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Stability of an lon Channel in Lipid Bilayers: Implicit Solvent Model Calculations
with Gramicidirf
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ABSTRACT: Gramicidin is a helical peptide, 15 residues in length, which dimerizes to form ion-conducting
channels in lipid bilayers. Here we report calculations of its free energy of transfer from the aqueous
phase into bilayers of different widths. The electrostatic and nonpolar contributions to the desolvation
free energy were calculated using implicit solvent models, in which gramicidin was described in atomic
detail and the hydrocarbon region of the membrane was described as a slab of hydrophobic medium
embedded in water. The free energy penalties from the lipid perturbation and membrane deformation
effects, and the entropy loss associated with gramicidin immobilization in the bilayer, were estimated
from a statistical thermodynamic model of the bilayer. The calculations were carried out using two classes
of experimentally observed conformations: a head-to-head dimer of two single-strande#h{&lies

and a double-stranded (DS) intertwined double helix. The calculations showed that gramicidin is likely
to partition into the bilayer in all of these conformations. However, the SS conformation was found to be
significantly more stable than the DS in the bilayer, in agreement with most of the experimental data. We
tested numerous transmembrane and surface orientations of gramicidin in bilayers of various widths. Our
calculations indicate that the most favorable orientation is transmembrane, which is indeed to be expected
from a channel-forming peptide. The calculations demonstrate that gramicidin insertion into the membrane
is likely to involve a significant deformation of the bilayer to match the hydrophobic width of the peptide
(22 A), again in good agreement with experimental data. Interestingly, deformation of the bilayer was
induced by all of the gramicidin conformations.

The linear gramicidins are a family of small antibiotic single-stranded helices, which may form head-to-head dimers
peptides that form membrane-spanning ion channels in lipid (7, 9, 10). Also, double-stranded helices can be formed, in
bilayers (). They form the best characterized ion channels which the two strands run either parallel or antiparallel and
and serve as common models for studying ion conduction which involve intermolecular hydrogen bonding onf§).(

through membranes and peptidmembrane interactions Over the years, based on accumulative evidence, a
(reviewed in refS2—4). The sequence of the gramicidin A consensus has developed that the predominant channel form
(GA) channel which was used in this study is formy\/al- is a head-to-head dimer of two single-stranded (&Bglices
Gly-L-Ala-p-Leu--Ala-p-Val-L-Val-p-Val-L-Trp-D-Leu-- (11—15). Recently, however, with the appearance of a new
Trp-dD-Leu--Trp-D-Leu-L-Trp-ethanolamineX). double-stranded (DS) intertwined structure, this consensus

The structure of gramicidin A was determined at various has been challengedl®), and there appears to be a
conditions 4). It has been found that the peptide is very controversy as to whether the ion-conducting form is a SS
sensitive to the environment and can adapt a variety of or DS structure 17—20). To clarify this issue further, we
conformations. Due to the alternating sequence-oénd present calculations of the stability of gramicidin in both SS
p-amino acid residues, the peptide forfigype helices with and DS structures in model lipid bilayers.

a hydrogen-bonding pattern of the backbone similar to that The length of the hydrophobic core of the gramicidin
in f-sheets §—8). In thesep-helices the residues point channel is about 22 A2( Figure 1), which is significantly
outward and the carbonyl moieties alternately point upward shorter than the width of the hydrocarbon region of biological
and downward in the interior of the helix, providing the membranes, about 30 21). Ample experimental evidence
helices with a hydrophilic pore. The helices may be right- suggests that partitioning of the channel into the bilayer
or left-handed; they can differ in the number of residues per involves local membrane thinnin@,(22—27). This local

turn and, hence, in their dimensions and in the orientation membrane deformation enables the hydrophobic regions on
of their chains €, 8, 9). Individual molecules can fold into  the channel and the membrane to match. Thus, the free
energy penalty associated with the transfer of the polar
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(AGye) (40—45; reviewed in ref21 and 46):
AGtot = AGsol + AGcon + AG'imm + AG‘Iip + AG‘def (1)

We present here atomic-detailed calculations of the
electrostatic AGe) and nonpolar AG,p) contributions to
AGsor

AG,,= AG

sol

elc T AGq, (2

AGqis the free energy of transfer of gramicidin from water
to a bulk hydrocarbon phase. It accounts for electrostatic
contributions resulting from changes in the solvent dielectric
constant, as well as for van der Waals and solvent structure
effects, which are grouped in the nonpolar term and together
define the classical hydrophobic effect. We calculai€si,,
using the continuum solvent modet7—50). The method
has been described in detail in our earlier studies of the
membrane association of helicetb(51—53), monensin-
cation complexessd), and small molecule$p, 56). In the

Ficure 1: Surface electrostatic potential of gramicidin. Gramicidin foIIowmg subsections We. present a brief outline, with
is in its homodimeric form [the first entry in PDB entry IGRM €Mmphasis on the adaptation of the methodology to the

