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Abstract. Ton channels may be formed by bundles of am-
phipathic a-helices aligned parallel to one another and
spanning a lipid bilayer membrane, with the hydrophilic
faces of the helices lining a central pore. In order to
provide insight into the packing of such helices in bun-
dles, a method has been developed to cvalute hydrophilic
surface maps of amphipathic a-helices and to display
these surfaces in a readily interpretable form. The proce-
dure is based upon empirical energy calculations of inter-
actions of a water molecule with an amphipathic a-helix.
The method has been applied to three channel-forming
peptides: Staphylococcal §-toxin; alamethicin; and a syn-
thetic leucine- and serine-containing peptide. Particular
emphasis is placed upon the effects of sidechain confor-
mational flexibility on hydrophilic surface maps. A fam-
ily of models of the 3-toxin helix is generated by a simu-
lated annealing procedure. The results of hydrophilic
surface map analyses provide more exact definition of the
centre of the hydrophilic face of amphipathic helices, and
of the variation of the position of the centre in response
to changes in sidechain conformation. This information
is used to define families of preliminary models for a
given ion channel, as is illustrated for J-toxin.

Key words: Amphipathic a-helix — Channel-forming pep-
tide — Hydrophilic surface map — Membrane protein —
Simulated annealing

Introduction

Channel-forming peptides (CFPs) are model ion channels
which mimic many of the functional properties of larger
and more complex channel proteins. X-ray and NMR
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molecular hydrophobicity potential; RMSD, root mean square de-
viation

Correspondence to: M. S. P. Sansom

structures of CFPs reveal that they form amphipathic
a-helices. [on channes may be formed by bundles of par-
allel CFP helices (Lear ct al. 1988; Sansom 1991), as is
illustrated in Fig. 1 A. The helices are oriented perpendic-
ular to the plane of the membrane, and are arranged
about a central pore so as to form an assembly with cyclic
symmetry about the pore axis. The hydrophilic sidechains
of the helices line the central pore, whilst the hydrophobic
sidechains interact favourably with the fatty acyl chains
of bilayer lipids. Consequently, such assemblies are stabi-
lized by peptide-peptide, peptide-water and peptide-lipid
interactions, and also by the interaction of peptide molec-
ular dipoles with the transbilayer electrostatic field. Par-
allel bundles of transbilayer a-helices constitute a struc-
tural motif present in several ion channel proteins (Oiki et
al. 1990). This motif is of particular importance with re-
spect to the members of the nAChR superfamily, the cen-
tral pores of which are believed to be formed by a bundle
of five parallel amphipathic helices (Unwin 1989; Stroud
et al. 1990; Sansom 1992 a). Its presence in other ion chan-
nel proteins, e.g. the influenza M, channel (Sansom and
Kerr 1993), suggests that the helix bundle motif is of gen-
eral importance. In order to develop molecular models of
such transbilayer pores it is essential that the amphipath-
ic nature of CFPs is examined in some depth.

In modelling pore formation by CFPs a necessary ini-
tial step is to identify the centre of the hydrophilic face of
an amphipathic helix in order that this face may be ori-
ented towards the centre of a helix bundle (Sansom et al.
1991; Fig. 1 A). This provides a water-like environment
within the pore allowing possible transient interactions
with permeant ions (Sansom et al. 1993). However, it is
not clear exactly how to define the centre of the hy-
drophilic face of an amphipathic helix. In particular, an
estimate of the variation in the position of the centre
would enable construction of a range of initial channel
models for refinement and further analysis.

An amphipathic o-helix is defined as one with an
asymmetric distribution of polar and apolar residues be-
tween opposite sides of the helix. Previously, identifica-
tion of helix amphipathicity has employed qualitative
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Fig. 1. A Diagram of bundle formation by amphipathic helices. The
cylinder represents an «-helix with the hydrophilic face shaded, and
the arrow designating the centre of this face. N=6 such helices
assemble to form a helix bundle surrounding a central pore. B
Coordinate system used in empirical energy calculations of the
interaction of a water molecule with an a-helix. The cyclindrical
polar grid is defined by z, r and ¢ where z is coincident with the helix
axis, r is the distance from the helix centre and ¢ is the angle
subtended in the (z, r) plane

