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Abstract Amphotericin B (AmB) is a polyene macrolide
antibiotic used to treat systemic fungal infections. The
molecular mechanism of AmB action is still only partly
characterized. AmB interacts with cell-membrane com-
ponents and forms membrane channels that eventually
lead to cell death. The interaction between AmB and the
membrane surface can be regarded as the first (presumably
crucial) step on the way to channel formation. In this study
molecular dynamics simulations were performed for an
AmB–lipid bilayer model in order to characterize the
molecular aspects of AmB–membrane interactions. The
system studied contained a box of 200 dimyristoylphos-
phatidylcholine (DMPC) molecules, a single AmB mole-
cule placed on the surface of the lipid bilayer and 8,065
water molecules. Two molecular dynamics simulations
(NVT ensemble), each lasting 1 ns, were performed for the
model studied. Two different programs, CHARMM and
NAMD2, were used in order to test simulation conditions.
The analysis of MD trajectories brought interesting in-
formation concerning interactions between polar groups of
AmB and both DMPC and water molecules. Our studies
show that AmB preferentially took a vertical position,
perpendicular to the membrane surface, with no propensity
to enter the membrane. Our finding may suggest that a
single AmB molecule entering the membrane is very un-
likely.

Keywords Amphotericin B · Molecular dynamics ·
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Introduction

Amphotericin B (AmB), Fig. 1, is a polyene macrolide
anti-fungal antibiotic used in the treatment of systemic
fungal infections. Despite its different undesirable side
effects, in particular its nephrotoxicity, AmB is still the
drug of choice used to treat serious infections due to
the lack of better alternatives. [1, 2, 3, 4] The emerging
problem of systemic fungal infections is a consequence of
advanced medical treatment of patients (e.g., extensive
use of antimicrobial antibiotics and anticancer chemo-
therapeutics) and impairment of the immune system
caused by other factors (e.g., HIV infections). Therefore,
the search for new anti-fungal drugs or the improvement
of old standards is still an important challenge. [5, 6, 7]
Unlike other anti-fungal drugs, amphotericin B exhibits
several positive features: (i) high anti-fungal activity, (ii)
wide anti-fungal spectrum, (iii) fungicidity, and (iv) low
ability to generate resistance in fungal strains. [3, 8] For
these reasons, a continuing effort is being made towards
the design of less toxic derivatives of AmB. Our labora-
tory has also contributed to this effort, which has resulted
in the synthesis of several active and less toxic derivatives
of AmB. [9, 10]

The AmB molecule consists of a lactone ring and an
aminosugar moiety connected via a glycosidic bond
(Fig. 1). The so-called “polar head” of the molecule
contains carboxyl and amino groups (Fig. 1) and due to
the presence of these groups, AmB is a zwitterion under
physiological conditions. Both carboxyl and amino
groups are important for the chemotherapeutic activity/
selectivity of the antibiotic and chemical modifications of
one or both of these groups led to new derivatives of
AmB. [9, 11, 12, 13, 14, 15] The lactone ring of AmB is a
rather rigid and extended structure. It contains seven
conjugated carbon–carbon double bonds in one part of
the ring and a chain of hydroxyl groups, which are able to
form intramolecular hydrogen bonds, in the other part of
the ring. The AmB molecule thus exhibits amphiphilic
properties. [16] These amphiphilic and amphoteric prop-
erties of AmB are responsible for the ability of the an-
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tibiotic molecules to form membrane channels [17, 18,
19] and different supramolecular complexes in water,
[20, 21, 22] in a lipid environment or at the membrane
surface [23, 24, 25] as well as on the air–water interface.
[26, 27, 28, 29]

