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Additional Materials and Methods 

Initial structure of AmB  

Table S1. The xyz coordinate of the initial structure of AmB the RMSD calculation to construct 
AmB assembly based on NMR-derived distance constraints 

 

position x y z position x y z position x y z
C1 1.809 -0.935 -8.737 C6' 9.528 -4.158 8.36 H22 4.337 -2.007 2.563
C2 1.539 -0.122 -7.497 O(C1) 1.977 -2.107 -8.761 H23 6.78 -0.605 1.392
C3 1.8 -0.916 -6.246 O3 0.826 -1.993 -6.168 H24 4.578 -2.365 0.127
C4 1.568 -0.082 -4.983 O5 1.545 -2.075 -3.562 H25 6.783 -0.603 -1.079
C5 2.047 -0.761 -3.704 O8 0 0 0 H26 4.79 -2.589 -2.347
C6 1.638 0.047 -2.482 O9 1.895 -2.039 1.303 H27 6.736 -0.527 -3.51
C7 2.044 -0.622 -1.174 O11 1.837 -1.968 3.996 H28 4.919 -2.615 -4.866
C8 1.427 0.024 0.051 O13 1.376 -1.827 6.624 H29 6.624 -0.312 -5.933
C9 1.939 -0.601 1.336 O15 1.166 0.973 9.876 H30 4.975 -2.515 -7.319
C10 1.249 -0.053 2.582 O17 3.058 -0.213 6.405 H31 6.52 -0.092 -8.407
C11 1.874 -0.525 3.894 O19 5.34 -2.873 6.897 H32 4.939 -2.344 -9.778
C12 1.128 0.044 5.089 O35 3.454 -0.799 -13.924 H33 6.125 0.269 -10.836
C13 1.663 -0.444 6.439 O37 1.808 -0.173 -9.819 H34 4.691 -2.093 -12.174
C14 1.038 0.311 7.593 Oa(C41) 4.434 0.854 10.768 H35 4.546 0.727 -13.26
C15 1.745 0.073 8.925 Ob(C41) 4.061 -1.28 10.332 H36 3.429 1.094 -11.124
C16 3.257 0.309 8.755 O2' 5.437 -5.564 7.427 H37 2.956 -1.618 -10.926
C17 3.74 -0.582 7.611 O4' 8.268 -5.736 10.505 H38a 0.638 -2.19 -11.191
C18 5.226 -0.469 7.309 O5' 7.328 -3.467 7.791 H38b 0.311 -0.617 -11.956
C19 5.743 -1.583 6.376 N3' 5.482 -6.46 10.039 H38c 1.381 -1.792 -12.759
C20 5.181 -1.586 4.989 H2a 2.186 0.755 -7.489 H39a 1.291 1.669 -11.684
C21 5.809 -1.202 3.878 H2b 0.496 0.196 -7.49 H39b 2.579 2.219 -12.782
C22 5.293 -1.504 2.559 H3 2.855 -1.188 -6.202 H39c 1.511 0.879 -13.263
C23 5.89 -1.218 1.403 H4a 2.103 0.864 -5.068 H40a 5.944 -1.474 -14.183
C24 5.416 -1.684 0.115 H4b 0.502 0.113 -4.867 H40b 6.788 -0.206 -13.263
C25 5.966 -1.309 -1.065 H5 3.13 -0.877 -3.736 H40c 7.011 -1.917 -12.828
C26 5.526 -1.799 -2.345 H6a 2.115 1.027 -2.518 H1' 5.905 -2.607 8.925
C27 5.994 -1.312 -3.511 H6b 0.555 0.171 -2.472 H2' 4.266 -4.449 8.735
C28 5.578 -1.76 -4.831 H7b 1.73 -1.666 -1.187 H3' 5.942 -4.511 10.541
C29 5.97 -1.17 -5.967 H7a 3.127 -0.571 -1.06 H4' 7.653 -6.061 8.556
C30 5.568 -1.613 -7.285 H8 1.594 1.101 0.017 H5' 8.107 -3.28 9.69
C31 5.891 -0.97 -8.437 H9 3.025 -0.516 1.375 H6'a 9.909 -3.195 8.022
C32 5.44 -1.387 -9.743 H10a 1.298 1.036 2.575 H6'b 10.157 -4.534 9.168
C33 5.603 -0.676 -10.866 H10b 0.206 -0.369 2.59 H6'c 9.542 -4.866 7.531
C34 5.107 -1.087 -12.226 H11 2.911 -0.195 3.942 H3OH 0.899 -2.341 -5.278
C35 4.05 -0.128 -12.801 H12a 1.207 1.132 5.083 H5OH 1.755 -2.385 -2.692
C36 2.986 0.358 -11.794 H12b 0.078 -0.243 5.033 H8OH -0.255 -0.893 0.191
C37 2.264 -0.79 -11.076 H14a 1.074 1.382 7.39 H9OH 1.895 -2.307 2.227
C38 1.063 -1.389 -11.797 H14b 0 0 7.712 H11OH 1.763 -2.161 4.933
C39 2.024 1.351 -12.425 H15 1.549 -0.945 9.264 H13OH 1.547 -2.031 7.533
C40 6.299 -1.177 -13.196 H16 3.44 1.365 8.557 H15OH 1.757 1.03 10.621
C41 3.991 0 10.056 H17 3.499 -1.611 7.876 H35OH 2.883 -0.193 -14.371
C1' 5.945 -3.297 8.082 H18a 5.394 0.503 6.844 H2'OH 5.372 -5.044 6.627
C2' 5.312 -4.612 8.477 H18b 5.758 -0.513 8.259 H4'OH 9.196 -5.672 10.311
C3' 6.056 -5.181 9.689 H19 6.824 -1.454 6.331 HNHa 6.103 -6.913 10.693
C4' 7.532 -5.321 9.346 H20 4.163 -1.943 4.937 HNHb 4.554 -6.323 10.412
C5' 8.097 -3.992 8.865 H21 6.733 -0.646 3.945 HNHc 5.425 -6.961 9.161



