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/ . Introduction 

Biological membranes surround the cells and their 
various compartments. They maintain the different 
domains within limits but also allow proper commu
nication between them when needed, insuring the ap
propriate in-and-out flux of molecules and ions neces
sary for the functioning of the cell machinery.1 The 
basic structure of these membranes2,3 consists of a layer 
of hydrocarbon chains topped with "polar heads". The 
chains pack side by side along their long axis so as to 
form a layer with all the polar heads adjacent to each 
other, and two such layers form a tail-to-tail bilayer 
(Figure 1). Although the length and precise chemical 
composition of the hydrocarbon chains varies in dif
ferent membranes as do also polar heads (cf. Figure 2), 
the general characteristics described above are con
served throughout the membrane world. It is clear that, 
due to their lipidic constitution, membranes cannot be 
easily crossed without assistance by the largely polar 
or ionic species which constitute the main part of the 
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cellular traffic. Thus, in order to insure that the ap
propriate transport takes place through the various 
membranes at the time when it is needed, nature uses 
specialized molecules, the membrane proteins, which 
are "integrated", totally or partially, in the membranes4 

(Figure 3) and which provide, within their macomole-
cular structure, a device—channel, carrier, or pump— 
allowing the polar or ionic species to transit, sheltered 
from the lipid phase by the surrounding protein. 

Channels are essentially tunnels or pores, permanent 
or transient, with an inner wall sufficiently hydrophilic 
to allow diffusion of the polar entity according to its 
concentration gradient. Pumps and carriers bind the 
ligand on one side and deliver it on the other. Beyond 
this phenomenological description, the detailed mech
anisms involved in each case are still very poorly un
derstood at the molecular level, because of lack of 
structural information: it was only in the 1970's that 
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Figure 1. A schematic view of the tail-to-tail arrangement of 
lipids in membranes. 
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Figure 2. The structure of typical glycerophospholipids: (a) 
hydrocarbon chains and (b) polar heads. Rl, R2 = saturated fatty 
acid chains CH3(CHj)nCO, n = 8-22; also mono-, di-, tri-, and 
tetraunsaturated chains with 16-22 carbon atoms. 

Figure 3. Membrane proteins inserted in the bilayer. 

adequate methods of isolation and purification appli
cable to membrane proteins were developed, allowing 
the beginning of the identification of their subunit 
composition and gross architecture. As concerns the 
ion-transport proteins (to which we shall limit our 
consideration), the deciphering of their amino acid 
content began in 1979 with the determination of the 
entire sequence of bacteriorhodopsin6,8 and of the amino 
terminal part of the nicotinic acetylcholine receptor,7,8 

followed soon after by the complete sequencing of re
ceptors from different organisms9 and more recently by 
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Figure 4. Structural constituents of typical ionophores: (a) 
depsipeptides, R = lipophilic group; and (b) macrotetrolides, R 
= H (compare to standard polypeptides: A = B = CONH, R = 
polar or apolar side chains). 

that of other ligand-gated receptors.10"12 To this must 
be added the sequencing of the voltage-gated sodium,13 

calcium, and potassium14 channels, of visual rhodop-
sins,15,16 of halorhodopsin,17a of the anion-specific band-3 
protein,17b of the major ATP-linked ion pumps,18,19 etc. 
(e.g. ref 20). Unfortunately, the structural information 
necessary to complete the molecular picture of these 
membrane proteins, namely X-ray diffraction data, 
have been, until very recently, cruelly lacking, essen
tially owing to the difficulty encountered for obtaining 
three-dimensional crystals with appropriate diffracting 
properties.21 A recent notable exception is the obten-
tion of high-resolution data on the photosynthetic re~ 
action center of Rhodopseudomonas viridis22 followed 
by that of Rhodobacter sphaeroides (cf. ref 23) (both 
membrane protein complexes, albeit not ion-transport 
proteins). Another promising technique in this field 
appears to be the analysis of electron-scattering density 
maps obtained from two-dimensional crystals. The 
refinement of this technique, pioneered in 1975 on the 
proton pump bacteriorhodopsin,24 has recently culmi
nated in the production of a structural model at 3.5-A 
resolution.25 

The uncertainties encountered in the structural in
vestigation of ion-transport proteins have delayed 
considerably the determination of structure-function 
relationships which could lead to a clear-cut under
standing of their mechanism(s) of functioning. 

On the other hand, the discovery26"29 that relatively 
simple antibiotics induced selective ion conductance in 
biological and model membranes raised the hope that 
the study of the behavior of these simple molecules 
could provide a clue at least to part of the factors in
volved in ion transfer. These antibiotics are of two 
kinds: the simplest ones, the "ionophores", or ion 
carriers, which are low molecular weight substances 
often, but not necessarily, cyclic, the structure of which 
is made of a succession of polar groups (n = 6-12) 
separated by at least one saturated carbon atom car
rying a lipophilic (generally hydrocarbon) residue 
(Figure 4). It was early recognized (for instance, ref 
30) that this peculiar structure conferred on ionophore 
antibiotics the ability to form lipid-soluble ionic com
plexes in which the polar groups are used to capture and 
encage the ion, taking advantage of the conformational 
lability due to their single bonds, so as to ensure the 
formation of the most favorable cavity for a given ion, 
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forming channels. To this category belongs gramicidin 
A, a polypeptide made of 15 alternating L and D hy
drophobic amino acids398 (Figure 6a), alamethicin 
(Figure 6b) and its analogues,39''"* also essentially po
lypeptide, with a high content of aminoisobutyric acid, 
and a group of polyene macrolides typified by ampho
tericin B (Figure 6c). Gramicidin A utilizes two mole
cules40 to form a channel spanning the membrane, most 
likely by head-to-head association into a continuous 
/3-helix.41,42 Alamethicin43"45 and also amphotericin 
g46-47 form m o r e complex aggregates of a larger number 
of units which reorganize into a channel under various 
conditions. The polypeptide nature of gramicidin A 
and alamethicin makes them interesting models for the 
investigation of the role of the different structural el
ements involved in the formation and functioning of 
protein channels in membranes, particularly insofar as 
these are also polypeptide. Owing to its relative sim
plicity and the abundant experimental data, gramicidin 
A has been an object of choice for theoretical investi
gations, the outcome of which is summarized in section 
III.A. Alamethicin and its analogues, abundantly 
studied by a variety of experimental techniques, have 
been, altogether, less attractive to theorists until now 
(cf. section III.B). The relatively scarce theoretical data 
concerning the polyene macrolides are briefly summa
rized also in section III.B. 

Section IV deals with theoretical studies directly 
concerned with membrane proteins themselves. 

//. Ionophores 

Early calculations on ionophores, devoted to the 
depsipeptides valinomycin and enniatin B, served to 
establish the fundamental characteristic properties of 
two most conspicuous elements of their structure, the 
degree of rotational flexibility of their single bonds and 
the cation binding properties of their amide and ester 
groups. Conformational analysis (empirical4**1 as well 
as ab initio51'52) showed that the single carbon-het-
eroatom bond of the ester group has less conformational 
flexibility than the corresponding bond of amides, a 

HCO i.-Val, GIy., 1.-AIa3 D-Leu,, L-AIa5 D-VaI11 t.-Val, D-VaI1, i.-Tt'Pu 
D-LeU10 L-Trpu D-VaI18 L-Trpu D-LeU14 i.-Trp16 NHCH2 CH2OH. 
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(O 
Figure 6. The chemical constitution of (a) gramicidin A, (b) alamethicin, and (c) amphotericin B. 

Figure 5. A schematic view of the crystal structure of the po
tassium complex of valinomycin. 

while turning at the same time the liphophilic residues 
toward the exterior of the complex, thereby allowing a 
favorable interaction with the lipids. An example of 
such a complex is given in Figure 5. 

This phenomenological description, although con
taining the fundamental elements governing the action 
of ionophores, does not describe the detailed mecha
nisms involved, in particular the capture of the ion, the 
mode of transport proper (by shuttling or passing over), 
the ion release, the specificity for a given species, etc. 
Thus, in the hope of solving these problems, a consid
erable amount of experimental research developed on 
the ionophore antibiotics themselves and their ana
logues,30"35 to which was soon added the study of their 
close cousins the crown ethers36 and the cryptands.37,38 

The excitement produced by the booming experimental 
developments of the early 1970's inspired at that time 
the undertaking of theoretical computations which 
helped both the elaboration of appropriate methodol
ogies and the understanding of the respective roles of 
the various structural elements in the properties of 
these compounds and of their complex interplay (cf. 
section II). 

The second kind of antibiotics which induce ion 
transport through membranes is believed to do so by 
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probably far-reaching indication that the presence of 
the ester group can impose conformational constraints 
on the overall structure which may be adopted by the 
macrocycles. On the other hand, ab initio SCF calcu
lations538 showed that the intrinsic affinity of the amide 
carbonyl oxygen for alkali ions was larger than that of 
an ester carbonyl, itself close to that of the oxygen of 
water; this result (confirmed appreciably later by 
measurements of gas-phase enthalpies of binding)54 

suggested53* that the lower affinity of an ester carbonyl 
with respect to that of an amide one was probably one 
of the factors explaining the intriguing decrease in 
complex stability observed upon replacement of the 
JV-methyl peptide group by an ester group in enniatin 
B and, conversely, for the increase in complex stability 
observed upon replacement, in valinomycin, of the L-
lactic and D-hydroxyvaleric acid residues by L- and 
D-prolines, respectively. 

