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L I F E  S C I E N C E S

Amphotericin B assembles into seven-molecule ion 
channels: An NMR and molecular dynamics study
Yuichi Umegawa1,2†, Tomoya Yamamoto1†‡, Mayank Dixit3†, Kosuke Funahashi3,  
Sangjae Seo3, Yasuo Nakagawa1, Taiga Suzuki1, Shigeru Matsuoka1,4§,  
Hiroshi Tsuchikawa1§, Shinya Hanashima1, Tohru Oishi1,5, Nobuaki Matsumori1,5, 
Wataru Shinoda3,6,7*, Michio Murata1,2,4*

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 the 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 present structure explains many previous findings, including structure-activity relationships of 
the drug, which will be useful for improving drug efficacy and reducing adverse effects.

INTRODUCTION
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 (1, 2). AmB has been used for 
over 60 years to treat systemic fungal infections and remains one of 
the most clinically important antibiotics (3–5). 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 dis-
continuation 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, 8). 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 nuclear magnetic resonance (NMR) measurements (9). 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, 10–12). Even 
now, 50 years after the well-known barrel-stave model (13) was pro-
posed (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: (i) determine 
the number of AmB molecules per assembly by solid-state NMR 
spectroscopy; (ii) determine the interatomic distances between 
13C-labeled AmB and 19F-labeled AmB in the assembly by 13C-19F 
rotational echo double resonance (REDOR) experiments (14, 15); 
(iii) determine how AmB molecules are arranged in the assembly by 
using 13C-19F distances to yield a time-averaged structure of the 
assembly; (iv) deduce the structural dynamics of the assembly with 
molecular dynamics (MD) simulations based on the time-averaged 
structure; and (v) estimate the ion permeability of the fluctuating 
assemblies by MD simulations and compare it with previous ex-
perimental results.

RESULTS
How many AmB molecules constitute one channel assembly
The average number of AmB molecules per channel assembly is 
crucial information for determining the three-dimensional (3D) struc-
ture of the AmB channel. In the past, this number has often been 
estimated by channel conductance measurements (16, 17) and MD 
calculations (18), but the results have been quite widely distributed 
from 4 to over 10. Fluorine-labeled AmB (Fig. 1D), which is easily 
detected in NMR measurements, shows almost the same biological 
activity as unlabeled AmB (19). Efficient preparation methods from 
natural products have been established for 19F- and 13C-labeled AmBs; 
the structural parameters and MD conditions of AmB and its deriv-
atives used in this study are shown in figs. S1 to S6 and tables S1 and 
S2, their preparation methods are shown in figs. S7 to S18, and bio-
logical activities are shown in fig. S19 and tables S3 to S4. Using the 
19F centerband-only detection of the exchange (CODEX) method, 
which is often used to determine the oligomer number of molecules 
in assemblies (20, 21), we attempted to directly determine the number 
of AmB molecules per channel assembly (Fig. 1E). After removing 
the influence of unbound AmB, we measured the S/S0 values. These 
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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 out the possibility that assem-
blies with six and eight molecules coexist within the membrane.

Interatomic distance gives a 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 
13C-labeled AmB was obtained by a biosynthetic method (Fig. 2C) (22). 
AmBs fluorinated at positions 14 or 32 and 26,40-13C2 AmB (Fig. 2C) 
were prepared by chemical synthesis (19, 23) (Supplementary Materials 
and Methods). Two lipid bilayer models with different lipid compositions 
and different Erg concentrations in palmitoyloleoylphosphatidylcholine  

(POPC) were used for 13C-19F REDOR (Fig. 2A) experiments be-
cause we used a low concentration of Erg to measure REDOR for 
26,40-13C2 AmB due to signal overlap with Erg (Fig.  2A and fig. 
S20). Six parameters (Fig. 3, A and B, and figs. S21 and S23) had to 
be determined to elucidate the 3D structure of the AmB channel 
assembly: the number of molecules n per assembly, the Euler angles 
(, , ), the channel inner diameter R, and the adjacent probability 
p, as described in fig. S23. 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 
to determine the parameters. For the REDOR experiment, time- 
dependent increases in the S/S0 values were observed for each 13C-19F 
pair (Fig. 2B), indicating that molecular motion was slow enough to 
allow accurate measurements of the 13C-19F distances in the mem-
brane. 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 (24, 25). Recently, we found that the verti-
cal 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 (26, 27). The present REDOR ex-
periment for the 14-F/C40 and 14-F/C26 distances showed that the 
AmB molecules in the assembly are arranged in a parallel manner, 
as assumed in the classic barrel-stave model (fig. S24). Together, the 

