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Over the last 50 years or so, amphotericin has been widely employed in treating life-threatening systemic
fungal infections. Its usefulness in the clinic, however, has always been circumscribed by its dose-limiting
side-effects, and it is also now compromised by an increasing incidence of pathogen resistance. Combating
these problems through development of new anti-fungal agents requires detailed knowledge of the drug’s
molecular mechanism, but unfortunately this is far from clear. Neutron diffraction studies of the drug’s
incorporation within lipid-sterol membranes have here been performed to shed light on this problem. The
drug is shown to disturb the structures of both fungal and mammalian membranes, and co-localises with the
membrane sterols in a manner consistent with trans-membrane pore formation. The differences seen in the
membrane lipid ordering and in the distributions of the drug-ergosterol and drug-cholesterol complexes
within the membranes are consistent with the drug’s selectivity for fungal vs. human cells.

ecent years have witnessed a dramatic rise in the frequency of invasive fungal infections — which has led to

significant increases in morbidity and mortality in immuno-compromised patients' - and also to an

increased resistance of the pathogenic fungi to therapy*® - including resistance to one of the mainstays
of the anti-mycotic armoury, amphotericin B (AmB)”°. The usefulness of AmB, moreover, has always been
limited by its narrow therapeutic index'’, and the recent use of elevated levels to treat resistant fungal infections -
with complications arising due to the ensuing renal insufficiency - has frequently proved unsuccessful''.
Combating these problems through the development of new anti-mycotics requires a detailed knowledge of
the molecular mechanism of AmB, but unfortunately this is far from fully understood. While it is generally
thought that the drug forms intra-membrane pores through its preferential interaction with ergosterol in fungal
cell membranes it is clear too that the drug can also form pores in cholesterol-containing mammalian cell
membranes'>", which is why it can cause toxicity in patients. There is no direct structural evidence to support
the idea of AmB-sterol pores, however, nor any structural characterization of the proposed complexes formed
with sterols. In the studies reported here, the aim was to rectify this deficiency, employing neutron diffraction of
oriented lipid-sterol multi-layers as a means to determine the structures of the AmB-perturbed lipid-sterol
membranes and - more specifically - to determine the differences in the drug’s interactions with synthetic human
and fungal cell membranes, to help establish which (if any) of the various different models proposed for its
interaction with membranes is correct'*".

Results

For each of the systems studied, the diffraction patterns show three orders of reflection, with sharp peaks (cf,
Figure 1) indicating that the majority of their constituent bilayers are oriented parallel to the substrate surface.
The structure factors for each of these systems, in each solvent contrast, are summarized in Table 1. The measured
Bragg angles in each case were used in computing the d-spacings of the multilayers (cf, Supplementary Figure S1),
and the phases of the structure factors readily obtained via linear correlation of the structure factor amplitudes
and sample D,0 content (cf, Supplementary Figure S2).

The measured d-spacings for the POPC-ergosterol-AmB and POPC-cholesterol-AmB systems (Table 2) are
the same as those estimated from small angle neutron scattering (SANS) studies of the equivalent lipid vesicles®,
and they are more or less the same for the two different systems (viz., 55.5 A vs. 56.8 A, respectively). Their
scattering length density profiles, however, are rather different from one another (Figure 2). For the ergosterol-
containing system, there are minima in ¢(z) recorded at the bilayer center (z = 0 A) and at z = *+ 13 A, with
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Figure 1| Neutron diffraction pattern of the POPC-ergosterol bilayer
stack recorded at 100% relative humidity in 100% D,O and at ambient
temperature; scattering intensity is plotted as a function of £2 (the angle
between the incident beam and the sample plane - indicating the sample
rotation) and 24 (the angle between the incident and scattered beams).

intervening maxima at z = * 6 A; for the cholesterol-containing
system, there are minima found at the bilayer center and at z = =
15.5 A, with intervening maxima atz = £ 9 A,

