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Abstract:

Amphotericin B, an antifungal drug with a long history of use, forms fungicidal ion-permeable channels
across cell membranes. Using solid-state nuclear magnetic resonance spectroscopy and molecular
dynamics simulations, we experimentally elucidated the three-dimensional structure of the molecular
assemblies formed by this drug in membranes in the presence of fungal sterol, ergosterol. A stable
assembly consisting of seven drug molecules was observed to form an ion conductive channel. The
structure is somewhat similar to the upper half of the barrel-stave model proposed in the 1970s but
substantially different in the number of molecules and in their arrangement. The high-resolution structure
explains many previous findings, including structure-activity relationships of the drug, which will be useful

for improving drug efficacy and reducing adverse effects.



The antifungal antibiotic amphotericin B (AmB, Fig. 1A) is produced by the bacterium Streptomyces
nodosus, which was isolated from the soil of the Orinoco River in Venezuela (/, 2). AmB has been used
for over 60 years to treat systemic fungal infections and remains one of the most clinically important
antibiotics (3—35). AmB penetrates the blood-brain barrier and thus serves as a standard therapeutic for most
fungal infections of the central nervous system (6). However, serious adverse effects of AmB, such as
nephrotoxicity, often cause discontinuation of therapy for life-threatening systemic fungal infections.

The self-assembly of bioactive molecules, such as antimicrobial peptides, in cell membranes has long
been a subject of research in structural biology (7). However, despite their pharmacological importance,
little is known about the self-assembled structures of nonpeptide natural products such as AmB, mainly due
to the lack of a suitable method for structure determination and the difficulties in isotope labeling of the
aperiodic and diverse compounds necessary for NMR measurements (§). AmB self-assembles into an
oligomeric structure in ergosterol (Erg)-containing membranes of fungal and yeast cells; this oligomer acts
as an ion channel and is thought to be responsible for the selective toxicity of the drug against eukaryotic
microbes (4, 8, 9, 10). Even now, 50 years after the well-known barrel-stave model (/) was proposed (Fig.
1C), the structure of the AmB channel has not yet been determined. AmB-AmB interactions and functional
groups involved in channel formation provide essential information for structural modifications, which are
used to improve efficacy and reduce the toxicity of this important antibiotic. Thus, we aimed to determine
the entire structure of the AmB channel assembly in Erg-containing membranes and its functionality by the
following steps: 1) determine the number of AmB molecules per assembly by solid-state nuclear magnetic
resonance (NMR) spectroscopy; 2) determine the interatomic distances between '*C-labeled AmB and '°F-
labeled AmB in the assembly by '*C-'°F rotational echo double resonance (REDOR) experiments; 3)
determine how AmB molecules are arranged in the assembly by using *C-'°F distances to yield a time-
averaged structure of the assembly; 4) deduce the structural dynamics of the assembly with molecular
dynamics (MD) simulations based on the time-averaged structure; and 5) estimate the ion permeability of

the fluctuating assemblies by MD simulations and compare it with previous experimental results.
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Fig. 1. Structures of AmB ion channel assemblies and the results of a solid-state NMR CODEX
method used to determine the number of AmB molecules per assembly. (A) Chemical structures of
AmB and Erg. (B) The present model for channel assemblies. (C) The classic barrel-stave model of the
AmB ion channel proposed by De Kruijff et al. (77). The hydrophobic and hydrophilic regions of AmB are
depicted in greenish yellow and pale magenta, respectively. (D) Partial structure of 14-F-AmB. (E) S (top)
and Sy (bottom) spectra of a 1:3:7 mixture of 14-F-AmB-Erg-POPC in a ’F-CODEX experiment (mixing
time: 750 ms). The spectra of the sample were obtained at 0°C by applying the magic angle spinning
method with a rotation speed of 7 kHz. The signal in the central band marked by an asterisk (*)
corresponds to the signal of AmB that remained outside the membrane (see Fig. S4). (F) The decay curve
of §/So, which denotes the fraction of the initial magnetization retained after mixing time. Error bars denote

the noise level of the spectra obtained from integration of the baseline near the '°F signals. The intensity

decayed according to the following biexponential equation: S/So = 0.14 + 0.54¢ /191 4 0.32¢ 1/341D),



This curve asymptotically approaches 0.14 (dotted line), indicating that 14-F-AmB forms a cluster of seven

molecules.

