps simulation was 1.6 A.
In part this is explained by a small degree of "expan-
sion” of the pore following MD simulation in the
presence of water. Thus, in the initial model (1PSL)
the mean helix—helix distance for neighbouring pairs
of helices was 9.8 (£0.1) A. whercas the corre-
sponding average across the 500 ps MD simulation
was 10.5 (+£0.4) A A similar expansion upon solvi-
tion has been seen in a number of comparable simu-
lations e.g.. Ref. [36]. However. it did not alter the
overall bundle geometry. For example, the left-
handed supercoil does not switch to a right-handed
form in the presence of water molecules. in contrast
to the situation observed with some other:pore mod-
els [37]. In the initial model (i.e.. 1PSL) the helix—
helix crossing angle averaged across adjacent helix
pairs of the bundle was 2= +21 (+2), compared
with a value for the structure after 500 ps of MD
with solvent present of 2= +21 (+6)°, confirming
that substantial in helix bundle geometry had not
taken place. Analysis of polypeptide backbone tor-
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sion angles revealed that significant changes in
intra-helix geometry did not occur. Thus. for the
initial model {¢)= —61 (+7)° and {¢Y)= —42
(£7)°. whereas at the end of 500 ps of MD, {¢) =
—62 (+17)° and ()= —40 (+16)°. The only
noticeable helix distortion occurred at the C-terminus
of one helix within the bundle. This took place early
in the simulation (ca. 10 ps) and was retained for the
remainder of the run.

In addition to analysis of the changes in bundle
geometry during the MD simulation. it is informative
to examine the nature of the pore-lining sidechains.
This was achieved by visual inspection map of the
inner surface of the pore. Comparison of the initial
model. I1PSL. with structures saved at 100 ps inter-
vals during the MD simulation revealed that al-
though fluctuations occurred at the two mouths of
the pore. the sidechains which line the central seg-
ment of the pore were conserved. Thus the pore
lining is dominated by the following sidechains:
Cys-36, lle-40. Leu-43. Ile-47, and Met-50. and
remains so throughout the duration of the simulation.

An overview of the conformational dynamics of
the pore-lining sidechains was provided by examina-
tion of the sidechain torsion angle distributions over
the duration of the MD simulation. Overall, this
analysis (data not shown) revealed that the sidechain
X, angle distributions did not shift significantly from
the starting model upon solvation and prolonged MD
simulation. In particular the small changes in helix
packing during solvation and MD simulation did not
result in a major shift in sidechain conformations.

3.2, Water dvramics and orientation within the pore

Analysis of the dynamic behaviour of water
molecules within and at the mouths of the pore

Fig. 2. Analysis of dynamics and orientation of waters. (A) The
self-diffusion coefficient (D) of each water molecule is plotied as
a function of its average oxygen I coordinate. (B} The water
dipole reorientation rate (7~ ') of each water molecule is plotted as
a function of its average oxygen 2 coordinate. In both graphs the
horizontal broken line is the corresponding value of the parameter
for a bulk TIP3P water simulation. (C) Water dipole orientation
profiles. The lines represent w. for the water molecules. averaged
in 2 A blocks along the o axis. The superimposed lines corre-
spond to profiles for structures at 7= 100. 150. 200. 250, 300.
350. 400, 430 and 500 ps.

followed that in our earlier studies of simple pore
models [4]. focusing on self-diffusion coefficients
and rotational reorientation rates of water molecules
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as functions of their average position along the pore
(i.e.. z) axis during the simulation. Of course, some
water molecules do move along the pore axis.
switching between the cap zones and the pore, but
the majority remain in one zone, and thus such
s-averaging does not blur the dynamics profiles too
much. Self-diffusion coefficients (D) of the water
molecules are shown in Fig. 2A, where they may be
compared with the mean self-diffusion coefficient
for the TIP3P water model simulated under ‘bulk’
conditions [4). Within the pore (—12 A<z<+12
A). D is significantly lower than in the caps or than
the bulk value. Indeed. within the central section of
the pore (=6 A<:< +6 A) <D>=004
(+£0.01) A” ps~'. i.e.. almost an order of magnitude
lower than the self-diffusion coefficient of bulk
TIP3P water (0.32 AZ ps ™).