Fig. 2. Solid-state NMR experiments used to determine intermolecular 13C-19F 
distances. (A) 13C{19F}REDOR spectra (100 MHz) of 14-F-AmB/skipped-13C-AmB/
Erg/POPC = 0.5:0.5:3:7 hydrated with 10 mM Hepes containing D2O at 25°C. The 
sample spinning speed was 7 kHz, and the dephasing time was 16 ms. The full echo 
(S0, bottom, black), REDOR-dephased (S, bottom, red), and difference (S, top) spectra 
clearly showed a reduction in the peak intensity of the C41, heptaene, and C1′ sig-
nals; * 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 irradia-
tion at 32-F. The error bars denote the signal-to-noise ratios of S signals. (C) 13C-labeled 
positions of the skipped labeled (22) 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).

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 with single molecular length. (C) The classic barrel-stave model 
of AmB ion channels with double molecular length proposed by de Kruijff et al. (13). 
The hydrophobic and hydrophilic regions of AmB are depicted in lime and pink, 
respectively. (D) Partial structure of 14-F-AmB. (E) S (top) and S0 (bottom) spectra of 
a 1:3:7 mixture of 14-F-AmB-Erg-POPC in a 19F-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 3 kHz. The signal in the central 
band marked by an asterisk (*) corresponds to the signal of AmB that partly re-
mained outside the membrane (see fig. S22). (F) The decay curve of S/S0, 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 19F signals. The intensity decayed according to the following biexponential 
equation: S/S0 = 0.14 + 0.54e(−t/19.1) + 0.32e(−t/541.1). This curve asymptotically approaches 
0.14 (dotted line), indicating that 14-F-AmB forms a cluster of seven molecules.
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results strongly suggest that the AmB assembly resembles the upper 
half of the barrel-stave model (Fig. 1B and fig. S25) under the experi-
mental conditions, and other possible structures, such as the sterol- 
sponge model, are considered highly unlikely.

Time-averaged structure of AmB assembly revealed by 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 S1) (28, 29). We 
varied the six parameters that defined the structure to minimize the 
root mean square deviation (RMSD) between the interatomic dis-
tances in the assembly model and the REDOR-derived distances 
(figs. S23 and S26). Figure 3C shows curves of the experimental S/S0 
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 r2 (Fig. 3B), were ob-
tained for each labeled carbon atom; the 32-F/C26 distance deviated 

slightly from the measured value, presumably because of an inter-
action between assemblies as discussed later. This is the first experi-
mentally validated structure of the AmB assembly in a membrane 
(Fig. 3D). In the structure, the molecular axis of AmB is nearly per-
pendicular to the central axis (the cone angle  is approximately 2°), 
and the channel radius at the oxygen atom at C8 is 5.4 Å.

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 MD 
of the AmB assembly using MD calculations. The time scale 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 re-
flects the time-averaged 13C-19F distances in the AmB assembly, and 
these distances correspond to a static structure with centrosymmetry 

Fig. 3. Construction of a symmetric structure of the AmB assembly based on the interatomic distances obtained via NMR. (A) Definition of the parameters , , , 
n, and R (see fig. S23). (B) Possible adjacent combinations of 19F-AmB and 13C-AmB and the abundance ratios for the possibility parameter p (fig. S21). (C) Simulated REDOR 
dephasing curves calculated from the best-fit parameters (, , , n, R, and p) = (−12°, 2°, −20°, 7, 5.4 Å, 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.
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(Fig. 3, D and 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 simulat-
ing 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. 1B) and the double-length assembly (Fig. 1B), 
or flipping of the AmB or Erg structure. Figure 4 (B and C) shows a 
typical snapshot and the average structure estimated from MD sim-
ulations, respectively. Each Erg molecule generally continues to 
interact with the same AmB molecule during the 1-s simulation 
(Fig. 4, B and D, and fig. S29). These results are consistent with a 
previous report that the AmB-Erg complex has a lifetime longer 
than the NMR time scale (23). 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 S5).