(61), denoted as 1GRM1]. The electrostatic potentialp] was gramicidin—membrane system.
color-coded and displayed on the molecular surface of the dimer  Electrostatic ContributionsThe calculations were based
using GRASP 91). Negative potentials{10 kT/e < ¢ < 0) are on a continuum solvent model in which electrostatic con-

in red, positive potentials (& ¢ < 10 kT/e) are in blue, and neutral i . . . .
potentials are in white. The hydrophobic core of the gramicidin tributions were obtained from finite difference solutions to

dimer, of ~22 A length (marked by the arrow), is flanked by the the PoissorBoltzmann equation (the FDPB methody).
polar C-termini of each monomer. The calculations below show Gramicidin was represented in atomic detail, with atomic

that, in the energetically optimal location, gramicidin is in a radii and partial charges defined at the coordinates of each
transmembrane orientation in the bilayer with the hydrophobic cleus. The charges and radii were taken from PARSE, a
region buried in the hydrocarbon region of the bilayer and the ) - !
termini protruding into the polar media. parameter set that was parametrized to rgaproduce gas phase-
to-water 68) and alkane-to-wateB0) solvation free energies

detailed (albeit mean field) treatment of the lipid chains. In ©f small organic molecules.

contrast, the penalty due to desolvation, which is the driving !N the FDPB calculations reported here, the boundary
force for the deformation, was estimated empirically. Despite Petween gramicidin and the solvents (water or membrane)
the crudeness of the models used in the studies, theyWas set at the conta_ct_ s_urface between the van der Waals
reproduced the experimental data very well; they have shownSurface of the gramicidin molegule and a solvent probe
that a free energy minimum is obtained when the hydro- [defined here as having a 1.4 A radius0)]. Gramicidin
phobic region of the membrane assumes a width of 22 A. In and the lipid bilayer were assigned a dielectric constant of
contrast, molecular dynamics simulations, which were carried 2: @1d bulk water was assigned a dielectric constant of 80.
out recently, have suggested that the width of the hydrocar- As for the pore dielectric constant, we tested values betw_een
bon region adjacent to the gramicidin channel was more than2 @nd 80 and concluded that the exact value has very little
22 A (33). Clearly, this issue needs further investigation. effect on the free energy of transfer of gramicidin into the

A major theoretical and computational effort has been b"%irs(ssetzrﬁ:/:/c;rslzrsgmitg gr?‘tlgg)léttice ofIged points
devoted to understanding the role of gramicidin as an ion- Y PP p ’

conducting channel (e.g., refs—36; reviewed in refs3 with a resolution of three points per angstrom, and the
37, and 39) Moreovef .,gramicidin, is by far the mbst Poisson equation was numerically solved for the electrostatic

exhaustively used model in theoretical and computational potential. The electrostatic free energy was calculated by

studies of peptidemembrane interaction28, 31—33, 39). 'dr:ts(iﬁl;itt'%?] i?wvgra?ee potential multiplied by the charge
Nonetheless, the free energy determinants of its partitioning The DielectriF(): Cdnstant of the Pordn all previous
between aqueous solutions and lipid bilayers have never been . . pre
investigated. In this study, we present detailed continuum implementations 45, 51~56), the Poisson equation was

solvent calculations of the contribution of desolvation and S(rjwlt\jlzdlov\\:\lltgr:\évcf)o(rjIt?mlgcst(r)llztf?tlr?gsze iizggrvarlg;igr;;ﬁt?ﬁe
use these calculations to estimate the free energy of transfef Pep P

of gramicidin from the aqueous phase into the membrane.membrane' We |r_1troduced here a third dlelectr_|c region
(epore), corresponding to the channel pore. To this end, a

METHODS cylinder, corresponding approximately to the pore, was

defined, its diameter larger than the widest region in the pore,

The total free energy difference between gramicidin in the yet smaller than the external region of gramicidin. The height

membrane and in the aqueous phas8) can be comprised  of the cylinder was set to be equal to the hydrophobic length
of the sum of the differences in solvation free eney,), of gramicidin, e.g., 22 A for the 1GRM structur&1).

peptide conformationXGcor), immobilization effects AGimm), Beyond this region, the channel flares out, and the internal

membrane perturbationAGj;), and deformation effects  water is less confined. Thus, the value of the solvent was
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A bt B steps of steepest descent), using the DISCOVER module of

.\»u_‘- 'E y . the Insight-Il program (MSI, San Diego, CA).