How many AmB molecules constitute one channel assembly

The average number of AmB molecules per channel assembly is crucial information for determining the
3D structure of the AmB channel. In the past, this number has often been estimated by channel
conductance measurements (/2, /3) and MD calculations (/4), but the results have been quite widely
distributed from four to over ten. Fluorine-labeled AmB (Fig. 1D), which is easily detected in NMR
measurements, shows almost the same biological activity as unlabeled AmB (Fig. S1 and Table S1), and a
method for its efficient preparation from natural products has been established (15). Using the '°F
centerband-only detection of the exchange (CODEX) method, which is often used to determine the
oligomer number of molecules in assemblies (16, 17), we attempted to directly determine the number of
AmB molecules per channel assembly (Fig. 1E). After removing the influence of unbound AmB (Fig. S4),
we measured the S/So values. These experimental values were plotted as a function of mixing time and
found to lie on a curve that asymptotically approached 0.14, which is the reciprocal of seven (Fig. 1F).
These results implied that the average number of AmB molecules per assembly is seven because the
magnetization of one AmB molecule diffuses equally toward the other neighboring molecules in the
assembly during a long mixing time. However, the results do not rule of the out the possibility that

assemblies with six and eight molecules coexist within the membrane.
Structural overview of AmB assembly in membranes

We next determined the interatomic distances between adjacent AmB molecules in the assembly using
solid-state NMR (Fig. 2). Skipped *C-labeled AmB was obtained by a biosynthetic method (Fig. 2C).
AmBs fluorinated at positions 14 or 32 and 26,40-'3C>-AmB (Fig. 2C) were prepared by chemical
synthesis (15, 18) (Supplementary Materials and Methods). Two lipid bilayer models with different lipid
compositions and different Erg concentrations in palmitoyloleoylphosphatidylcholine (POPC) were used
for 3C-!°F rotational echo double resonance (REDOR, Fig. 2A) experiments because we used a low
concentration of Erg to measure REDOR for 26,40-'3C>-AmB due to signal overlap with Erg (Figs. 2A and
S2). Six parameters (Figs. 3A, B and Figs. S3, S5) had to be determined to elucidate the 3D structure of the
AmB channel assembly: the number of molecules # per assembly, the Euler angles («, £, ), the channel
inner diameter R, and the adjacent probability p, as described in Fig. S5. Therefore, it was necessary to
measure the distance by using as many labeled atom pairs as possible; we adopted five REDOR-derived
distances (Fig. 2B) plus the CODEX result for determining the parameters. For the REDOR experiment,

time-dependent increases in the AS/Sy values were observed for each '*C-F pair (Fig. 2B), indicating that



molecular motion was slow enough to allow accurate measurements of the 1*C-'°F distances in the
membrane. With these distance constraints in hand, we investigated an assembly structure that could
account for the NMR results without being constrained by previous models, such as the barrel-stave model
and sterol-sponge model (/9). Recently, we found that the vertical penetration of AmB through the lipid
bilayer corresponds to the length of a single drug molecule under experimental conditions similar to those
used in this study (20, 21). The present REDOR experiment showed that the AmB molecules in the
assembly are arranged in a parallel manner, as assumed in the classic barrel-stave model (Fig. S6). Taken
together, the results strongly suggest that the AmB assembly resembles the upper half of the barrel-stave
model (Figs. 1B and S7), and other possible structures, such as the sterol-sponge model, are considered

extremely unlikely.
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Fig. 2. Solid-state NMR experiments used to determine intermolecular '3C-°F distances.