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 (fig. S30), we measured the conductance 
of the assembly under conditions similar to those used for single- 
channel recording experiments (tables S6 to S10) (30). The channel 
activity of the dynamic AmB assembly was estimated in Erg-containing 
diphytanoylphosphatidylcholine (DPhPC) membranes with MD simu-
lations (figs. S31 and S39 to S42 and tables S8 to S10). As shown in 
Fig. 4F and movies S1 and S2, the heptamer channel best reproduced 
the experimental ion permeability (30), 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 (movie S3), whereas as-
semblies of eight molecules allowed much more K+ to pass through 
than was observed experimentally (Fig. 4F and movies S4 and S5).

Fig. 4. Construction of asymmetric assembly and ion channel activity 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 without Erg (left) and an AmB-Erg complex (right). 
Bright blue shows the mycosamine moiety of AmB (both) and Erg (right). (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 (see figs. S29 and S38). (E) Interatomic distances measured by solid-state NMR experi-
ments and the values from MD simulations. The distances differ between the front and back of the molecule and correspond to r1 and r2 (Fig. 3B); the structure obtained 
by MD is not rotationally symmetric, so the average ± SD are shown, where SD obtained from 10 runs of the simulation were less than 5%. (F) Experimental and MD- 
derived values of K+ permeability (30) (fig. S34 and table S12); the experiments in the literature carried out by using the membranes of DPhPC-Erg 5:1 (2 M KCl, at 100 mV) 
(30) and egg yolk lecithin (43). This clearly indicates that the channel that shows a value close to those of past single-channel measurements is the heptamer assembly.
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DISCUSSION
In this study, we investigated the ion channel structure of AmB using 
solid-state NMR spectroscopy and MD simulations. Although the 
resulting channel structure shares similarities with the classic struc-
ture (13) proposed in the 1970s, significant differences were observed: 
The number of AmB molecules lining a channel pore is seven rather 
than eight, the macrocycle plane is arranged not radially but in a 
spiral configuration (Fig. 3, D and E), 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. 1, B and C, and fig. S30), although the single-length assembly 
was assumed to be too short to function as an ion channel (18).

Regarding the length of the ion channels, previous studies (31–34) 
have shown that AmB forms single-length or double-length channels, 
depending on the membrane environment such as bilayer thickness. 
Some of these studies have described whether or not the single- 
length assembly can penetrate lipid bilayers. In bilayers formed in 
the liquid-crystalline phase by phospholipids with C14-C18 fatty chains, 
single-length channels tend to form (31, 32), while in the gel phase 
bilayers of saturated phospholipids or in the liquid-crystalline bilayers 
with very long chains of C20:1 or C22:1, single-length channels cannot 
span the membrane (33, 34). The POPC-Erg bilayer used in this 
study is in the liquid-crystalline phase under the NMR conditions. 
Therefore, considering the bilayer thickness, the previous studies 
suggest that AmB assemblies in this study were formed under the 
single-length condition; MD simulations (fig. S30) imply that the 
double-length octamer channels (Fig. 1C) (13) are unstable compared 
with the single-length heptamer channels in POPC-Erg bilayers. 
Since the objective of this study is to deduce the channel structure 
formed in fungal membranes, we used POPC, which has a chain 
length and unsaturation similar to those of the target biological system; 
e.g., in Candida albicans, phosphatidylcholines, mainly consisting 
of saturated and unsaturated C16-C18 chains, are the most abundant 
phospholipid and Erg accounts for 28 to 35 weight % of total neutral 
lipids (35).

From the viewpoint of ion channel conductance as a pharma-
cological activity of AmB, it is important to know which channel 
contributes the most to the activity (figs. S35 to S37). Although we 
cannot rule out the possibility that a significant percentage of hex-
amer assemblies exists, MD results reveal that the AmB hexamers 
exhibit little conductance (Fig. 4F). On the other hand, the presence 
of octamer channels, even a small number of them, would have a 
significant impact on ion conductance so that the proportion of oct-
amer channels, if any, is considered to be small. Thus, our results 
indicate that, in the POPC-Erg model membrane, the ion channel 
activity is largely attributed to single-length heptamer channels.

We also found that intermolecular hydrogen bonds from the 
amino sugar moieties in AmB-AmB and AmB-Erg provide an im-
portant 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 carboxy 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 S7).