Such ab initio model studies, carried out for various 
ligands, were instrumental in determining not only their 
relative intrinsic affinities, but also the corresponding 
ion-ligand equilibrium distances, the nature of the 
binding, the lability with respect to equilibrium, etc., 
all information which at that time was inaccessbile, but 
indispensable for the determination, on a firm basis55* 
(see also ref 55b), of the parameters of empirical po
tential functions which were necessary to perform rea
sonably accurate, feasible computations on the iono-
phores themselves, the size of which precluded, except 
for very crude modeling, the utilization of reliable ab 
initio procedures (most all-valence electrons methods 
are notable53a'b for yielding artifacts in the domain of 
ion-ligand binding). The SIBFA method, including all 
the components of the theory of intermolecular forces, 
was developed on this basis.56 Its utilization in the 
study of the interaction of alkali cations with valino
mycin,57 of Na+, K+, and NH+

4 with nonactin,58* and 
of Mg2+ and Ca2+ with the ionophore A2318759 was the 
first successful attempt at a delineation of the respective 
roles of the different components of the complexation 
energy in the determination of the ionophore's specif
icity.60 Even though the qualitative analysis at the 
phenomenological level had led to enumerate early30,61a'b 

the main factors involved (ion-ionophore interaction 
energy, desolvation energies, internal energy variation 
upon complexation), the evaluation of their relative 
weights in the energy balance remained uncertain,62,63 

essentially for lack of appropriate methodologies. The 
methodological advances quoted above allowed to go 
one step further. 

In the case of valinomycin (Figure 7a), advantage 
could be taken of the availability of the crystal structure 
of its K+ complex64 which displays a very characteristic 
"bracelet-like" conformation where all the amide NH 
and CO groups form a tight array of hydrogen bonds 
(Figure 7b), leaving the six ester carbonyls free to 
"encage" the ion, three above and three below (cf. 
Figure 5). Assuming tentatively that the overall 
structure of the cage remained essentially the same in 
the complexes of the other alkali ions (an assumption 
justified at the time by the obvious rigidity of the 
"bracelet" of hydrogen bonds and confirmed recently 
by molecular mechanics computations, including labi-
lization of the cage65), the ion-ionophore interactions 
calculated for Na+, K+, Rb+, and Cs+ by energy mini-
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Figure 7. Structural properties of valinomycin: (a) sequence, 
and (b) the array of NH-OC hydrogen bonds in the "bracelet-like" 
structure. 

mization, allowing the ion to reach its optimal position, 
indicated that (i) the optimal values of the energies of 
interactions are in the order Na+ > K+ > Rb+ > Cs+, 
(ii) K+, Rb+, and Cs+ prefer an essentially central 
position in the cavity while Na+ is shifted from the 
center to the vicinity of two of the carbonyl oxygens, 
a result in agreement with those of infrared measure
ments of the carbonyl frequencies of the Na+ com
plex.66-68 Recently more accurate molecular mechanics 
computations of the Na+ complex, including optimiza
tion of the cavity,65 confirmed the theoretical result. 

The order found for the ion-ionophore interaction 
energies is the inverse of the order resulting from the 
measurements of the binding constants of the com
plexes in alcoholic solvents, namely:69'70* Rb+ > K+ > 
Cs+ » Na+ (Eisenman's selectivity sequence III70b,c). 
Within the hypothesis of a rigid cage, the second most 
important component of the complexation energy to 
consider is the desolvation energy of the cation. The 
values (tentatively taken as the inverse of the available 
enthalpies of solvation in water71"73 or in methanol74) 
being in the same order as the ion-ionophore binding 
energies do not, by themselves, account for the order 
of the observed complexing abilities. But when the two 
components are taken into account simultaneously, the 
order of the energy balance becomes identical with the 
selectivity order, with K+ very close to Rb+, Cs+ 

somewhat behind, and Na+ much behind as exemplified 
in Table I. This is true whatever the values adopted 
for the desolvation enthalpies, even though the nu-
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TABLE I. Energy Balance in the Valinomycin-Cation 
Complexes (Energies in kcal/mol) 

ion Na+ K+ Rb + Cs+ 

Ei" -108.5 -106.4 -102.7 -88.8 
E^ 106.0 85.8 79.8 72.0 
DEC -2.5 -20.6 -22.9 -16.8 
dd 20.4 2.3 0.0 6.1 

"Interact ion energy of the ion with the K+ cavity. 
b Experimental desolvation enthalpy (from ref 74). cEt + E1,. 
''Difference with respect to the best balance. 

Figure 8. The nonactin molecule. 

merical values of the balance, of course, differ (see Table 
III in the original paper57 and the discussion). Thus, 
in valinomycin it is possible to account for the specif
icity of the association by taking into consideration 
solely the complexation and the desolvation energies, 
the two terms operating in opposite directions but with 
different differential effects. The fact that the decisive 
factor in determining the selectivity for K+ over Na+ 

in valinomycin resides in the difference in the desol
vation energies of the ions was confirmed by calcula
tions taking into account the deformation of the cage 
upon complexation66 (see also similar conclusions ob
tained with a different force field75). 

That the relatively simple interplay of the compo
nents of the energy balance upon complexation is not 
necessarily the same for other ionophores was shown 
by calculations58* on nonactin (Figure 8). Like vali
nomycin this ionophore prefers K+ to Na+. In this case, 
the crystal structures of both the Na+ complex76 and 
the K+ complex77"78 were available, both showing the 
ion linked to the four carbonyls and the four tetra-
hydrofuran oxygens in a cavity more contracted in the 
Na+ complex than in the K+ one. The ion-ionophore 
interaction energy, calculated for each ion in its own 
cavity, indicates that Na+ binds much more strongly 
than K+, with a difference in energy appreciably larger 
than the differences between the corresponding de
solvation energies, so that, even though the desolvation 
energies operate in the right direction for reducing the 
gap between the two ions, the energy balance remains 
in the wrong order, favoring Na+. But, owing to the 
more contracted size of the Na+ cavity with respect to 
the K+ one, the ligand-ligand repulsions are appreciably 
stronger in the Na+ complex. A tentative approximate 
evaluation of these terms led to the conclusion that the 
decisive effect in the K+/Na+ selectivity of nonactin 
resides in the change of conformation between the two 
complexes (cf. ref 58 for details). (A similar decisive 
effect of the conformational energy variation of the 
ionophore upon complex formation was found to op
erate in the marked selectivity for Ca2+ over Mg2+ of 

the ionophore 3,6-dioxaoctanediamide.79) The intri
guing preference of nonactin for NH4

+ over K+80 was 
attributed588 to the ion-ionophore interaction energies 
themselves, largely in favor of the ammonium ion, so 
much that the resulting order is not modified by the 
introduction of the desolvation energies in the balance. 
The "cage" deformations are apparently negligible al
though the two ions bind differently to the different 
oxygen atoms (see ref 58a-c). 

These simple examples illustrate the complexity of 
the interplay of the different energy components in the 
complexation selectivity of the ionophores: while the 
order of the ion-ionophore interaction energies can be 
decisive, as in the NH+

4/K+ nonactin preference, the 
reversal of this order can occur either by the sole effect 
of the desolvation energies, as in valynomycin, or ne
cessitate the conjunction of this effect with that of the 
conformational energy variations as seen in the K+/Na+ 

selectivity of nonactin or the calcium/ magnesium se
lectivity of dioxethane dioxamide. Another complex 
interplay of the binding and conformational energies 
was also brought into evidence by more recent molec
ular mechanics calculations including conformational 
energy optimizations,81,75 considering the preference of 
enniatin B for internal or external complexes with alkali 
ions: the low resulting specificity for external binding 
as opposed to the more "strained" internal binding was 
suggested to be in correlation with the relatively low 
specificity of this depsipeptide compared to that of 
valinomycin (cf. also ref 65). Another factor in some 
specificities may be the inclusion of individual water 
molecules in a complex, as suggested to be the case for 
the carboxylic ionophore A23187, where water molecules 
remaining bound to the Ca2+ complex may tip the en
ergy balance in favor of this ion as compared to the 
situation in the Mg2+ complex.59 The presence of such 
an internal water molecule inside a bracelet-like cavity 
has been found82 in a valinomycin-Na+-picrate cystal 
with Na+ and picrate outside the cavity (compared to 
the corresponding K+-picrate83 without water). More 
complex theoretical decompositions of the components 
of the energy balance have been made in some cases.84 

The problem of the specificity for complexation, in 
relation to the specificity for ion transport, is only one 
of the numerous problems mentioned in the Introduc
tion concerning the action of the ion carriers. It appears 
also the one for which theory has been the most active. 
Neither the difficult problem of the mechanisms in
tervening in the ion capture and release at the interface, 
nor that of the transport proper through the lipid phase, 
have been considered extensively. Worth mentioning 
are early attempts85 to utilize molecular electrostatic 
potentials and atomic accessibilities of an asymmetric, 
uncomplexed form of valinomycin, detected in a crystal 
structure86 to characterize which of the free carbonyl 
oxygens of the structure are the more apt to initiate the 
capture of the cation. Apart from this kind of consid
eration, the more "classical", although still indirect, way 
of dealing with the mechanism of ion capture or release 
has been limited to the consideration of the numerous 
conformational forms, found by molecular mechanics 
calculations in the complexed and uncomplexed state 
of a given ionophore, and to the utilization85,75,81,87'88 of 
the energetic and structural results in conjunction for 
deducing an "educated guess" on the possible mecha-
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nism(s) of complexation. Still sorely lacking is the ex
plicit inclusion of water in the calculations other than 
by the tentative introduction of a dielectric constant 
(cf. ref 65), a notable exception being a Monte Carlo 
calculation of the hydration of two uncomplexed forms 
of valinomycin and of its K+ complex.89 The results, 
indicating a much stronger hydration of the open form 
than of the closed form considered, were used to 
imagine a model of the succession of events upon com
plexation and transfer. (See also a brief report of a 
partial modelization of the ionophore X537A.90") 