methods such as helical wheel plots (Schiffer and Ed-
mundson 1967) or quantitative procedures such as calcu-
lation of mean hydrophobic moments (Eisenberg et al.
1982; Eisenberg 1984). The helical wheel is a projection
down the helix axis of the Ca atoms of an a-helix. Asym-
metric distribution of hydrophobic and hydrophilic
residues on this projection (identified by eye) is interpret-
ed as amphipathicity. Such asymmetry in the distribution
of the hydrophilic and hydrophobic residues may be
quantified via calculation of the mean hydrophobic mo-
ment, a vector quantity derived by averaging the individ-
ual hydrophobic moments of the constituent residues of
the helix. However, the exact hydrophilic surface of an
amphipathic helix containing flexible polar sidechains
cannot be determined solely from consideration of a-car-
bon positions. When high resolution data and/or molecu-
lar models are available, it is possible to analyze helix
amphipathicity whilst taking into consideration possible
alternative conformations of sidechains.

We employ a procedure for calculation of the interac-
tion energy of a water molecule with an amphipathic
o-helix which enables display of the results as a hy-
drophilic surface map. This representation is sensitive to
changes in sidechain conformation. Molecular dynamics
based modelling procedures may be used to generate fam-
ilies of structures for CFP monomers, which thus provide
estimates of sidechain flexibility. Hydrophilic surface
maps calculated for representative structures from such
families may be used to define the range of values for the
centre of the hydrophilic face of an a-helix. This informa-
tion in turn may be employed to generate families of
initial models of ion channels formed by bundles of par-
allel amphipathic helices.

We have investigated three examples of amphipathic
CFPs for which structural information of differing reso-
lution is available: (a) Staphylococcus aureus -toxin; (b)
alamethicin; and (¢) a synthetic leucine- and serine-con-
taining CFP designed by Lear et al. (1988). Taken togeth-
er, these provide a thorough analysis of the effects of
polar sidechain flexibility on definition of hydrophilic
surfaces and on construction of initial models of ion
channels.

Methods
General computational methods

Molecular modelling was performed using Quanta 3.2
(Polygen, Waltham, MA) and CHARMmM (V21.3;
Brooks et al. 1983) running on a Silicon Graphics
(Mountain View, CA) Indigo Workstation. Molecular
dynamics simulations were carried out using Xplor 3.0
(Briinger 1992). Structure diagrams were generated using
MolScript (Kraulis 1991). All auxiliary programs were
written in Fortran 77.

Modelling of monomers

Interactive modelling of helical monomers was carried
out as described in Sansom and Kerr (1993). Mainchain
torsion angles for a right-handed a-helix (¢p=—66°,
i = —40°) were those obtained by analysis of the crystal
structures of 60 proteins solved to a resolution of 2.0 Aor
less (McGregor et al. 1987). The y,; and y, torsion angles
for all sidechains (except x, of serine residues — see below)
were set to the preferred conformation in an o«-helical
structure as reported by various authors (Janin et al.
1978; McGregor et al. 1987; Richardson and Richardson
1989). The model thus obtained was subjected to 1000
cycles of ABNR (adopted basis Newton-Raphson) ener-
gy minimisation with the Co atoms constrained in order
to retain the overall helix geometry.

Simulated annealing was performed as described by
Nilges et al. (1988) and by Nilges and Briinger (1991).

Hydrophilic surface maps

Hydrophilic surface maps (HSMs) were generated by
placing a water molecule at successive positions on a



cylindrical polar grid around a peptide molecule, and
evaluating the peptide-water interaction energy. The wa-
ter model employed was TIP3P (Jorgensen et al. 1983)
which provides a reasonable representation of the physic-
ochemical properties of liquid water while retaining a
relatively simple, three-point charge model.

The cylindrical polar grid is defined by three coordi-
nates z, r and ¢ (Fig. 1B), where z is coincident with the
helix axis, r is the distance from the centre of the helix axis
and ¢ is the angle subtended in the (z, r) plane. The z-axis
is defined as being a line drawn between two dummy
atoms, one at the midpoint of all the Ca atoms of the
helix, the other at the midpoint of the four C-terminal Cux
atoms. This definition is modified for peptides, e.g.
alamethicin, which contain a proline-induced kink in the
helix (see below). Typically z and r are incremented in 1 A
steps, and ¢ in 10° steps, corresponding to approximately
20 000 grid points for z= —25 to +2.5 A.