(A) BC{F}REDOR spectra of 14-F-AmB/skipped-'>*C-AmB/Erg/POPC = 0.5/0.5/3/7 hydrated with 10
mM HEPES containing D,0 at 25°C. The sample spinning speed was 7 kHz, and the dephasing time was
16 ms. The full echo (So, bottom, black), REDOR-dephased (S, bottom, red), and difference (AS, top)
spectra clearly showed a reduction in the peak intensity of the C41, heptane and C1’ signals; * and #
indicate the signals attributed to POPC and Erg, respectively. (B) REDOR dephasing observed for C1’
(filled black), C41 (filled red), and heptaene (filled blue) upon irradiation at 14-F and for C26 (open black)
and C40 (open red) upon irradiation at 32-F. The error bars denote the S/N ratios of AS signals. (C) 1*C-
labeled positions of the skipped labeled and synthetic AmBs shown with orange circles. Arrows denote the

interatomic distances determined by REDOR and are colored in the same manner as the dots in (B).

Time averaged structure of AmB assembly derived from NMR

We generated a time-averaged structure of the AmB assembly as follows: the upper half of the barrel-
stave model was used as a starting point for an AmB self-assembled structure (Table S2) (22)(23). We
varied the six parameters that defined the structure to minimize the root mean square deviation (RMSD)
between the interatomic distances in the assembly model and the REDOR-derived distances (Figs. S5, S8).
Fig. 3C shows curves of the experimental AS/Sy values obtained for each interatomic distance in the AmB
assembly as a function of dephasing time. For the interatomic 14-F/C41, 14-F/C1' and 32-F/C40 distances,
two distances, r1 and 2 (Fig. 3B), were obtained for each labeled carbon atom; the 32-F/C26 distance
deviated slightly from the measured value, presumably because of an interaction between assemblies (Fig.
S15). This is the first experimentally validated structure of the AmB assembly in a membrane (Fig. 3D). In
the structure, the molecular axis of AmB is nearly perpendicular to the central axis (the cone angle B is

approximately 2°), and the channel radius at the oxygen atom at C8 is 5.4 A.
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Fig. 3. Construction of a symmetric structure of the AmB assembly based on the interatomic
distances obtained via NMR. (A) Definition of the parameters a, £, y, n, and R (see Fig. S5). (B) Possible
adjacent combinations of '’F-AmB and '*C-AmB and the abundance ratios for the possibility parameter p
(Fig. S3). (C) Simulated REDOR dephasing curves calculated from the best fitted parameters (a, S, 7, n, R,
and p) = (—12°,2°,-20°, 7, 5.4 A, and 0.24) and experimental dephasing values (same as Fig. 2B). (D) Top
and side views of the symmetric structure of the heptamer (seven-molecule) assembly. (E) Space-filling

model of the seven AmB and seven Erg complex.

Dynamic structure of AmB assembly deduced by MD simulation

To clarify the structure of a functional ion channel from the AmB-AmB configuration derived from
NMR, we next simulated the molecular dynamics of the AmB assembly using MD calculations. The
timescale of the REDOR experiment is in milliseconds, which is much slower than the molecular

fluctuations occurring in the submicrosecond range in lipid bilayers. Therefore, the magnitude of REDOR



dephasing reflects the time-averaged '*C-!°F distances in the AmB assembly, and these distances
correspond to a static structure with centrosymmetry (Fig. 3D, E). It is important to know how the channel
structure varies with time to more fully understand the molecular mechanisms of ion flux, which is
responsible for the pharmacological activities of AmB. An accurate initial structure (Fig. 4A) is essential
for simulating a dynamic structure because the simulation time is limited to microseconds with even the
fastest computers, but the exchange of interacting molecules in the assembly occurs much more slowly
than that in the simulation. In other words, the following events cannot occur during the simulation time: a
change in the number of AmB molecules per assembly, an exchange between the single length assembly
(Fig. 1A) and the double length assembly (Fig. 1B), or flipping of the AmB or Erg structure. Fig. 4B and
4C show a typical snapshot and the average structure estimated from MD simulations, respectively. Each
Erg molecule generally continues to interact with the same AmB molecule during the 1 ps simulation
(Figs. 4B, 4D and S11). These results are consistent with a previous report that the AmB-Erg complex has
a lifetime longer than the NMR timescale (/8). In addition, the averaged interatomic distances between
isotope-labeled positions were calculated to directly compare the channel structures obtained from solid-
state NMR to those obtained by MD simulations, and the results were in good agreement (Fig. 4E and
Table S3).