The scattering length density profiles for the unit cells for these
two systems are modelled with the positions and widths of the dis-
tributions for their molecular components as shown in Table 2 and
Figure 3. For the bilayers that incorporate AmB, regardless of
whether they contain cholesterol or ergosterol, the slab thickness
of the bilayers, dg, is computed as around 44 A (Table 3) - and these
dimensions are consistent with the estimates obtained for the equi-
valent multilamellar systems which we previously determined by
means of SANS studies of the AmB-containing lipid-sterol vesicles™.
In the absence of AmB, the scattering length density profiles for the
membranes (Supplementary Figure S3) are modelled with bilayer
thicknesses of ~37 A (Table 3), indicating that the insertion of drug
into the bilayers leads to an increase in their thickness by ~7 A.

In the POPC-cholesterol-AmB bilayers, the POPC molecules are
found to be fairly extended - with an end-to-end length, Lpopc, of

Table 1 | Structure factors for POPC-sterol and POPC-sterol-
amphotericin multilayers
% DO Fi(1) Fi(2) Fi(3)
POPC-cholesterol 100 —-12.38 12.77 —13.46
75 —2.64 3.18 —-10.44
50 6.56 -5.19 —-8.00
0 19.56 —-20.29 -0.5
POPC-ergosterol 100 -12.12 16.21 =576
75 —1.47 4.93 —4.22
50 4.05 -2.11 —3.48
0 15.61 —-15.11 0.00
POPC<cholesterolAmB 100 —-7.98 4.19 -3.85
50 2.56 -1.17 -2.17
0 13.56 -7.06 0.00
POPC-ergostero-AmB 100 -8.52 5.13 —2.43
75 —4.29 1.62 —1.88
50 2.95 0.00 —-2.04
0 19.68 -5.78 0.00

Table 2 | Lamellar dspacings and modelled bilayer component
positions and distribution widths in POPC-sterol and POPC-
sterol-amphotericin multilayers

POPC-cholesterol POPC-ergosterol

—AmB +AmB —AmB +AmB

dspacing 56.3 56.8 52.0 55.5
OPOPC 8.0 9.2 9.5 10.5
ZpOPC + 8.5 +10.6 +7.0 +90
Gsterol +7.0 5.0 +7.0 6.0
Zoro +10.0 +70 +55 +50
CAmB - 5.0 - 6.0
ZAmB - +7.0 - +50

20.0 20.4 18.0 19.0
Zs +25 +3.3 +3.2 +3.9
Gaussian distribution halfwidths, o, for bilayer components i, centred at z = + z, and solvent
distribution widths, &, centred at z = = zs; all dimensions given in A.

~23 A - and they show relatively little interdigitation (with a chain
overlap of only ~ 1 A) (Table 3). In the POPC-ergosterol-AmB
bilayers, however, the POPC molecules are rather more extended -
with an end-to-end length of ~26 A - but the degree of interdigita-
tion is also more pronounced, with a chain overlap of ~8 A (Table 3).
Inspection of the corresponding dimensions for the systems without
AmB (see Table 3), show that these differences are due in large part to
the differing influences of cholesterol and ergosterol on the POPC
bilayers. Thus, even in the absence of AmB, the lipid chains are more
extended in the bilayers containing ergosterol than those containing
cholesterol (with Lpopc of 23 vs. 20 A), and the chain overlap is also
greater for the POPC-ergosterol bilayers (~9 A vs. ~2 A). These
differences in the cholesterol vs. ergosterol-containing POPC
bilayers are consistent with the differences in the lipid ordering for
these systems determined through *H- and “C-NMR spectroscopic
studies®".