A slightly more complex profile is seen for the
rotational relaxation rates (Fig. 2B). Thus, at the
N-terminal cap. 7' is 0.14 (+£0.09) ps ', i.e., close
to the value for bulk water (0.3 ps~'). Within the
pore. 7' falls to 0.008 (+0.005) ps ', and then
rises t0 0.03 (£0.01) ps ' at the C-terminal mouth.
Thus rotational mobility within the pore is reduced
by a factor of ca. 40 relative to the bulk. The
rotational mobility of the water is also reduced in the
vicinity of the C-terminal mouth which, it should be
remembered. is encircled by a ring of five negative
charges. As will be seen, this reduction of the rota-
tional mobility of the water molecules is matched by
alignment of their dipoles relative to the pore axis.

The orientatton of the water molecules was probed
by calculating the pore axis projections of their
dipole moment. In Fig. 2C these dipole projections
are plotted as a function of the average position of
the water molecule along the pore axis. In the N-
terminal cap the water molecules are more or less
randomly oriented. with a mean value (average over
100 10 500 ps) for the projected dipole moment of
(u.y = —0.21 (£0.10) Debye. Within the pore the
water dipoles are aligned such that their H atoms
point towards the C-terminal mouth of the pore and
their O atoms towards the N-terminal mouth. giving
(p = +175 (£0.11) Debye. In the C-terminal
cap the waters point in the opposite direction, such
that { u > = —1.33 (£0.10) Debye. When interpret-
ing these values it should be remembered that the
dipole moment of the TIP3P water is 2.35 Debye.

Thus the combination of the macrodipoles of the
helix backbones and the ring of negative charges at
the C-terminal mouth generates significant ordering
of the waters both within the pore and at the C-
terminal mouth.

The energetics of protein—protein and pore—water
interactions within the phospholamban TM helix
bundle at the end of the MD simulations yielded the

following results: AEpSN warg = — 150 keal
mol ' and AELSES wirer = —898 kcal mol .

where these are respectively the van der Waals and
electrostatic components of the porc—water interac-
tion energy: and A ESD 0y _ieix = — 459 keal mol !
and AEFEPL qenx = +£2262 keal mol ' where
these are the van der Waals and electrostatic compo-
nents of the helix—helix interaction energy for the
bundle “subunits’. Note therefore that the favourable
electrostatic interactions of the water dipoles with
the helix dipoles to some extent counteract the mu-
tual repulsion of the parallel (and negatively charged)
adjacent TM helices.
33 AK™T vs.a Cl ion within the pore

To determine whether a hydrophobic helix bundle
could provide an energetically favourable permeation
pathway for ions. two further series of MD simula-
tions were performed in which a K~ or a Cl' ion
was translated along the pore. Thus. K" ion was
placed at successive positions along z. and then
1000 cycles of ABNR energy minimization followed
by 15 ps of MD (i.e., 6 ps heating plus 9 ps
equilibration) were performed. This was repeated.
moving the K™ ion in I-A steps along the pore axis
from = — 15 At +15A. Preliminary simulations
had indicated that 15 ps of MD were sufficient for
the water molecules to ‘relax” in the electrostatic
field around the K" ion. Examination of ‘the z-axis
projections of the water dipoles at the end of the 15
ps simulations for successive positions of the ion
revealed a “wave’ of local realignment of the water
dipoles tracking the ion along the pore. More de-
tailed analysis (not shown) indicated that about four
water molecules are involved in this local realign-
ment.

In order to examine the energetics of pore-
water—ion interactions the interaction potential en-
ergy profiles of the K* ion with (pore + water). of
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the ion with the pore, and of the ion with the water
were analyzed (Fig. 3A). The AEy py profile is
relatively flat in the N-terminal half of the pore, with
no pronounced barrier as the ion enters the N-termi-
nal mouth. Examination of the two components of
this interaction suggest that the unfavourable interac-
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Fig. 3. Interaction energies of ions as a function of their position on

E (kcal/mol)
o

tion of the cation with the N-terminal helix dipoles is
counteracted by a more favourable interaction with
the aligned water dipoles as the ion enters the pore.
At the C-terminal mouth there is a highly favourable
interaction of the ion with the pore. However, this is
balanced to some extent by weakened ion—water
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. The interaction energy profiles are shown for a K* ion (A) and for a