The complex molecular mechanism of action of AmB
is still not well understood, which hampers all efforts to
design new AmB derivatives with much improved che-
motherapeutic properties. It is known that AmB molecules
form ionic membrane channels that are lethal for fungal
cells. [18, 23, 30] It is believed that chemotherapeutic
application of AmB is based on the slightly higher affinity
of the antibiotic towards ergosterol-containing membranes
(fungal cells) than cholesterol-containing membranes (ani-
mal cells). [24, 31, 32] There are only minor differences in
the chemical structure between cholesterol and ergosterol
molecules and the reasons why ergosterol-containing
membranes are better affected than cholesterol-containing
ones are still poorly understood. The mechanism of action
of AmB has been studied experimentally for several
decades (e.g. [18, 23, 30, 32]). In addition to experimen-
tal efforts, theoretical studies using various computational
chemistry methods have been carried out (e.g. [16, 33, 34,
35, 36, 37, 38, 39, 40, 41, 42]). Generally, three molecular
factors responsible for the mechanism of AmB selective
toxicity (which is higher against ergosterol than choles-
terol containing membranes) are considered. Firstly, it is
hypothesized that small structural differences between
sterols are responsible for the higher stability of AmB–
ergosterol than AmB–cholesterol channels. [43] Secondly,
studies of the associated state of AmB (and its derivative
MFAME [9]) in water revealed that this state of associa-
tion influences the selective toxicity of the antibiotic. [44,
45, 46] Thirdly, the mode of interaction between AmB
and phospholipid membranes and especially the different
abilities of the antibiotic molecules to enter cholesterol-
and ergosterol-containing membranes also influence the
selective toxicity of AmB. [44]

The molecular aspects of interactions between AmB
and the surface of a phospholipid membrane have been
studied less than properties of membrane channels or the
associated state of the antibiotic. Therefore, in our current
work we specifically concentrated on the AmB–mem-
brane surface interaction. Finding the mode of AmB–
phospholipid interactions may help to understand the way
AmB molecules enter the membrane and form different

supramolecular complexes (including channels) within
the membrane. Recently, it was postulated that AmB di-
mers, rather than monomers form AmB–membrane chan-
nels. [28, 29] To answer the question if monomers, dimers
or higher associates of AmB are able to enter the mem-
brane is also pivotal for understanding the mechanism of
AmB channel formation. Two mechanisms have been
proposed. First, the so-called “sequential mechanism”, in
which monomeric AmB molecules enter the cell mem-
brane and then form channels. In this case the antibiotic
molecules may interact with sterols or other lipids and
form complexes prior to channel formation. Since AmB
molecules form monolayers at the air–water interface,
another mechanism of channel formation called the “one
step” mechanism assumes that AmB may also form ag-
gregates on the membrane surface. These higher associ-
ates formed on the membrane surface may enter the
membrane in one step and form the channel. Whether
the “sequential” or “one step” mechanism leads to mem-
brane-channel formation is important from the therapeu-
tic point of view and may help in the design of AmB
derivatives that will act more selectively towards fungal
versus mammalian cells.

In our work, we present molecular dynamics studies of
a single AmB molecule interacting with a phospholipid
membrane built of dimyristoylglycerophosphatidylcho-
line (DMPC) molecules. [47] Progress in molecular mod-
eling methods as well as developments in computer tech-
nology have made it possible to study large systems such
as lipid bilayers and lipid-interacting ligands at the atom-
ic level. [48, 49, 50] To the best of our knowledge, no
molecular modeling simulation of AmB interactions with
membrane models has ever been performed. We are
aware that rather short MD simulation (in our case 1 ns) is
not long enough to observe an AmB molecule entering
the membrane. Therefore, the aim of our work was to
characterize and analyze the molecular factors governing
interactions between AmB and a lipid bilayer, especially
to analyze which groups of AmB are involved in this
interaction and what is the dynamic behavior of the an-
tibiotic on the membrane surface. Such an analysis may
help to find out if a single molecule of AmB exhibits any
propensity to enter the lipid membrane. Our present work
is the first simulation of a series in which interactions
between AmB (monomer or dimer) and a membrane
(surface or interior) are studied and analyzed.

Methods

The system simulated contained 200 DMPC molecules (100 mo-
lecules in each layer), one AmB molecule and 8,065 water mole-
cules. A fully equilibrated starting membrane structure (a box of
fully hydrated bilayer of phospholipids) was taken, with the au-
thor’s permission, from Zubrzycki et al. [47] The dimensions of this
starting box were: 7.8 nm�7.8 nm�6.4 nm. The amphotericin B
molecule was placed horizontally on the membrane surface, with its
longest molecular axis perpendicular to the bilayer normal (in this
case the z-coordinate). Afterwards, a layer of 2,582 water mole-
cules was added to solvate the antibiotic molecule entirely. All
molecular mechanics and molecular dynamics (MD) calculations