Molecular dynamics calculations including water at 
the interface and lipids in the membrane are surpris
ingly still absent in the field of the ionophore antibi
otics, although the problems raised by their functioning, 
particularly in the transport itself, would seem to be 
excellent topics for such techniques. Although the 
studies of crown ethers, cryptands, and model peptides 
are outside the scope of this review insofar as they do 
not function in membrane transport, mention must be 
made of theoretical calculations on these compounds 
touching problems closely connected with those en
countered in the field of ion carriers, most particularly 
those related to the specificity of complexation. No
table among them are molecular mechanics, Monte 
Carlo, and dynamics studies of 18-crown-690b~d of typical 
bicyclic and tricyclic cryptands,908"8 and of spherands.9011 

An extension of such computations to the realistic study 
of the ion carriers at the water-lipid interface and of 
the dynamics of their interactions within the bilayers 
would be of utmost interest. 

/ / / . Channel-Making Antibiotics 

A. Gramicidin A 

We have seen in Figure 6a the chemical structure of 
the gramicidin A molecule. A peculiar feature of this 
natural polypeptide is the fact that its amino terminus 
(the head) is formylated and that the carbonyl terminus 
is blocked by an ethanolamine group (the tail). As a 
result, the polypeptide chain is comprised of 16 peptide 
linkages with one before the VaI 1 a-carbon and one 
after the Trp 15 a-carbon: 

H C O N H C 1 C O N H C 2 C O N H C 3 C O N H C 4 . . . 
C 1 4 C O N H C 1 5 C O N H C H 2 C H 2 O H 

Model building and hard thinking led Urry41,42 to pro
pose a structure for the conducting dimer. Noting that 
the alternate L and D succession of the amino acids in 
the molecule allowed the formation of helical structures 
with all the side chains pointing toward the exterior and 
with an alternate up and down orientation of the suc
cessive carbonyl bonds, he suggested that each mono
mer in the dimer adopted the conformation of such a 
helix, with 6.3 residues per turn, stabilized by 8 CO-HN 
hydrogen bonds with alternating orientations (Figure 
9), and that a junction between the two monomers oc
curred by head-to-head association involving the for
mation of 6 hydrogen bonds with the free carbonyl and 
NH bonds producing a continuous helical backbone 
about 30 A long and enclosing a hole of a size sufficient 
to accommodate the ions known to be conducted by the 
gramicidin A channel.42 

This structure, at first essentially based on model 
building and considerable insight, was made more 

CH^MjOH 

"••• '« K ^ 4 " 

I nr^\ si 
°\ i V c - » 7 1 

Figure 9. The structure of the backbone in Urry's dimer of 
gramicidin A (dotted lines and zig-zag lines indicate, respectively, 
the intra- and intermonomer hydrogen bonds.) 

precise by theoretical computations91 by using energy 
minimizations with empirical potential functions (cf. 
also ref 92 for a preliminary account and an interesting 
discussion). The helical parameters and the <t> and \p 
torsion angles were determined for left-handed and 
right-handed /3-helices, respectively, and supplemented 
by a search for the optimal conformations of the side 
chains, followed by a search for the optimal "docking" 
of the two monomers into a dimer. Final optimization 
led to the conclusion of a small preference for the 
left-handed dimer over the right-handed one by 2.2 
kcal/mol. Since then, the structure of the left-handed 
dimer and the corresponding conformations of the side 
chains91 have become known as Urry's structure and are 
utilized for most theoretical calculations necessitating 
the atomic coordinates. (Some small differences in the 
coordinates used by different groups originate from the 
fact that Urry's coordinates, not published,91 were re
constituted by using the helix parameters given, but 
with a slightly different geometry for the peptide unit 
(cf. ref 93). Other differences have originated in the 
existence94 of another set of helix parameters for the 
backbone, determined by geometrical conditions in a 
way that is somewhat different from that of Venka-
tachalam and Urry.91) 

In the elaboration of Urry's structure, no particular 
attention was paid to the conformation of the ethano
lamine tail of the molecule. It was set,95 on the basis 
of model building, as a continuation of the backbone, 
with its NH hydrogen bonded to the carbonyl oxygen 
of the Trp 11 residue and with the CH2CH2OH end 
turned in such a way as to point the hydroxyl oxygen 
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(a) (b) 

Figure 10. The conformation of the ethanolamine terminal in 
gramicidin A: (a) in Urry's structure, and (b) after optimization 
(adapted from ref 108). 

toward the exterior of the channel, on the edge of the 
dimer approximate cylinder. Etchebest and Pullman96 

drew attention to the possible importance of the con
formation of the ethanolamine tail and performed an 
energy optimization of its dihedral angles with respect 
to the rest of the molecule (optimization done in vacuo, 
to be consistent with the rest of the structure91,92). The 
results indicated that, in the intrinsically preferred 
conformation, the hydroxyl group adopts an orientation 
stabilized by two hydrogen bonds, one involving its 
oxygen and the NH bond of the Trp 11 residue and the 
other involving its end hydrogen and the carbonyl ox
ygen of the same residue (Figure 10). It was observed 
in calculations of energy profiles96"98 that the orientation 
of the ethanolamine terminal influences the location of 
the energy minimum at the entrance of the channel and, 
as a consequence, its interpretation in terms of the 
"binding site".99 This stressed the possible importance 
of flexibility of the ethanolamine terminal upon passage 
of the ion. 

Urry's left-handed structure, with the optimized 
conformation of the ethanolamine tail, is given in Figure 
11. A notable feature of the proposed conformation 
is the orientation of the tryptophan side chains. Trp 
9 and 15 are stacked and clustered on one side of the 
dimer, while Trp 11 and 13 occupy different positions 
with different orientations on the other side. Although 
these orientations of the tryptophans have been ac
cepted throughout the years as an integral part of the 
structure, it must be kept in mind that they correspond 
to optimizations in vacuo (which in fact yielded a 
number of possibilities with little differences in sta
bilities) and that there exists no experimental proof that 
the above conformations are those prevalent at the 
contact with the lipids in the membrane. We shall come 
back to this and other structural puzzles (see ref 100) 
later. 

The availability of a structure at atomic resolution, 
even though largely hypothetical, opened the possibility 
for theoretical calculations on the entire gramicidin A 
dimer, thus permitting, most particularly, explicit 
evaluation of the influence of the channel's different 
molecular constituents on the "energy profile" felt by 
an ion crossing it. Early considerations on energy 
profiles did not attempt to evaluate the relative depths 
and heights of the minima and maxima admittedly 
created by the structure of the walls. 101",b The first 
explicit introduction of this structure used a set of di-
poles disposed on a cylinder102*"0 to represent the car
bonyl groups. This simple representation associated 
with the use of oscillating dipoles allows relatively easily 
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Figure 11. Schematic view of Urry's left-handed dimer (with 
the optimal conformation of the ethanolamine tail). 

the carrying out of molecular dynamics calcula
tions.102bAl03 It has been utilized extensively1048 (see also 
ref 105) even up to recent time with progressive inclu
sion of structural refinements such as the introduction 
of NH dipoles and the utilization of the backbone co
ordinates to locate the center of mass of the dipoles. 
The model has the advantage to reduce considerably 
the dimensions of the gramicidin system (otherwise a 
552 atoms problem), thereby allowing not only the 
consideration of the dynamics of the channel wall but 
also the inclusion of water molecules nearly ad libitum 
especially if a simple polarizable electropole model is 
utilized.104"-™ 

Owing to their very nature, truncated models can 
entail artifacts which may be difficult to detect. For 
this reason, all-atoms calculations106"112 were carried out 
in a stepwise fashion with the establishment of the 
intrinsic role envisioned: first each structural element 
of the gramicidin dimer in the energy profile of the ions, 
and then the modifications due to water as well as 
further effects like those due to the flexibility of the 
structure. An advantage of all-atoms calculations is the 
explicit inclusion of the side chains whose role in the 
channel properties is becoming increasingly apparent 
(e..g. 113a-d, 114a-d). 