Ion conducting activity of AmB assembly evaluated by MD simulation

To evaluate how well the structure of the AmB assembly constructed on the basis of NMR and MD
results emulates the real ion channel responsible for drug activity, we measured the conductance of the
assembly under conditions similar to those used for single channel-recording experiments (24). The
channel activity of the dynamic AmB assembly was estimated in Erg-containing diphytanoylphosphatidyl-
choline (DPhPC) membranes with MD simulations (Figs. S13, S21-S24 and Table S6-S8). As shown in
Fig. 5A, 5B, the heptamer channel best reproduced the experimental ion permeability (24), and the
formation of a water column in the channel pore was deduced to significantly stabilize the channel
structure (Fig. 4C). Assemblies consisting of six or fewer AmB molecules did not allow K" passage,
whereas assemblies of eight molecules allowed much more K* to pass through than was observed

experimentally (Fig. 5A).



Discussion

In this study, we investigated the ion channel structure of AmB via a new approach involving solid-
state NMR spectroscopy and MD simulations. Although the resulting channel structure shares similarities
with the classic structure (//) proposed in the 1970s, significant differences were observed: the number of
AmB molecules per conductive ion channel is seven rather than eight, the macrocycle plane is arranged not
radially but in a spiral configuration (Fig. 3D, 3E), and the length of the conductive AmB channel that
penetrates the lipid bilayer corresponds to the length of a single molecule rather than the length of two
molecules (Fig. 1B/C, and Fig. S12), even though the single length assembly was assumed to be too short
to function as an ion channel (/4). We also found that intermolecular hydrogen bonds from the amino sugar
moieties in AmB-AmB and AmB-Erg provide an important force that stabilizes these ion channels in an
active form (Fig. 4D); the AmB-AmB contact is further stabilized by a salt bridge between the carboxyl
group of C41 and the amino group at C3’. In addition, the hydrogen bond formed between the C2'-OH of
one AmB and the C15-OH of an adjacent AmB stabilizes the channel complex (Table S5).

We have to consider how similar the present AmB channel formed in the model bilayers is to the real ion
channels that exert antifungal activity in the human body. The apparent difference in the conditions of
channel formation involves the concentration of AmB in the membranes since the AmB concentration for
NMR measurements was approximately 100 times that found in real fungal membranes (5). First, we
investigated with UV-VIS and CD spectroscopy to determine whether the 3D structure of the channel
assembly changed with changes in the concentration of AmB in the membrane. The UV-VIS spectra (Fig.
S9) revealed that the heptaene moiety of AmB in the Erg-containing membrane showed typical absorbance
bands with sharper and redshifted peaks, which were distinct from those of Cho-containing or sterol-free
membranes. These features were unaffected by the concentration of AmB, indicating that the heptaene
moiety resided stably in the membrane interior at concentrations ranging from 0.1 mol% to 10 mol% of
those of total lipids (25). The CD spectra of AmB, which sensitively reflect the molecular arrangements of
AmB in membranes (26), showed that AmB formed essentially the same assembly over the same
concentration range used for UV-VIS measurements (Fig. S10). Therefore, we presume that the structure
of AmB assemblies elucidated by solid-state NMR is basically the same as that of ion channels occurring
in fungal membranes at low concentrations of the drug. Usually, peptides remain in a monomeric form at
very low membrane concentrations and tend to form assemblies with a larger number of molecules at
higher concentrations (27). Why do AmB molecules form a similar assembly despite the large
concentration difference? We speculate that this similarity can be explained by the stability of the heptamer