Fig. 1 The structure of the amphotericin B molecule with partial
numbering of the heavy atoms referenced in the text
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described herein employed a force-field parameter set for phos-
pholipids from CHARMM ver. 28b1. [51] The exception was the
set of AmB site charges which was taken from previous MD
simulations. [43, 52] These charges were obtained by fitting to the
electrostatic potential generated by the antibiotic molecule. [16]

Three energy minimization steps were carried out for our sys-
tem. Firstly, the water layer, which was added at the beginning, was
subjected to 3,000 steps of energy minimization using the conjugate
gradient method; during this process all other atoms were kept
fixed. The structure obtained was then subjected to a further 3,000
steps of energy minimization using the conjugate gradient method.
In this process, the top layer of water molecules (containing the
AmB molecule) was allowed to move freely, except for the AmB
molecule itself. Finally, the entire system was subjected to 3,000
steps of energy minimization using the same gradient method as
before. These minimization procedures allowed extra water and
AmB molecules, which were added to the original equilibrated box
of phospholipids, to relax.

Two molecular dynamics simulations with distinct simulation
parameters were carried out—simulations (I) and (II). A time step
of 2 fs and the SHAKE routine were used in both simulations. We
also used two molecular dynamics trajectory integrators: one was
the CHARMM package [53] (simulation I) and the second the
NAMD2 program [54] (simulation II). Both simulations involved
an NVT ensemble (constant number of particles N=8266, volume
V, and temperature T=300 K), although the boundary conditions
were different in the two simulations.

The simulation submitted to the CHARMM program, simula-
tion (I), involved using a constraining plane potential of 1.25 kJ
mol�1 nm�2 (originally in the CHARMM program 30 kcal
mol�1 ��2) to ensure constant volume of the model. It is worth
mentioning that this constraining plane potential was asymmetric
and may be regarded as a border potential active only when se-
lected atoms were beyond the defined box. Atoms affected by this
potential in simulation (I) included: the oxygen of the waters (for
x=€3.9 nm, y=€3.9 nm, z=4.25 nm, and z=�3.0 nm) and the fol-
lowing atoms for DMPC: choline nitrogen, phosphorus atom, C1
atom of the glycerol residue and carbon atoms number 6, 12, 14
from the Sn1 and Sn2 chains (for x=€4.1 nm, y=€4.1 nm). Un-
fortunately, it was not possible to impose a border potential for all
atoms of the selected molecules because the number of constrained
atoms in the system reached the program limit. The border potential
was also applied for AmB. In pilot molecular dynamics simula-
tions, without a border potential for AmB, the AmB molecule not
only took a vertical position with regard to the membrane but also
tried to escape from the box after breaking contact with the surface
of the membrane. In order to keep AmB in the simulated box,
carbon atoms number 33, 38, 39, 40 and the oxygen atom of the
hydroxyl group at carbon C38 (for z=4.25 nm) were also added to
this list. This potential for AmB operated such that it was switched
on when the molecule was outside the box and switched off when it
was inside. Thus, the border potential for AmB did not influence
the behavior of the AmB molecule inside the box (e.g. its
propensity to adopt horizontal or vertical positions).

In simulation (II), carried out with NAMD2, periodic bound-
ary conditions using fixed dimension of unit cell (i.e., 7.8 nm�
7.8 nm�7.4 nm) were employed for all molecules in the system.

The choice of two MD simulations with an NVT ensemble and
different boundary conditions was directly linked to the phospho-
lipid model chosen and the ability to treat the whole system in
terms of CPU time. The box of phospholipids (containing 200 lipid
molecules) used in our work belongs to the largest phospholipid
systems ever simulated within an all atom approach. This all atom
approach is important in our case because in the future we plan to
perform MD simulations with the antibiotic molecules immersed
in the membrane. The united atom approach widely used in MD
simulations of lipid membranes is very efficient in terms of CPU
time but may not be an appropriate approach to monitor weak
interactions between lipid chains and amphiphilic molecules such
as AmB present inside the membrane. The all atom approach was
used in the work of Zubrzycki et al. [47] and for the sake of con-
sistency we followed the same path. Two NVT simulations were

