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Abstract

The properties of amphotericin B—ergosterol primary complex have been studied with the use of the molecular
dynamics simulation. Possible geometries of the complex were tested first in order to find the structures with the
most favourable values of the intermolecular interactions energy. The molecules studied possessed a tendency to fit
each other’s shapes, which favours intermolecular van der Waals interactions. The main simulations were performed
for the best structures found. Presence of hydrogen bonds between the sterol hydroxyl group and polar fragments of
mycosamine(most frequently 2DH) was coupled with a relatively high level of the intermolecular energy values.

The structures obtained are hardly comparable to the hypothetical and ‘computational’ models of the antibiotic—sterol
complex. The geometries found are not suitable to assemble the presupposed structure of the water channel, however.
the existence of the complex in the shape anticipated is not in contradiction to the results of biophysical experiments
on the complexation in water and in hydroalcoholic meda2002 Elsevier Science B.V. All rights reserved.
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1. Introduction sterols[1,9]. In spite of extensive studies led by
many authors, the exact mechanism of action of

Amphotericin B (Fig. 1) is a potent agent the antibiotics on the molecular level has not yet
effective against a wide spectrum of invasive fungi been recognised. Because of that, reasonable

and yeasts causing systemic infectioiis-5. It designing of more potent derivatives of amphoter-
belongs to the group of polyene macrolide antibi- icin B (AmB) remains difficult.
otics [6—-8]. The activity of these antibiotics is Experimental data indicate that action of AmB

based on their interaction with cell membrane |eads to the creation of channel-like structures in
- biological membrane§l0-19. In spite of lack of
* H - - - - . . -
58_%2;(‘3236'{_’32‘1'“9 author. Tel:+48-58-347-11-16; fax:+48 the structural data on the water channel, molecular
E-mail address: janmaz@altis.chem.pg.gda.pl models  of th_e AmB-sterol ‘channel’ _complex
(J. MazersKi. appeared rapidly after an X-ray determination of

0301-4622/02/$ - see front matt@ 2002 Elsevier Science B.V. All rights reserved.
Pll: S0301-462%201)00252-6



126

M. Baran, J. Mazerski / Biophysical Chemistry 95 (2002) 125-133

5

"
0 CH
o ~,—<X,O3H

: | NH,

Fig. 1. Amphotericin B.

the structure of AmBN-iodoacethyl derivative

that three different kinds of forces are responsible

[16,17. The most comprehensive hypothesis was for the stability of the complex: binding forces

published by DeKruijff and Demel in the early

1970s[18]. According to this model, the channel

consists of eight AmB molecules arranged circu-
larly and interdigitated by eight sterol molecules.
The outside of this complex is hydrophobic; the
inside is hydrophilic due to the presence of the
hydroxyl groups of the AmB molecules. Two such

between hydrophobic parts of the antibiotic and
sterol molecules; stabilising forces between the
amino group and carboxyl group of adjacent AmB
molecules; orienting forces between the sterol
3B0OH group and an unidentified place in the
antibiotic molecule. The authors of the models
draw attention to the agreement of the structures

complexes generate a pore which transverses theproposed with the principles of water channel

membrane.
The process of formation of the channel struc-

designed by DeKruijff, in order that the channel
structure could be easy assembled from the geom-

ture in the membrane probably consists of several etries of the primary complex.

stages[19]. The first of them is, presumably,
complexing of AmB and sterol molecules into the
so-called primary complées) [20]. Unfortunately,

Biophysical experiments proved that AmB—ster-
ol complexes exist not only in lipidic bilayers. UV
and CD data indicate that some complexes are also

there are only indirect experimental indications of present in water and in hydroalcoholic media
the existence of the primary comple21]. Its [23,24, but their geometry is not known, either.
geometry has not yet been defined. Some hypoth- High similarity between the CD spectra of the
eses on the shape of the primary complex arosecomplexXes) present in solution and of the corre-
taking into account the experiments performed and sponding complexes formed in the phospholipid
the models of the water channel published. All of bilayer can be observed. This strongly suggests
them presuppose that van der Waals interaction that both species might also have similar geome-

between the AmB chromophore and a flat, lipo-
philic sterol molecule is very important for the
stability of the complex. Then, the interaction of
the sterol BOH group and polar fragments of the
antibiotic should be responsible for the proper
placement of the complex constituents. In the
model proposed by Herve et al22] the sterol
hydroxyl group is bound with the charged groups
of AmB, possibly by water bridges. The authors

tries. During our research we focused our attention
on the primary complexes formed in solution. We
hope that the results of the study performed on
this relatively simple model system could facilitate
the understanding of the processes observed in the
membranes.