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 condi-
tions 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 using ultraviolet-visible (UV-VIS) and 
circular dichroism (CD) spectroscopy to determine whether the 3D 
structure of the channel assembly changed with changes in the con-
centration of AmB in the membrane. The UV-VIS spectra (fig. S27) 
revealed that the heptaene moiety of AmB in the Erg-containing 
membrane showed typical absorbance bands with sharper and red- 
shifted peaks, which were distinct from those of cholesterol (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 to 10 mole percent (mol %) of those of total lipids (36). The 
CD spectra of AmB, which sensitively reflect the molecular arrange-
ments of AmB in membranes (37), showed that AmB formed essen-
tially the same assembly over the same concentration range used for 
UV-VIS measurements (fig. S28). Therefore, we presume that the 
structure of AmB assemblies elucidated by solid-state NMR is basi-
cally 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 con-
centrations (38). 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. S26) and the resulting aggregation of the channel assemblies 
(figs. S32 and S33). As deduced from MD simulation in Fig. 5 (also 
figs. S32, S43, and S44), 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.

In this study, since we mix AmB and lipids before preparing vesicles, 
AmB assemblies are randomly oriented as shown in Fig. 5B. There 
is a long-standing debate as to whether or not the orientation of 
AmB ion channels is aligned (39–41). When liposomal AmB inject-
ed intravenously is taken up by lipoproteins or other substances and 
absorbed directly into cells (39), the channels are unlikely oriented 
in the same way. On the other hand, there is a model in which AmB 
is adsorbed as a single molecule on fungal membranes (40). In this 
case, the channel orientation can be aligned in parallel. There is an-
other study that AmB adsorbs on yeast membranes as a large aggre-
gate state (41). In this case, the orientation may not be aligned. The 
assembly structure elucidated in this study may be somewhat affected 
by the association direction of the channel. MD simulation based 
on the NMR-derived channel structure, however, reproduced the 
experimental K+ conductance of a single channel (Fig. 4F), implying 
that the NMR structure obtained from aggregated channels should be 
similar to that of the single channel. Thus, it is reasonable to assume 
that basically the same structure is maintained in the aggregated 
state. The orientation of channel aggregates in vivo needs to be clarified 
by future studies.

Accurately elucidating the channel structure enables us to ex-
plain some previously reported structure-activity relationships. For 
example, the destructive effect of N-acylation on the antifungal ac-
tivity of AmB and the retained activity of AmB methyl ester (AME), 
which was subjected to human clinical trials, were demonstrated by 
MD simulations (figs. S34 and S45 and tables S11 and S12) (42); the 
simulated channel activity of AME also reproduced previous exper-
imental values (Fig. 4F) (43). In mammalian cell membranes con-
taining Cho, the interaction between AmB and Cho is too weak to 
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form stable ion channels (figs. S29 and S38), often resulting in 
unstructured aggregates of AmB molecules outside membranes, as 
revealed by the UV-VIS spectra (fig. S27) (26). Nevertheless, AmB 
channels occurring in mammalian cells could be very similar in 
structure to those in Erg-containing membranes (fig. S28G and ta-
ble S7) and thus weakly increase the ion permeability of the mem-
brane 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 AmB assembly in 
model bilayers of fungal membranes using NMR experiments and 
MD simulations. To investigate whether this molecular assembly 
functions as an ion channel, the value for K+ conductance obtained 
from MD simulation was compared with the experimental values 
from single-channel recording. The two values agreed well, and it is 
suggested that the present channel structure in POPC-Erg bilayers 
is more accurate in terms of the number of molecules per channel 
and the mode of AmB-AmB interaction than those previously pro-
posed. Since it is still very challenging to investigate the channel 
structure under biologically relevant conditions, it remains to be 
confirmed whether this channel is formed in the fungal membrane. 

Nevertheless, the present 3D structure of the AmB channel could be 
useful for improving drug efficacy and reducing adverse effects.