chosen because application of constant V enabled us to control the
area per lipid molecule. In simulation (II) this area was kept the
same as in the simulation performed by Zubrzycki et al. [47] (i.e.,
0.608 nm2), in a very good agreement with the experimental values.
[55] On the other hand, the area per lipid molecule was kept slightly
larger in simulation (I) (i.e., 0.672 nm2). This was in order to give
the AmB molecule more freedom to interact with different groups
of the polar phospholipids (e.g., phosphorus groups). In contrast to
simulation (II), in the simulation (I) a periodic boundary condition
was not applied. This was in order to test if it is possible to skip the
very CPU demanding periodic boundary conditions for such a large
system when one would like to observe only interactions of the
ligand (placed in the center of the lipid surface) with the lipid
membrane. Choosing one simulation without periodic boundary
conditions enforced the application of cut-offs for long range
non-bonded interactions. To be consistent, cut-offs and not the
more popular Ewald sums, Particle Mesh Ewald or Fast Multipoles
methods were also applied to treat long-range electrostatic inter-
actions in simulation (II). This approach may have introduced some
shortcomings, which are discussed later, but on the other hand was
consistent with the work of Zubrzycki et al., [47] in which cut-offs
were used.

Thus in both simulations the cut-off method was used to cal-
culate Lennard-Jones and electrostatic interactions. For simula-
tion (I), a cut-off distance of 1.4 nm was used for Lennard-Jones
and Coulombic interactions. A switching function at a distance of
1.1 nm was used to separate the short-range portion of the elec-
trostatic interactions from the long-range component. The same
values were used in simulation (II). The equilibration process was
performed for both simulations before data collection in the final
simulation. In the case of simulations (I) and (II), the equilibration
lasted 100 ps and 55 ps, respectively. The total energy of the system
was monitored and the equilibration time was sufficient to obtain
energy convergence for the structures studied. Moreover, it is worth
recalling that the starting DMPC box was already equilibrated [47]
so only short equilibration was necessary after adding AmB and
some water molecules. The productive MD run lasted 1.1 ns for
simulation (I) and 1.0 ns for simulation (II). The non-bonded pair
list of atoms was updated every 25 steps in simulation (I) and every
20 steps in simulation (II). The frames were collected every 2 ps.

Results and discussion

Two molecular dynamics simulations, lasting around 1 ns
(see Methods), were performed for the system studied and
two MD trajectories were collected. Our analysis of the
MD simulation data focused on the intermolecular and the
intramolecular structural and dynamical properties of
AmB, DMPC and the water molecules that define/char-
acterize interactions between the antibiotic molecule and
the phospholipid membrane. We were also interested in
differences between the two trajectories that may be
useful from the methodological point of view in preparing
studies of similar systems in the future.

Intramolecular properties of AmB
Because of the presence of seven conjugated C=C

double bonds, the lactone ring of AmB is quite rigid.
However, a trans–gauche flip is possible in a fragment
containing hydroxyl groups—especially in the region
between the C5 and C8 carbon atoms—where the uniform
configuration of the polyhydroxyl chain is altered (Fig. 1).
Such conformational changes have already been observed
in MD simulation of AmB’s membrane channel. [41] In
the present work, we also found such conformational
trans–gauche flips for the C6–C7 carbon bond (Fig. 2).
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However, this conformational change was unstable and
the gauche conformation returned to trans after less than
50 ps.

Amphotericin B contains several hydroxyl groups in
the lactone ring. These can interact with water or amino
groups of DMPC molecules. On the other hand, the same
hydroxyl groups can form intramolecular hydrogen bonds
with each other. Therefore, analysis of the intramolecular
hydrogen bonds was performed for AmB. We were par-
ticularly interested in the hydroxyl groups at AmB’s
carbon atoms C3, C5, C9, C11 and C13. All these hy-
droxyl groups form intramolecular hydrogen bonds that
are interchangeable between neighboring partners. For
instance, the hydrogen atom of the hydroxyl group at C11
can potentially form a hydrogen bond either with the
hydroxyl group at carbon atom C9 or at C13. In Fig. 3, an
example of such an interchange is shown. Figure 3 shows
data for the simulation (I) but similar changes were ob-
served in both simulations. The hydrogen atom of the
hydroxyl group at carbon C3 forms a hydrogen bond with
either the hydroxyl group at carbon atom C5 or with the
neighboring carbonyl group (see Fig. 1 for location of
atoms). However, a different situation was observed for
the hydroxyl group at carbon atom C11. In this case,
fewer exchanges were recorded and it was found that the
hydrogen atom from the hydroxyl group at C11 interacts
preferentially with the hydroxyl group at carbon atom C9
(data not shown). The total distribution of intramolecular

hydrogen bonds for AmB is shown in Fig. 4. In both
simulations, AmB preferentially formed more than five
intramolecular hydrogen bonds.