As regards the AmB and sterols incorporated in the POPC
bilayers, there are two findings of particular significance, the first
being that the distributions of the drug and sterol are co-incident,
both for the ergosterol- and the cholesterol-containing systems, and

-~
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Figure 2 | Scattering length density profiles for POPC-sterol-AmB
multilayers (cholesterol-containing system: solid line; ergosterol-
containing system: dotted line). The scattering length density (in A=) is
plotted as a function of z, the distance along the normal to the bilayer (in
A), with the bilayer centre assigned as z = 0 A.
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Figure 3 | Fitted scattering length density profiles for the bilayer
constituents POPC (blue lines), cholesterol or ergosterol (red lines), AmB
(magenta lines), and solvent (black lines). (A) POPC-cholesterol-AmB
system; (B) POPC-ergosterol-AmB system. The scattering length density
(in A2) is plotted as a function of z, the distance along the normal to the
bilayer (in A), with the bilayer centre assigned as z = 0 A. Note that for
clarity in display of the AmB and sterol distributions, the scale on the
ordinate is expanded, and so only the in-facing tails of the solvent tanh
distributions are visible.

the second is that the AmB and sterol are found in both leaflets of the
bilayers. In both the ergosterol- and cholesterol-containing bilayers,
the centres of the AmB and water distributions are separated by 13-
14 A - indicating, therefore, that the AmB penetrates to more or less
the same depth in the two types of bilayer.

When there is no AmB in the membranes, the cholesterol and
ergosterol are about 17 A end-to-end - which more or less matches
their fully extended length - and when AmB is added, the molecules
are seen to decrease in length, to around 12 A in the case of choles-
terol, and around 15 A in the case of ergosterol (Table 3). The

Table 3 | Modelled bilayer dimensions and component lengths in
POPC-sterol and POPC-sterol-amphotericin multilayers

POPC-cholesterol POPC-ergosterol

— AmB + AmB — AmB + AmB
ds 37 44 37 44
Leopc 20 23 23 26
LSterol 17 12 17 15
Lamp - 12 - 15

Bilayer thickness, db, and end-to-end lengths, L, of bilayer components, i; all dimensions given in A

incorporation of AmB into the bilayers either leads, therefore, to
the sterols becoming tilted with respect to the bilayer normal (by
about 30° in the case of ergosterol and 45° in the case of cholesterol),
or else to a change in their conformation, such that their side chains
feature a higher proportion of gauche bonds.

Discussion

Amphotericin (AmB) remains as our last line of defense against life-
threatening systemic fungal infections, and although the recorded
incidences of pathogen resistance to the drug are relatively rare at the
present time, the frequency of resistance is muted to be rising’~*. That
said, however, the usefulness of the drug - particularly in treatment
of deep-seated fungal infections - is (and always has been) severely
limited by its dose-dependent nephrotoxicity'®'". Efforts to improve
the therapeutic index of the drug, or to develop related antimycotics
with improved specificity, would thus benefit from a more complete
understanding of the drug’s mechanism of action.

Despite very extensive investigation over the past 40 years or so,
however, the mechanism of action of AmB remains wholly unclear.
The text book view is that AmB exerts its antifungal action by form-
ing self-assembled ion channels (in complex with ergosterol) within
fungal cell membranes, and that this subsequently leads to cell death
through an indiscriminate transfer of ions across the membranes'>**.
There is no direct structural evidence in support of this hypothesis,
however, and recent research suggests that this accepted wisdom of
the drug’s mechanism of action may be altogether too simplistic.

The ability of AmB - and related polyene macrolides such as
nystatin — to form self-assembled ion channels within cell mem-
branes was established fairly early on, on the basis of ion and non-
electrolyte permeability studies'>'*. Models of these ion channels
were subsequently proposed based purely on a consideration of the
amphipathic structures of the drugs, together with an experimental
demonstration of their co-operativity in development of the toxi-
genic membrane conductance'®. The selective toxicity of AmB (and
its related polyene macrolide antibiotics) towards ergosterol-con-
taining fungal cell membranes compared to cholesterol-containing
human cell membranes is thought to be a crucial factor in their
specificity for fungi, with the commonly held view that the ion chan-
nels formed involve drug-sterol complexation, with ergosterol
strongly preferred over cholesterol.

