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The structures of amphotericin B-chnlestero[ complex that forms a channel in a lipid membrane wen: analysed by molecular 
mechanics calculations. The symme:ric complex: consisting of eight rigid atttibiotic and cholesterol molecules was considered. The 
presence of a continuous set of low-energy states of the complex with different values of the channel diameter was shown. These 
states are characterized by significant tilt of the amphoteriein ptanes to the radial axis o[ the channel and by strong interae!ion 
between the charged ammonium and carbo~l groups of the antibiotic. Changes of the channel diameter may result in changes in 
po,'e permeability. 

Introduction 

The antifunga] polyene antibiotic amphntericin B 
(Fig. 1) forms pores in membranes that arc permeable 
to ions, water and non-electrolytes. It is assumed that 
the pore is formed by one [1-3] or two complexes 
[4-7], represented in space-filling models as a cylinder 
unresisting of eight antibiotic and eight incorporated 
stcrol molecules [7]. The channel has conducting and 
nonoconducting states [8,9] with frequent transitions 
occurring between them [8]. 

It is natural to assume that the transitions between 
these state.~ are finked with structural rearrangement 
of the pore. Tilcrcfore, it is essential to calculate 
Iow-ener~ structures o[ amphoteriein-sterol complex. 

The main goal of the present study is the detailed 
analysis of energy surface of the amphoteriein- 
cholesterol complex, in order to ascertain possible 
structural rearrangement of the pore. 

Methods 

The computations on the complex were carried out 
constrained to C-8 rotational symmetry. 

The relative position and orientation of eight 
amphotericin and cholesterol molecules are described 
in terms of ten variables defining their distance~,, from 
the axis of the complex, the distance between them 
along the symmetry axis, the Euler angles fixing their 
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orientations, and the radial angle between them (Fig. 
2). The internal degrees of freedom of the antibiotic 
and cholesterol mole,'uIcs were fixed. The cholesterol 
side chain was in the 'trans' conformation. 

This approximation is justified by noting that 
amphotericin B [10] and the carboeyelie nucleus of 
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FiS. t. Stuclurc o[ amphotericin B. The channel atoms numbers 
ar~ given. 
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cholesterd [l,]] are rather rigid, and each posscsscs just 
one main conformation ]lO,ll]. Only the side chain of 
cholesterol is flexible fll], but it would be expected 

that the interaction bctwecll the ‘Iram conjugated 

doubte bonds chain of amhpotcricin and cholesterol 
with the ‘trmzs comfortnation of side chain would be 
the strongest, as in such a case the contact between 

both molecules is optimal [7,11]. 
The cncrgy of the intermolecular interaction as a 

function of the positional and orientational variables 
introduced was calculated using the Lifson empirical 
force field [12] that includes elcctrostalic and 
Lennard-Jones potentials. Apparently it is very difficult 
to calculate correctly the interaction between charged 
a7tmonium and carboxyl group; of the antibiotic occur- 
ring on the membrane/water inlerl‘acc. The charges of 
these groups were cousidered as variable paramelers. 
Three values of charges (1.0, 0,7S and 0.50) were used 
in the calculations. 

For the calculations WC used the conformations of 
amphotericin B 1131 and cholesterol [I41 from the ctys- 
tallographic data, after preliminary refinement by the 
energy minimization. The interaction of nearest asym- 
mot&d units of a regular complex concentrating the 
bulk of the complex energy was considered. 

The search of low-energy structures was carried out 
in two steps. At first a regular complex consisting only 
of the antibiotic molcculcs was analyzed. Then the 
cholesterol molecules were incorporated into the opti- 
mal structures of this complex and the energy of the 
whole complex was minimized. The position of the 
minimum in the comptex energy surface extending in 
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Fig. 2. Diagram of the Watiie position of amphotericin B (AroB) 
and chulcsterol (Ch) m the asymmetrical unil of the complex. I/,, and 
d, m distances from the gmmelty axis(Z) tu AmB and Ch. h is thr 
disiatxr between them nlon~ the 2 air. and I is LI rudiul utgle 

between Ihc molecules. 

Fig. 3. Computer represrntalion of the amphotericin Bcholesterol 
c~mplcx by CPK models bvhitc CH hydqtcns, light grerey carbons. 
medium grcy OH and NH hydrogenens. dark grcy oxygcnq ond black 
nitrogens). (Al The view is along the symmelly axis (2 axis) from the 
charged end of the complex. (8) The view is perprndicuktr the 

the radial direction (see below) was dctcrmined by 
varying the distance d, of amphoteric$ B from the 
chat@ axis (Fig. 2) over a range of 10 A in increment 
tJ.1 A. The energy was minimi!ed with respect to the 
others nine varidblcs. A 10 A range of the radial 
variable was covered by the computations. 