MATERIALS AND METHODS
Materials
AmB was purchased from Nacalai Tesque (Kyoto, Japan). Erg, Cho, and 
aliquat 336 were purchased from Tokyo Kasei (Tokyo, Japan). POPC 
was purchased from NOF Corp (Tokyo, Japan). [1-13C] glucose was pur-
chased from Cambridge Isotope Laboratory (Massachusetts, USA). 
The AmB-producing microorganism, S. nodosus, was provided by the 
RIKEN BRC through the National Bio Resource Project of the MEXT/
AMED, Japan. All other analytical-grade chemicals were purchased 
from standard sources. 14-F-AmB was chemically derivatized from 
AmB (19); a high-performance liquid chromatogram is shown in fig. S8. 
Skipped-13C-AmB and 26,40-13C2-AmB were prepared as described 
below. Solution NMR spectra were measured by JEOL ECS400 or 
ECA500 (Tokyo, Japan). Mass spectra were recorded on Thermo Fisher 
Scientific Orbitrap XL (Massachusetts, USA). Synthesis of 26,40-13C2- 
AmB:26,40-13C2-AmB was prepared according to scheme S1. The 
details of the synthesis are provided in the Supplementary Materials.
Preparation of skipped-13C-AmB
Skipped-13C-AmB was prepared as follows (22). S. nodosus was cul-
tured in the production media (50 ml) in a 500-ml Erlenmeyer flask 
at 26°C with shaking at 200 rpm. The production medium contains 
(1-13C) glucose (5.0 g/liter), dextrin (15 g/liter), soy bean flour 
(7.5 g/liter), and CaCO3 (10 g/liter). Additional (1-13C) glucose 
(111 mg in 200 l of water) was pulse-fed to the medium 7, 15, 24, 
31, 38, 48, 55, 62, and 72 hours after incubation. After incubation 
for 122 hours, 7 w/v % of aliquot 336 containing ethyl acetate (25 ml) 
was added to the production medium, and the pH of the mixture 
was adjusted to 10.5 with 5 M NaOH. The broth was shaken vigor-
ously at 200 rpm for 1 hour, and the pH of the broth was adjusted to 
10.5 with 5 M NaOH. The organic layer was collected and stored at 
4°C for 7 days. The crude skipped-13C-AmB was precipitated as yellow 
solids, and the crudes were collected by centrifugation, washed with 
acetone (3 ml × 2) and MeOH (2 ml), and dried with Ar flow. The 
yellow solid was dissolved in N,N´-dimethylformamide (1 ml) con-
taining 0.2 ml of AcOH and precipitated by adding diethyl ether (10 ml). 
The precipitate was filtered using Celite and dissolved in CHCl3/MeOH/
H2O = 10:6:1 to afford purified skipped-13C-AmB (8.9 mg). The purity 
was checked with 13C NMR. The average labeling rate of 13C was 
estimated to be 26% according to the isotope pattern of electrospray 
ionization mass spectra (fig. S7, see the Supplementary Materials).

Membrane sample preparation
Preparation of MLVs for 19F CODEX
14-F-AmB (1.98 mg, 2.1 mol), Erg (2.50 mg, 6.3 mol), and POPC 
(11.2 mg, 14.7 mol) were dissolved in CHCl3/MeOH (1:2, v/v). The 
solvent was removed under reduced pressure and dried in vacuo for 
8 hours. The lipid film was hydrated with H2O (500 l) and 10 mM 
Hepes buffer (14.0 l) by vortexing, and the lipid dispersion was 
freeze-thawed for five cycles. After transferring to an Eppendorf tube, 
water was removed by freeze-drying. After the powder was hydrated 
with D2O (14.0 l, 50% hydration), 300 l of H2O was added, followed 
by centrifugation at 15,000 rpm for 10 min, and then supernatant 
was removed by decantation. This operation was repeated three 
times. The obtained hydrated multi-lamellar vesicles (MLVs) were 
transferred into a 4-mm magic angle spinning (MAS) rotor (Bruker).

Fig. 5. MD simulations of phospholipid interaction with and aggregate forma-
tion of AmB assemblies in membrane. (A) Left, the heptamer channel of AmB 
(tan) and Erg (yellow) surrounded by partly interdigitating POPC molecules (silver 
and red). Middle, a slice of the left image at the channel center. Right, channel radi-
us profile (distance from the center of a water molecule) along the pore axis. 
The horizontal bars denote the SD of the channel radius during the simulation (fig. 
S30). (B) The snapshot of the partial aggregation of AmB-Erg assemblies after 2-s 
MD simulation under similar conditions to those of NMR experiments with the 
antiparallel channel-channel arrangement. The blue frame shows the periodic 
boundary box (also see figs. S43 and S44).
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Preparation of liposome sample for 13C{19F}REDOR 
of 14-F-AmB and skipped-13C-AmB in POPC-Erg MLVs
14-F-AmB, skipped-13C-AmB, Erg, and POPC (0.5:0.5:3:7, total 
15 mg) were dissolved in CHCl3/MeOH. Then, the solvent was re-
moved by evaporation to make thin film, which was then dried over 
in vacuo for 18 hours. After hydrating with H2O (1 ml) and 10 mM 
Hepes buffer (pH 7.0, 15 l), the lipid dispersion was freeze-thawed 
five times and then lyophilized. The powder thus obtained was 
rehydrated with 15 l of D2O and packed into a high-resolution 
MAS insert (Bruker, Germany). Then, the insert was placed into a 
4-mm-diameter  MAS rotor (Bruker).
Preparation of liposome sample for 13C{19F}REDOR 
of 32-F-AmB, 26,40-13C2-AmB in POPC-Erg MLVs
32-F-AmB, 26,40-13C2-AmB, Erg, and POPC (0.5:0.5:1:9, total 20 mg) 
were dissolved in CHCl3/MeOH. Then, the solvent was removed by 
evaporation to make thin film, which was then dried in vacuo for 
18 hours. After hydrating using H2O (0.5 ml) and 10 mM Hepes 
buffer (pH 7.0, 20 l), the lipid dispersion was freeze-thawed five 
times to prepare MLVs and lyophilized. The powder thus obtained 
was rehydrated with 20 l of D2O and packed into a glass tube and 
sealed with epoxy glue. Then, the tube was inserted into a 5-mm 
MAS rotor (Varian).