Some teams applied in their research computa-
tional chemistry to override the acute lack of the
structural data on the primary complex. In 1994

of another hypothesis presume that the primary Langlet et al.[25] published a work concerning

complex could be a fragment or the complete
structure of the water channgl3]. They postulate

the geometry of the AmB-sterol complex. The
studies were carried out with the use of the partial
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Fig. 2. Ergosterol.

Sum of Interactions Between Fragments computed
Ab initio (SIBFA) method. The authors obtained

the possible structure and intermolecular energies

of the complex studied. However, approximations
and simplifications necessary on the level of com-
plexity of the method used require particular cau-
tion during a discussion of the results. All bond
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Minimisations and dynamics simulations were
done using the GROMOS 96 molecular modelling
package [28]. The integration of the classical
equations of motion was done with a 2-fs time
step with all bond lengths constrained within
104 relative to the reference lengths with the use
of the SHAKE method29]. The leapfrog integra-
tion scheme was employed during all the simula-
tions. The energy function included terms
describing bonds, bond angles, dihedrals, improper
dihedrals, van der Waals, and electrostatic inter-
actions. No explicit hydrogen bond term was
employed in this function. A rectangular periodic
boundary was used. All the computations were
carried out for the studied molecules surrounded
by water molecules with the use of the dielectric
constant equal to 1, as required when using the

lengths, bond angle values, and almost all dihedrals Standard GROMOS force fielf28]. The Coulomb

of the molecules studied remained frozen. Addi-
tionally, water environment was mimicked by a
few water molecules arbitrarily located close to
the places of hydration.

Molecular dynamics seems to be a more accu-
rate tool in order to simulate a system of such a
kind. It is known that AmB, if present in water in
low concentration, exists in aqueous medium in
monomeric form[26]. Thus, a system in the shape
of a rectangular box with periodic conditions,
containing one molecule of amphotericin B and
one ergosterol moleculéFig. 2), and filled up
with nearly 460 water molecules, has been consid-
ered a model of a primary complex. The results of
dynamic simulations of this system with the use
of the GROMOS 96 force field are described in
this paper.

2. Methods

The geometries derived from the X-ray data on
N-iodoacethyl AmB[17] and ergosterol monohy-
drate[27] crystals were used as a starting point of
our calculations. Hydroxyl hydrogen atoms were
added in their standard geometry to the X-ray
structure. The unified atom approach was
employed for other hydrogen atoms. Standard
atomic charge densities included in the GROMOS
force field were used during all the calculations.

and van der Waals interactions were neglected
when the distance between interacting atoms was
greater than 1 nnfi.e. the cut-off value was less
than half of the minimal vector of the periodic
element as a result of periodic boundary treatment
in GROMOS.

Energy minimisation was performed for the
system first. The next step was a 20-ps pre-
simulation to relax the system and to remove the
strains which eventually appeared due to the ini-
tialisation procedure. At the beginning of this step,
atomic velocities were adjusted according to the
Maxwell-Boltzmann distribution at 300 K with
periodic scaling after each 0.1 ps if the temperature
deviated from the desired value of 300 K by more
than 5. The list of non-bonded neighbours was
updated every 10 MD steps. Following the relax-
ation period, the simulation was continued for an
additional 200 ps. The temperature was kept con-
stant at 300 K by coupling the kinetic energy of
the system to a heat bath with a relaxation time of
100 fs. The pressure was kept at 100 kPa by
diagonal (X, Y, Z), anisotropic position scaling
with a relaxation time of 500 fs during the main
dynamic runs.

The main dynamics simulation included six runs
described above, i.e. totally 1200 ps of the simu-
lation time.
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placement of the molecules considered in the
groups are as follows:

a the sterol is under the mean plane of the
macrolide ring and its methyl groups point
%/ toward the antibiotic;
b b the sterol is over the mean plane and its methyl
a groups point toward AmB too;
"’F/ ¢ the sterol is under the mean plane, but its methyl
groups point toward the opposite direction;
d the sterol is over the mean plane of the macrol-
ide and the methyl groups point to the direction
c d opposite AmB;

e the mean planes of the sterol and the polyene
chain are parallel; and

f the orientation of the molecules was chosen on
the basis of the water channel structure.

Geometries *1, *2,.. of groups(a) + (e) differ
by the relative position of their components — the
ergosterol was moved parallel along the long axes
of the molecules. In the case of the f1 geometry
the sterol is placed under aglicone, and in the f2
geometry — over aglicone.

The parameters of the systems studied are the

E
s

f] ) following:
® the initial dimensions of the periodic element:
Fig. 3. Configurations of the AmB—ergosterol complex. X=3.56,Y=2.16,Z=2.03;
e the number of water molecules generatee:
3. Exploration of phase space 460+ 6; and

® the total number of atom$=1488+18.