 
 

 

Methods of molecular dynamics (MD) simulations  

 

Fig. S1. Chemical structure of (A) Amphotericin B (AmB), (B) Methyl Ester derivative (AME), 
(C) N-acetyl-AmB derivative (AmB-NHCOCH3), (D) Ergosterol (Erg), (E) Cholesterol (Cho), 
(F) POPC, and (G) DPhPC. 

  

(E) Cholesterol (Cho) 

 

(F) POPC 

(D) Ergosterol (Erg)  

(C) N-acetyl-AmB derivative (AmB-NHCOCH3) 

(A) Amphotericin B (AmB) 

(G) DPhPC 

(B) Methyl Ester derivative (AME) 



 
 

 

Table S2. The number of molecules contained in the simulated systems and the simulation times 

are listed. Ion channels consisting of AmB and Erg are embedded in a POPC or 1,2-diphytanoyl-

sn-glycero-3-phosphocholine (DPhPC) lipid bilayer. The system indices, V, VI, VII and VIII, 

represent the numbers of AmB in a channel made by AmB5(V), AmB6(VI), AmB7(VII), and 

AmB8(VIII), respectively.  

System ID AmB Sterols Lipids Water 
KCl 

concentration 
(mol/liter) 

Time (µs) 
MD with 

no electric 
field 

Time (µs) 
MD under 

electric field 

V 5 5 Erg 16 POPC ~2000 0.15  10 0 

VI-1 6 6 Erg 16 POPC ~2000 0.15  10 0 

VII-1 7 7 Erg 16 POPC ~2000 0.15  10 0 

VII-2 7 7 Cho 16 POPC ~2000 0  10 0 

VIII-1 8 8 Erg 32 POPC ~4000 0.15  10 0 

VII-3 7 (A) 7 Erg 16 POPC ~2000 0.15  10 10 

VII-4 7 (B) 7 Erg 16 POPC ~2000 0.15  10 0 

VII-5 63 189 Erg 450 POPC 39744 0  4 0 

VII-6 112 224 Erg 512 POPC 66592 0  2 0 

VI-2 6 103 Erg 192 DPhPC ~14500 2  1 10 

VII-7 7 103 Erg 192 DPhPC ~14500 2  1.6 16 

VIII-2 8 103 Erg 192 DPhPC ~14500 2  1 10 

VII-8 7 7 Erg 64 POPC ~6000 0  10 0 

VII-9 7 7 Erg 32 POPC ~4000 0  10 0 

VII-10 7 7 Erg 16 POPC ~2000 0  10 0 

VIII-3 16 48 Erg 112 POPC ~8500 0  2 0 

(A) AmB derivatives as shown in Fig.S1B, (B) AmB derivatives as shown in Fig.S1C. 
  



 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S2. Constructed AmB-Erg complex channel structures for (A) AmB-Erg5, (B) AmB-Erg6, 
(C) AmB-Erg7, and (D) AmB-Erg8. The color code is as follows; the carbons in the polyene part 
of AmB: yellow, polyhydroxy carbons: magenta, oxygen atoms: red, hydrogen atoms: white, 
carbon atoms of the mycosamine group and carboxylate group: silver, and nitrogen atom: blue. 
Erg is shown in a cyan wire model with a red oxygen atom on C3. 

Side view 

Top view Side view 

Top view 
(C)    AmB-Erg7 

Side view 

Side view 

Top view 

Top view 
(D)    AmB-Erg8 

(B)    AmB-Erg6 

(A)    AmB-Erg5 
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Fig. S3. The initial structures of (A) System-V, (B) System-VI-1, (C) System-VII-1, (D) System-
VII-2, (E) System-VIII-1, (F) System-VII-3, and (G) System-VII-4. The color codes for AmB 
and Erg are the same as in Fig. S2. Headgroups of phospholipid molecules are shown in green, 
acyl chains of lipids in the upper leaflet are given in gray and in the lower leaflet in white.  
Transparent volume represents water region.   