Cl™ ion (C). In each case the three lines correspond to: (i) the ion—(pore + water); (ii) ion—pore; and (iii) ion—water interaction energies for
each structure after 15 ps of MD. The ion—(pore + water) and ion—water interaction energies have been normalized by subtraction of the
mean potential energy of the corresponding ion simulated in a box of 3375 water molecules. In (B) and (D) the ion—pore interaction energy
profiles obtained by including (i) and excluding (i} the effects of the five negative charges at the C-terminal mouth of the pore are

compared, for a K* ion (B) and for a CI~ ion (D).
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interactions. Thus the water screens the strong
cation-carboxylate ring interactions to an extent.
However, the overall K* ion—(water + pore) interac-
tion at the C-terminal mouth remains favourable,
consistent with the cation selectivity of the phospho-
lamban channel.

An exactly comparable set of simulations were
performed using a C1 ion instead of a K ion. As
for the K™ ion, the presence of a Cl™ ion within the
pore resulted in only local realignment of the water
dipoles. More interesting were the interaction energy
profiles for the Cl ~ ion as it was translated along the
pore (Fig. 3C). As expected, the Cl™—pore profile
showed a well at the N-terminal mouth and a barrier
(of height ca. 100 kcal mol ') at the C-terminal
mouth of the pore. This barrier was to some extent
compensated for by more favourable Cl —water in-
teractions at the C-terminal mouth. However, the
overall ClI™ ion—{(water -+ pore) interaction energy
profile presents a barrier to Cl permeation along
the entire length of the pore, rising from ca. 20 kcal
mol ™" at the N-terminal mouth to ca. 60 kcal mol ™'
at the C-terminal mouth. This reinforces the sugges-
tion that the current model can explain the observed
selectivity of channels formed by phospholamban for
cations rather than anions.

To dissect further the components of the interac-
tion potential energy profiles, the profiles were recal-
culated, from the same simulations, but neglecting
the contribution of the five negative charges at the
C-termini of the helices. The resultant ion—pore pro-
files are shown in Fig. 3B (for K" ) and Fig. 3D (for
C17). In both cases it is evident that the interaction
of the ion with the five negative charges makes a
significant contribution to the energy profile. Thus,
to some extent the ion selectivity of the phospholam-
ban channel will depend on the ionization state of
the C-termini of the helices, which in turn may
depend on the local micro-environment of these ter-
mini in terms of possible counterions. A full analysis
of these effects will be the subject of further, rather
more elaborate. simulations than are described in the
current study.

3.4, Pore radius profile and estimated conductance

As described above. analysis of the pore radius
profile may be used to obtain a prediction of channel

conductance [30]. thus allowing comparison of the
model vs. experimental data. Furthermore, although
the fluctuations in helix bundle geometry during the
course of the MD simulation were relatively small. it
was of interest to determine whether these fluctua-
tions had a significant effect on the predicted con-
ductance. Pore radius profiles were analyzed for
structures saved every 50 ps during the simulation
and compared with the profile for the initial, ie..
IPSL. model (Fig. 4). The limited expansion of the
helix bundle upon solvation results in an increase in
the pore radius of ca. 0.5 A averaged along the
length of the pore. Overall, the profile after solvation
is rather flat. with a mean radius of ca. 2.5 A. apart
from a narrowing of the pore at the C-terminal
mouth. Fluctuations in radius at the C-terminal mouth
may be linked to fluctuations in backbone conforma-
tion of the C-terminus of one of the helices (see
above). The pore radius profiles may be used as the
basis of estimations of the conductance of the pore.
The predicted values of the pore conductance in 200
mM KCI varies range between ca. 50 and:70 ps (see
Table 1), whereas the experimentally determined
pore conductance with the same electrolyte is ca. 100
ps (S. Smith. personal communication: also see Ref.
[8]). i.e.. the predicted pore conductance is about half

pore radius (A)
S

20 -15 -10 -5 0 5 10 15 20

Fig. 4. Pore radius profiles, calculated using HOLE [29]. The
broken linc is the radius profile for the initial model IPSL. The
solid line shows the average ( +standard deviation)- of the radius
profiles for 7= 100. 150, 200, 250, 300, 350. 400, 450 and 500
ps. In both cases the pore radius is displayed as a function of the
position along the - (i.e., pore) axis.
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Table 1
Conductance of pore

t (ps) (R (A)

Gupper (ps) Gprepicr (pS)

100 25(£04) 366 69
150 2.6(£05) 280 54
200 2.7(+£0.4) 267 51
250 2.6(+£04) 263 50
300 2.8(£0.5) 304 57
350 2.6 (£04) 287 51
400 2.6 (40.5) 395 72
450 24(+£04) 265 50
500 2.4(40.5) 280 51

The pore radius profile was evaluated for structures at time !
during the MD simulation (see Fig. 4), yielding an average (over
—12 A <z < +12 A) radius (R).