S C N Conformational Effects on the Transfer Free Energy
et RY L S o .
=S el P RES Gramicidin is very sensitive to the external medium and may
h‘ iz ¥ ;# Sy ch_a_\nge its confo_rr_nation in the transf_er b_etween diff_erent
ek 4 AT AL milieux. The stability of short polyalanine-like-helices in

% ;"T] h o ' aqueous solutions has been the subject of theoretical and

Sl =80 experimental studies (e.g., ref84—67). These studies

e alanine helix of about 15 residues involves a close-to-zero
free energy value. By extrapolation, the free energy change
resulting from conformational changes during the membrane
association of gramicidinAGcon in €g 1) should be insig-
nificant and was thus neglected. This issue is considered in
FiIGURE 2. Modes of gramicidin insertion. Schematic diagram the Error Estimate section below.

showing two hypothetical insertion processes of gramicidin into a  Gramicidin ImmobilizationEach gramicidin molecule has
lipid bilayer: (A) vertical insertion, in which the principal axis of iy external degrees of freedom, three translational and three
gramicidin is perpendicular to the membrane surface (see also . . L
Figure 3); (B) horizontal insertion, in which the principal axis is rotational, .and is free .to tra'nsla'ge and rotate when it is in
parallel to the membrane surface (see also Figure 5). The distancddUlk solution. Upon insertion into the membrane, the
h is measured between the geometrical center of gramicidin and molecule can move only conjunct to the membrane, thus

the bilayer midplane. The gramicidin structure (1GRW) is shown ~ retaining only two free translational degrees of freedom and

as a space-filling model in its homodimeric form, and the ;
hydrocarbon region of the bilayer is depicted by the shaded one free rotational degree of freedom. The other external

rectangle. Each gramicidin monomer ig-helix of disklike shape, degrees of freedom are p_a.rtiallly lost and give rise to the free
and the monomers are noncovalently bound to each other via theirenergy penalty of immobilizatiomGimm. An upper-bound
N-termini, while their C-termini are solvent exposed. Oxygen atoms estimate for the total immobilization free energy loss
are in red, carbon atoms are in gray, nitrogen atoms are in blue, jnyolved in the membrane insertion of polyalanindelices
and hydrogen atoms are in white. has been calculated as3.7 kcal/mol 68). This estimate was
also used for gramicidin because of the similarity between
the two systems. The value &Gj,m weakly depends on
the contact area between the peptide and the bilayer, and
the above estimate is for a bilayer of native width. Our
calculations show that gramicidin insertion into the bilayer
involves local thinning of the membrane (see Results below)
and hence leads to a decrease in the contact area between
Sgramicidin and the membrane. Thus, the actual value of
AGimm is probably slightly lower.

Lipid Perturbation EffectsThe insertion of hydrophobic
intrusion into the bilayer interferes with it and gives rise to
the lipid perturbation effect. The entropic nature of the effect

The pore region was excluded from these calculations sinceimplies that the lipid perturbation free energ&Gip, is
it is occupied by water molecules, when gramicidin is both proportional to the contact area between the peptide and the
in the aqueous phase and in the lipid bilayer. We used the|ipid molecules. Statistical thermodynamic calculations, based
parametery = 0.0278 kcal/(mol &) andb = —1.71 kcall  on a molecular model of the lipid chains, have provided an
mol that have been derived from the partitioning of alkanes upper-bound estimate oAGy, = 2.3 kcal/mol for the
between liquid alkanes and wateB9 and have been insertion of polyalaninei-helices of hydrophobic length of
successfully used in our previous studies. The total area ofgpproximately 30 A44, 68). Since the hydrophobic length
gramicidin accessible to lipids in a particular configuration of gramicidin is approximately 22 A (Figure 1), the contact
was calculated with a modified ShrakRupley 62) algo- area of gramicidin with the lipid membrane should be smaller
rithm. than for polyalaninex-helices, andAG;, is expected to be
Gramicidin StructuresThree NMR PDB entries and one  smaller than 2.3 kcal/mol. Nevertheless, we used the same
X-ray crystal PDB entry of gramicidin were tested: 1GRM upper-bound estimate in the calculations.
(61; 5 NMR conformations), IMAGX5; one NMR confor- Membrane DeformatianFigure 1 shows that the hydro-
mation), 1IMIC 63, 20 NMR conformations), and 1AV26, phobic core of gramicidin is a cylinder of approximate length
an X-ray structure). In the first two entries, gramicidin is a 22 A (see reR), which is shorter than the 30 A width of the
head-to-head dimer of two single-stranded ($S)elices hydrocarbon region of a native lipid bilayer. Thus, the
(e.g., Figures 1 and 2), and in the last two it is a double- insertion of gramicidin into a lipid bilayer may result in a
stranded (DS) intertwined dimer. In contrast to the other three deformation of the latter to match the hydrophobic length
entries, the 1MIC structure is closed; i.e., it does not form a of the peptide, following the “mattress modelBg). The
pore and therefore does not represent an ion-conductingdeformation involves a free energy penalyGger, resulting
channel. from the compression of the lipid chain&Gger has been
We added hydrogen atoms to the structures where theycalculated by several research groups using different meth-
were missing and energy-minimized the new structure (100 ods, yielding similar values (e.g., redgl and68—73). We

l indicate that a complete helix-to-coil transition of a poly-

assigned. The free space within the cylinder, that is, space,
that was unoccupied by gramicidin atoms, was considered
to be the intrachannel matrix and was assigned the dielectric
constantepore