(A)  System-V(AmB5-Erg5) (B)  System-VI-1(AmB6-Erg6) 

(C) System-VII-1 (AmB7-Erg7) (D) System-VII-2(AmB7-Cho7) 

(E) System-VIII-1 (AmB8-Erg8) (F) System-VII-3 (AME) 

(G) System-VII-4(AmB-NHCOCH3) 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S4. Initial structure of (A) the System-VI-2, (B) the System-VII-7, and (C) and the System-VIII-2. 
The color code of AmB/Erg and the presentation are the same as in Fig. S2. Water is not shown for clarity. 
  

(A) System-VI-2 

(B) System-VII-7 

(C) System-VIII-2 



 
 

 

Simulation Details 
All MD simulations were performed using the GROMACS software package (version 

5.1.4)(51). Lipids and sterols were modelled with the CHARMM 36 force field (52, 53). 
Parameters of AmB were derived from CGenFF using CGenFF web server (54-57), except for 
the torsion potential of polyene moiety in AmB. We observed that the parameters automatically 
determined by CGenFF web server tends to give rise to a cis conformation in polyene moiety. 
Thus, we adopted the torsion parameters of polyene moiety from butadiene in the CHARMM 36 
FF, which stabilizes trans conformation. The TIP3P model was used for water molecules (58). 
The temperature and pressure were set to 310 K and 1 bar, respectively. Nosé-Hoover thermostat 
(59, 60) and Parrinello-Rahman barostat (61) were used to control the temperature and pressure, 
respectively. A semi-isotropic coupling scheme was employed to independently control the 
pressure of the triclinic simulation box in parallel and normal to the bilayer. Electrostatic 
interactions were calculated with the particle mesh Ewald method (62, 63). Lennard Jones 
interaction was truncated by applying force switching cutoff in the range of 1.0−1.2 nm. The 
LINCS algorithm (64) was used to constraint all bonds involving hydrogen atoms. A time step of 
2 fs was used. Initially, we performed 20 ns MD simulation to relax lipid configuration with a 
position restraint to an AmB channel. After removing the position restraint, 1 μs equilibration 
and 10 μs-long production runs were carried out for the System-V, System-VI-1, System-VII-
1~4, 8~10, and System-VIII-1 in the NPT ensemble. In the case of system-VIII-3, we have 
performed 2-μs production runs.  

For the System-VII-7, we generated 16 different initial configurations, and we repeatedly 
performed 100 ns equilibration and 1 μs production MD runs for each system under an applied 
electric field (Eapplied) of 0.01 Volt/nm along the bilayer normal (+z-axis) (65). In the case of the 
System-VI-2 and System-VIII-2, started from 10 different initial configurations, we again 
repeatedly carried out 100 ns equilibration and 1μs production MD runs under Eapplied of 0.01 
V/nm along the +z-axis. For the System-VII-3, 10 different initial structures are generated by 

replacing water molecules by ions to produce alt concentration, and each initial structure 
was equilibrated for 100 ns and 1 μs production run was carried out in the presence of Eapplied of 
0.01 V/nm.  

We investigated the distribution of multiple AmB channels within POPC bilayer. We prepared 
the system with nine AmB channels embedded in the lipid membrane composed of 450 POPC 
molecules, which satisfied the present experimental molar ratio (AmB/Erg/POPC, 1: 3: 7) 
(System-VII-5). We have carried out an MD simulation of the System-VII-5 for 4 μs.  

We also examined the aggregation of AmB channels, which were disposed in parallel and anti-
parallel arrangements in POPC membrane. We performed 1 μs MD simulations of 4 AmB 
channels with antiparallel arrangement (Fig. S32). We took final configuration of 4 AmB 
channels after 1μs and replicated it into x-y direction (2 × 2) using GROMACS tool “genconf” 
and constructed 16 AmB channels with parallel and anti-parallel arrangement and generated the 



 
 

 

initial configuration for the System-VII-6. The System-VII-6 is composed of 112 AmB, 512 
POPC and 224 Erg molecules (Fig. S5). We performed 2 μs production run for the System-VII-6 
(Fig. S44). 

 

Fig. S5. Initial structure of the System-VII-6. The color code and the presentation are the same as 
in Figs. S2 and S3. Water is not shown for clarity.   
 

 
  

Top view                         

Side view 



 
 

 

Analysis Method for pore radius profile 
For the analysis of the pore radius of AmB channel, we used the HOLE program (66). To 

count the number of ions passing through the channel, we define the passing ion (K+ and Cl-) that 
goes through the two xy-planes at the minimum z-height of C2 and at the maximum z-height of 
C10 of AmB molecules continuously. The schematic diagram of ions passing through AmB 
channel is shown in Fig. S6. 

 

 

 

 

 

 

Fig. S6. The scheme to count the number of ions passing through the AmB channel. The color code is as 
follows; the carbons in the polyene part of AmB: yellow, polyhydroxy carbons: magenta, oxygen atoms: 
red, hydrogen atoms: white, carbon atoms of mycosamine group and carboxylate group: silver, and 
nitrogen atom: blue.  
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Conductance calculations 
We studied the ion permeation through the AmB channel in lipid bilayer under a constant 

applied electric field along the bilayer normal (z) (65, 67–69). For charged segments (with the 
charge of 𝑞), the additional force, 𝐹௭, = 𝑞𝐸, was exerted owing to the applied electric field. 