At each grid point (z, 7, ¢) an energy minimisation is
performed in order to optimise the orientation of the
hydrogen atoms of the water molecule. The helix atoms
and the oxygen of the water molecule are fixed and the
hydrogen atoms subjected to 1000 cycles of adopted base
Newton-Raphson (ABNR) energy minimsation. After
minimisation, the energy of the helix and water molecule
(E;) is calculated as the sum of the van der Waals and
electrostatic energies. The interaction energy, E,,, be-
tween the water probe and the helix is defined as being the
difference between Er (z, r, ¢) and E; when the water
molecule is distant from the peptide e.g. typically at
z=+50 A. For each value of (z, ¢), the minimum of E,_,
with respect to r is determined. This thus defines an
E, .. (z, ¢)surface, i.e. the hydrophilic surface map, which
can be displayed as a contour plot of isopotential lines for
the helix-water interaction energy. Averaging E,.. (z, ¢)
over all z values for the length of the helix generates a plot
of (E.,> vs. ¢ which may then be used to identify the
centre of the hydrophilic face of the helix.

Results
6-Toxin

The 26 residue peptide d-toxin from Staphylococcus au-
reus (Fitton 1981; Table 1) has been the subject of de-
tailed investigations of its physicochemical properties
and secondary structure. The results of both proton
NMR (Lee et al. 1987; Tappin et al. 1988) and circular
dichroism (Fitton 1981; Thiaudiére et al. 1991), suggest
that the peptide is a-helical from residues 1-20, with a
rather more flexible C-terminal hexapeptide. Planar bi-
layer studies of channel formation by this peptide (Mellor
et al. 1988) suggest that, on average, six transbilayer he-
lices form a weakly cation selective pore.

The NMR studies of J-toxin do not provide detailed
information on sidechain conformations. Simulated an-
nealing techniques have therefore been used to generate
a family of model structures. This approach has recently
been employed by Nilges and Briinger (1991; 1993) to
comnstruct, ab initio, models of leu-zipper helix dimers,
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Table 1. Amino acid sequences of CFPs

Peptide Sequences

o-toxin -M-A-Q-D-I-I-S-T-I-G-D-L-V-K-W-I-I-
D-T-V-N-K-F-T-K-K

alamethicin  Ac-U-P-U-A-U-A-Q-U-V-U-G-L-U-P-V-U-U-
E-Q-F-OH

Ls1 L-S-S-L-L-S-L-L-S-S-L-L-S-L-L-S-S-L-L-S-L-NH,

The standard single letter code is used with the addition of U=u-
amino isobutyric acid. Polar residues are denoted by bold typeface,
proline by italics. The following abbreviations are used for terminal
and blocking groups: Ac-acetyl; f-formyl; NH,-C terminal amide

and by Treutlein et al. (1992) to model the glycophorin A
transmembrane domain dimer. We have also used this
method to model helices formed by H5 (Haris et al. 1993)
and S4 (Breed et al., unpublished results) synthetic pep-
tides derived from the Shaker K* channel protein.

An initial model was constructed by placing the 26 Ca,
atoms of d-toxin at their positions in an idealised a-helix.
The remaining non-Ca atoms were superimposed upon
the Ca atoms of their corresponding residues. This model
was used as the basis of 5 independent simulated anneal-
ing runs in which sidechain and non-Co mainchain atoms
were allowed to “grow out” from their Co atoms. The
positions of the Ca atoms remained fixed throughout the
run. The simulated annealing started at 1000 K. Main-
taining this temperature for 11.5 ps, bond geometry and
planarity scaling factors were gradually increased, with
the latter lagging behind the former. A repulsive van der
Waals term was then gradually introduced over a further
21 ps at 1000 K. The temperature was then reduced in a
stepwise manner to 300 K over a period of 8.4 ps. An
electrostatic term was not included during the simulated
annealing, which thus was driven by bond geometries and
steric interactions.

The resultant 5 models were each subjected to 5 dy-
namics runs, resulting in 25 final §-toxin models. Each
dynamics run was divided into two phases. Phase one
consisted of a limited additional simulated annealing run,
from 500 K to 300 K over 4 ps, during which the electro-
statics term was gradually switched on by scaling of polar
sidechain atom charges. The initial scale factor was 0.05,
rising to a final value of 0.42. During this phase, initial
harmonic constraints on Co atom positions were gradu-
ally relaxed. Phase two consisted of 5 ps of unrestrained
dynamics, during which Ca atoms were free, whilst back-
bone hydrogen bonds were weighted by an additional
factor of 2.5. The resultant models were finally subjected
to 1000 cycles of conjugate gradient minimisation.