/. Energy Profiles 

In the stepwise all-atom calculations the energy 
profiles generated by the molecular structure of the 
dimer were initially evaluated in vacuo, introducing first 
the backbone only,106 then the ethanolamine ends,96,107 

and then the side chains.108 The effect of water was 
considered in a second stage97,98,109'110 after determina
tion of the distribution of water alone bound to the 
dimer. The energy profile was defined as the variation, 
upon the progression of the ion, of the global energy of 
the system, ion-dimer for calculations in vacuo, and 
ion-dimer-water for calculations including water mol
ecules. The ion, placed in successive planes closely 
spaced perpendicular to the helical axis, was allowed 
to find its optimal position in each plane by energy 
minimization (cf. refs 56,65, and 99 and references cited 
therein). The same procedure was used in the presence 
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of water, allowing then the ion and all water molecules 
to reoptimize their positions at each step. Except for 
the ethanolamine terminals, the structure of the dimer 
was kept rigid. Profiles in vacuo were obtained for Na+, 
K+, and Cs+, and profiles in water, for Na+ and Cs+. A 
hypothetical profile was computed in the same way for 
the nonpermeant calcium ion.111 

Despite their relative simplicity, these calculations 
established a few fundamental characteristics, the es
sential of which are as follows: 

(a) The introduction of all the components of the 
theory of intermolecular forces, in particular (owing to 
the strong polarizing effect of a cation) the polarization 
energy93,99 (a component neglected in most early force 
fields) is important. This term increases appreciably 
upon progression of the ion toward the center of the 
dimer, a consequence of the increasing number of po-
larizable groups surrounding it, thereby deepening the 
profile with respect to that resulting from the pure 
Coulomb component of the energy. The interplay of 
the different energy components differs according to the 
size of the ion and leads to a different relative dispo
sition of the energy profiles in the different parts of the 
channel: for larger ions, e.g. Cs+, the attractive dis
persion energy manifests itself essentially in the center 
of the channel107 where the large size of the ion allows 
it to interact simultaneously with more atoms than does 
a smaller ion like Na+, hence providing more attractive 
terms and thereby lowering the central barrier (see refs 
104a,c, 117,118a for similar observations). As a con
sequence the heights of the energy profiles in vacuo are 
in the order Cs+ < K+ < Na+ in the central region while 
the reverse ordering occurs in the early part of the 
channel, where the electrostatic component dominates 
the interactions. The importance of a proper relative 
location of the profiles appears in the comparison of the 
relative heights of the entrance and/or central barriers 
for different ions (cf. point g, below). 

(b) Allowing the ion at each step to optimize its 
position permits its optimal approach to the attractive 
centers provided by the successive carbonyl oxygens 
which line up along the channel wall. As a result, the 
profile shows successive minima and maxima which 
follow essentially the distribution of the carbonyls along 
the wall, particularly that of the L carbonyls which, in 
Urry's model, are tilted by 18-19° toward the interior, 
whereas the D carbonyls are inclined by 15-16° toward 
the exterior to ensure the best appropriate array of 
CO—HN hydrogen bonds. Owing, however, to the 
presence of all the other atoms, to the simultaneous 
attraction of different carbonyls and to the delicate 
balance of the different terms in the total energy at the 
most stable positions, the minima in the profile do not 
necessarily face a carbonyl and neither do the inter
mediate local barriers face the intermediate atoms of 
the polypeptide chain. The depth of the local minima 
is more conspicuous for relatively small ions like Na+, 
much less for large ones like Cs+ which can interact with 
more than one carbonyl at a time.109 Profiles calculated 
for an ion constrained to remain on the axis of the 
channel are smooth curves that lack the details of the 
minima and barriers and, thus, can be misleading. 

(c) The global effect of the side chains on the profiles 
produces an overall deepening of the energy with re
spect to that computed without them, the largest effect 

being observed near the channel entrance.108 This can 
be assigned to the favorable electrostatic contribution 
due to Trp 13 and 11 in the early part of the profile, 
where Trp 9 and 15 give a small repulsive contribution. 
This was related108 to the respective orientations of the 
corresponding tryptophans in the conformation asso
ciated with Urry's dimer, noting that in this confor
mation the dipole moments of Trp 9 and 15 are oriented 
with their positive ends toward the mouth of the 
channel, while Trp 11 and 13 have an essentially op
posite orientation, a situation producing opposite ion-
dipole interactions for the two couples. These obser
vations support the hypothesis113* (see also ref 113b,c) 
that the differences in conductance found upon sub
stitution of the natural side chains of gramicidin A by 
others could be related to changes in the dipole mo
ments of the substituted amino acids. Recent stud-
jesii4a-d 0f a s e r j e s 0f gramicidin A analogues, inspired 
by this concept, confirm the fact that the side chains 
influence the energy profile, and stress the role of their 
dipole moment and of its orientation. This led to the 
challenging suggestion1148 that the orientation of the 
tryptophans in gramicidin itself may be different from 
that generally assumed and such as to maximize its 
overall polarity. It will be interesting, in this connec
tion, to have a confirmation of a preliminary an
nouncement113*1 of the results of biased Monte Carlo and 
high-temperature molecular dynamics calculations on 
the tryptophan orientations in gramicidin A. It may 
be expected that the direct interaction of the side chains 
with the lipids may alter conformations of these chains. 
Only preliminary results are available on this subject.1146 

(d) The relative heights of the intrinsic profiles ob
tained for the alkali ions can be analyzed107 to indicate 
the relative heights of the entrance barrier for the 
different ions, approximating the barrier by the energy 
balance between the binding energy at the beginning 
of the channel and the (experimental) dehydration en
ergy of the ion. The order of the resulting values, Cs+ 

< K+ < Na+, as well as the relative order of the central 
barriers, are in agreement with the selectivity preference 
Cs+ > K+ > Na+ of gramicidin A and with the relative 
heights of the barriers deduced from rate-theoretical 
interpretations of conductance data115,116 (see point g, 
below). 

(e) The reasons for the nontransport of divalent 
cations can be understood on the basis of their com
puted profiles.111 The energy of binding of Ca2+ is very 
favorable but its desolvation energy is so high as to 
make the balance very unfavorable, thus the entrance 
very unlikely. Furthermore, should the ion succeed to 
enter the channel, the calculated profile inside shows 
that the depth of the energy minima and the resulting 
height of the central barrier would make the transit 
unlikely. 

(f) An interesting attempt to model the effect of a 
second ion on the profile of the first one106 showed that 
it results in a lowering of the central barrier and a fa
cilitation of the exit. An alternative computation in
volving a truncated model, but including water,104b 

confirms this conclusion. 
(g) Comparison of the profiles obtained for Na+ 97,98 

and Cs+109 in the absence of water and in its presence 
shows the interplay of the intrinsic attraction of the 
channel for the ion and of the progressive loss of ion-
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water interactions upon entrance, which results in an 
appreciable entrance barrier higher for Na+ than Cs+, 
preceded by a wide external energy minimum. Similar 
results were obtained in molecular dynamics calcula
tions117,118* (see also ref 104a,c). 

(h) The analysis of the energy profiles in water led 
to an interpretation99 of the relation between the cal
culated profile and the location of the "binding site" 
deduced from NMR measurements of 13C chemical 
shifts of each individually labeled carbonyl carbons of 
the molecule: these shifts lead to the localization of119 

the "binding site" between Trp 11 and 13, in the 
neighborhood of Trp 11. It was shown by calcula
tion97,99,110 that the ion remains in close interaction with 
the carbonyl oxygen of Trp 13 in the first part of the 
wide minimum preceding the entrance barrier, and then 
with that of Trp 11 in the second part of this minimum 
and all along the entrance barrier. This points to a large 
probability of residence of the ion in the corresponding 
zone. All along the entrance barrier, the ion is in con
tact with the carbonyl of Trp 11 and each unsuccessful 
attempt to overcome the barrier brings it back to the 
preceding energy well, hence a longer residential time, 
thus a larger chemical shift for the 13C of Trp 11, then 
of Trp 13. It thus appears that the location of the 
"binding site" in the phenomenological NMR-deduced 
profile120 results from a combination of the relative 
positions of the energy minimum and of the desolvation 
barrier immediately following it, which, by keeping the 
ion in the neighborhood of the carbonyl of Trp 11 for 
a longer time results in a larger chemical shift. In the 
profile calculated in vacuo the presence of a deep 
minimum due to the attraction of the hydroxyl oxygen 
of the tail at 10.5 A from the center of the channel has 
led to its early interpretation, as corresponding to the 
NMR "binding site". The new interpretation seems 
more likely. A similar location of the binding site found 
for Cs+121 can be interpreted similarly.109 The analo
gous location of the "binding sites" for other cations1228 

can probably be related to an analogous behavior linked 
to desolvation. A preliminary announcement1221" that 
the Tl+ binding site seems to be appreciably closer to 
the channel center than expected for monovalent ions 
would seem, if confirmed, to require a proper theoretical 
study of the characteristics of Tl binding, taking into 
consideration the results of recent equilibrium binding 
NMR studies.122™ 

2. Water Structure 

The distribution of water in the gramicidin A channel 
without ions has been studied by energy optimization 
of 16 water molecules added step-by-step97,98 to Urry's 
dimer, with the tail in its optimized conformation; by 
Monte Carlo calculations123 using Urry's coordinates 
and introducing 81 water molecules; in an early short 
(5 ps) molecular dynamics simulation with 13 water 
molecules,117 and more recently, in a longer (70 ps) 
simulation124 by starting with Koeppe and Kimura's 
coordinates and including 23 waters. AU these calcu
lations found a "single file" of water molecules inside 
the channel, in agreement with inferences based on 
various experimental measurements.125* While the 
number of water molecules in the file, deduced from the 
experiments varies from 6 to I2,125b,101b calculations are 
in better mutual agreement, indicating 7-9 molecules97 

according to the limits chosen, 8 or 9 in ref 123 and in 
the early molecular dynamics simulation, 8 in the more 
recent simulation.124 The structure of the file presents 
more differences, while all molecules appear hydrogen 
bonded to each other in the rigid channel,97,123 the 
molecular dynamics calculations find at least one break 
in the chain. AU computations agree on the binding of 
practically every water to the backbone of gramicidin 
A, but details differ somewhat, particularly between the 
frozen and labilized structures. Differences are also 
seen in the orientations of the water dipoles in the file: 
whereas the early short simulation led to a structure 
where all the water dipoles point essentially in the same 
direction, the longer one indicates an initial "state" with 
dipoles symmetricaUy oriented in two files toward the 
center, a transition to the aligned state occurring after 
about 3,1), ps, the authors admitting however that there 
is "yet ho way to judge from the results as to which 
conformation has the higher free energy".124 The 
question of the choice between these two states may be 
more academic than really important, insofar as the 
nonrigid character of the file seems well established. 
The most important feature of the water structure in 
the channel is the "single-file" structure, which is es
sentially a result of the narrowness of the space avail
able. For this reason care must obviously be exercized 
in extrapolating the "file" results to other channels.126 