Although an applied voltage (Va) can be computed by 𝑉 = 𝐸〈𝐿௭〉, where 〈𝐿௭〉 is the average box 
length along the z axis, the effective voltage difference is different from 𝑉. The electrostatic 
potential across the AmB channel, V(z), was calculated by solving Poisson’s equation. Ionic 
current (Itotal) was estimated by counting the number of K+ and Cl- ions crossing the AmB 
channel, using the in-house FORTRAN code (available on request).  

The conductance (G) of AmB channel is calculated by using following equation (65, 67–69), 
which is based on accumulated ion crossing number (NK/Cl) for each ion and Ohm’s law, 

𝛥𝑉 = 𝑉 ൬−
𝐿௭

2
൰ − 𝑉 ൬

𝐿௭

2
൰ ,                                                  (1) 

𝐺 =
𝐼୲୭୲ୟ୪

𝛥𝑉
=

(𝑁  − 𝑁େ୪) 𝑞

𝛥𝑉𝜏
,                                               (2) 

where 𝐼௧௧ is the total current and 𝑞 is the charge of a monovalent ion. With 𝑁 and  𝑁େ୪ in the 
given time interval, 𝜏, we can calculate the average current carried by each ion.  ΔV is the 
electrostatic potential difference across the AmB channel.  
 
 
  



 

Preparations of labeled AmBs 

Fig. S7. Solution 13C NMR spectrum in DMSO-d6 (A) and ESI mass spectrum (B) of skipped-
13C-AmB. Based on the biosynthetic route of AmB, 13C labeling at the labeled positions and 13C 
scrambling to non-labeled positions were calculated to 30% and 6%, respectively (open circle).  

Fig. S8. HPLC chromatograms of AmB, skipped 13C-AmB and 14-F AmB 
AmB: Commercially available from Nacalai Tesque (Kyoto, Japan).  
HPLC Column: COSMOSIL Packed Column 5C18-MS-Ⅱ, 4.6 mmID x 250 mm (Nacalai 
Tesque, Inc.). Flow rate: 0.5 mL/min. Eluent: 80% of MeOH and 20% of 3 mM AcONH4 aq. 
(pH 4.8), isocratic. Temp.: 40°C. 



 

Synthesis of 26, 40-13C2-AmB. 

26, 40-13C2-AmB was prepared according to Scheme S1 below. 
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Scheme S1 Preparation of 26, 40-13C2-AmB. 



Conversion of S1 to S2. To THF (50 ml) cooled to −78 °C., n-BuLi (1.6 M, 33 ml) and 
diisopurpilmin (7.4 ml, 52 mmol) were added, and the mixture was stirred for 30 minutes. THF 
(20 ml) and lactone S1 dissolved in HMPA (20 ml) were slowly added to it with a cannula. After 
stirring for 30 minutes, n-BuLi (1.6 M, 26 ml) was added and the mixture was further stirred for 
45 minutes, then 13CH3I (4.0 ml, 62.4 mmol) was slowly added, and the temperature was raised 
to −30 °C over 1 hour. After stirring for another 2 hours, the reaction was quenched by the 
addition of acetic acid (15 ml) dissolved in THF (15 ml). After extraction with dichloromethane, 
the organic layer was washed with water and saturated brine, and dried over sodium sulfate. 
After distilling off the solvent, the obtained residue was purified by silica gel chromatography 
(hexane / AcOEt, 4: 1) to give 13C-lactone S2 (2.1 g, 72%) as a white solid. 

Rf = 0.15 (hexane/AcOEt, 2/1); 1H NMR (500 MHz, CDCl3) δ 4.44 (1H, dq, J = 10.5, 7.0 Hz, 
H37), 3.71 (1H, dd, J = 3.5, 2.5 Hz, H35), 2.68-2.62 (1H, m, H34), 1.82 (1H, dqd, J = 10.0, 4.0, 
3.5 Hz, H36), 1.43 (1.5H, d, J = 6.5 Hz, H40), 1.34 (3H, d, J = 6.5 Hz, H38), 1.18 (1.5H, d, J = 
7.0 Hz, H40), 1.04 (3H, d, J = 6.5 Hz, H39); 13C NMR (125 MHz, CDCl3) δ 175.04, 72.73, 
43.51, 43.16, 36.87, 26.43, 22.39, 19.42, 15.78, 12.56; MS (ESI) m/z calcd for C7

13CH14NaO3 
[M+Na+] 182.0874, found: 182.0872. 

Conversion of S2 to S3. 13C-lactone S2 (2.0 g, 12.6 mmol) was dissolved in THF (50 ml) and 
cooled to −40 °C, followed by 2,6-lutidine (2.9 ml, 25.2 mmol) and TBSOTf (. 4.4 ml, 18.9 
mmol) was added slowly. After stirring for 30 minutes, the reaction was quenched with saturated 
aqueous sodium hydrogen carbonate solution. After extraction with dichloromethane, the organic 
layer was dried over sodium sulfate and the solvent was retained. The obtained residue was 
purified by silica gel chromatography (hexane / AcOEt, 1: 0 → 10: 1) to obtain TBS ether S3 
(2.0 g, 57%) as colorless crystals. 