Analysis of the final models (Fig. 2) using Procheck
(Morris et al. 1992) confirmed that the stereochemistry of
the models was consistent with that found in highly re-
fined crystallographic structures of proteins. Ramachan-
dran plot analysis showed that all backbone torsion an-
gles fell within the allowed region for a right-handed o-
helix. The overall RMSD between the 25 models was
1.95 A for all non-H atoms, and 1.14 A for backbone
atoms. The residue by residue RMSDs (Fig. 2C) were
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Fig. 2. A Five randomly selected models of the d-toxin a-helix su-
perimposed. B Single representative model of d-toxin. Sidechains
D4, T8, D11, D18, K23, K25 and K26 are displayed in “ball-and-
stick” format. C RMSD vs. residue number for the 25 d-toxin
models compared. The solid line corresponds to backbone (non-H)
atoms and the dotted line to sidechain atoms

amino acid

larger at the helix termini than in the centre, as has been
observed in several molecular dynamics studies of o-he-
lices (e.g. Levy et al. 1982). Detailed comparison of the 25
models reveals that there is considerable flexibility in
sidechain conformations whilst the helical backbone geo-
metry is conserved. In particular residues Q3, D11, K14,

D18 and K22 correspond to peaks in the RMSD vs.
residue plot and thus exhibit greater conformational het-
erogeneity than the remaining sidechains. Five models
were selected at random from the final 25 for HSM anal-
ysis. It is evident from examination of Fig. 2 A that inter
alia these models include alternative conformations for
the three aspartate sidechains, and for the two C-terminal
lysines.

The hydrophilic surface map for the J-toxin model
shown in Fig. 2B is illustrated in Fig. 3A as a contour
plot. Energy minima are clearly visible corresponding to
favourable interactions of the sidechains of residues D4,
D11 and D18 with water. There is also a broad minimum
corresponding to the cluster of lysine residues at the C-
terminus. Figure 3 B shows the <E) vs. ¢ plots for the 5
selected models. It is clear that the definition of the centre
of the hydrophilic face of the helix varies from ca.
¢=+40° to ¢=+60°, i.e. a range of 20°. This reflects
variation in the conformations of the charged (aspartate
and lysine) sidechains between the five different models.
The mean {E) vs. ¢ curve is shown in Fig. 3C. There is
a distinct minimum at ¢ = + 50°, representing the centre
of the hydrophilic face of the helix, and a shoulder at
¢ = +130°. The minimum (¢ = + 50°) corresponds to the
position on ¢ of residues D11 and D18, whereas the
shoulder (¢ = +130°) corresponds to T8 and T19.

This definition of the centre of the hydrophilic face, in
terms of mean value and range, is illustrated in Fig. 4,
alongside the initial channel model thus generated, in
which a hexameric bundle of parallel helices, each rotated
about its long axis by ¢ = +50°, has been constructed.
The central pore is lined by the sidechains of residues D4,
D11 and D18. A range of models, corresponding to the
range of ¢ values noted above, may therefore be con-
structed and used as the basis of attempts to refine the
initial channel models using simulated annealing proce-
dures similar to those discussed above (Kerr and Sansom,
unpublished results).

Alamethicin

The channel-forming and conformational properties of
alamethicin, a 20 residue peptaibol isolated from Tricho-
derma viride have been studied intensively over the past
two decades (reviewed by Sansom 1991, 1993; Woolley
and Wallace 1992). The crystal structure of alamethicin,
determined to 1.5 A resolution (Fox and Richards 1982),
contains three monomers in the asymmetric unit (A, B
and C) which differ mainly in the conformation of the
E18 sidechain. These provide an opportunity to investi-
gate the effect of changes in the conformation of a single
charged sidechain on hydrophilic surface maps. The
alamethicin coordinates were taken from entry 1AMT of
the Brookhaven protein data bank (Bernstein et al. 1977).
The three monomers were aligned prior to evaluating
their hydrophilic surface maps by least squares superim-
position of their backbone atoms. Alamethicin contains
a proline residue at position 14 (Table 1) which results in
a kink in the helix. It is therefore not possible to define z
as being coincident with a single axis. In order to circum-
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Fig. 4. A Diagram of the range of values of ¢ (from +40° to +60°)
defining the centre of the hydrophilic face of a §-toxin helix. The
“consensus” value of ¢ = + 50° is indicated by the solid arrow. The
d-toxin monomer is shown as the helix backbone atoms with the
addition of bold lines to indicate the Ca~-Cf bonds of the D4, D11
and D18 residues. B Preliminary model of a d-toxin channel. A
hexameric bundle of §-toxin helices was constructed with an inter-
helical distance of 10.5 A. The helices are oriented such that the
“consensus”’ definition of the centre of the hydrophilic face is direct-
ed towards the centre of the pore. The channel-lining aspartate
residues are indicated. The arrows represents the hydrophilic face as