Conductances were calculated using a resistivity of p=0.417
m for 200 mM KCl.

the experimental value. This is within the error limits
of the prediction method [30]. In this prediction
method an empirical correction factor is derived
which indicates that the ‘effective resistivity’ within
the pore is 5 X that of the corresponding bulk solu-
tion. A possible explanation for this increased resis-
tivity lies in the perturbed dynamics of water
molecules within the pore, as discussed above.

Approximate estimates of pore conductances for
equivalent tetrameric and hexameric helix bundles
may be obtained, combining the results of previous
calculations on pore radii for helix bundles of differ-
ent stoichiometries [26] with the pore estimate for
the pentameric model. Such calculations yield a con-
ductance of ca. 7 to 14 ps for a tetrameric helix
bundle, and of 100 to 125 ps for a hexameric helix
bundle. Thus, a tetrameric helix bundle is clearly not
compatible with the experimental conductance, but a
hexameric helix bundle provides a possible alterna-
tive to the pentameric model. To distinguish between
the pentameric and hexameric alternatives, further
experimental data and /or more refined conductance
calculations will be required.

4. Discussion
4.1. Methodology

The results of an MD simulation are dependent
upon the initial model. In the current study this is not

an X-ray structure, but is a plausible model based on
a variety of less direct structural data, and so MD
simulations on the basis of it are justified. In particu-
lar, this model is supported by CD and FTIR data for
the secondary structure of the TM segments, by
FTIR-ATR data for the transmembrane orientation of
the helices, and by mutagenesis, computational and
SH/SD exchange data for the orientation of the
helices within the bundle [9-11,16]. What is less
certain is the number of helices in a bundle. A
pentameric helix bundle is supported by computa-
tional studies of helix packing interactions [10], and
also by the conductance calculations reported in this
paper (see below). Furthermore, a pentameric
coiled-coil model has been proposed, independently,
by Simmerman et al. [17] on the basis of SDS-PAGE
analysis of the oligomeric state of wild type and of
mutated channel-forming domains of phospholam-
ban. However, it has also been suggested that there
may exist, within the bilayer, a dynamic equilibrium
of oligomeric states [19].

The MD simulations with water molecules are
similar to those in previous studies of simple channel
models and channel-forming peptides [4,5], and in
studies of water within the pores of gramicidin A
[2,38] and cyclic peptide nanotubes [3]. In the case of
gramicidin A, where more experimental data are
available, such simulations have yielded e.g., water
self-diffusion coefficients which are in good agree-
ment with the experimental values [2]. It is therefore
reasonable to assume that this procedure yields phys-
ically meaningful results. However, it is important to
consider possible limitations of the simulations. The
first of these is the relative simplicity of the force
field, and particularly of the water model employed.
The use of a point charge model, which does not
allow for electronic polarizability, may mean that
some the water properties do not agree exactly with
experimental values, even in bulk state simulations
[39]. This may be exacerbated by, e.g., the use of
distance cutoffs in calculation of long range electro-
static interactions.

It is also useful to consider the possible effects of
the restraints imposed during the simulation. For
water molecules these consisted of a restraining cav-
ity of cylindrical geometry lying outside the pore
formed by the protein. Thus, within the pore water
molecules never experience the restraining cavity