NMR spectral measurements
Solid-state NMR measurements
Solid-state NMR spectra were recorded using a Bruker Avance III 
spectrometer equipped with a 4-mm HFX triple resonance probe or 
CMX300 (Chemagnetics) equipped with a 5-mm HFC triple resonance 
probe (Varian). The 19F CODEX (20, 21) experiments were carried 
out with 3 kHz of MAS at 0°C. The chemical shift anisotropy (CSA) 
evolution period was set to 0.67 ms, and 66 kHz of 1H-decoupling 
field strength was applied during the CSA evolution and free induc-
tion decay (FID) acquisition period. The 90° pulse width of 19F was 
4.43 s. The recycle delay was set to 10 s, and 4000 to 16,000 scans 
were acquired. A Gaussian (300 Hz) window function was applied 
before the Fourier transformation. The 13C{19F}REDOR spectra 
were recorded with 5 or 7 kHz MAS at 25° or 30°C. The 90° pulse 
width of 1H, the 180° pulse width of 19F, and 180° pulse width of 
13C were 3.78, 10.8, and 7.86 s, respectively. 1H decoupling field 
strength at 66 kHz was applied during the dipole evolution and 
FID acquisition period. The recycle delay was set to 2 or 3 s, and 
32,000 to 64,000 scans were acquired. A Gaussian (30 or 40 Hz) 
window function was applied before the Fourier transformation.

UV-VIS/CD spectral measurements
AmB and lipids were mixed into vials from the stock solution to a 
molar ratio of approximately 1:10, 1:100, and 1:1000 (10 or 30 mol 
% of POPC was replaced with sterols in sterol-containing samples). 
The solvent was distilled off (V-10, Biotage, Sweden), and the lipid 
film obtained was dried in vacuum overnight. After hydration with 
2 ml of H2O (MilliQ), freeze-thawing was repeated three times to obtain 
MLV. The MLV was passed through a polycarbonate filter (Liposofast) 
with a pore size of 800 nm to produce large uni-lamellar vesicles 
(LUVs). To determine the composition ratio after extrusion through 
the filter, AmB was quantified by dissolving 100 l of the LUV sus-
pension in 900 l of dimethyl sulfoxide and subjected to colorimetric 
determination by UV-VIS spectra. The POPC content was quantified 
by using the phospholipid C-test Wako kit (FUJIFILM Wako Pure 
Chemical Corporation, Japan), and the Cho and Erg contents were 

quantified using the cholesterol E-test Wako kit (FUJIFILM Wako Pure 
Chemical Corporation, Japan). From these quantitative values, the 
final ratio of AmB/sterol/POPC of each LUV sample was determined 
as described in the legends of figs. S27 and S28. UV-VIS absorption 
spectra were recorded on a V-730BIO (JASCO Corporation, Japan) 
at room temperature (22° to 25°C) using a cell with an optical path 
length of 10 mm. CD spectra were measured with a J-720W spectro-
photometer (JASCO Corporation, Japan). The measurements were 
performed at 25°C using a cell with an optical path length of 2 mm.