<E> (kcal/mo)

in A
a0 120 0 0 60 20 180 vent this, the hydrophilic surface was evaluated in two
20 halves, one in which z was coincident with the axis of the
B N-terminal helix (residues 1 to 14) and one in which z was

coincident with the axis of the C-terminal helix (residues

13 to 20; Fig. 5A). The resultant hydrophilic surface

D11 maps are thus composed of two sections, one for each

D18 D4 helical segment. The boundary between the two sections
corresponds to the position, on z, of the Co atom of
residue G11. Figure 5B displays the hydrophilic surface
map for molecule B of the alamethicin structure. This
monomer was subjected to 50 cycles of steepest descents
energy minimisation prior to evaluation of peptide-water
interactions in order to resolve any minor stereochemical

o
«

Fig. 3. A Hydrophilic surface maps for the d-toxin model shown in
Fig. 2B. The HSM is depicted as isopotential lines at — 10 (dotted
line), —15 (solid line) and —20 (bold line) kcal/mol. The positions
of selected Ca atoms are superimposed on the contour map. B
shows the result of averaging the interaction energy over all values
of z in order to yield <E,_;,> vs. ¢ (see text). A minimum in such a
curve defines the centre of the hydrophilic face of an «-helix. The
{Emin> V8. ¢ curves for the five models shown in Fig. 2 A are super-
imposed. C is the mean (+ SD) of the {E, ;> vs. ¢ curves in B. The
positions, on ¢, of the Ca atoms of the three aspartate residues are
(o 20 indicated by vertical lines
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conflicts. The most hydrophilic area is that around E18 at
the C-terminus, but there is also a hydrophilic patch in
the vicinity of Q7. The corresponding graphs of
{E iy Vs. ¢ for the two halves of the molecule reveal that
the centre of the hydrophilic face of alamethicin lies be-
tween the position, on ¢, of Q7 and E18, at a value of
¢ = +60°. Notice that the hydrophilic faces thus defined
are coincident, on ¢, for the N- and C-terminal helices.

Hydrophilic surface maps were also evaluated for
molecules A and C from the alamethicin crystal structure
in order to investigate the effects of changes in E18 con-
formation. The plots of (E_; > vs. ¢ for the C-terminal
helices of alamethicin molecules A, B and C are superim-
posed in Fig. 5C. It is evident that the value of ¢ defining
the centre of the hydrophilic face of the C-terminal helix
differs between A (¢ =20°), B (¢ =60°) and C (¢ =120°).
The most substantial difference is between A and C. In A,
the y, for E18 is g*, whereas in C it is trans (f). It is
interesting to note that the crystallographic B factor for
the sidechain atoms of F18 is somewhat higher in
monomer C than in A and B. The extended conformation
of E18 in molecule C allows a water molecule to interact
favourably with E18 and Q19 simultaneously. This shifts
the position of the most hydrophilic “patch” of the sur-
face to a higher value of ¢, hence the resultant change in
the ¢ value defining the centre of the hydrophilic face.

This analysis of the C-terminal helix of alamethicin
reveals that the centre of the hydrophilic face may vary by
about 100°, depending on the conformation of E18. This
suggests that in refining models of alamethicin helix bun-
dles in which the C-terminal helices are close packed (Fox
and Richards 1982; Sansom 1993) a range of initial mod-
els should be evaluated.