Nonpolar ContributionsThe nonpolar contribution to the
solvation free energyGy,, was assumed to be proportional
to the water-accessible surface area of gramicidin, ASA, a
appears in the expression

Gpp=yASA+D A3)



Stability of Gramicidin in Membranes

80
60 SOOXRRR SOXX3ex y

>(><><><><><><><>< X x XXXxxxxXX

X X
= 40 A - X .
g : % x oot X
RS oo, x_ X oo** .
= 204 Se0e, X ovee®
S ¥ oy o &
= 2 -’ %
> 0 83, - <
& °, ° °
2 o, . o°
o -20 1 %, J o°
I 0, P 5°
o %0, . o0°
o -40 0000 oooo

o, o°
C00000000
-60 T L) L] T T
-30 -20 -10 0. 10 20 30
h[A]

Ficure 3: Vertical insertion of gramicidin into a bilayer along the
hypothetical path of Figure 2 G, (open circles)AGg (crosses),

and AGg (full circles) as a function of the distanck, between

the geometrical center of gramicidin and the membrane midplane.
The head-to-head homodimer 1GRM structure was used, and
the width of the hydrocarbon region of the membrane was set to
22 A. The zero energy of the system was set to a configuration at
which gramicidin is entirely in the aqueous phase (i.e., infinite
gramicidir—membrane distance), and the calculations were carried
out using a grid size of 129a scale of three grid points per
angstrom, and a pore dielectric constant of 10.

rely on the calculations of Fattal and Ben-Shadd)(that
are based on a statistieghermodynamic molecular model
of the lipid chains. A polynomial fit to these calculations
gives

AGy=0.03270,° — 1.9342], +28.581  (4)
whereAGqer is measured in kilocalories per mole addis

the width of the hydrocarbon region of the lipid bilayer,
measured in angstroms.

RESULTS

A substantial amount of experimental data, referred to in

the Discussion below, suggests that assembly of the grami-

cidin channel begins with monomer insertion at opposite
sides, followed by dimerization. Yet, in this study we
considered the insertion of gramicidin dimers into the lipid
bilayer along two hypothetical paths: a vertical path, with
the gramicidin principal axis perpendicular to the membrane
surface (Figure 2A), and a horizontal one, with the gramicidin
principal axis parallel to the membrane surface (Figure 2B).
The first NMR structure from 1GRM, referred to as
1GRM_1, was used for most of the calculations because it
exhibits the most negative free energy of transfer from the
aqueous phase into the bilayer (see below).

Vertical Insertion Figure 3 shows electrostatic, nonpolar,
and solvation contributions to the free energy of transfer of
gramicidin from water into a model lipid bilayer of hydro-
carbon width of 22 A as a function of the distanbghetween
the geometrical center of gramicidin and the membrane
midplane. The figure is roughly symmetrical aroume- O,
where gramicidin is fully inserted into the membrane with
its geometrical center in the bilayer midplane.

The insertion process may start eithehat —26 A or at
h = +26 A, where one of gramicidin’s C-termini is just in

Biochemistry, Vol. 41, No. 22, 2005949

surface area of gramicidin that is buried in the membrane,
so that it changes in a roughly linear way withbetweerh

26 A andh = —4 A and betweet = +4 A andh =
+26 A. The interactions are saturated for= —4 Atoh =

+4 A, before gramicidin begins to protrude again into the
water at the other face of the membrane.

The electrostatic contribution depends on the polarity of
the inserted part and thus increases sharply upon insertion
of the polar indole side chains of the four tryptophan residues
at the C-terminal half of the peptide (Figure 2) into the
membranelf= —26 Atoh = —20 A andh = +26 Atoh
= +20 A). The steepness of the electrostatic free energy
curve becomes moderate once the C-terminal region is fully
buried in the bilayer, ah = —20 A andh = +20 A. At h
= —4 A andh = +4 A, where the other polar C-terminal
region protrudes into the aqueous phase from the opposite
side of the membrane, there is a sharp decrease in the
electrostatic free energy penalty. The minimal electrostatic
free energy penalty was obtained fat= 0, where the
C-terminal regions protrude evenly from both ends of the
membrane.

The solvation free energy is the sum of the electrostatic
penalty and nonpolar contributions (eq 2). Figure 3 shows
that it is highly negative at the optimal location lof= 0,
implying that gramicidin is likely to partition into the lipid
bilayer. However, membrane association involves crossing
a barrier of about 35 kcal/mol, due to the electrostatic penalty
of removing the polar C-terminal region of one gramicidin
monomer from the aqueous phase into the hydrocarbon
region of the bilayer. It is obvious from the barrier height
that gramicidin insertion into the bilayer cannot proceed
along the path of Figure 3. This issue is discussed below.