The computations wcrc carried out on a the per- 
sonal IRIS graphics workstatiort. The visualization of 



Fig. 4. Stereo view of two adjacent amphotezicin B and incorporat/ed cholesterol molecules, 
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the complex and its components was performed with 
the program MacroModel [15]. 

Resul~undDiscussion 

Characterization of the most stable complexes 
Fig. 3 gives the representations of the strncturn[ 

organization of the amphotericin B channel. The chan- 
nel is formed by ten hydroxyl and one methyl groups 
(Fig. 1) of the assembled antibiotic molecules (Fig. 3A). 
The external surface of the complex is formed by 
hydrophobic chains of amphotericin and cholesterol 
molecules (Fig, 3B), The water-exposed part of the 
complex contains charged ammonium and carboxyl 
groups. Two ammonium and carboxyl groups of adja- 
cent molecules strongly interact (Fig. 3A). 

The shape of the channel is not regular but contains 
narrow and wide areas. Table I presents the distances 
of atoms lying on the channel surface from the symme- 
try axis. The channel is characterized by wide en- 
trances and a narrow center at the two oxygens 0-6 
and 0-7, The distances between all pair of equivalent 
oxygens on adjacent antibiotic molecules are greater 
than the sums of their van der Wools radii, and thus 
there arc no hydrogen bonds between them. The intra- 
molecular hydrogen bonds we got found arc probably 
an artifact of having done the calculations in vacuum. 
In reality the channel hydroxyl groups are probably 
hydrogen bonded to water molecules, contained in the 
channel, it is interesting to note that the hydroxyl 
hydrogcns are approximately the same distance from 

the channel axis as the oxygens they arc bonded to 
{Table I). This is because the adjacent C-O bonds are 
pt,inting towards the channeI axis. It is known that the 
charge magnitude of hydroxyl oxygen is twice that of 
hydrogen, which implies that the pore has a cation 
rather than an anion affinity. This finding contradicts 
the popular opinion that the anion selectivity of 
amphoterieln B pore is due to the hydrogcns pointing 
towards the channel axis [16]. The cation selectivity is 

TABLE I 

Gc~melri~'ai characte~tics (,,~) of the rn~sl stable eom~ex 

Atom a R ~ DC Zd  Hydrogens(OH) C~rbons(OC) 

R Z R Z 

O,I 10,0 7.7 24.2 10.3 25.0 9.6 23.3 
O-2 7,8 6.0 21.1 7.9 22,1 8.7 2D.9 
0-3 6,9 5,3 18,6 7,1 19.4 %9 l&4 
0-4 5~ 4,4 16,2 5.7 17.0 7.1 16.(} 
O-5 6,8 5,2 14.'9 5,9 15.3 7,2 143 
O-6 4,9 3,7 10,9 4,5 I1.7 6.3 10.9 
O-7 4.8 3.7 8.3 4.3 9.0 6.1 8,3 
O-g 5,6 4,3 5.7 62. 5,8 
O.9 6.8 5,2 4.7 
C.t0(CH,0 5.3 4,2 2,9 
O-11 7,1 5,4 0,5 7,0 0,0 8,1 L5 
C(CO~ ) 11,5 8,8 25.0 
N 135 10,4 24.0 

a S=c Fig, I. 
t, Distances of the atoms from the symmetry axis, 
¢ Distances between equivalent atoms, 
d Axial co,ordinates of the atoms. 
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Fig. 5. Potenfiai-ene[sy (kcal/'mol} map of the complex consisting 
only of the amphoterlcin B molecules. Abscissa is a dist,oee (A> ol 
O] (see Fig. 1) fmra the s~mmelry axis. ordinate is a ti]~ (degrees) o[ 

the molecule pin," I,, the radial axi;. 

observed when the antibiotic is added to one side of 
the membranes [1-3]. 

The stabilization of the complex is caused mostly by 
electrostatic interactions of ammonium and earbo~l 
groups of adjacent antibiotic molecules. The 4.6 A 
distance between C and N of adjacent groups occurs as 
a result of a significant t~lt of amohoteriein planes in 
relation to the radial axis of the channel (Fig. 3A). The 
remaining distances bet~yeen charged groups are much 
larger (Table I) and do not essentially influence these 
interactions. The charges used for the charged groups 
do not noticeably influence the structural variables and 
only cause changes in the interaction energy. 