Another important intramolecular feature of AmB is
the mutual positions of the aminosugar moiety and the
lactone ring. This conformation, defined by j (C18–C19–
O41–C42), y (C19–O41–C42–C43) dihedral angles, de-
termines the overall shape of the antibiotic molecule and
the ability of the carboxyl and amino groups of AmB to
form either intramolecular or intermolecular hydrogen
bonds. Rotations around bonds C19–O41 and O41–C42
were traced and a j, y map is shown in Fig. 5. Only two
conformers were found but one of them (j=270�, y=180�)
is much more populated than the second (j=210� y=
180�). It is worth mentioning that the location of the
aminosugar moiety (with regard to the lactone ring), ob-
served in this study in free AmB is different from that in
the AmB molecules within the channel structure. [43] In
the channel structure the two conformers are equally
populated, especially when the AmB–ergosterol channel
is considered. [43] The difference may stem from the fact
that, in the channel structure, sterols can interact with a

Fig. 2 Change of the dihedral angles along the polyhydroxyl chain
in the AmB lactone ring as a function of time. Blue—dihedral angle
defined by C4–C5–C6–C7 atoms; green—dihedral angle defined
by C5–C6–C7–C8 atoms; red—dihedral angle defined by C6–C7–
C8–C9 atoms. a Simulation (I). b Simulation (II)

Fig. 3 The distance between the hydrogen atom of the hydroxyl
group at C3 (AmB) and the neighboring oxygen-atom acceptors:
red—the AmB’s carbonyl group at C1; blue—the AmB’s hydroxyl
group at C5. The data are shown only for simulation (I). The in-
terchange of the hydrogen bonds is easily observed when one su-
perimposes the two curves

Fig. 4 Distribution of the total number of intramolecular hydrogen
bonds in the AmB molecule: simulation (I)—solid line; simulation
(II)—dashed line
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polar head of the AmB molecules and these interactions
could drive changes in the position of the aminosugar
moiety. On the other hand, in our system the dihedral
angles j, y may also be influenced by the interaction of
the amino group of AmB with the phosphate groups of
DMPC. However, in both simulations (I and II) only weak
interactions of this type were observed. For a short period
of time (about 20 ps) in the simulation (I) the distance
between AmB’s nitrogen atom and DMPC’s phosphorus
atom was found to be shorter than 0.5 nm.

The final remark in this section concerns the system of
conjugated C=C double bonds. It was mentioned that
seven conjugated C=C carbon bonds enforce rigidity of
the AmB lactone ring. However, due to its length, the
polyene fragment itself is not strictly planar and bends to
some extent (data not shown). Such behavior was also
observed in the previous molecular dynamics studies of
AmB, both in the channel structure and with a free AmB
molecule in water. [41, 56]

Intermolecular properties of AmB
The major objective of the simulation performed was

to analyze the interactions between AmB and the phos-
pholipid membrane. To this end, several molecular pa-
rameters were monitored; one of them was the distance
between the carboxyl group of AmB and the amino group
of DMPC molecules (Fig. 6). The second parameter was
the distance between the amino group of AmB and the
phosphate groups of DMPC molecules (Fig. 7). It is worth
underlining that interactions between the groups men-
tioned are mostly electrostatic and of ionic character be-
cause all these groups are ionized. The recorded distance
shown in Fig. 6 is defined as that between the carbon
atom in AmB’s carboxyl group and the nitrogen atom in
DMPC’s amino group. In the case of simulation (I), a
strong interaction (short distance) between AmB and
DMPC was found for at least four DMPC molecules
(Fig. 6a). The threshold value of 0.5 nm for this distance

Fig. 5 Distribution of j and y dihedral angles defining the relative
position of the lactone ring and the aminosugar moiety of AmB.
Each dot corresponds to one MD frame. a Simulation (I); b Sim-
ulation (II)