The most favorable location of gramicidin in the mem-
brane is obtained &t = 0, where the solvation free energy
reaches its most negative value 82 kcal/mol. In this
gramicidinr—membrane configuration the two C-terminal
regions protrude into the aqueous phase and the electrostatic
free energy penalty is minimal. Such a configuration is
possible only if the length of the hydrophobic core of
gramicidin matches the width of the hydrocarbon region of
the bilayer, i.e., if the membrane is locally distorted.

Membrane WidthThe native width of the hydrocarbon
region of biological membranes is about 30 A, while the
hydrophobic core of gramicidin is only 22 A long (Figure
1; ref2). Thus, insertion of gramicidin into bilayers of native
width involves burial of gramicidin’s C-terminal regions
inside the bilayer, which results in a large electrostatic free
energy penalty (Figure 3). The alternative involves membrane
deformation to match the length of the hydrophobic core of
gramicidin. We carried out a series of calculations of the
insertion free energy of gramicidin into lipid bilayers of
different widths to test this possibility. Table 1 and Figure 4
summarize the results of the calculations and enable the
estimation of the most favorable membrane width. The table
shows that membrane thinning has an opposing effect on
AGso and AGyef, the former decreases (becomes more
negative) while the latter increases with the decrease of the
membrane width. This balance determines the most favorable
membrane width for gramicidin insertion, which is associated
with the most negative value oAGy: and which was

contact with the membrane surface. The nonpolar interactionsobserved at 22 A. This width was found to be the most

drive the process. Their contribution is proportional to the

favorable one for all of the conformations in PDB entry
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Table 1: Effects of Insertion of Gramicidin into a Lipid Bilayer on Table 2: Effects of Gramicidin Conformation on the Free Energy of

the Membrane Curvature Membrane Insertion
membrane AG values (kcal/mol) PDB  membrane AG values (kcal/mol) ‘
width? (A) Aanb AGed AGsof  AGimme Aanf AGgef AGi entry? widthP (A) AGpg® AGeid AGsof AGimm! AG;p9 AGgef" AGio!

21 —48.1 17.1 —31.1 3.7 2.3 24 =23 1GRM-1 22 —-51.4 19.7 —31.7 3.7 2.3 19 —-24

22 —51.4 19.7 —-31.7 3.7 2.3 19 -—24 1IMAG 21 —-49.1 219 —-27.2 3.7 2.3 24 -19

23 —55.7 26.0 —29.7 3.7 2.3 1.4 22 1IMIC_2 21 —49.0 26.6 —22.4 3.7 2.3 24 14

24 —59.3 346 —24.8 3.7 2.3 1.0 -—18 1AV2 20 —47.7 355 —12.2 3.7 2.3 30 -3

30 —725 1064 33.9 8.7 23 0.0 40 2 The PDB identifier of the gramicidin structure used. In cases where

aThe (local) width of the hydrocarbon region of the bilayeThe multiple NMR conformations are given, the most negative value of

nonpolar contribution to the solvation free energ§yhe electrostatic AG is reported, and the extra number following the underscore
contribution to the solvation free energyThe solvation free energy. indicates the conformer number in the PDB enfr¥he width of the
e The peptide immobilization free enerdyThe lipid perturbation free hydrocarbon region of the bilayer associated with the most negative
energy. The membrane deformation free energjfhe total free value of AGy:. ¢ The nonpolar contribution to the solvation free energy.

energy (eq 1). The 1GRM1 structure was used, and the values reported 9 The electrostatic contribution to the solvation free enefghe
were calculated at the most favorable locatior; 0. The calculations solvation free energy.The peptide immobilization free energyThe

were carried out with a cubic grid of 12Points, a scale of three grid  lipid perturbation free energy.The membrane deformation free energy.
points per angstrom, and a pore dielectric constant of 10. i The total free energy (eq 1). The calculations were carried out with a
cubic grid of 129 points, a scale of three grid points per angstrom,
17 and a pore dielectric constant of 10.
18 therefore used it throughout this study. It is noteworthy that,
-19 regardless of the conformation, gramicidin insertion into lipid
20 - bilayers is likely to involve a significant local thinning of
= the membrane.
g -21 Our calculations also demonstrate that relatively minor
g | structural changes can affect the valué\@s,, and therefore
£ AGyy, significantly; differences as high as 7 kcal/mol were
< -23 obtained between NMR conformers of the same PDB entry
24 | with trace root mean square deviations (RMSD) of less than
0.7 A. These differences usually reflected variations in the
-25 J v v T configuration of backbone hydrogen bonds. The dipoles of
20 2 2 23 24 25 the N—H and G=0 groups neutralize each other to a large
membrane width {A] extent in the vicinity of the optimal hydrogen-bonding

configuration, such that the free energy of transfer of an
Ficure 4: AGy dependence on the (local) width of the hydrocarbon 9 9y

region of the bilayer (values taken from Table 1). The most negative pptimal backbone hydrogen bond fro_m the aqugous phase

value of AG,; was obtained at a membrane width of 22 A. into the hydrocarbon region of the'b"ay%.((;\‘sol) is only
about 2 kcal/mol45). Slight changes in the distance between