The structure of the hydrophobie part of the com- 
plex also has some interesting features. The choIesteroI 
molecules are partly incorporated into the conjugated 
double bonds groove of amphotericin molecules (Fig. 
4). The plane of cholesterol is in contact with h:,'- 
drophobic edge of one of the antibiotic molecules, and 
the plane of adjacent antibiotic molecule is in contact 
with the edge of cholesterol. This type of contact 

between flat molecules is like that of a benzene dimer 
[.~7]. 

Low-ener~  structures o f  the complex 
Analysis of the energy surface of the amphoteriein- 

cholesterol complex shows the existence of valley.like 
region of low-energy values. It is interesting to point 
out that the complex consisting of only the antibiotic 
molecules exhibits this same feature. The contours on 
the complex potential-energy map extend in the radial 
direction (Fig. 5). The incorporation of cholesterol 
between amphoteriein B molecules does not change 
this pattern. 

Thus, the calcinations show the presence of a con- 
tinuous set of complex low-energy states. The variation 
in the positional parameters in this low-energy region 
are represented in the Table I! for different charges of 
the NH ~ and COO- groups. The structural character. 
istics of the pore appear to be essentially independent 
of the charges used. Even without knowing the exact 
charges, we can have reasonable confidence that these 
results are physically realistic. The main differences in 
the structures, corresponding to the opposite edges of 
the valley bottom, arc observed near the end of the 
channel where tl,: charged groups are located. The • Q 
maximum dffi'erence equals about 1 A for oxygen O-1. 
It gradually decreases toward the narrow part of the 
channel and equals 0.7 A for oxygens 0-6. At the 
opposite end of the channel, the difference is smaller 
and equals 0.1 ~,. After corr,.cling for the van tier 
Waals radii, it is possible to conclude that, within the 
energy range considered the dia~..e~.er ef the narrow 
part of the channel can vary from 6.5 to 8 A. The 
optimal channel diameter is about 7 ,~. The weak 
observed permeeb!l:'.'; of 'be ,,ore for molccu!e~ '~ith a 
diameter of about 8 ~, [I8,191 and a monotonic in- 
crease of the permeability of the pore for molecules 
with decreasing size ~18] are in good agreement with 
the results obtained. 

TABLE [I 

Minienunl and maximum distances (,~) o/rhe d~annd atoms Jrom the symmetry axis,for low.energy strucZaz~s belonging io a 2 kcul / tool energ)' range 

Atom a O-t 0-2 0-3 0-4 0.5 0-6 0-7 O-g 0.9 C.10(CH~) O.ll 

lehatgel ~ = 1.0 
Min 9.S 7.4 6,6 .5.5 6.3 4.6 4.5 5.6 6,'/ 5.2 ZI 
Max J0.6 8.3 7,3 6.2 7.2 5.2 5.2 5,8 7,2 5,6 7,2 

I cbargel = 0.75 
Min 9,5 7.5 6,6 5.5 6.3 4,6 4,5 5.6 6.6 5.2 7.1 
Max I0.6 8.3 7.3 6.2 72 5,2 5.1 5,7 7A 5,6 7.1 

I charge I = 0.50 
Min q.4 7.4 6.6 5,5 6.2 4.7 4.5 5.7 6.7 5.2 7.2 
Max to.7 8.3 7.3 6.2 7.2 5.2 5,1 5.7 7,0 5~5 7.1 

' See Fig. I. 
h Charges of ammonium and carlmx~l groups, 
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The presence of complex similar energies yet with 
different pore diameters can explain the transition of 
the channel from the open to the closed state, without 
postulating overall rearrangement such as a change in 
the number of molecules in the pore or the relative 
position of the pores. The decrease in conductivity may 
be the result of the shrinking of the pure, sharply 
reducing the permeability of the channel because of 
the large value of ion hydration energ'/in the relatively 
narrow channel 

Conclusions 

There is a continuous set of low-energy structm'es of 
amphotericin B-cholesterol complex with different val- 
ues of the channel diameter. These states are charac- 
terized by a significant tilt of amphotericin planes to 
relative the radial axis of the channel and a strong 
interaction between ammonium and earbo~l charged 
groups. A change in the channel diameter may result in 
'~ransitions between the conducting and non-conducting 
states of the pore, 
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