3. Water and Ions 

As a result of the narrowness of the channel, hydrated 
ions must abandon most of their waters of solvation 
upon entering the gramicidin dimer: the stepwise de
solvation process97,98 shows the correlation between this 
process and the shape and height of the entrance barrier 
(about half for Cs+ than for Na+109), the profiles in 
water compared to those in vacuo indicating that de
solvation is the major determinant of the entrance 
barrier. AU calculations agree on the fact that the ion, 
once in the channel, pushes the file of water molecules 
in front of it while a new file reforms at its 
back.97,98'117,118*'123,127 Details of the reorientations of the 
water molecules differ, however, according to authors 
and procedure (see ref 104a). The number of water 
molecules in the file is influenced by the size of the ion, 
large ions taking up more space.109,u7,118a,b The presence 
of water inside the channel appreciably dampens the 
interaction of the ion with the ligands, thereby affecting 
the location of the deepest minimum97,98'109 (see also 127, 
104a). (Note that this effect can be appreciated only 
by comparison of calculations in water and in vacuo, 
pointing again to the utility of proceeding stepwise.) 

The numerical values of the barriers to ion translo
cation deduced from the experimental rate and binding 
constants are not satisfactorily reproduced in any of the 
computations quoted above, whatever the sophistication 
introduced, suggesting the necessity to introduce the 
polarization of lipids and the effect of bulk water.104* 
A recent computation of the free energy profile for Na+ 

introducing these effects in a gramicidin dimer (devoid 
of the side chains) by using the protein dipoles Langevin 
dipole (PDLD) methodology and also a more elaborate 
(electrostatic) free energy perturbation method with 
molecular dynamics, has led to S(AG) values of about 
5 kcal/mol128 between the solvation free energy of Na+ 

in the outside bulk solvent and that in the interior of 
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the channel, a more satisfactory order of magnitude, an 
encouraging agreement indeed. The question of the 
central versus entrance barrier, an apparently important 
issue in the understanding of the conductance behavior 
(cf. for instance, ref 114a), was not considered. 

4. Flexibility and Librations 

The question of the flexibility of the channel was 
raised quite early.92 To explain the surprising obser
vation that the rate of entry of a second ion in the 
channel is higher than the rate of entry of the first ion, 
it was suggested that the entry of the first ion induces 
a conformational change of the structure, involving a 
correlated "libration" of all peptide planes, and energy 
calculations, involving such correlated librations while 
maintaining the helical parameters indicated the fea
sibility of such a process.129 The reality of the phe
nomenon was questioned in a more recent analysis of 
the normal modes of the gramicidin dimer,130 where it 
was found that the motions of the amide planes were 
correlated only with those of their nearest neighbors in 
space rather than with all others. The calculations 
show, however, a large flexibility of the structure, in
dicative of the possibilities of deformations along the 
passage of an ion. The 70-ps molecular dynamics com
putations without ion124 indicate an intrinsic tendency 
of all carbonyls to bend toward the interior of the pore, 
and also variable deflections of the NH bonds toward 
the exterior in apparent fair agreement with very recent 
NMR indications131* (cf. however ref 131b). The av
erage bending of the carbonyls was found118" to be ac
centuated by ions, especially the small ones, a larger 
deflection being apparent at the dimer junction, a result 
of the near costless deformability in that region. A 
mention must be made in this connection of a recent132 

interesting discussion of the possibility that the de
formability of the pore can facilitate the (otherwise 
impossible) transit of large weakly permeant organic 
ions through the dimer. 

5. Helix Handedness 

The latest structural problem facing both experi
mentalists and theorists in the domain of the con
ducting dimer is that of the handedness of the /3-helix. 
The problem was raised by the conclusions of 2D NMR 
measurements on gramicidin A in dodecyl sulfate mi
celles,100,134 which indicated a structure "resembling that 
of Urry's dimer except for the handedness of the 
helix".100 In fact, a detailed examination of the two 
structures has pointed out133 that they differ by much 
more than the handedness of the helix: aside from the 
fact that the directions of the L and D carbonyls are 
inverted in the micellar structure with respect to Urry's 
one, the location of the carbonyl oxygens with respect 
to the center of the channel is different due to the in
version of the peptide bond directions: from the mouth 
toward the center in the first monomer, the order is 15, 
13,11,14, 9,12, 7,10, 5, 8, 3,6,1, 4, 2, formyl, whereas 
in Urry's dimer it is 14, 12, 15,10,13, 8,11, 6, 9, 4, 7, 
2, 5, formyl, 3,1, in Arseniev's et al. structure. While, 
in Urry's model, the carbonyls of the L and D residues 
point regularly alternately inside and outside, the mi-
cellar structure is irregular with the carbonyls of resi
dues 15, 13, 11, 8, 7, 6, 4, and 3 turned inside. Fur
thermore the NH bond of the ethanolamine moiety 

points toward the aqueous phase in the micellar 
structure, but toward the center of the channel in Urry's 
dimer. Last, but not least, the orientations of the side 
chains, particularly those of the tryptophans, are ap
preciably different in the two structures. Aside from 
the fact that no stacking is seen between Trp 15 and 
9 in the new structure, Trp 13 and 11 have an orien
tation inverted relative to that of the "standard'' dimer. 
As a result the dipole moments of all the tryptophans 
in one monomer point essentially in the same direction. 

Reoptimization of the two structures133 under the 
same conditions, although modifying individually all the 
atomic positions, does not alter the essential differences 
listed above. Concerning the difference in energy be
tween the two optimized structures in vacuo, it is only 
8 kcal/mol in regard to a total of about 400 kcal/mol 
in spite of all the structural differences observed, and 
the gap vanishes completely when a distance-dependent 
dielectric constant is used. Clearly the two forms have 
very similar intrinsic stabilities. 

In the hope of helping to decide between the two 
structures, the energy profiles which they generate for 
Na+ were computed both in the optimized structures, 
maintaining rigidity, and by allowing the entire struc
ture to reoptimize upon progression of the ion.133 A 
great similarity was found in the shape of the profiles 
for the two structures (the modifications due to opti
mization are important but similar for the two struc
tures) but these analogous profiles cover quite different 
underlying features, in particular, they concern the 
residues in close interaction with the ion in the deepest 
energy minima. In the labilized micellar structure, the 
carbonyls in close contact with Na+ comprise VaI 8 but 
not Leu 14, while in the labilized Urry's dimer, Leu 14 
is involved but not VaI 8. This, in conjunction with the 
observation of a 13C chemical shift for Leu 14 but not 
for VaI 8, would favor the left-handed structure for the 
channel form, a confirmation of an early inference by 
Urry et al.135 It remains, however, to be seen whether 
the introduction of water in the two structures would 
not modify these conclusions especially in view of the 
latest experimental evidence (on gramicidin A in DMPC 
bilayers) concluding definitely to a right-handed sense 
of the helix131b (cf. also the recent indications of hy
brid-channel experiments.1310) 

6. Other Structures 

An important issue, at least until recently, has been 
the controversy between the tenants of Urry's head-
to-head /3-helical structure and those of a double-helical 
configuration1368 for the channel form of the gramicidin 
dimer. Although the controversy seems to be settled 
in favor of Urry's structure, probably right-handed, 
(vide supra) for the membrane-bound channel form, 
double-stranded helical structures seem to prevail in 
solutions.136b One such form was characterized in the 
cesium chloride crystal,1360 and another more elongated 
one in an ion-free crystal.136"1 The proposal136* that 
double helices may act as ion channels was investigated 
by calculations136f of energy profiles (using backbone 
coordinates94) which concluded that such a form should 
be cation selective but less capable than Urry's dimer 
to transfer ions. 

The mechanism of ion inclusion into the double helix 
and the interconversion of the different forms are in-
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Figure 12. The correspondence between the N-terminal segments 
of the sequences in alamethicin IA and trichlorzianine TIIIc. 

teresting theoretical problems yet unsolved. 
In summary, even if a number of problems remain 

which have hardly been touched (such as, in particular, 
the exact role of long-range electrostatic forces in the 
modeling of ion pores in membranes128,1368) the calcu
lations on gramicidin A have taught us a number of 
lessons concerning the structure-function relationship 
in channels: some have a general character, others 
apply only to the molecule concerned. In the first lot 
are the importance of all energy components and the 
differences in their respective weights in different re
gions and for different ions, the necessity of letting the 
ion optimize its position, the determinant role of the 
carbonyl oxygens lining the inner wall in providing a 
favorable "solvation" of the ion inside the channel, the 
role of all the structural constituents of the channel, and 
the importance of examining the structure-related path 
of the ions underlying the overall profile. The distri
bution of water inside the channel and the considerable 
role of the desolvation process to the point that the ion 
abandons all but two of its water molecules upon entry, 
largely as a result of the relative narrowness of the pore, 
may or may not be relevant to other channels. 