Fig. 6 The distance between the carbon atom of AmB’s carboxyl
group and the nitrogen atom of the neighbor DMPC’s amino groups
monitored in time. In simulation (I), only DMPC, for which the
traced distance was lower than 0.5 nm, was selected—panel a. In
simulation (II) only the two closest DMPC molecules are shown—
panel b. Numbers of the interacting DMPC molecules are shown in
the upper right corner of each panel
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was chosen to show the interaction between AmB and
DMPC since the value chosen corresponds to an almost
van der Waals contact of the two molecules. The recorded
distance shown in Fig. 7 is defined as that between the
nitrogen atom in AmB’s amino group and the phosphorus
atom in DMPC’s phosphate group. DMPC’s phosphate
groups are located below the average level of DMPC’s
amino groups in the membrane, so in our case longer
distances were expected. However, no threshold value
was used for this distance and only the distance between
AmB and two nearest DMPC molecules is shown in
Fig. 7. When analyzing the data in Figs. 6 and 7, one may
find a substantial difference between simulations (I) and
(II). In simulation (I), much better contact between the
AmB molecule and DMPC molecules was found than in
the simulation (II). This finding is in agreement with other
molecular parameters monitored in the two simulations,
which are discussed later in this section.

The stronger interactions between AmB and DMPC
molecules found in the simulation (I) are also supported by
the data in Fig. 8 which shows a projection of the MD
trajectory of AmB’s amino group (the nitrogen atom) and
the carboxyl group (the carbon atom) on the XY plane.
This projection shows, in some way, the lateral diffusion
of the AmB on the membrane surface. In the case of
simulation (I) (Fig. 8a) the trace of both AmB’s groups is
much more focused than in the case of simulation (II)
(Fig. 8b). It was also found that the AmB molecule in
simulation (II) tends to stay horizontal during the whole
simulation (data not shown). On the other hand, the po-
sition of the AmB molecule in the simulation (I) is to some
extent vertical (Fig. 9). This observation is in agreement
with the experimental data, showing that at the water–air
interface AmB itself forms monolayers or monolayer
structures with lipids. [26, 27] Our simulation supports this
observation, showing that the vertical position of AmB on
the lipid surface is preferred. At this point it is interesting
to note the difference between simulations (I) and (II)
concerning the position of AmB. One may suppose that a
driving force for the vertical position of AmB was its

Fig. 7 The distance between the nitrogen atom of AmB’s amino
group and the phosphorus atom of the neighboring DMPC’s
phosphate groups. No threshold distance was used and only two of
the closest DMPC molecules were selected. a Simulation (I); b
Simulation (II). Numbers of the interacting DMPC molecules are
shown in the upper right corner of each panel

Fig. 8 Trajectory of the nitrogen atom (blue line) and the carbon
atom (red line) from AmB’s amino and carboxyl groups, respec-
tively, projected on the XY plane. a Simulation (I). b Simulation (II)
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strong interaction with DMPC molecules. Periodic bound-
ary condition and the more compact structure of the lipid
bilayer (smaller area per one lipid in the simulation (II)
compared to simulation (I)—see later) in the case of the
simulation (II) may be the reason that a strong AmB–
DMPC interaction was not encountered in 1 ns of the
simulation (II). On the other hand, DMPC and the water
molecules had more freedom in simulation (I) and this
might be a reason that this strong AmB–DMPC interaction
occurred and, in consequence, even in a 1-ns simulation
the vertical position of AmB was recorded. All these ob-
servations point out that boundary conditions (especially
the size of the lipid box in the XY plane) and freedom of
the molecules in the system are very important for the

behavior of such long and rather rigid molecule as AmB at
the membrane surface.

Another property analyzed during our studies was
solvation of AmB by water. In this case, the number of
hydrogen bonds formed between water molecules and all
donor and acceptor atoms of AmB was traced. The dis-
tribution of AmB–water hydrogen bonds is shown in
Fig. 10. A pair of groups was assumed to be hydrogen
bonded if the distance between acceptor and donor atoms
was shorter than 0.35 nm and the plane angle formed by
donor–hydrogen–acceptor atoms was larger than 90�. In
both simulations, the position of the maximum in the
distribution curve was very similar. These data show that
AmB forms about 30 hydrogen bonds with the surround-
ing water molecules. Thus, the antibiotic molecule is well
solvated. The correlation between the number of hydrogen
bonds formed by AmB and its ability to interact with
DMPC molecules is also worth noting. The number of
hydrogen bonds formed by AmB (AmB is an acceptor in
this case) as a function of time is shown in Fig. 11. The
lower number of the hydrogen bonds formed between
AmB and water molecules at 650–750 ps (Fig. 11a) cor-
relates with a stronger interaction between AmB and
DMPC molecules (Fig. 6).