M.S.P. Sansom et al. / Biophysical Chemistry 69 (1997) 269--281 279

potential. At either cap of the pore, water molecules
experience a restraining potential which prevents
their evaporation from the system. Previous simula-
tions [40] have shown that such a cavity potential
does not substantially modify the dynamic behaviour
of the waters in the caps. Two classes of restraint
were applied to the phospholamban helices. Intra-
helix distance restraints were used to maintain the
a-helical geometry. Previous simulations [4] on bun-
dles of Ala,, helices have shown that such restraints
do not seem to influence the behaviour of the water.
Inter-helix restraints have also been evaluated in a
number of previous simulations [4,27], in which they
did not effect the packing of the helices. For exam-
ple. despite such restraints quite substantial changes
in helix crossing angle may occur [27,37]. The em-
pirical membrane-mimicking potential applied to the
sidechains has been employed in a number of simu-
lations, both of single helices interacting with a
bilayer [28] and of the helix bundle of bacterio-
rhodopsin [41]. The main effect of this potential is to
keep the phospholamban helices ‘in register’ along
the z-axis. Simulations without this potential gave
similar results both in terms of the geometry of the
helix bundle and the dynamic properties of the water
molecules.

The major omission from our simulations is that
an explicit bilayer is not present. Inclusion of this
would lead to a considerable increase in cpu time,
and may not be justified at this stage. However. as
the direct interactions of the water molecules are
with one another and with the protein atoms lining
the pore, omission of a lipid bilayer is an acceptable
first approximation. A similar approach has been
used by [6] in simulation studies of the pore domain
of a Na' channel. The other omission from the
model is the 34 residues from the N-terminus of each
phospholamban molecule. This is not too serious, as
the TM helix alone can self-assemble in a lipid
bilayer to form cation permeable channels [8]. How-
ever, there are differences between the conductance
propertics of the channels formed by the intact pro-
tein and those formed by the C-terminal fragment,
and so it may be necessary in the future to extend the
MD simulations to a more complete model of the
channel. as discussed in [11].

A methodological aspect which merits discussion
is the simulation of interactions of a K™ vs. a CI~

ion with the (pore + water). The xv-plane restraints
placed upon the ion were such that it could deviate
from the plane by ca. £0.5 A for each value of z.
Restricting the duration of the simulation to 15 ps
heating + equilibration was sufficient to allow the
waters to ‘relax’ about the ion, as shown by compar-
ison with the 100 ps simulation with either a K™ ora
Cl" ion at z=0. Two sets of K"~ ion simulations.
with different starting configurations of the waters,
yielded much the same results. Furthermore, studies
on related channels formed by helix bundles suggest
that simulations in which the ion is not returned to
x=y=0 A at the beginning of each step along z do
not yield significantly different profiles (Bull and
Sansom, unpublished data). Thus. it seems that the
potential energy profiles are not over-sensitive to the
initial arrangement of the water molecules within the
pore. However, it must be stressed that the profiles
are of potential energies of interaction. and do not
take account changes in the entropy of the system as
the ion is moved along the channel.

The HOLE method for determination of pore
radius profiles has been discussed fully in a number
of papers {26,29]. The use of HOLE-derived pore
radius profiles to estimate channel conductances is
somewhat newer [30-32], and merits some discus-
sion. It is based upon the assumption that the resis-
tance of a channel may be calculated as the sum of
the resistances of a series of concentric cylindrical
discs along the channel, plus an access resistance [1]
at either mouth. This assumption is a reasonable
approximation provided that the channel does not
deviate too greatly from a regular cylindrical geome-
try. This is the case for the phospholamban channel.
By assuming that the transbilayer pore is filled with
an electrolyte of identical resistivity to that of the
external bulk solutions one obtains an upper limit to
the conductance ot the pore. It has been shown, by
comparison with channels of known three dimen-
sional structure and conductance (e.g.. gramicidin A,
porins). that the upper limit on the conductance is
about five times larger than the experimantal value.
Thus, an empirical scaling factor of ca. 0.2 X should
be applied in order to arrive at a predicted conduc-
tance [30]. This scale factor may include two effects
which increase the effective resistivity ‘within the
pore. The first is a reduction in diffusion rates of
water molecules (and hence. one assumes. of hy-
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drated ions) within the pore. The second is the
presence of energy barriers to the passage of an ion
due to, for example, the presence of charged or polar
residues lining the channel. Indeed, a good fit to the
temperature behaviour of the conductivity of sodium
and potassium channels has been obtained by com-
bining a simple expression for Gyppeg (based on an
assumed pore geometry) with a simple single-barrier
model which represents the presence of polar residues
within the pore lining [31].