Synthetic CFP

Conformational flexibility of serine and threonine
sidechains is of particular interest given the presence of
these residues in the pore lining of the nicotinic acetyl-
choline receptor (Villaroel et al. 1991) and related chan-
nels. Recent modelling studies suggest that transient in-
teractions of a permeant ion with the lining of such an ion
channel may depend upon the conformation of the hy-
droxylated sidechains (Sansom 1992b). Lear et al. (1988)
designed and synthesised a leucine and serine containing
peptide (LS1, Table 1) which formed monovalent cation
selective ion channels, and which provides an opportuni-
ty to investigate such effects. LS1 is based upon a heptad

-
-

Fig. 5. Hydrophilic surface maps for alamethicin. A The structure
of alamethicin aligned with the C-terminal helix axis parallel to z.
Bold lines indicate residues Q7, P14 and E18. The arrow indicates
the positive direction of z. B Hydrophilic surface map of alame-
thicin. The contour plot is superimposed on the position of selected
Cao atoms. The contour levels are in —4 kcal/mol increments from
—4 (dotted line) to —12 (bold line). The horizontal line passing
through the Ca position of glycine 11 indicates where the two halves
of the surface map are joined. C Superimposition of the (E_; > vs.
¢ plots for the C-terminal helices of the three alamethicin
monomers: A (solid line), B (broken line) and C (dotted line)
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Fig. 6. A Structures of the three LS1 monomers (which differ in the
conformation of their Ser sidechains) superimposed. B Hydrophilic
surface map for the LS1 peptide with all the serines in the g—
conformation. The positions of the Co atoms of the serine residues
are indicated. Energy levels are drawn at 2 kcal/mol intervals from
—4 (broken line) to —8 (bold line). C Average interaction energy
{E_..> vs. ¢ for the three LS1 models: g— (solid line), g+ (dotted

line?sl,nt (broken line). The position of the Co atom of S13 is indicated
by a vertical dotted line

repeat motif of leucine and serine residues, and has a
blocked C-terminus. CD studies support an «-helical con-
formation for the peptides (Lear et al. 1988).

The LS peptide enables one to evaluate the effect
on helix amphipathicity of hydrogen bonding of hydrox-
ylated sidechains to the peptide backbone (Gray and
Matthews 1984; Sansom 1992b). Serine residues may
adopt three different conformations in a-helix, g-
(xy= +60°, g+ (x, = —60°) and ¢ (y, = + 180°), with the
former two being favoured (Gray and Matthews 1984).
Three LS1 models were constructed interactively (Fig.
6 A), with all y, for serine set either to g—, g+ ort and g,
set so as to optimise hydrogen bonding. Hydrogen bond-
ing of hydroxyls to the carbonyl oxygen of residues i-3 or
i-4 is present in the g— and g+ models but not the ¢
model.

Figure 6 B is the HSM corresponding to the LS1 pep-
tide with the serine residues in the g— conformation. The
other two models generate similar hydrophilic surfaces.
Figure 6 C shows the superposition of the {E_; > vs. ¢
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plots for the three models, which display different values
for the value of ¢ corresponding to the centre of the
hydrophilic face (+80°, ca. +20°, and +80° for the g—,
g+ and t conformers respectively). The differences reflect
the sensitivity of the definition of the centre of the hy-
drophilic face to changes in the conformation of hydroxyl-
containing sidechains. For example, changing the confor-
mation of a serine sidechain from g— to g+ results in
rotation of the Oy atom about the helix axis by ca. 30°,
which results in a change in ¢ of ca. 50°. Again, this range
for the centre of the hydrophilic face results in a family of
initial models of LS1 helix bundles for further refinement.

Discussion
Evaluation of hydrophilic surface maps

The present study was prompted by the need to define
hydrophilic surfaces of amphipathic channel-forming he-
lices somewhat more exactly than current methods allow,



276

in order to guide construction of initial models of ion
channels formed by helix bundles. Helical wheel plots
{Schiffer and Edmundson 1967), evaluation of hydropho-
bic moments (Eisenberg et al. 1982), Fourier transform
amphipathic analysis (Finer-Moore and Stroud 1984)
and amino acid substitution tables (Donnelly et al. 1993)
are valuable tools for identification of amphipathic heli-
cal regions in protein sequences. However, they do not
take into account possible aiternative conformations of
flexible polar sidechains. As discussed by e.g. Segrest et al.
(1990), there is a requirement for a method of analysis
which incorporates such effects.