assembly (Fig. S8) and the resulting aggregation of the channel assemblies. As shown in Figs. 5C and 5D
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(also Figs. S15, S25, and S26), the number of unstable interdigitating lipids surrounding the assemblies is
expected to be reduced by aggregation of the channels. Even if the overall concentration of AmB is low, as
in the case of antifungal assays, the AmB concentration is assumed to increase locally as a result of
aggregation of the assemblies.

Accurately elucidating the channel structure enables us to explain some previously reported structure-
activity relationships. For example, the destructive effect of N-acylation on the antifungal activity of AmB
and the retained activity of AmB methyl ester (AME), which was subjected to human clinical trials, were
demonstrated by MD simulations (28) (Figs. S14, S27 and Tables S9, S10); the simulated channel activity
of AME also reproduced previous experimental values (29) (Fig. 5A). In mammalian cell membranes
containing Cho, the interaction between AmB and Cho is too weak to form stable ion channels or the
resulting channel aggregates (Figs. S11, S20), often leading to unstructured amorphous of AmB outside
membranes, as revealed by the UV-VIS spectra (20) (Figs. S9, S16). Nevertheless, AmB channels
occurring in mammalian cells could be very similar in structure to those in Erg-containing membranes (Fig.
S10G and Table S5) and thus weakly increase the ion permeability of the membrane by allowing a small
number of ions to pass, which results in the adverse effects of the drug.

We elucidated the dynamic structure of the assembly using NMR experiments and MD simulations. To
investigate whether this molecular assembly functions as an ion channel, the value for conductance of K*
obtained by MD simulation was compared with the experimental values from single channel recording. In
fact, the two values agreed well, and it is suggested that the structure of the AmB channel determined in
this study is more accurate in terms of the number of molecules per channel and the mode of AmB-AmB
interaction than those previously proposed. The present 3D structure of the AmB channel could, therefore,

be useful for improving drug efficacy and reducing adverse effects.
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Fig. 4. Construction of asymmetric assembly based on MD simulations. (A) Initial structure of the AmB
assemblies with periodic boundary conditions constructed on the basis of NMR results. (B) Snapshots of all-
atom MD simulations of an AmB assembly and an AmB-Erg complex. (C) Average structure of an AmB
assembly showing the water-accessible region inside the pore. (D) Major intermolecular interactions
stabilizing the AmB-Erg channel assembly. (E) Interatomic distances measured by solid-state NMR
experiments and the values from MD simulations. The distances differ between the front and back of the
molecule and correspond to 71 and 2 (Fig. 3B); the structure obtained by MD is not rotationally symmetric,

so the average = SD are shown, where SD obtained from ten runs of the simulation were less than 5%.
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Fig. 5. Ion channel activity of AmB assembly based on MD simulations and aggregate formation of
AmB assemblies in membrane. (A) Experimental and MD-derived values of K permeability (24, 29); the
experiments in the literature carried out by using the membranes of DPhPC-Erg 5:1 (2 M KCl, at 100 mV)
(24) and egg yolk lecithin (29). This clearly indicates that the channel that shows a value close to those of
past single channel measurements is the heptamer assembly. (B) Channel radius profile (distance from the
center of a water molecule) along the horizontal axis obtained for the present channel structure. The
horizontal bars denote the standard deviation of the channel radius during the simulation. (C) Illustration of
an aggregate of channel assemblies formed in an artificial membrane, where tens of assemblies are
aggregated with lipid interdigitations (see Fig. S16 for MD simulation). (D) The snapshot of the partial
aggregation of AmB-Erg assemblies after 2pus MD simulation under the similar conditions to those of
NMR experiments with the antiparallel channel-channel arrangement. The blue frame shows the periodic

boundary box (also see Fig. S26).
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