Recent studies, however, have shown that the macrolide antibiotic
drugs’ effects are influenced by their interactions with specific phos-
pholipids®, and that the manner of their interaction with cell mem-
branes depends upon their concentration and aggregation state'®>***,
Linear dichroism FT-IR studies, moreover, seem to indicate that, in
the presence of ergosterol, but not in the presence of cholesterol, a
preponderance of AmB binds horizontally in the membrane, with
the suggestion then that it may elicit its effects through a disruption
of the lipid head groups, rather than by integrating (as oligomeric ion
channels) into the bilayer”. Cotero and co-workers'®, and more
recently, Venegas et al."” have shown that the role of sterols in
AmB ion channel formation may be related to the effects they have
on the structure of the membrane itself, rather than to a direct
involvement in channel formation. Studies by Wang et al'® have
suggested that the partitioning of polyene macrolide antibiotics into
membranes may depend on the way in which the sterol is distributed
within the plane of the membrane, showing a strong dependence on
sterol concentration.

Even within the community of those who attribute AmB’s mech-
anism of action to its complexation with sterols and the arrangement
of these complexes as membrane pores, there is no clear consensus as
to the nature and distribution of the pores that are formed (see
Figure 4). Marty & Finkelstein proposed that there might be
cation-selective “half-pores” which span just one leaflet of a bilayer
(Figure 4C), and (co-existing) anion-selective aqueous channels
(which comprise two aligned half-pores) that span the entire bilayer
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Figure 4 | Schematic illustration of the various different structures
proposed for the pores formed by AmB in lipid bilayers: aligned half-
pores/ion channels (A), half-width pores (B) and half-pores (C). AmB
molecules shown in green, sterols, yellow, and phospholipids, red.

(Figure 4A)"™. Evidence supporting such arrangements has recently
been reviewed by Cohen'®. Other researchers have proposed the idea
of membrane spanning channels that are just one AmB molecule
thick, inserted between the two bilayer leaflets, and giving rise to
an associated membrane thinning (Figure 4B). Gray ef al., however,
suggest that the antifungal action of AmB is primarily due to its
sequesteration of ergosterol in the membrane, and that the formation
of AmB-sterol pores constitutes a secondary, more minor compon-
ent of its activity’.

The diffraction data obtained here clearly indicate that the propo-
sals made by Gagos et al.® regarding the proportions of AmB that
bind horizontally at the membrane surface vs. the proportions that
insert vertically into the membrane are not correct. The data
obtained for the POPC-ergosterol-AmB multilayers are consistent
with a vertical insertion of AmB molecules into the bilayer — with the
AmB spanning both leaflets - but with no evidence of any amount of
AmB located at the bilayer surface (Gago$ et al suggesting that
around 25% of the AmB binds in this manner for the POPC-ergo-
sterol system). Likewise, for the POPC-cholesterol multilayers,
whereas Gago$ et al. suggest that the proportions of horizontally-
binding and vertically-inserting AmB are roughly 50: 50, the data
reported here suggest that the AmB only inserts vertically into the
bilayer, with no evidence of either a change in scattering length
density at the membrane surface nor of any increased d-spacing.

The studies reported here are also not consistent with the forma-
tion of single-length ion channels (as proposed by van Hoogevest &
de Kruijff % Figure 4B) since such structures would give rise to a
decrease in the mean bilayer thickness rather than the observed (4 A)
increase.

Our neutron diffraction derived AmB and sterol distributions are
thus most plausibly modelled as double-length ion channels', sim-
ilar to those shown in Figure 4A. It is also apparent from the neutron
scattering length density profiles, however, that while the POPC-
cholesterol-AmB bilayers have the cholesterol and AmB wholly
contained within the separate leaflets of the bilayers, the POPC-
ergosterol-AmB bilayers have both the AmB and ergosterol intrud-
ing from one leaflet into the opposing one. Such connectivity
between the opposing half-pores within the ergosterol-containing
bilayers could serve to stabilise the transmembrane ion-channels
formed, and so account for the greater conductance of this system
relative to that containing cholesterol, wherein the alignment of half-
pores in opposing leaflets would vary with time and yield ion chan-
nels that were more ephemeral.