Rf = 0.87 (silica gel, 1:1-ethyl acetate/hexane); 1H NMR (500MHz, CDCl3) δ 4.43 (1H, dq, J = 
9.5, 6.0 Hz, H37), 3.62 (1H, dd, J = 3.0, 2.0 Hz, H35), 2.62 (1H, qd, J = 8, 3.0 Hz, H34), 1.79 
(1H, dqd, J = 12.0, 7.0, 2.5 Hz, H36), 1.37 (1.5H, d, J = 7.5 Hz, H40), 1.32 (3H, d, J = 6.5 Hz, 
H38), 1.11 (1.5H, d, J = 7.5 Hz, H40), 0.96 (3H, d, J = 7.0 Hz, H39), 0.85 (9H, s, t-Bu-Si), 0.04 
(6H, s, Me-Si); 13C NMR (125 MHz, CDCl3) δ 174.30, 74.53, 44.34, 44.04, 36.15, 27.07, 25.78, 
24.20, 19.93, 16.62, 13.98, −4.42, −4.75; MS (ESI) m/z calcd for C13

13CH28NaO3Si [M+Na+] 
296.1739, found: 296.1736. 

Conversion of S3 to S4. CH3NH (OMe) · HCl (3.4 g, 34.8 mmol) was dissolved in 
dichloromethane (40 ml) and cooled to 0 °C. A hexane solution of trimethylaluminum (1.0 M, 



 

45.2 mmol) was slowly added thereto with a dropping funnel. After stirring for 30 minutes, TBS 
ether S3 (1.9 g, 6.95 mmol) dissolved in dichloromethane (30 ml) was slowly added with a 
dropping funnel. After stirring at room temperature for 5 hours, the mixture was cooled to 0 ° C 
again, saturated aqueous sodium potassium tartrate solution was added, and the mixture was 
further stirred for 5 hours. Then, the mixture was extracted with ethyl acetate, and the organic 
layer was dried over sodium sulfate. The solvent was removed, and the resulting residue was 
dried under vacuum and then dissolved in dichloromethane (70 ml). Ethyl vinyl ether (13.4 ml, 
140 mmol) and PPTS (874 mg, 3.48 mmol) were added thereto at room temperature, and the 
mixture was stirred for 2.5 hours and quenched with saturated aqueous sodium hydrogen 
carbonate solution. After extraction with dichloromethane, the organic layer was washed with 
saturated brine and dried over sodium sulfate. The residue obtained by retaining the solvent was 
purified by silica gel chromatography (hexane / AcOEt, 5: 1) to obtain Weinrebamide S4 (2.3 g, 
86% for 2 steps) as a colorless oil.  

Rf = 0.63 (silica gel, 1:2-ethyl acetate/hexane); 1H NMR (500MHz, CDCl3) δ 4.67 (0.5H, q, J 
= 5.0, H37), 4.63 (0.5H, q, J = 5.0 Hz, H34), 3.95-3.90 (1.5H, m, H35, H37), 3.78-3.74 (0.5H, 
m, H37), 3.68 (1.5H, s, N-OMe), 3.67 (1.5H, s, N-OMe), 3.58-3.52 (0.5H, m, EE), 3.47-3.36 
(1.5H, m, EE), 3.18-3.12 (3.5H, m, N-Me, H34), 3.05 (0.5H, dq, J = 12.5, 5.5 Hz, H34), 1.92-
1.89 (0.5H, m, H36), 1.77-1.71 (0.5H, m, H36), 1.26 (3H, d, J = 5.5 Hz, EE), 1.22 (1.5H, t, J = 7 
Hz, H40), 1.16 (3H, t, J = 7.0 Hz, EE), 1.11 (1.5H, d, J = 6.0 Hz, H38), 1.03 (1.5H, d, J = 7.0 
Hz, H38), 0.96 (1.5H, d, J = 7.5 Hz, H40), 0.89-0.87 (10.5H, m, H39, t-Bu-Si), 0.86 (1.5H, d, J = 
1.5 Hz, H39), 0.04 (6H, m, Me-Si); 13C NMR (125 MHz, CDCl3) δ 177.83, 99.89, 98.79, 59.67, 
43.13 26.26, 26.24, 20.71, 18.42, 16.53, 15.38, 15.34, 15.26, 13.88, 13.55, 12.63, 12.06, -3.67,-
4.01, -4.05; MS (ESI) m/z calcd for C19

13CH43NNaO5Si [M+Na+] 429.2842, found: 429.2832 

Conversion of S4 to S5. Weinrebamide S4 (2.3 g, 5.8 mmol) was dissolved in dichloromethane 
(60 ml) and cooled to −78 °C. DIBAL (1.0 M, 17.4 ml) was slowly added thereto, and the 
mixture was stirred for 1 hour, then a saturated aqueous sodium potassium tartrate solution was 
added, and the mixture was stirred for 5 hours. After extraction with ethyl acetate, the organic 
layer was dried over sodium sulfate and the solvent was retained. The obtained residue was 
purified by silica gel chromatography (hexane / AcOEt, 1: 0 → 5: 1) to obtain aldehyde S5 (1.4 
g, 71%) as a colorless oil. 