B. Alamethicin and Macrollde Channels 

While alamethicin and its analogues have been the 
object of a considerable number of experimental in
vestigations, very little work using the methods of 
theoretical chemistry has been carried out on these 
molecules and their channel properties. Notable is a 
recent effort137 toward a comparison of the conforma
tional and aggregation properties of alamethicin and of 
one of its analogues trichorzianine, inspired by some of 
the hypotheses made in building models43-46 of the 
alamethicin channel. In these models a special role is 
ascribed to the 14 amino acid a-helical segment of the 
N-terminus of the molecule (up to Pro 14) which is 
assumed to insert into the membrane where it forms 
aggregates, admittedly transformed later into bilayer-
spanning bundles enclosing a channel. In the model, 
based on the crystal structure of alamethicin,43 the 
side-chains of the glutamine residues in the seventh 
position of neighbor a-helices are assumed to favor the 
packing by forming an array of hydrogen bonds between 
their amide groups. The analogue trichorzianine 
presents a number of similarities and differences with 
the parent compound (Figure 12). Theoretical calcu
lations concentrated on the N-terminal portion of the 
two molecules, up to Pro 14 in alamethicin, and up to 
Pro 13 in trichlorzianine, in view of a comparison of 
their helical character and of their aggregation prop
erties, with a particular emphasis on the possible role 
of the glutamine residue. Complete energy optimization 
indicated that the Ac-Pro 13 segment of trichlorzianine 
is essentially a-helical with a bend starting three resi
dues before the proline, a structure quite comparable 
to that found for the Ac—Pro 14 corresponding segment 

of alamethicin, but comprising furthermore two weak 
n to n + 3 hydrogen bonds in the first helical turn, an 
indication of a slight tendency to a 310 character (cf. ref 
137 for a discussion in connection with apparent con
tradictions concerning the structure of these Aib-con-
taining helices). Calculations of the pairing properties 
of the respective optimal helices showed that different 
modes of near-parallel pairings are possible for both 
molecules, indicating a possible, but not indispensable, 
intervention of the glutamine residue. The mode of 
formation of larger aggregates and their transformation 
into channel-containing bundles were not yet consid
ered. 

Macrolides of the amphotericin B-type form com
plexes with cholesterol and make channels in mem
branes. Model building46,47 assumes that the macro-
lide-cholesterol complexes aggregate in the membrane 
into cylindrical half-pores which then associate to form 
a continuous aqueous channel. The interactions in
volved have only recently started to interest theoreti
cians. Mention must be made of an early calculation 
of the conformational properties of amphotericin B 
which concluded to an overall rigidity of the macrocy-
cle.138 The complexation with cholesterol was consid
ered recently with emphasis on the conformation of the 
polar head of the antibiotic in vacuo and in water,139 

concluding to the possibility of the intervention of a 
bridging water molecule in the macrolide-sterol com
plex. A more extensive study140 of the complex led to 
two stable states, which were used to model open and 
closed channels. Channel-water-chloride ion systems 
investigated by Monte Carlo computations point to the 
role of dehydration upon ion entrance.141 

IV. Ion Channels In Membrane Proteins 

A. Bundles of Hydrophobic a-Hellces 

An early model of the proton pump bacterio-
rhodopsin, based on low-resolution maps of electron-
scattering density,24 described the membrane-spanning 
portion of the protein as made of seven rods attributed 
to a-helical hydrophobic segments of the polypeptide 
chain crossing the bilayer perpendicularly to the surface 
and closely packed together on the edges of a distorted 
heptagonal prism, a structure very recently confirmed 
by refinement at near-atomic resolution.25 The detec
tion of "hydrophobic segments" of 20-30 amino acids 
by sequence analysis of numerous membrane proteins, 
(cf. refs 142-146a) and further model building encour
aged the generalization of the concept that ion channels 
in membrane proteins are formed within bundles of 
hydrophobic a-helices. In parallel, the consideration 
of channel formers like alamethicin and the observa
tions that synthetic hydrophobic polypeptides showed 
channel behavior in bilayers was also interpreted in 
terms of their formation of helix bundles.146W The 
basic idea that hydrophobic polypeptide segments cross 
membranes as a-helices has received experimental 
support from the detection of such helices in the crystal 
structure of the photosynthetic reaction center22,23 and 
also now of bacteriorhodopsin.26 Concerning the rest 
of the "bundle hypothesis" given above, it was ob
served147 that the essential existing knowledge on the 
structure, folding, and interactions derived experi
mentally and theoretically from the consideration of 
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soluble proteins was unlikely to be transferable to the 
problems concerning the packing properties of hydro
phobic a-helices of the appropriate lengths in mem
branes or their aptitude to form bundles enclosing 
channels capable of binding and/or transport ions. A 
systematic theoretical study was therefore undertaken 
by using energy optimization procedures (cf. refs 65 and 
99 and references cited therein) to address in particular 
the following questions: 

How do hydrophobic a-helices aggregate? 
Can they form stable bundles? 
Which component(s) of the energy govern the ag

gregation? 
Are these bundles apt to form channels, that is, can 

a stable aggregate enclose a hole appropriate for an ion 
to pass? 

Can an ion be accommodated and transported in a 
pure hydrophobic channel, or must the inner wall by 
lined by polar and/or charged amino acids? 

How can the opening and closing of channels in 
bundles be envisaged? 

Consideration of the pairing properties of hydro
phobic a-helices of different length and composi
tion,148-149 of the structure and stability of bundles of 
such helices as a function of their number and amino 
acid content,149-151a and of the aptitude of a pore en
closed within a bundle to accommodate and transfer a 
cation and /or water149-151b has led to interesting con
clusions. 

7. Pairing Properties of Hydrophobic Helices of 
Increasing Length 

The key element governing the aggregation of hy
drophobic a-helices is contained in their pairing prop
erties. This was put into evidence by considering the 
effect of the length of hydrophobic a-helices on the 
energy and conformational characteristics of their most 
stable pairs. It was found148'149 that: (i) in the optimal 
pairs of two (L-AIa)n chains the two helices are nearly 
antiparallel and closely aggregated in a mode which is 
akin, but not identical, to the "knobs into holes" mode, 
the structure of the pair becoming constant beyond the 
length corresponding to n = 13, (ii) the interaction en
ergy of the two helices increases regularly with n, (iii) 
the electrostatic and van der Waals/ London compo
nents of this energy contribute both to the stability of 
the pairs, but while the electrostatic component tends 
toward an asymptote, the London attraction increases 
continually with the number of residues, hence dom
inates the energy (after n = 13) (Figure 13). The 
generality of these results was confirmed1518 upon sub
stitution of alanines, on the faces of contact of the 
helices, by bulky side chains, namely leucines. 

The fact that the van der Waals/London energy is 
negative (favorable) and increases with n is a reflection 
of the hydrophobic nature of the groups in interaction 
which give rise to an attractive dispersion energy dom
inating over the repulsion term, an effect which in
creases with the number of these groups at the interface 
and also with their bulkiness.1518 

The fact that the electrostatic component of the in
teraction energy reaches an asymptote relatively rapidly 
is sometimes considered surprising on the basis of 
reasoning on dipole-dipole interaction of helices but it 
must be kept in mind that whereas it is true that the 

E 

Figure 13. Evolution of the energy and of its components in the 
optimal antiparallel pairs of (L-AIa)n for n = &-26: (•) total energy, 
(X) total minus polarization energy, (+) electrostatic component; 
(O) repulsion + dispersion component. The vertical line at n = 
20 indicates the minimal number of residues necessary to span 
the lipid phase of the membrane (adapted from ref 148). 

dipole moment of an a-helix increases regularly with 
the number of peptide bonds,153 this does not imply (as 
often hastily concluded) that the interaction of the two 
helical dipoles increases in the same way.148_151b 

This behavior of the two main components of the 
binding energy of a pair has far-reaching implications 
for the aggregation properties of hydrophobic poly
peptide segments in membranes: in order to span the 
30-A width of the lipid part of a bilayer, the a-helices 
must contain at least 20 residues. At this length, the 
electrostatic term has largely reached its asymptote and 
the van der Waals/London component dominates the 
energy, thus the aggregation. This dominance is par
ticularly strong in the real membrane proteins where 
the hydrophobic segments contain a large number of 
bulky hydrocarbon groups like leucines, isoleucines, 
valines, phenylalanines, etc. This indicates that the 
hydrophobicity of the transmembrane segments of 
membrane proteins serves not only to insure a favorable 
interaction with the surrounding lipids but also to in
sure favorable lateral interactions between the helices, 
thereby favoring bundle formation. 