Construction of AmB assembly based on REDOR 
dephasing curves
The xyz coordinate of AmB was constructed on the basis of an x-ray 
structure (28). Mycosamine orientation was modified according to 
our report (table S4) (29). The coordinates are summarized in table 
S1. The AmB coordinates were then rotated by the Euler angle (, , ) 
as follows
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where (x, y, z) and (x', y', z') are coordinates of AmB before and after 
Euler rotation, respectively. AmB coordinates were moved in paral-
lel with the x axis by R (see fig. S23 for the definition of R as a 
pore radius)
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and duplicated by rotating around the z axis to form the Cn sym-
metric channel assembly
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where (  x k  ′′′ ,  y k  ′′′ ,  z k  ′′′  ) is the coordinate of the kth duplicate of AmB, 
and n is the oligomeric number. The interatomic distance between 
kth and (k + 1)th, and between kth and (k − 1)th AmB molecules 
were then calculated.

The REDOR curves were calculated by considering both 14-F-AmB 
intramolecular natural abundance 13C contribution and 14-F-AmB/
skipped-13C-AmB intermolecular contribution. The intramolecular 
REDOR dephasings were calculated on the basis of the coordinates 
shown in table S1. In the case of 14-F/C41 combination, the overall 
REDOR dephasing, (∆S/S0)C41, was calculated as follows

    
 (∆ S /  S  0  )  C41   =    X  n   ─  X  n   +  X  e  

    (∆ S /  S  0  )  intra   +    X  e   ─  X  n   +  X  e  
  
     

  {  p(1 − p )   (     ∆ S ─  S  0     )    
 r  1  

   + p(1 − p )  (∆ S /  S  0  )   r  2     +  p   2   (∆ S /  S  0  )   r  12     }   
   

where Xn, Xe, and p are a 13C ratio of natural abundance, a 13C-enriched 
ratio, and the probability parameter (Fig. 3B), respectively. The (∆S/S0)intra, 
(∆S/S0)r1, and (∆S/S0)r2 are intramolecular REDOR dephasing and 
intermolecular REDOR dephasings depending on two neighboring 
distance r1 and r2, respectively (see Fig. 3B). They were calculated as 
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two-spin systems. The (∆S/S0)r12 is the REDOR dephasing depend-
ing on both r1 and r2, which was calculated as a three-spin system. 
Bessel function approximation (44) was used for the REDOR de-
phasing curves of the two-spin system, and 144 angle sets were used 
for the REDOR dephasing curves of the three-spin system.

In the case of the REDOR dephasing curve observed on C1′ car-
bon, the natural abundance 13C signal of the C13 position of 
skipped-13C-AmB overlapped with that of C1′. Therefore, both C1′ 
and C13 contributions were taken into account. Similarly, in the 
case of the heptaene moiety, the signals from C20 to C33 positions 
largely overlapped. Therefore, each REDOR curve for overlapping 
carbons was calculated and summed up. To eliminate the REDOR 
dephasings caused by longer 13C-19F spin pairs such as interchannel 
interaction, the experimental data observed at less than 15-ms de-
phasing time (seven data points for each labeled position) were taken 
into account for channel structure screening. The best-fit parame-
ters were obtained by RMSD analysis.
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where   (∆S /  S  0  ) C41,i  
calc   ,  (∆S /  S  0  ) C1′,i  

calc   , and   (∆S /  S  0  ) C1′,i  
calc    are the calculated 

REDOR dephasing ratios of the ith dephasing time, respectively.   
(∆S /  S  0  ) C41,i  

exp   ,   (∆S /  S  0  ) C1′,i  
exp   , and   (∆S /  S  0  ) hept,i  

exp    are the observed REDOR 
dephasing ratios at the ith dephasing time, respectively. RMSD for 
32-F-AmB was calculated by the same method with fewer dephas-
ing (∆S/S0) values (fig. S23).

Methods of MD simulations
We have carried out a series of MD simulations of channels com-
posed of different numbers of AmB monomers (fig. S1A and table 
S2; see the Supplementary Materials), where the initial configura-
tion of the channel complexed with Erg (fig. S1D) was generated 
using the results of solid-state NMR (23, 45) in a POPC (fig. S1F) 
lipid membrane. We also performed MD simulations of channels 
made by AmB derivatives; i.e., AME and N-acetyl-AmB (AmB- 
NHCOCH3) in fig. S1 (B and C). To examine the effect of orienta-
tion of AmB channels on the assembling behavior of AmB channels, 
we simulated the multiple AmB channels with parallel and anti-
parallel arrangements in POPC membrane. We also examined the 
ion channel activity of hexamer, heptamer, and octamer AmB channels 
in the DPhPC lipid bilayer (fig. S1G).