Sadly, our neutron diffraction profiles do not provide any sub-
stantive clue as to the nature of any interaction between AmB and
cholesterol or ergosterol, and we are unable, therefore, to determine
whether the drug and sterols are arranged head-to-head or head-to-
tail*”*%. It is interesting to note, however, that when the AmB inserts
into the POPC-ergosterol membrane, it is either more extended or

less tilted than when it inserts into the POPC-cholesterol membrane,
and this might easily be accounted for by its mycosamine head group
adopting different orientations in the two systems (which Matsumori
and co-workers suggest as a primary determinant of the drug’s anti-
fungal activity*®). Taken together with our observation that the inser-
tion of the drug causes only a 0.5 A perturbation in the location of
ergosterol in the membrane but causes a 3 A shift in the position of
cholesterol (Table 2), it is clear that there may be entropic as well as
enthalpic contributions to account for the drug’s preferred inter-
action with ergosterol-containing membranes (this in turn account-
ing for the drug’s selectivity for fungal cell membranes).

Methods

Sample preparation. All solvents, together with cholesterol, ergosterol and
amphotericin B (AmB) were purchased from Sigma Aldrich Co. Ltd. (Dorset, UK).
d;,-1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (ds;-POPC) was purchased
from Avanti Polar Lipids Inc. (Alabama, USA). All chemcials were used as received.

The oriented lipid multi-layer samples were prepared using (70 : 30 mol%) POPC-
sterol mixtures dispersed in chloroform:methanol (2:1 v/v, 5 mL, spectroscopic
grade) at a concentration of ~10 mg mL™", in the absence and presence of 5 mol%
AmB.

All samples were prepared using d3,-POPC, and h-sterols and h-AmB. The lipid
(/sterol) dispersions were deposited onto a Si(100) substrate with native oxide (Si-
Mat, Landsberg/Lech, Germany - surface area of 19.6 cm?) previously cleaned by
successive ultrasonications in acetone, ethanol and methanol followed by a final UV-
Qj; treatment for about 30 min?®.

900 pL of sample were deposited onto the wafer in order to coat the support with
~1000 bilayers (this volume calculated on the basis of the area of the silicon wafer).
The deposition was made by means of the “rock and roll” method**. In order to
remove all residual organic solvent from the samples, the wafers were stored under
vacuum overnight. Samples were then annealed and hydrated using the required
mixture of D,O and H,0, maintaining the samples in a dessicator containing a
saturated solution of sodium sulphate in the required solvent mixture, in an oven at
50°C for at least 24 hours.

Neutron diffraction. In order to establish the location of AmB within the model
fungal and mammalian cell membranes, neutron diffraction patterns were recorded
for 70 : 30 mol% POPC-ergosterol and POPC-cholesterol oriented multilayers in the
presence and absence of (5 mol%) AmB. The entire set of experiments was performed
with samples maintained at 100% relative humidity — in order to approximate the
situation in vivo — with each prepared and measured under four different H/D
contrasts achieved using D,O/H,0O mixtures involving 100% D,0; 75% D,0; 50%
D,0 and 100% H,O.

Experiments were performed on the D16 diffractometer at the Institute Laue-
Langevin (ILL, Grenoble, France) operating with neutrons of wavelength () of 4.75
A, in the reflection mode. Samples were mounted on a goniometer held in a sealed
temperature-controlled aluminum humidity chamber in the presence of a saturated
sodium sulphate to maintain constant maximum humidity. The temperature of the
sample chamber was maintained at 25°C. The sample-to-detector distance was set at
1.0 m, and the intensity of the diffracted neutron beam recorded using a position-
sensitive two-dimensional *He detector with 128 X128 channels and 2 mm resolution
between channels. The two-dimensional detector readout was integrated in the ver-
tical direction, giving a one-dimensional intensity projection as a function of the
detector channel position (20). Intensities on the detector surface were corrected by
normalization to a water calibration and by subtraction of the empty chamber
background.