Properties of the phospholipids bilayer
In order to analyze interactions between AmB and the

surface of the membrane, the intra- and intermolecular
properties of the phospholipids were also monitored and
analyzed in our MD simulation.

A deuterium order parameter, SCD, an experimental
quantity, is the quantity very often calculated for phos-

Fig. 9 A simple snapshot from
MD simulation (I) (frame
caught at time 850 ps) showing
the semi-vertical position of
AmB with regard to the mem-
brane surface. For the sake of
clarity, only the AmB molecule
and the DMPC’s nitrogen (blue
balls) and phosphorus (yellow
balls) atoms are shown. Two
phospholipids, DMPC numbers
28 and 51 (see also Fig. 6a),
interacting with the AmB mol-
ecule are highlighted in ma-
genta. The following colors
were used for atoms in AmB:
green—carbon, blue—nitrogen,
red—oxygen, white—hydrogen

Fig. 10 Distribution of the number of intermolecular hydrogen
bonds between AmB and water molecules: simulation (I)—solid
line; simulation (II)—dashed line
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pholipid molecules to validate the bilayer interior. In our
case this parameter was calculated according to Eq. (1):

SCD ¼
3
2

cos
2

Q� 1
2

� �
ð1Þ

Angle Q is the angle between the C–H bond vector (in
particular for methylene groups of DMPC the fatty-acid
chain) and the bilayer normal (Z direction). The brackets
in the equation denote an averaging over all lipids and
over time. In our case, the averaging was performed only
over all DMPC molecules in the upper layer, i.e. the ones
that could potentially interact with the AmB molecule.
The calculated order parameters SCD (data not shown)
were compared with the experimental values obtained for
DMPC [57] and DPPC. [58] The values of SCD obtained
in simulation (II) are in a very good agreement with the
experimental data. On the other hand, the SCD values
calculated in simulation (I) are lower (i.e., lipids are less
ordered). This difference may stem from the dimension of
the phospholipid box, which was slightly different in the
two simulations. However, the order parameters obtained
in both simulations are consistent with the area per lipid,
i.e., smaller area higher order and vice versa.

Another feature that was monitored in both simula-
tions was the solvation pattern of the DMPC molecules.
As shown before, [59] polar heads of the phospholipid
molecules are well solvated by water molecules, which
are able to form hydrogen bonds with phospholipids and
to form chains of water bridges between DMPC mole-
cules. Therefore, we traced the total number of hydrogen
bonds between the DMPC molecules (all heteroatoms
able to form hydrogen bonds were included) and the
water molecules. In both simulations, this average value
of DMPC–water hydrogen bonds per DMPC molecule is
about seven.

The atomic density along the bilayer normal (Z axis) of
some selected atoms of DMPC and water molecules was
monitored as a measure of the distribution of certain
groups within the membrane. The electron density (X-ray
or neutron diffraction) was measured experimentally for

phospholipid membranes and the distribution profiles of
atoms or electrons derived from our simulations can
therefore be compared with these experimental values
(see e.g., [60]). In our case, the nitrogen and phosphorus
atoms of the DMPC molecules and the oxygen atom of
the water molecules were included in our calculation of
the atom-density profile across the membrane (data not
shown). It was found that, in the case of simulation (I), the
bilayer is thinner (Z coordinate) than that obtained in
simulation (II). The thickness of the membrane measured
as the P–P distance (defined by the positions of the
phosphorus atoms in two bilayers) was found to be around
3.0 nm and 3.8 nm in simulations (I) and (II), respec-
tively. The differences found for the two simulations may
stem from the slightly different size (XY cross-section)
of the simulation box of phospholipids used in the MD
simulations. In the case of simulation (I), the applied
boundary potentials gave more freedom to the DMPC
molecules. As a result, an average area per lipid molecule
could reach values up to 0.672 nm2 in simulation (I)
versus 0.608 nm2 in simulation (II). The latter value is
closer to experimental values reported previously, which
range between 0.595 nm2 and 0.652 nm2. [60]

Concerning the interaction between AmB and DMPC
molecules, no large difference between the two simula-
tions was found. When the interaction of the ligand with
the surface of the phospholipid bilayer is studied, one may
suggest that more attention should be paid to parameters
defining the membrane interface (e.g., area per lipid). In
the case of simulations of ligands inside the membrane,
parameters defining the interior of the bilayer should be
better reproduced (e.g., SCD parameter and thickness). In
our case, the area per lipid was fixed (NVT ensemble) and
close to the experimental value. Therefore, simulation (II)
may be considered as a reasonable representation of li-
gand–membrane interactions.