For the simulated systems, we examined the ion permeation through 
channels consisting of different numbers of AmB monomers. The 
details of the simulated systems are provided in table S2. The parallel 
orientation of the AmB/Erg or AmB/Cho channel structure is con-
sidered to be consistent with previous experimental data (45). On 
the basis of the solid-state NMR measurements (Fig. 3), AmB mol-
ecules were arranged in an axisymmetric manner to build a channel 
as shown in fig. S2. The 3-hydroxyl group of Erg or Cho was placed 
toward the 2′-OH group of AmBs, which was reported as “head-to-
head” binding conformation (23, 46). The generated channel was 
embedded in a lipid bilayer for systems V, VI-1, VII-1–4, and VIII-1 
(table S2), as shown in fig. S3. We inserted a single AmB channel in 
the partially “interdigitated” lipid membrane composed of 16 POPC 
molecules (AmB5, AmB6, and AmB7) or 32 POPC (1-palmitoyl-2- 
oleoyl-sn-glycero-3-phosphocholine) (AmB8) molecules in a triclinic 
unit cell. The interdigitated lipid membrane was generated by ar-
ranging POPC molecules that were partially interdigitated. When 

the AmB channels form the denser domain, the channels should be 
best placed in a hexagonal crystal to minimize the energy penalty of 
the partial interdigitation. By taking into account this hypothesis, 
we adopted a triclinic unit cell to mimic the single part of the hexagonal 
AmB7 channel domain in case of 32 or 16 POPC molecules. We 
have also inserted the single AmB7 channel POPC-Erg lipid bilayer 
(system VII-8; table S2) by using the CHARMM-GUI web server. A 
simulation system (system VIII-3; table-S2) is composed of 16:48:112 
(1:3:7) AmB/Erg/POPC molecules, hydrated with 8430 water mole-
cules. The double-length assembly of AmB8 is embedded in lipid 
membrane using the CHARMM-GUI.

We embedded nine modeled AmB-Erg channel complexes in 
the lipid membrane composed of 450 POPC molecules. This resulted 
in the same molecular ratio as in the experimental setup (AmB/Erg/
POPC, 1:3:7) (system VII-5 in table S2; fig. S43A). The configu-
ration of the additional lipid membrane was generated using the 
CHARMM-GUI (47–50). In the initial structures of systems VI-2, 
VII-7, and VIII-2 (table S2), single AmB6, AmB7, and AmB8 chan-
nels were embedded in DPhPC lipid membrane, respectively, and 
surrounded by ~14,500 water molecules and ions (~550 K+, ~550 Cl−), 
resulting in the salt concentration of 2 M, using the CHARMM-
GUI web server. The initial structures are shown in fig. S4. A similar 
salt concentration was chosen for the single AmB channel conduc-
tance measurement in DPhPC (30). The 10 different initial struc-
tures of system VI-2, 16 different initial structures of system VII-7, 
and 10 different initial structures of system VIII-2 were constructed 
by using CHARMM-GUI (47–50). In the case of AmB derivatives, 
we prepared systems by replacing all AmB molecules of system VII-1 
(table S2) to each AmB derivative shown in figs. S1 (B and C), re-
spectively (system VII-3–4). We also set up the system by placing 
the antiparallel arrangement of AmB channels (system VII-6) (figs. 
S5 and S44A).

To check the dependency on the initial conditions, we constructed 
“10” different lipid membrane structures including the AmB-sterol 
complex for systems V, VI-1, VII-1–4, and VIII-1 (table S2). For 
systems VII-3 and VII-4, seven Cl− counter-ions and seven K+ 
counter-ions were added to neutralize AmB derivatives, respectively. 
In the case of systems V, VI-1, VII-1–4, and VIII-1, 7 K+ and 7 Cl− 
ions were added to the equilibrated systems after 100-ns MD runs 
to realize physiological salt concentration. The GROMACS “genion” 
tool was used to replace bulk water molecules with K+ and Cl− ions. 
The final number of molecules in each system is given in table S2.

Statistical analysis
All experimental data except NMR results were basically expressed 
with mean and SD. For NMR data, error bars denote the noise level 
of the spectra obtained from integration of the baseline near the 
signals. For ion conductance data derived from MD simulation, 
error bars denote SD from 10 simulations. In MD simulations, 
error bars of the channel diameter denote SD.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo2658
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