Rf = 0.59 (silica gel, 1:5-ethyl acetate/hexane); 1H NMR (500 MHz, CDCl3) δ 9.69 (1H, dd, J = 
1.5, 1.5 Hz, CHO), 4.64 ( 1H, qd, J = 5.0, 5.5 Hz, EE), 4.26-4.23 (0.5H, m, H35), 4.16-4.13 
(0.5H, m, H35), 3.88-3.81 (1H, m, H37), 3.61-3.52 (1H, m, EE), 3.47-3.39 (1H, m, EE), 2.55-
2.52 (0.5H, m, H34), 2.48-2.44 (0.5H, m, H34), 1.98-1.93 (0.5H, m, H36), 1.91-1.87 (0.5H, m, 
H36), 1.26-1.23 (4.5H, m, H40, EE), 1.18-1.15 (3H, m, EE), 1.12 (1.5H, d, J = 6.5 Hz, H38), 
1.06 (1.5H, d, J = 6.5 Hz, H38), 1.00 (1.5H, dd, J = 9.0, 6.5 Hz, H40), 0.87-0.83 (12H, m, H39, 
t-Bu-Si), 0.04 (3H, s, Me-Si), -0.04 (3H, s, Me-Si) ; MS (ESI) m/z calcd for C17

13CH38NaO4Si
[M+Na+] 370.2471, found: 370.2496.



Conversion of S5 to S7. After dimethyl phosphonate S6 (70) (1.6 g, 4.0 mmol) was dissolved in 
THF (20 ml) and cooled to 0 °C, LHMDS (1.0 M, 6.4 ml) was added, and the mixture was 
stirred for 10 minutes. Then, aldehyde S5 (1.4 g, 4.0 mmol) dissolved in THF (20 ml) was slowly 
added dropwise, and the mixture was stirred for 1 hour. The reaction was quenched with 
saturated aqueous ammonium chloride solution and then extracted with ethyl acetate. The 
organic layer was dried over sodium sulfate, and the solvent was distilled off. The obtained 
residue was purified by silica gel chromatography (hexane / AcOEt 1: 0 → 30: 1) to obtain triene 
S7 (1.7 g, 91%) as a colorless oil.  

Rf = 0.70 (hexane/AcOEt, 4/1); 1H NMR (400 MHz, CDCl3) δ 9.69 (1H, dd, J= 11.2, 15.2, 
H29), 6.52 (1H, dd, J= 10.5, 14.9, H31), 6.23 (1H, ddd, J= 14.8, 11.2, 3.4 Hz, H30), 6.11 (1H, 
dd, J= 15.3, 10.5 Hz, H32), 6.0 (1H, m, H33), 5.84 (1H, d, J= 15.2 Hz, H28), 4.65 (1H, q, J= 
5.0 Hz, EE), 4.20 (2H, q, J= 7.1 Hz, -OEt), 3.92 (1H, m, H37), 3.38-3.65 (3H, m, H35, EE), 2.50 
(1H, m, H34), 1.93 (1H, m, H36), 1.86 (1H, m, H36), 1.32-1.24 (6H, m, -OEt, EE), 1.18 (4.5H, 
m, H40, EE), 1.08 (1.5H, d, J= 6.4 Hz, H38), 1.00 (1.5H, d, J= 6.4 Hz, H38), 0.85 (1.5H, m, 
H40), 0.83 (3H, m, H39), 0.87-0.83 (12H, s, t-Bu-Si), 0.04 (3H, s, Me-Si), -0.04 (3H, s, Me-Si); 
13C NMR (100 MHz, CDCl3) δ 167.16, 144.70, 144.64, 144.33, 128.86, 128.77, 128.32, 128.16, 
98.88, 98.26, 77.47, 77.21, 72.72, 71.39, 60.93, 60.21, 60.02, 53.40, 42.69, 41.90, 40.52 40.42, 
40.17, 40.06, 26.23, 26.13, 21.05, 20.88, 18.55, 18.34, 16.76, 16.66, 16.23, 16.09, 15.92, 15.80, 
15.69, 15.35, 14.31, 13.89, 13.84, 13.72, 11.60, 11.49, -3.64, -3.70, -3.93; MS (ESI) m/z calcd for 
C25

13CH48NaO5Si [M+Na+] 492.3202, found: 492.3199. 