The authors of the study described above applied Every system was preliminarily relaxed shortly
a consistent approach during the search for anfor 20 ps after the optimisation of the structure to
optimal mutual orientation of the components of find possible geometries of the complex. This
the complex[25]. They systematically rotated a procedure was followed by selection of the systems
sterol molecule and moved it parallel along the for further main simulations. The van der Waals
long axis of AmB. A similar procedure was used interaction seems to be responsible for the stability
to prepare starting geometries for our calculations; of the complexes; electrostatic attraction, however,
however, the systems obtained were placed nextcould play some role, too. The energy of the
in a water environment. We paid attention to antibiotic—sterol interactions possessed the most
obtaining a maximal contact surface between the favourable values in the case of systems al, a2,
sterol and antibiotic molecules. In effect, we a3 and cl. The electrostatic interaction reached
gained an abundant set of 20 structures with 10-15% of the total energy in the systems al, a2,
different placements of ergosterol in relation to a3 and b2, probably due to intermolecular hydro-
AmB (Fig. 3). gen bonding. The value of the energy varied quite

The geometries generated can be divided into intensively during some simulations, but in most
six groups according to the orientation of the cases one could observe its rise after dropping. In
molecules in relation to each other. The relative 18 dynamic runs the ergosterol molecule remained
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complex could exist in several configurations char-
acterised by similar energy of interaction. Thus,
more extensive exploration of the phase space was
necessary to determine that its the most probable
configuration. To solve this problem we performed
the main dynamics simulations with the use of a
few different configurations of the complex that
were distant in the configurational space. More-
over, several independent simulation runs that
differed by the distribution of atom velocities were
done for each starting configuration. In our opin-
ion, such a method of exploration of the phase
space, followed by statistical interpretation of the
trajectories obtained, can be very effective.

Two configurations from among the ones
obtained after the relaxation runs were selected for
this procedure. The firdta2) was characterised by
the best intermolecular energy. The second one
was considered as a fragment of the char{fie).

The parameters of the systems were equivalent to
the preliminary ones. Three dynamic runs lasting
200 ps were performed for both starting configu-
, e - , rations. It is remarkable that, irrespectively of a
head as well as ‘tail-to-tail' geometries appeared gi4ting geometry and an atomic velocity distribu-
to be proximate to the initial ones. However, the jon *similar final structures of the complex were
type of starting geometry only in a limited way gptained. It may suggest that the region of the
affects the mean intermolecular energy level. phase space that represents typical behaviour of

¥

Fig. 4. Fitting of the AmB molecule to ergosterol — run b2.

in close proximity to AmB. The complex appeared
to be decomposed only in two relaxation runs.
During the relaxation runs the complexes dis-
played a dynamic and relatively variable in time
nature, but the mutability of their structure was
limited, i.e. the final configuration of ‘head-to-

Optimal contact surface is a condition of the
most favourable van der Waals interaction. A

review of temporary snapshots of the geometry of

the complex confirmed the tendency of its com-

such a complex was found.

Van der Waals interactions remained on a simi-
lar, relatively high level. In the case of some runs,
antibiotic polar fragments quite intensively attract-

ponents to fit their shapes with each other. Both
the molecules complexed demonstrated such
behaviour(Figs. 4 and 5. However, all the alter-
ations of the shape of the molecules studied were
limited by stiffness of the polyene system and the
steroid nucleus.

Hydrogen bonds could stabilise the geometry of
the complex. Interaction between theBGH
hydroxyl group of the ergosterol molecule and the
2'0OH group of mycosamine moiety was found in
several systems studied. Hydrogen bonds engaging
the sterol and other polar fragments of the antibi-
otic lasted for a shorter time.

ed electrostatically the hydroxyl group of ergoster-
ol for 20+50% of the simulation time. A

Qe ke

4. Main simulations

As the exploration of the phase space of the
complex described above showed, the 1:1 primary Fig. 5. Fitting of the ergosterol molecule to AmB — run el.
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correlation between favourable intermolecular Table 1 N
electrostatic interactions. van der Waals interac- Averaged values of angles describing placement of ergosterol

. . toward the AmB molecule
tions and hydrogen bonds existence was observed

(Fig. 6). The rise_s and drops of the energy Yalues Symbol  Angle between long  Angle between mean
were coupled with the creation and breaking of of run axes of the molecules  planes of the molecules

the hydrogen bonds. That coupling likely origi- ©) ©)
nates from the presence of hydrogen bonds which 40 1 66+ 28 138+ 34
can stabilise relative alignment and extent of the a2.2 25+19 157+ 16
intermolecular surface of the components of the a2.3 29+18 135+ 26
comple f1.1 28+16 150+ 15
plex.
f1.2 16+7 161+ 12