Another consequence of the dominance of the dis
persion term over the electrostatic component of the 
energy is the possibility of existence of stable parallel 
pairs. Indeed explicit calculations for helices of more 
than 13 residues showed137'149'151" that optimized parallel 
pairs of sufficient length can be stable: in that case the 
electrostatic interaction is unfavorable as expected for 
the interaction of two nearly parallel dipoles, but the 
repulsion/dispersion energy (dominated by the favor
able dispersion term) overcompensates the electrostatic 
term, leading to a stable structure. This conclusion is 
strengthened if the presence of the lipid surrounding 
milieu is taken into account by introducing a dielectric 
constant, since, whatever the value of this constant, its 
effect is to decrease even further the relative weight of 
the electrostatic component in the total energy of in
teraction. 
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Figure 14. Schematic view (from the C-terminus of hi) of the 
shape of stable bundles of N (L-AIa)14 for different values of N. 
Energies in kilocalories per mole (adapted from ref 149). 
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Figure 15. The hole in a bundle of five (L-AIa)14. 

2. Bundles of N Hydrophobic a-Hellces 

By taking advantage of the previous results, the 
formation of bundles was examined by energy optimi
zation of packages of JV a-helices of (L-AIa)14 for JV = 
3-7. For each JV, the helices were initially disposed 
along the edges of polygonal prisms of different shapes 
and alternately oriented up and down (to possibly 
represent the threading of the membrane JV times by 
a single polypeptidic chain as in bacteriorhodopsin). 
Energy optimization, allowing N - I helices to use their 
six degrees of freedom with respect to one kept fixed, 
showed that:149 

(i) For each JV, a number of stable bundles can be 
found with different shapes and very similar stabilities 
(cf. Figure 14). 

(ii) For JV sufficiently large, the bundles can enclose 
a hole of sufficient size to provide a channel (cf. Figure 
15 for an example). 

(iii) As shown by the strong negative values of the 
energies, all the structures are very stable including 
those which contain pairs of adjacent parallel helices. 
(Note the case of two such pairs in a quadrangle.) 

The validity of these conclusions for hydrophobic 
segments containing more bulky side chains (such as 
those observed in membrane proteins) was tested by 
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Figure 16. The relative positions and orientations of the helices 
in four stable bundles of five segments containing interfacial 
leucines. Energies are in kcal/mol. Arrows go from the N-ter-
minus to the C-terminus (adapted from ref 151a). 
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Figure 17. The bundles of six and seven (L-AIa)i4 optimized by 
starting from a regular polygonal prism (adapted from ref 149). 

considering the effect of the presence of leucines on the 
faces of contact between the helices on the packing as 
well as on the shape and properties of bundles, starting 
with a number of initial pentagonal prisms (cf. ref 151a 
for details). It was observed that the bulky interfacial 
side chains make the rotations of the helices around 
their axis more difficult than when they contain ala
nines only, so that, aside from sliding, the major con
formational adjustments of the helices are their relative 
inclinations (cf. Figure 16). As a result, the hole en
closed within the bundles varies in dimension and shape 
(from conical and irregular to more cylindrical and more 
regular). These observations showed explicitly, for the 
first time, how a modulation of the size and shape of 
a channel can be associated with the tilting and/or 
sliding of the helices, providing a basis for the concept 
of the opening/closing of a pore via conformational 
changes like those which have been envisaged, for in
stance, in the nicotinic acetylcholine receptor protein 
(cf. for instance ref 154). 

(iv) When the number JV of helices is large, the search 
for the most stable aggregate leads to a final shape that 
is quite distorted with respect to a regular polygonal 
prism, even when starting with this regular structure 
(cf. Figure 17). This result comes from the fact that 
the helices tend to adopt a structure insuring the largest 
possible number of close pair interactions. (Note in 
particular the shape of the heptamer structure, remi-



806 Chemical Reviews, 1991, Vol. 91 , No. 5 

niscent of the shape of the seven helix bundle which 
exists in bacteriorhodopsin,25 a possible indication that, 
aside from the constraints imposed by the composition 
of the helices in this molecule, the observed packing 
may reflect a tendency to an optimal arrangement.) 

3. The Capacity of a Purely Hydrophobic Bundle To 
Act as an Ion Channel. Role of Polar Residues 

The next question considered was whether it is en
ergetically possible for a cation to be accommodated 
and transported in the interior of a bundle made of 
purely hydrophobic helices. With Na+ used as a probe 
in the pore of the pentahelix bundle of Figure 15 to 
calculate an energy profile,149 first in the channel that 
was maintained rigid, and then by allowing the struc
ture to reoptimize upon passage of the ion, it was found 
that: 

(i) The interaction energy of Na+ with the bundle 
is favorable everywhere, despite the presence, on the 
inner walls of the pore, of the protruding methyl 
groups and the absence of polar and/or charged side 
chains, the elements responsible for this situation being 
the stabilizing interactions between the ion and the 
peptide carbonyl oxygens on the walls. Although it 
could have been inferred from the gramicidin case, the 
role of the carbonyls on the channel walls was not ap
preciated before the theoretical calculations. Attention 
was rather centered on the unfavorable effects of the 
internal hydrophobic side chains (absent in gramicidin). 

(ii) The labilization of the structure improves the 
profile, by removing hindrances thus permitting better 
interactions. 

(iii) The effect of the presence of polar (nonionized) 
side chains (studied in a reoptimized bundle including 
serines on the inner wall180) produces an appreciable 
deepening of the interaction energy, due to the sup
plementary attraction provided by the hydroxyl oxygens 
of the serines which take advantage of the flexibility 
of these side chains to turn, at best, toward the ion. The 
same was found for glutamine137,157 and threonine166,157 

side chains. Overall, the attractive character of the end 
groups of polar side chains, together with the flexibility 
of their hydrocarbon chain, can help the transit of the 
ion, either directly or through water molecules.150 The 
demonstration of the particular aptitude of serine side 
chains to play such a role assumed a special importance 
recently in connection with the role apparently played 
by such residues in the functioning of the nicotinic 
acetylcholine receptor channel.154,155 Needless to say, 
these results, obtained in computations with partly 
limited flexibility of the systems and in vacuo, are al
ways open to refinements. It is quite unlikely, however, 
that their essence would be modified although the ab
solute values of the energies involved would certainly 
be decreased and thus brought to within a more rea
sonable range. In fact points i-iii have been entirely 
confirmed by recent computations.1528,146* 

B. Building of a Model for a Physiological 
Channel: The Nicotinic Acetylcholine Receptor 
Channel 

In the absence of a three-dimensional structure at 
atomic resolution of a membrane protein, model 
building aided by energy calculations integrating the 
relevant experimental available data, is a reasonable 
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Figure 18. Schematic view of the AChR protein crossing the 
postsynaptic membrane. 

way to arrive at a proposal which, then, can be used to 
possibly help understand, at the molecular level, the 
functioning of the molecule as an ion channel. Such a 
model was recently built156-161 for the channel part of 
the nicotinic acetylcholine receptor (AChR), by using 
the presently available structural data together with 
theoretical calculations and computer-aided molecular 
modeling as well as the results described in section IV.A. 
The AChR is particularly appropriate for such modeling 
because of the considerable amount of structural 
knowledge available about it. This protein, inserted at 
the neuromuscular junction in the post-synaptic mem
brane, acts as a receptor for the neurotransmitter ace
tylcholine arriving from across the synaptic cleft. The 
binding of two molecules of the neurotransmitter trig
gers the opening, within the membrane-inserted protein, 
of a channel allowing the rapid entry of Na+ ions fol
lowed by a succession of events leading to muscle con
traction. 

The basic elements of the receptor structure (for 
exhaustive source references and an up-to-date dis
cussion of the present state of the experimental evi
dence see for instance ref 154 and also ref 146a) are the 
following: 

(i) The protein possesses four subunits a, /3, y, and 
5 of known sequences, which are arranged pseudopen-
tagonally, in the stoichiometry a2, /3, y, and 8 around 
a central axis, in the order a, /3, a, y, and 5 as seen from 
the synaptic side (Figure 18). 

(ii) Each subunit possesses four hydrophobic seg
ments MI, Mil, Mill, and MIV supposed to cross the 
membrane as a-helices. 

(iii) The N- and C-termini of the subunits are both 
on the synaptic side of the postsynaptic membrane, so 
that, in each subunit, the successive orientations (from 
the N- to the C-terminus) of the segments MI to MIV 
are as indicated schematically in Figure 19. 

(iv) Converging evidence from conductance mea
surements on chimeras of different species, affinity la
beling experiments with tritiated noncompetitive 
blockers (NCB), and more recently the probing of the 
binding site by QX222 in appropriately chosen mutants 
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Figure 19. The orientation of the helical segments MI to MIV 
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Figure 20. The noncompetitive blocker chlorpromazine. 

of the mouse AChR indicate that helix Mil of each 
subunit participates in the inner wall of the channel (cf . 
ref 154 for a detailed chronological relation of the de
velopment of this evidence). 

(v) The labeling experiments by the noncompetitive 
blockers, particularly chlorpromazine (CPZ) (Figure 20), 
indicated labeling of homologous serine residues on each 
Mil segment, from which two important conclusions 
were inferred,165 namely that these serine residues es
sentially face the center of the pore and that the site 
of blocking by CPZ is situated at, or near, the level of 
the labeled serines. 

Starting with this premise, a model of the inner wall 
of the open channel could be developed. 

1. Shape and Dimensions of the Model 

The five Mil helices were disposed with pentagonal 
symmetry around a central axis perpendicular to the 
membrane, the Mil sequences (Figure 21) being aligned 
in such a way that the labeled serines are at the same 
level with their a-carbons pointing toward the central 
symmetry axis. 