Conversion of S7 to S8. Triene S7 (1.0 g, 2.1 mmol) was dissolved in dichloromethane, cooled 
to -78 ºC, and DIBAL (1.0 M, 8.5 mmol) was added slowly. After stirring for 1.5 hours, the 
reaction was quenched with saturated aqueous sodium potassium tartrate solution, and the 
mixture was further stirred for 4 hours. After extraction with ethyl acetate, the organic layer was 
washed with saturated brine and dried over sodium sulfate. After distilling off the solvent, the 
resulting residue was dried under vacuum and used in the next reaction. Crude alcohol was 
dissolved in dichloromethane (21 mL) and Dess-Martin reagent (1.4 g, 3.2 mmol) was added at 0 
ºC. After stirring at room temperature for 1 hour, the reaction was quenched with saturated 
sodium thiosulfate. After extraction with ethyl acetate, the organic layer was washed with 
saturated brine and dried over sodium sulfate. After the solvent was retained, purification was 
performed by silica gel chromatography (hexane / AcOEt, 1: 0 → 15: 1) to obtain trienal S8 (345 
mg, 38% for 2 steps) as a colorless oil. 

Rf = 0.55 (hexane/AcOEt, 4/1); 1H NMR (500 MHz, CDCl3) δ 9.53 (1H, d, J= 8.9, CHO), 
7.11 (1H, dd, J= 13,3, 13,2), 6.23 (1H, dd, J= 10.0 Hz, 15.2), 6.35 (1H, m), 6.18-6.02 (2H, m), 
6.40 (2H, m, EE), 3.90 (1H, m, H37), 3.62-3.39 (3H, m, H35, EE), 2.51 (1H, m, H34), 1.91 
(0.5H, m, H36), 1.84 (1H, m, H36), 1.25 (3H, m, EE), 1.16 (4.5H, m, EE, H40), 1.06 (1.5H, dd, 
J= 6.2, 2.3 Hz, H38), 1.00 (1.5H, dd, J= 6.2, 2.3 Hz, H38), 0.92-0.81 (13.5H, m, tBu-Si, H40, 
H39), 20.12 (3H, s, Me-Si), -15.38 (3H, s, Me-Si); 13C NMR (125 MHz, CDCl3) δ 193.45, 



 
 

 

152.28, 152.19, 151.96, 146.60, 146.25, 143.25, 143.12, 142.94, 130.76, 130.67, 128.72, 128.62, 
128.27, 128.11, 99.17, 98.73, 98.13, 73.45, 72.54, 71.31, 60.81, 59.84, 59.72, 42.73, 41.81, 
40.57, 40.44, 40.30, 40.15, 31.50, 26.12, 26.06, 26.02, 22.57, 20.96, 20.76, 20.70, 20.18, 20.06, 
18.68, 18.43, 18.31, 17.19, 16.47, 16.16, 16.08, 15.89, 15.75, 15.65, 15.51, 15.28, 14.93, 13.74, 
13.63, 13.57, 11.31, 10.58, 10.39, 8.86, -3.70, -3.79, -4.00; MS (ESI) m/z calcd for 
C23

13CH44NaO4Si [M+Na+] 448.2940, found: 448.2939.  
 

 
Conversion of S8 to S10. 13C-dimethyl phosphonate S9 (71) (1.1 g, 2.36 mmol) was dissolved 
in THF (24 ml) and cooled to 0 ºC. LHMDS (1.0 m, 1.2 mmol) was added thereto, and the 
mixture was stirred for 10 minutes. Then, trienal S8 (500 mg, 1.2 mmol) dissolved in THF (5 ml) 
was added, and the mixture was stirred for 45 minutes. Then, saturated aqueous ammonium 
chloride solution was added to stop the reaction, and the mixture was extracted with diethyl 
ether. The organic layer was washed with saturated brine and dried over sodium sulfate. The 
solvent was distilled off and the obtained residue was purified by Florisil column 
chromatography (hexane / AcOEt 1: 0 → 30: 1) to obtain C22-C37 segment S10 (505 mg, 54%) 
as a yellow oil. 

Rf = 0.65 (hexane/AcOEt, 10/1); 1H NMR (400 MHz, CDCl3) δ 6.20-6.30 (10H, m, H21-H31), 
6.06 (1H, m, H32), 5.77 (1H, m, H33), 4.66 (1H, m, EE), 3.95 (1H, m, 37), 3.68-3.57 (1H, m, 
EE), 3.50-3.39 (2H, H35, EE), 2.46 (1H, m, H34), 1.95 (0.5H, m, H36), 1.86 (0.5H, m, H36), 
1.58-1.43 (6H, m, n-Bu-Sn), 1.37-1.25 (15H,m, n-Bu-Sn, EE), 1.22-1.16 (4.5H, m, EE, H40), 
1.08 (1.5H, d, J= 6.4 Hz, H39), 1.02 (1.5H, d, J= 6.4 Hz, H39), 0.94-0.81 (22.5H, m, tBu-Si, n-
Bu-Sn, H38, H40), 0.04 (3H, s, Me-Si), 0.01 (3H, s, Me-Si); 13C NMR (100 MHz, CDCl3) δ 
146.93, 135.91, 135.65, 133.65, 133.51, 133.41, 133.30, 133.30, 133.14, 132.87, 132.82, 132.72, 
132.66, 132.45, 132.40, 132.16, 129.35 129.30, 128.05, 127.99, 98.89, 98.31, 77.71, 77.60, 
72.83, 71.42, 60.93, 60.05, 42.42, 41.81, 40.01, 31.57, 29.08, 27.82, 27.27, 26.99, 26.15, 21.08, 
20.93, 18.45, 18.40, 16.19, 15.85, 16.62, 15.34, 13.99, 13.69, 12.70, 11.70, 11.44, 11.23, 10.57, 
10.47, 10.35, 9.53, -3.62, -3.75, -3.89. -3.95; MS (ESI) m/z calcd for C39

13C2H76NaO3SiSn 
[M+Na+] 789.4550, found: 789.4559. 
 