Conclusions

The amphotericin B molecules form channels in the
membrane and interaction of AmB with the surface of the
membrane is an important part of the antibiotic chemo-
therapeutic action. Because of the amphiphilic and am-
photeric properties of AmB, the molecules of this antibi-
otic form different supramolecular structures in water and
lipid environments. The ability of a single AmB molecule
to enter the membrane has been proposed to be a factor
responsible for the lower toxicity of the antibiotic. [44] It
was found that single molecules of AmB (not associates)
are not able to penetrate membranes that contain choles-
terol. [44] The ability to enter the membrane by a single
AmB molecule may also indicate that AmB–channel for-
mation in the membrane occurs sequentially.

Our present work is the first attempt to simulate the
interaction between AmB and a membrane surface, specif-
ically phospholipids. To the best of our knowledge, it is
the first report presenting molecular dynamics studies of
interactions between AmB and a phospholipid membrane.

Fig. 11 Number of intermolecular hydrogen bonds between AmB
(as an acceptor) and water molecules (as donors) monitored in time:
simulation (I)—black; simulation (II)—red
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Two simulations of 1 ns were performed for the system
containing one AmB molecule, 200 DMPC molecules and
8,065 water molecules. There were no sterol molecules in
our model system but more complex models are being
considered for future studies. The aim of our work was to
analyze interactions between AmB and the lipid bilayer, to
observe the dynamic behavior of AmB on the surface as
well as to find out if a single molecule of AmB exhibits
any propensity to enter the membrane. Based on the data
obtained from the molecular dynamic simulation, several
conclusions can be drawn.

Intramolecular properties of AmB
AmB forms intramolecular hydrogen bonds between

those parts of AmB molecule that contain hydroxyl
groups. Only two preferred mutual positions of the lac-
tone ring of AmB and the aminosugar moiety are found.
Since only one of them is highly populated in the AmB
molecules involved in the channel structure, [43] one may
postulate that this intramolecular property is important for
supramolecular complex formation by the AmB mole-
cules and their derivatives. The intramolecular dynamic
behavior of the AmB molecule found in our simulations is
similar to that found in previous studies. [41, 56, 61]

Intermolecular properties of AmB
Interaction of AmB with the membrane and the dy-

namic behavior of AmB on the membrane surface were
analyzed carefully and no tendency of the AmB mole-
cule to enter the membrane was found. On the contrary,
AmB is able to take a vertical position with regard to the
membrane surface. Such an orientation helps the AmB
molecule to interact with the membrane and enables
AmB’s polar head to interact with a polar head of the
DMPC molecules. Such interactions were recorded in
particular between the carboxyl group of AmB and the
amino group of DMPC. Since these interactions last for
about 100 ps, one may assume that, once formed, the
AmB–DMPC complex diffuses in the XY plane of the
membrane. This observation agrees with the ability of
the AmB to form monolayers at the air–water interface.
[26, 27] One may even propose that a single AmB
molecule cannot enter the membrane because other AmB
molecules are necessary to form a monolayer or other
supramolecular structure on surface of the membrane. In
this case, supramolecular complexes of the AmB mole-
cules formed on the membrane surface can reorganize
further in order to enter the membrane and eventually to
form the channel. Such supramolecular structures con-
taining many AmB molecules were recently observed by
atomic force microscopy on the membrane surface [25]
and suggested based on spectroscopic data in water. [22]
Thus, our molecular dynamics studies support the idea
that a single AmB molecule is not able to enter a lipid
membrane containing only phospholipids. However,
further simulations (including both AmB monomers and
dimers) are necessary to clarify whether AmB behaves
similarly in membranes containing sterols.

Comparison of the two simulation (NVT ensemble)
revealed that both of them reproduced molecular param-
eters of the phospholipid membrane reasonably well but

in the case of studies on ligands embedded in the mem-
brane (future projects) the NPT ensemble will be more
suitable.
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