4.2. Biological implications

The simulation results presented in this paper do
not address the debate concerning the physiological
role of channel formation by phospholamban. Rather,
they address the biophysical question of how a
bundle of TM helices lacking any polar sidechains
(other than cysteine) might form a stable ion-per-
meable pore within a lipid bilayer.

The simulations of the phospholamban TM helix
bundle with water molecules within and at either
mouth of the pore provide further evidence support-
ing the IPSL model of [10,11]). Firstly, the structure
of the pore does not undergo any profound changes
during the 500 ps simulation, suggesting that the in
vacuo simulations used to derive the initial model
[10] had identified a particularly stable mode of
packing of the transmembrane helices. Secondly, the
predicted pore conductance agrees, within a factor of
two, with the experimental estimate of the conduc-
tance. This provides strong evidence in favour of a
pentameric, rather than a tetrameric, assembly of
phospholamban helices. This is a key point for mod-
elling the conductance events and understanding the
mechanism of selectivity. There is evidence from
SDS-PAGE, particularly of phospholamban chimera,
that the protein can exist as both lower and higher
order oligomers [9]. One possibility that has not been
excluded by the previous structural measurements
and modelling studies is that the pentameric complex
represents a closed conformation, while a higher
order complex, such as a hexamer, represents the
open or conducting conformation. The conductance
calculations presented in this paper argue that the
pentameric complex as modelled by Adams et al.
[10] is consistent with an open conformation, al-
though they do not exclude the possibility of chan-
nels also being formed by hexameric assemblies.

The alignment of the water dipoles within the
phospholamban pore by the helix dipoles has also
been observed seen in a number of models of chan-
nels made up of parallel helix bundles [4,5). A
simple analysis of the energetics of bundle formation
suggests that favourable interactions between the
helix dipoles and water dipoles may contribute to the
stability of the TM helix bundle. However, more
elaborate simulations in the presence of explicit
phospholipid molecules will be required to obtain an
estimate of the relative contributions of various fac-
tors to TM helix bundle stability.

Preliminary analysis of the potential energy pro-
file of a K* ion as it is ‘dragged’ through the
phospholamban pore provides further evidence for
the importance of water. If one calculated such a
profile in vacuo the potential energy barrier at the
N-terminal mouth (due to the aligned helix dipoles)
and the deep potential well at the C-terminal mouth
(due to the ring of negative charges) would seem
incompatible with a high conductance cation selec-
tive pore. However, the presence of water molecules
within the pore flattens this potential profile, in that
the aligned water dipoles cancel out the barrier at the
N-terminal mouth of the pore, and reduce the depth
of the well at the C-terminal mouth. Such flattening
of the potential profile by water also occurs for a
Cl™ ion translated through the pore. However, the
effect of the water molecules is insufficient to en-
tirely compensate for the electrostatic repulsion be-
tween the C1™ ion and the ring of negatively charged
termini at the C-terminal mouth of the pore. Thus,
the model channel is predicted to be cation selective,
in agreement with the experimental data for phos-
pholamban.

In order to extend the use of MD simulations to
relate the phospholamban pore model to the physio-
logical properties of the channel, several refinements
will be needed. Perhaps the most important refine-
ment will be to establish the high resolution structure
of the pore and the dynamics of sidechains that may
influence the pore diameter. The structure can be
mapped out by internuclear distance constraints ob-
tained using magic angle spinning NMR methods
[42] while sidechain dynamics can be established by
deuterium NMR of selectively deuterated sites [43].
One of the conclusions of the cysteine sulphydryl
exchange studies [16] was that the lack of exchange
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of Cys 36 and Cys 46 demonstrated that phospho-
lamban forms a stable channel complex. This con-
trasts with many other peptide channels that only
transiently associate to form a pore.

In terms of the MD simulations per se, the most
useful refinements would be inclusion of an explicit
model of the lipid bilayer, and a more detailed
treatment of the protonation state of the C-terminal
carboxylic acid groups. The latter could be achieved
by the application of continuum electrostatics calcu-
lations [44] to the current model in order to estimate
the pK,s of these groups. Preliminary calculations
using such methods (Adcock, Smith and Sansom,
unpublished data) suggest a significant increase in
the pK, above that for an isolated carboxylic acid
group. This would be expected to reduce the size of
the potential well for cations (and of the potential
barrier for anions) at the C-terminal mouth of the
pore.
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