The lamellar repeat distance (d-spacing, d A) for each of the diffracting samples
was computed as 1/2s where s is the slope calculated for the linear regression of sinf on
hA., where 0 is the angle of diffraction for the i order diffraction peak
(Supplementary Fig. S1). The positions and scattering intensities of the diffraction
peaks were computed with peak fitting and integration using the ILL in-house LAMP
software.

Data analysis. The corrected intensities of the diffraction peaks (I.,,(h)), were
obtained from the observed intensities (I,(h)) as:
sin 20
Lor(h) =Iops(h) ——~
cor( ) ubs( )Ah(h)B(h)
where B(h) is the acceptance correction (here taken as 1.0)’" and Ay(h) is the cor-
rection factor for sample adsorption®"**:
sin 0 ot
Ap(h)=20 (1 - —)
n(h)=>5 T e
Ay(h) is dependent upon the diffraction angle (0), the sample thickness (T), and the
linear attenuation coefficient (x) - which is calculated from the wavelength of the
incident neutrons, and the sample composition and density®.
The amplitudes of the structure factors for the diffracting sample, |F,(h)|, were
obtained®** from the corrected Bragg peak intensities as:
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‘Fh(h)‘: Icor(h)'h

the multiplier, h, here approximating the Lorentz correction factor™.

The unit cells of the diffracting samples were assumed to be centrosymmetric (that

is, with centres of symmetry at z = 0 and z = * d/2, where d is the d-spacing of the
multilayers) and so their scattering length density profiles (¢(z)) in the direction
normal to the sample surface (z) were obtained by the Fourier summation®:

h
9(z)= 2 Z |En(h)|-&(h)- cos <2n %)
W1

where the signs of the structure factors (¢(h)) take values of + 1 or —1. The signs of the
different structure factors were determined from plots of |Fj,(h)| vs. % D,0, and
arranging that the plotted points fall on a straight line (Supplementary Fig. $2)*"*.
The expected signs of the slopes of these plots were determined as positive, according

to the method reported by Léonard et a

1%, assuming water distribution width (d,,) to

d-spacing (d) ratios of physically sensible magnitudes (viz., 0.05 = d,,/d = 0.25). The
phases for the structure factors with 1 odd were then reversed in order to shift the unit
cell origin from the centre of the water distribution to the centre of the bilayer™.

Bilayer structure modelling. Modelling of the scattering length density profiles for
the samples was performed by refining the relative position of each bilayer constituent

(),

given its neutron scattering length, b;, and its molecular interfacial area, a,. The

POPC, sterol, and amphotericin within the bilayer were each modelled by means of
Gaussian distributions, with the variation in scattering length density for the
individual components, p,(z) computed as:

@) < 1 ) b; (z—z,)2
(2)=|—F) —ex
p apm:/) O; P O;

with the Gaussian centred at z;, with half width, ;. The interfacial areas per molecule
of each component were taken as 72 A2 for POPC, 39 A? for cholesterol and ergo-
sterol, and 29 A” for AmB. The scattering length density profile for the solvent in the
multi-layer was modelled assuming a tanh distribution at each end of the unit cell:

1 1 zZ—2zg
PS(Z)=Pl>zo'{E+5tanh z }

with the distributions having width, &, and centred at = z.

The end-to-end lengths of the bilayer components, i, were computed from the

modelled Gaussian distribution half-widths (o;) as:

Li= \/%-(2-6,-)

and the bilayer slab thicknesses, dp, then obtained as:

dp = Lporc +2'|Zporc]|

where 2.|zpopc| is the separation between the mid-points of the POPC distributions
in the two leaflets of the bilayer. The interdigitation of the POPC chains was hence
obtained as:

1

f=1

1

—

1

[S5]
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