Two more recent approaches to the problem of identi-
fying and quantifying amphipathic helices have been re-
ported. Segrest et al. (1990) used a combination of helical
wheel] and hydrophobic moment calculations to identify
and classify amphipathic helices according to their mean
helical hydrophobic moments and their hydrophilic an-
gles (i.e. the angular range of the hydrophilic region on a
helical wheel plot). They correlated these parameters with
aspects of protein and peptide function such as pro-
tein:protein interactions. In an extension of this work
they described a series of computer programs for analysis
of sequence data which assign helical regions into the
appropriate amphipathic classes (Jones et al. 1992).
Brasseur (1991) has used an approach related to that em-
ployed here in order to evaluate the “molecular hydro-
phobicity potential” (MHP) around amphipathic helices.
The MHP, derived from the work of Furet et al. (1988)
and of Fauchere et al. (1988), is displayed using isopoten-
tial contours, providing a three-dimensional representa-
tion of the kydrophobic nature of a helix. Hence a measure
of the fraction of the helix surface which is hydrophilic
may be obtained, albeit indirectly. This procedure was
used to define different classes of lipid-interacting helices
(Brasseur 1991).

The rationale underlying the current study is some-
what different from those described above. The overall
aim of our analysis is to define the centre of the hy-
drophilic face of an amphipathic helix so that preliminary
models of channel-forming helix bundles may be con-
structed (see below; Sansom et al. 1991; Sansom et al. 1993).
Thus, rather than evaluation of a molecular hydropho-
bicity potential, a “hydrophilicity potential”, i.e. the inter-
action of a water molecule with the helix surface, has been
evaluated. This method is thus related to the GRID pro-
gram of Goodford (1985). In adopting a molecular me-
chanics based procedure, a compromise has been effected
between the more complete description of peptide-water
interactions which would be afforded by molecular dy-
namics simulations {see Teeter 1991), and the desire for
computational efficiency, in order that several peptides
and peptide conformations may be investigated.

The electrostatic term of the interaction energy has
been evaluated using a constant dielectric e=¢,, ie. in
vacuo. This neglects screening of electrostatic interactions
by other solvent molecules. A simple method to simulate
screening is to use a distance-dependent dielectric
(e=g, r), thus reducing the magnitude of longer range
interactions. This method, which has been criticised on
theoretical grounds (Rogers 1986), had relatively minor

effects on hydrophilic surface maps. This may be because
favourable peptide-water interactions occurred at r val-
ues of ca. 2 1{ ie. at distances for which the effect of
screening was small.

The effects of alternative sidechain conformations
have been investigated by calculating hydrophilic surface
maps for: a) five representative J-toxin structures generat-
ed by the simulate annealing protocol; b) three different
alamethicin molecules (A, B and C) present within the
asymmetric unit of the crystal (Fox and Richards 1982);
and c¢) three different conformations of the serine
sidechains in models of the LS1 peptide. In all three exam-
ples the results suggest that changes in polar sidechain
conformations may result in shifts in the centre of the
hydrophilic face of an amphipathic helix of the order of
60°. Thus, analysis of the effects of sidechain flexibility is
clearly of crucial importance when generating initial
models of channel-forming helix bundles.

Models of ion channel formation

Current models of channel formation by amphipathic
helical peptides (Chung et al. 1990; Sansom 1991) suggest
that in the absence of a transbilayer voltage CFPs lie at
the membrane: water interface with the helix axis perpen-
dicular to the bilayer normal. On application of a transbi-
layer voltage, the helices re-orient so that they lie parallel
to the bilayer normal, and self-assemble to form a bundle
of parallel helices surrounding a central ion-permeable

pore.
Generation of an initial model of a bundle of CFP

helices requires rotation of the helices about their axes
such that the centre of the hydrophilic face of each helix
is directed towards the central pore. Analysis of hy-
drophilic surface maps helps to remove an element of
subjectivity present in earlier modelling studies (Sansom
et al. 1991). In particular it permits generation of families
of initial models which may then be refined by further
application of simulated annealing (Kerr et al. manu-
script in preparation). To date, we have employed hy-
drophilic surface map data to aid modelling of ion chan-
nels formed by the peptaibol CFP zervamicin-II-B (San-
som et al. 1992) and by the influenza A virus M2 protein
(Sansom and Kerr 1993). )

Overall, we have demonstrated an empirical method
for the calculation of hydrophilic surfaces of amphipathic
a-helices. The method provides support for current mod-
els of ion channel formation, and may be used to develop
initial models of ion channels. Current studies are centred
about development of objective and automatic proce-
dures for the refinement of such models.
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