The condition that the blocking site of CPZ occurs 
at the level of the labeled serines was shown156 to impose 
that adjacent Mil helices are in contact at this level 
(model A of Figure 22) rather than separated by another 
helix somewhat behind (as in model B). (It was shown 
that in model B the axes of two adjacent Mil's cannot 
become smaller than 14.6 A unless the distance MII-X 
becomes smaller than 9 A, a possibility excluded by 
studies of the pairing of helices with bulky interfacial 
residues.151*) 

Adopting therefore model A, the closest possible ap
proach of two adjacent Mil's at the level of the labeled 
serines was determined so that the space enclosed by 
the five helices is just sufficiently narrow to block the 
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Figure 21. The aligned sequences of the Mil segments in the 
a-, (S-, y-, and 4-subunits. 
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Figure 22. Disposition of the Mil segments at the serine level: 
A blocks chlorpromazine, and B does not. 

molecule of chlorpromazine. 
Then, the closest possible approach of the helices in 

the upper region of the channel was determined so that 
the molecule of chlorpromazine can diffuse freely to its 
blocking site through the channel without hindrance 
due to the presence of bulky side chains in this region 
(Figure 21). Calculation of the minimal diameter of the 
pore necessary to avoid this hindrance showed157 that, 
within the hypotheses adopted, this can best be 
achieved by a tilt of the five Mil helices away from the 
central axis by about 7°, leaving only a small gap which 
can be easily blocked by another helix of the bun
dle.158,159 The distances of the axes of adjacent Mil's 
in the resulting truncated conical structure is 11.5 A at 
the serine level and 14.2 A at the level of the a-carbons 
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Figure 23. The helical wheels of the C a carbons (standard one 
letter convention for amino acids). The starred residues are the 
labeled serines. The oval denotes the GIu (GIn) residues, the 
rectangle the Lys residues (see text). 

of the extreme upper residues (vide infra). 

2. The Limits of the Helices and the Role of the 
Charged Residues 

The determination of the hydrophobic segments in 
the sequence of proteins leaves always a latitude for the 
assignment of their ends, thus the assignment of the 
ends of the a-helices inserted in the membrane.162,163 

In the AChB the presence of polar residues near the 
extremities of the Mil segments complicates the situ
ation further, the tendency being to exclude such res
idues from the lipid phase, thus from the helices.163 For 
building the model the following choices were made: 

(i) At the upper end, the helices were terminated four 
residues below the conserved proline, at VaI, Ala, Ala, 
and Ser, in a, /3, 7, and 8, respectively, thus excluding 
from the helical stretch the polar residues which follow. 

(ii) At the bottom part of the Mil's, the polar residues 
GIu (GIn in 7) and Lys preceding the sulfur-containing 
residues in each Mil were, on the contrary, included in 
the helices on the basis of explicit calculations of energy 
profiles for the largest permeant ion dimethyl bis(hy-
droxyethanyl)ammonium156 and also for sodium.168 

These calculations indicated that the exit of the ion was 
hindered by a considerable energy barrier in a model 
built with helices excluding the two polar residues, but 
that this barrier was totally removed upon introduction 
of these residues in the helical structure. This favorable 
effect is a result of the favorable location of the five 
negative residues imposed by the a-helical structure 
when the labeled serines face the center of the channel. 
In such a case the GIu (GIn in 7) residues are also or
iented toward the inside, whereas the positive lysines 
are oriented toward the helix exterior, and thus do not 
counteract the favorable accumulated attraction of the 
negative residues (Figure 23). 

Energy optimizations157 showed furthermore that 
these orientations allow the formation of stable salt 
bridges (hydrogen bonds in 7) which leave a sufficient 
opening at the bottom of the channel to allow the 

COO" 

Figure 24. Schematic disposition of the four helices in the subunit 
bundles. 

passage of the largest ion transported. 
These results pointed to a decisive role, in the transit 

of the ion, of the negative residues at the N-terminus 
of the Mil segments. A striking confirmation of this 
conclusion and of the underlying hypotheses of the 
model was brought about by site-directed mutation 
experiments165 on the charged residues in the Mil's in 
AChR and in their neighborhood. It was shown in 
particular that mutating the negative residues at the 
bottom level considered above had a much stronger 
effect on the conductance rather than mutating other 
negative residues, thus confirming their particular role 
and also the outside location assumed for the upper 
negative residues. Also the absence of effect seen upon 
mutation of the lysines speaks in favor of their location 
toward the exterior as in the model. 

Still more striking confirmations have been brought 
about by recent calculations of energy profiles in dif
ferent mutants160 (see section IV.B.4). 

3. The Role of the Other Helices 

The calculation of energy profiles allows one to go one 
step further in the refinement of the model.158 It was 
observed that, when profiles are calculated in the pen
tagonal prism of Mil helices described above, the in
teraction energy of the ion with the channel, although 
favorable everywhere, becomes less and less favorable 
from the synaptic to the cytoplasmic side, a shape 
clearly unfavorable to the transfer of a positive ion 
toward the cytoplasm. An analysis of the components 
of the energy indicated that it is dominated by the 
evolution of the electrostatic component, more and 
more unfavorable toward the channel exit. This can be 
rationalized by noting that the five nearly parallel 
helices are oriented in such a way that their strong 
dipole moments (about 70 D each) with their positive 
ends at the N-termini add up their effects, disfavoring 
strongly the transit of a positive ion toward this end. 
If however, it is remembered that each Mil helix is part 
of a subunit comprising three other helices, the arti-
factual character of the energy result appears imme
diately. The sequential disposition of the hydrophobic 
segments in the polypeptide chain of each subunit 
(Figure 19) and the shortness of the MI-MII and 
MII-MIII linkers in the amino acid sequences impose 
that the two segments MI and Mill (which have dipole 
moments opposed to the Mil's) are necessarily close to 
them in the bundle, somewhat behind, as shown sche
matically in Figure 24, so that their combined effect will 
cancel the handicap produced by the dipole moments 
of the Mil's. Indeed the energy profiles, calculated so 
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Figure 25. Energy profiles for the wild type and four mutants 
(see text) (adapted from ref 160). 

as to take into account this effect, present the appro
priate slope for easy transit to occur (cf. ref 159 for 
technical details). Another recent proposal152b for 
canceling the unfavorable effect of the Mil dipole mo
ments invokes the role of partial charges on the cyto
plasmic and synaptic terminal residues. This proposal 
relies on calculations with the PDLD algorithm128 of the 
energy profile on the axis of a regular pentamer made 
of five identical Mil 5-helices comprising 23 residues 
advocated to be a model of the AChR channel.1520 

Putting, arbitrarily, three negative charges on the ring 
of five GIu residues, one positive charge on the ring of 
five lysines, and two positive charges on the ring of 
arginines, the computed profile compared to that ob
tained with un-ionized residues shows that the dipole 
effect has apparently been compensated. It would be 
desirable to examine the dependence of these results 
on the distribution of the charges and on the confor
mation of the arginines in the model adopted (in the 
Furois-Corbin/Pullman model, based on the real se
quence, these arginines are external to the pore). 

4. Energy Profiles in Mutants as Confirmation of the 
Overall Model 

Energy profiles were calculated160 for a sodium ion 
in the channel, constructed as indicated, for the wild 
type (nonmutated channel) and for four mutants,166 

those involving respectively the N-terminal glutamates 
mutated into glutamines in a, /3, or 8, respectively, and 
into aspartate in a (notation aEQ, /3EQ, SEQ, and aED, 
respectively). The helices were maintained fixed but 
the side chains of the internal residues were allowed 
complete freedom upon ion passage. The striking 
correlation observed between the average relative lo
cation of the energy profiles and the relative values of 
the conductances measured (Figure 25) is gratifying. 
Together with the analysis of the structural elements 
intervening in the ion-channel interaction along the 
path, shown to allow the understanding of the subtle 
distinctions between the /3EQ and 5EQ mutants and 
even the still more subtle ones between the wild type 
and the aED mutant, this suggests that the overall 
structural features of the model are essentially correct. 
The absence of effect seen in mutations of the lysines 
are another confirmation (see section II. 2). In its 
present stage it appears that the model described in
corporates at best the essential available data. Possible 
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refinements have been indicated.166 

V. Concluding Remarks 

In the conclusion of this review, it seems appropriate 
and, we believe, justified to underline the significant 
contribution of theoretical chemistry to the unraveling 
of the relatively very complex and diversified mecha
nisms of ion transport through membranes. This con
tribution covers three of the main types of transporters 
involved: ionophores, channel-making antibiotics (the 
most striking of which is gramicidin A), and a repre
sentative of a natural physiological channel, the nico
tinic acetylcholine receptor channel. Following the 
nature of the compounds studied, the complexity of the 
problems involved, and the relative abundance or lack 
of experimental data, the theoretical studies alternated 
between the elucidation of available experimental in
formation (ion selectivity of the ionophores), the de
termination of the role of the essential components of 
the molecular structure of channels in the generation 
of the "energy profiles" (e.g. gramicidin A and the AChR 
channel), the determination of the basic principles de
fining the possible formation of channels (e.g. the rules 
governing the formation of bundles of hydrophobic 
a-helices), and the construction of models (e.g. the 
AChR channel), suggesting further or new experimen
tations. By its ability to study situations in vacuo and 
in the presence of different media, theoretical chemistry 
represents a unique tool for the separation of intrinsic 
and environmental effects in the overall mechanisms 
of ion transport. In a field where, because of the com
plexity of the systems involved, both experimentation 
and theory are difficult, their interplay should be en
couraged. 
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