1GRM and for most of the gramicidin structures that were the hydrogen donor and acceptor or in the inclination angle

tested (see below). We therefore used it for the remainderbetween the NH and C=O groups typically disrupt the
of calculations, unless otherwise stated. degree of neutralization and therefore involve an increase

Conformations A total of 27 gramicidin conformations N the magnitude of thé\Gso penalty.
of four different PDB entries were tested. Of the four entries, ~ In view of this, the~5 kcal/mol difference in the\Gs
two are single-stranded (SS) head-to-head dimers [PDBValues of the 1IGRM.1 and 1MAG structures (Table 2) is
identifiers: 1GRM (5 conformers) and 1MAG (1 conformer)] not surprising. Even though both are single-stranded head-
and two are double-stranded (DS) intertwined dimers [PDB to-head dimers of the same fold, their trace RMSD-2
identifiers IMIC (20 conformers) and 1AV2 (one con- A. In fact, the 1GRM_1 structure is elongated, and its
former)]. We repeated the calculations of Figure 3 for all of hydrophobic region is-1 A longer than that of IMAG. Thus,
these conformations. That is, we calculated the free energyits transfer from the aqueous phase into the membrane
of transfer of gramicidin in each of the 27 conformations involves a reduced membrane thinning compared to that of
from the aqueous phase into lipid bilayers of different width 1MAG. This obviously leads to a 0.5 kcal/mol decrease in
at different locations. The results of these calculations are the magnitude of thAGqer penalty of LIGRM_1 compared
summarized in Table 2, which presents the most negativeto 1MAG. Moreover, it leads to an increase of 2.3 kcal/mol
value of the transfer free energy obtained for each PDB entryin the magnitude of the nonpolar contribution A5, in
and the membrane width at which it was obtained. It also LGRM_1 compared to 1IMAG because of the increase in
presents the free energy breakdown. It is evident from the the area of the gramicidinrmembrane interface. The rest of
table that, while gramicidin may partition into the membrane the ~5 kcal/mol difference is mainly due to accumulative
in all of the conformations that were tested, the most negative effects of slight changes in the electrostatic desolvation
value of the transfer free energy was obtained for the single- penalty associated with the transfer of backbone hydrogen
stranded head-to-hefichelix dimer of IGRM_1. This value ~ bonds from the aqueous phase into the hydrocarbon region
is significantly more negative than the values obtained for Of the bilayer.
the other conformations, suggesting that 1GRMis the Horizontal Insertion The ion-conducting state of grami-
most likely conformation of gramicidin in lipid bilayers. We cidin exists when it is vertically inserted into the lipid bilayer
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60 suggests that this should not be a major problem for highly
hydrophobic peptides such as gramicidin, which interact pre-
50 1 o' dominantly with the hydrocarbon region of the bilay&y. (
T 40 e ., The main uncertainty in continuum solvent treatment of
£ ¢ . the gramicidin channel is the value assigned to the dielectric
2 301 * constant inside the pore. The choice of this value is crucial
= o in studies of the channel conductivity (e.g., r8f%-36 and
g 201 . 77). However, our calculations demonstrate that the solvation
10 .' free energy is,_ in essence, inc_JIependent of the value assigned
. to the dielectric constant inside the pore. We repeated the
0 4—oese ’.____L calculations of Figure 3 using several values of the pore
%’ dielectric constant in the range—80. The calculations
-10 T —r T T T showed that the variance between the solvation free energy
.30 220 -10 0 10 20 30 values was only 0.1 kcal/mol & = 0, in the most stable
o gramicidin—bilayer configuration (data not shown).
h{A] While the solvation contributions to the transfer free

Ficure 5: Horizontal insertion of gramicidin into a bilayer along
the hypothetical path of Figure 2BAGg as a function of the