The molecules studied are ‘locally’ flexible. In
spite of that, their overall shape remains approxi-
mately planar and elongated. It allows describing
the relative position of the sterol towards the over the period of the simulation distinguished by
antibiotic with the use of angles between the mean stable relative orientation of the components of the
planes and long axes of the molecules. Table 1 complex. The ergosterol molecule lies near the
presents values of these angles averaged over theaminosugar moiety under the mean plane of the
simulation time. Fluctuations of the values of the antibiotic in that case. The sterol methyl groups
angles remained on a relatively low level. Fig. 7 point to the direction opposite AmB. The long
presents usual mutability of the angle parameters axes and mean planes of the molecules are approx-

f1.3 27+ 17 118+40

electrostatic interactions

Energy [kJ/mol]
8

-120
-150
] Van der Waals interactions
180 | | T T T ]
0 40 80 120 160 200
Time [ps]

2’ OH-3B0 ]| B
3B0H—2" O H

30H—1" O 11

3B0H-190 1l 1]

Fig. 6. Correlations between favourable intermolecular electrostatic interactions, van der Waals interactions and hydrogen bonds
existence — run a2.2.
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Fig. 7. Trajectory of angles describing placement of ergosterol toward the AmB molecule — run f1.2.

imately parallel. The distance between the carbon frequently replaced hydrogen bonds. Polar frag-

backbones of the molecules is equal to 0015 ments of AmB and ergosterop®H were therefore

nm. In the figure illustrating the topic discussed connected directly or indirectly for 26100% of

(Fig. 8) one can observe that the sterol molecule the main simulation timéTable 2.

occupies the space between the polyene chain and

the polyol fragment of the antibiotic, and the 5. Discussion

3BOH hydroxyl group is placed near the

mycosamine. It should be stressed that geometries characteri-
Such placement of the molecules facilitates sed by the highest level of intermolecular interac-

interaction between polar groups. Hydrogen bonds tions obtained during our calculations are hardly

existed for up to 52.5% of the period of the runs. comparable to the current, ‘binary’ model of the

They connected the polar sites of the sterol and primary complex[22]. They are in contradiction

aminosugar — especially thé @H group as well  to the results obtained by Langlet et 5], too.

as oxygen atoms’'® and 190. Water bridges The presupposed structure of the water channel

pt

e

Fig. 8. Snapshot of the AmB—ergosterol complex — the 60th ps of run f1.2.
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Table 2 consist of more than two molecules should be
Intermolecular hydrogen bonds and water bridges more stable than the binary onfz3,30d

Symbol Donor/ Time of existence The dlfference_ between the geometries of lthe
of run acceptor (% of run time complex determined by us and the hypothetical

channel structurd18] might be explained by the

Hyd bond Water brid . . , .
ydrogen bon aler driade  different surroundings in which they are present.

a2.2 20 52.5 18 Phospholipid molecules are placed perpendicular
190 11 : ; i i
to the bilayer plane in a lipidic membrane. Their
130 7 ; . ) .
210 7 side chains surround the hydrophobic exterior of
10 5 the water channel and limit a possible range of
a2.3 20 215 16 mutability of t_he channel components more than
the water environment. Moreover, the components
f1.1 21%0 11125’ are ‘stiffed’ sterically by the adjacent antibiotic
150 95 and sterol molecules.
10 95 The studies on dynamics of binary systems did
130 6.5 not bring the ultimate determination of the geom-
1.2 20 21 22 etry of the primary complex that is suitable to
190 15 assemble the postulated channel structure. Results
130 5.5 of biophysical experiments, however, do not negate
1.3 20 12 the existence of a complex in the shape anticipated
10 8.5 by us. The effects of our calculations strongly
80 5.5 suggest the ability of the ergosterol as well as the

antibiotic molecule to adapt quite well with their
conformation to their co-partn&s) in interaction,
. . . and, consequently, a dynamic and relatively vari-
[18] cannot be created using our geometries, either. able in time nature of the complex itself.
There are a few possible reasons for these computer simulations of systems consisting of
disagreements. more than two molecules will be the next step of

_In all probability, the most important is the o research. Such systems could be more suitable
simplification applied by the creators of the hypo- 55 5 theoretical model of the primary complex.
thetical [22] and ‘computational’[25] models of

the primary complex. In our opinion, they treated
the components of the complex too statically —
partially or completely neglecting the lability of ) )
the interacting molecules that allows them to fitin ~_ This work was partially supported by the Faculty

each other antbr omitting the role of the sur- of Chemistry of the Technical University of
rounding medium. Gdansk and by the Medical University of Gdansk.

A lack of information on a stoichiometry of 1he main simulations were performed in the Aca-

primary complexes could be pointed out as an demic Computer Center in Gdan§KASK).
explanation of the incompatibility between the
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