energy were explicitly calculated, the values assigned to the
_ _ ion other terms in eq 1 are based on estimates. The main source
distanceh, beMeen the geometrical center of gramicidin and the of error in this study probably derives from these terms.
membrane midplane. The 1GRM structure was used, and the S
width of the hydrocarbon region of the membrane was set to its Three of these terms are related to the strL_Jcture anq eIasuqty
native value of 30 A. The zero free energy of the system was set Of the membrane: the free energy penalties associated with
to a configuration at which gramicidin is entirely in the aqueous the effects of gramicidin immobilization, lipid perturbation,
ggﬁ:i?ati(ggé’ V\i/gfrigitcear%;%n:)iﬁitdti?pmen;br?ﬂjesigstgfni%scirllg Otfhe and membrane deformation. All together these estimates give
three grid points per angstrom, agd agpore dielectric constant of & penalty of about 89 "C?‘"”_‘O" Wh.'Ch IS an upper bound_
10. The solvation free energy minimum of abet# kcal/mol can to the correct value as indicated in Methods above. It is
be seen ah = —20 A, where gramicidin is horizontally adsorbed important to emphasize that these values depend on the
on the surface of the bilayer. contact area between gramicidin and the bilayer. The latter
) ) varies very little between the different gramicidin structures
(Figure 3,h = 0). Nevertheless, other membrane-associated yse in this study. Thus, differences in the total free energy
orientations may be energetically favorable and may serve of transfer of these structures from the agueous phase into
as intermediates in the insertion process. We tested severaj,e bilayer AAG) are probably much more accurate than
orientations, and Figure 5 presents data obtained for insertiony,e transfer free energies of individual structures.
of 1GRM_1 into the membrane along the hypothetical  Ap important concern in this study is the assumption that
horizontal path of Figure 2B. The solvation free energy curve gramicidin was taken as a rigid body in all sets of calcula-
obtained for horizontal insertion is significantly different {ions. In fact, structure flexibility was taken into account to
from the curve obtained for vertical insertion (Figure 3, filled gome extent by carrying out sets of calculations using the
circles). Itis characterized by a moderate minimumh at 27 experimentally observed structures (as opposed to the use
—20 A, where the hydrophobic side chains are inserted into of only one structure).
the bilayer while the polar tgrminal regi_ons are still in the  The main uncertainty in this study comes from the estimate
aqueous phase, and by a high flat maximum, between ot AG_,, the free energy difference due to conformational
_S,A andh = 10 A, where the terminal regions are fully changes in the structure of gramicidin in the transfer from
buried in the bilayer. _ _ the aqueous phase into the bilayer. Since it is virtually
Convergence TestsAll of the calculations were carried  jmnossible to measure or calculate this value directly, we
out using a grid of 129points and a scale of th(ee grid pomts had to use an alternative. Our approach was based on a
per angstrom. We repeated the calculations (with the pynothetical path, according to which gramicidin assumes
1GRM_1 structure) using a grid size of 18and scales of .5 membrane-associated conformation in the aqueous phase
four and five grid points per angstrom to test the convergence prior to ts insertion into the lipid bilayer. The underlying
of the calculations. The results indicate that the calculations assumption here was that at least 1 of the 27 experimentally
converged to less than 0.3 kcal/mol. This high precision is getermined structures that we used approximates the correct
a result of the simple model that we used to characterize thegiycture of the peptide in the membrane. While this
system, e.g., the neglect of the polar headgroup region of 35symption is common in most of the continuum solvent
the bilayer and the conformational freedom of gramicidin. ,odel and molecular dynamics studies, it needs to be
These simplifications of the model may result in higher experimentally verified.
systematic errors, as discussed below. Following this approach, thGgon contribution should
ERROR ESTIMATE be estimated for virtua_\l structural changes that occur at_the
aqueous phase. The highly hydrophobic nature of gramicidin
The limitations of the continuum solvent model, and in precludes direct measurement of such changes, and the
particular the slab representation of the bilayer, for the unique structural features of gramicidin, e.g., the facts that
treatment of peptidemembrane systems, have been dis- its sequence includes both andp-amino acids and that it
cussed at lengthd@, 45, 51—-54, 74—76). The main short-  formsp-helices, make it very difficult to calculate theG.o,
coming of the model is the neglect of the polar headgroup contribution directly. Thus, we were forced to rely on
region. However, accumulative evidence (reviewed irdf estimates derived from studies on related systems and
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assumed that the value &G, should be approximately O
(see Methods above). This assumption is consistent with the
fact that gramicidin was experimentally detected in a variety
of conformations; had\G.., been significantly larger, only
one conformation would have been observed.

Recent experimental and theoretieabmputational stud-
ies of folding and stability in soluble peptides of up to-30
40 residues that adapt and § structures indicate that the
folding free energy usually does not exceed 5 kcal/rb6) (
67, 78—87). This value can be regarded as an upper bound
to the free energy change resulting from conformational
changes during the membrane association of gramicidin
(AGcon).

Again, for the current study, differences in the value of Ficure 6: Schematic representation of gramicidin in the locally
the AGgn component between the various gramicidin deformed lipid bilayer. The space-filling model of the peptide
SIUCLISSAAGys)are more important than absolte values, ST was sty NSIGHT IS! Son ks OBy
of AGeon assouateq with conformational changes of each areyi%l blue, and hydroge,n atoms are in White.gThe t,\NO wﬁite lines
structure. These differences should be much smaller than Srepresent the boundaries of the hydrocarbon region of the lipid
kcal/mol, since gramicidin shifts between well-defined bilayer.
conformations, rather than undergoing a complete unfolding. . ) ] )

In summary, while theAGy, values of Table 2 should be  in a surface orientation (Figure &Gt ~—6 kcal/mol), it
regarded as estimates with abat kcal/mol accuracy, IS much more stable in atraqsmembrane orientation (Flgure
differences between thenh Gy should be significantly ~ 3; AGwer ~—24 kcal/mol). This is to be expected, given its

more accurate with a maximum error &8 kcal/mol. role as a channel, and is in accordance with the experimental
data (e.g., reR). The AGy: value obtained for the trans-
DISCUSSION membrane orientation is very negative, suggesting that

gramicidin will be predominantly in this orientation and will,

Gramicidin is very hydrophobic and our calculations have in essence, be excluded from the aqueous phase.
shown that it is likely to partition into lipid bilayers in all of The hydrophobic length of the gramicidin dimer is shorter
the conformations that were tested, both as a head-to-headhan the width of the hydrocarbon region of the native
dimer of two single-stranded (SS) helices and as an pilayer, and the calculations have demonstrated that, regard-
intertwined double-stranded (DS) helix, in open (ion- |ess of the conformation of gramicidin, its membrane
conducting) and closed conformations (Table 2). Interest- insertion is likely to involve a significant local thinning. In
ingly, of the two DS conformations, 1MIG5@), which is particular, membrane insertion of the channel in its most
closed and cannot serve as a channel, was found to be vergtable conformation, 1GRM1, is likely to involve local
stable in membranes. In contrast, the 1A\IB)(conforma- membrane deformation to match the 22 A length of
tion, which has a pore and may be capable of conducting 1GRM__1 (Figure 6). This is in very high conformity with
ions, was found to be only marginally stable in the bilayer. the available experimental dat&, (22—27) and the vast
One obvious conclusion from the calculations is that the SS majority of theoreticat computational work (e.g., re28—
conformations [PDB identifiers: 1GRM6() and IMAG  32). However, it is in conflict with recent molecular dynamics
(15)] are significantly more stable than the DS conformations (MD) simulations 83). A possible explanation for the
[PDB identifiers: 1MIC 63) and 1AV2 (16)] in bilayers discrepancy between the MD simulations and the rest of the
(Table 2). This is mainly due to the four Trp residues of studies (including this one) is that the electrostatic free energy
gramicidin (L9, 88). Membrane insertion of the DS structures penalty associated with the transfer of the polar C-termini
involves burying these residues inside the hydrocarbon regionof the gramicidin channel from the aqueous phase into the
of the bilayer. This leads to a large electrostatic free energy hydrocarbon region of the bilayer may have not been fully
penalty, mainly due to the transfer of the polarN groups  taken into account. Other possibilities are discussed in the
of the Trp side chains from the polar phase, where they canoriginal paper 83).
form hydrogen bonds with water molecules or the polar  Membrane insertion of two antimicrobial peptides, grami-
headgroups, into the hydrocarbon region of the bilayer, which cidin and alamethicing1, 89), involves local membrane
has no hydrogen-bonding capabilities. In contrast, in the SSdeformation. One possible reason that comes to mind is that
structures, the Trp residues are located close to each othekince both peptides are designed to make the membrane
at the C-terminus of each monomer (Figure 2), and the permeable, evolutionary pressure has led to the design of
membrane may deform to avoid this penalty (Figure 6).  the most economical peptides, which are just long enough

The calculations showed that of the six SS conformations to span the membrane, to minimize the energetic cost of their
(five in 1GRM and one in 1IMAG), 1GRM1 is associated  synthesis. Thus, alamethicin, which is the less hydrophobic
with the most negativeAGy value, thus supporting the of the two, can only induce a minor deformation of about 2
previous view that it is the main conformation of the channel A, while gramicidin can significantly deform the membrane.
in membranes. The fact that both the SS and DS conforma- Figure 3 shows that membrane insertion of LGRM the
tions were found to be stable in the membrane may explainmost stable form of gramicidin in the bilayer, involves
why both were experimentally detected. The calculations crossing a free energy barrier of about 35 kcal/mol. Similar
have shown that while gramicidin may associate with bilayers calculations, carried out using the other structures, have
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shown that their membrane insertion also involves crossing
large free energy barriers; the smallest barriers (about 23

kcal/mol) were obtained for the 1MAG and 1MIC structures

(data not shown). Evidently, therefore, the insertion path of
Figure 3 is unrealistic. There are no data on the path taken

for gramicidin insertion into membranes in vivo. However,

all of the available in vitro kinetic measurements support
the notion that the monomers are first inserted at opposite
ends and subsequently, due to fluctuations in the thickness
of the membrane, dimerize to form a conducting channel

(23—26, 90; reviewed in ref2).
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