 
Conversion of S10 to S12. The C1-C21 segment S1118 (552 mg, 0.32 mmol) dehydrated by 
toluene azeotrope, the C22-C37 segment S10 (505 mg, 0.66 mmol) and diisopropylethylamine 
(0.58 ml, 3.2 mmol) were dissolved in THF (25 ml). A solution of trisdibenzylideneacetone 
dipalladium (99 mg, 96 μmol) and triphenylarsane (97 mg, 0.28 mmol) in THF (32 mL) weighed 



 
 

 

in the glove box was added thereto at 0 ° C. The temperature was raised to room temperature and 
the mixture was stirred overnight. After that, THF was distilled off under reduced pressure, and 
the residue was crudely purified by silica gel column chromatography (ethyl acetate / hexane, 
1:5, chloroform / methanol, 1: 10－1: 20, 1% triethylamine), and the coupling product S12 
(453). mg, impure) was obtained. 
 

 
Conversion of S12 to S13. Compound S12 (450 mg) was dissolved in methanol (21 ml) and p-
methoxybenzaldehyde dimethyl acetal (3.6 ml), PPTS (1.4 g, 6.3 mmol) was added, and the 
mixture was stirred at room temperature in the dark for 4.5 hours. The reaction was stopped with 
saturated aqueous sodium hydrogen carbonate solution, and the mixture was extracted with ether. 
After drying over anhydrous sodium sulfate, the solvent was evaporated under reduced pressure. 
The residue was crudely purified by silica gel column chromatography (ethyl acetate / hexane, 1: 
5, chloroform / methanol, 1: 10－1: 20, 1% triethylamine) to give a yellow amorphous solid of 
secoic acid S13 (499 mg, impure). 
 

 
Conversion of S13 to S14. Secoic acid S13 (499 mg) was dissolved in dichloromethane (50 ml), 
and a solution of 2-methyl-6-nitrobenzoic acid anhydride (475 mg, 1.4 mmol), which was 
weighed in a glove box, and DMAP (337 mg, 2.8 mmol) in dichloromethane (190 ml) was added 
dropwise over an hour and a half. After stirring at room temperature for another 2 hours, the 
reaction was stopped with saturated aqueous sodium hydrogen carbonate solution, and the 
mixture was extracted with ether. After drying over anhydrous magnesium sulfate, the solvent 
was distilled off under reduced pressure. The residue was purified by silica gel column 
chromatography (ethyl acetate / hexane, 0: 1－1: 10, methanol / chloroform, 0: 1-1: 20) and 
macrolactone S14 (171 mg, 35% for 3 steps) was obtained as an amorphous solid. 
Rf = 0.52 (hexane/AcOEt, 4/1); 1H NMR (400 MHz, CDCl3) δ 7.75 (2H, d, J= 7.5 Hz, Fmoc), 
7.59 (2H, m, Fmoc), 7.37-7.32 (6H, m, Fmoc, MP), 7.27 (2H, t, J= 7.5 Hz, Fmoc), 6.81 (4H, dd, 
J= 20.5, 8.5 Hz, MP), 6.43 (0.5H, m, H26), 6.22-6.01 (11.5H, m, H21-32), 5.73 (1H, dd, J= 
14.5, 6.6 Hz, H20), 5.54 (1H, dd, J= 14.8, 9.2 Hz, 33H), 5.44 (1H, s, 3,5-MP acetal), 5.39 (1H, s, 
9, 11-MP acetal), 5.32 (1H, d, J= 6.0 Hz, SEM), 5.24 (1H, d, J= 6.0 Hz, SEM), 4.90 (2H, d, J= 
9.9 Hz), 4.40-4.46 (2H, m), 4.32-4.37 (1H, dd, J= 10.5, 6.6 Hz), 4,15-4.25 (3H, m), 3.85 (1H, 



 

m), 3.78 (6H, s, -OMe), 3.59-3.74 (3H, m,), 3.35 (1H, t, J= 9.5 Hz), 3.29 (1H, m), 3.02 (3H, s, -
OMe), 2.61 (1H, dd, J= 17.4, 7.0 Hz, H16), 2.34 (2H, t, J= 10.5 Hz, H2), 2.20-2.52 (2H, m), 
1.96 (1H, m), 1.75-1.84 (3H, m), 1.55-1.70 (5H, m), 1.23 (3H, d, J= 6.5 Hz, H6’), 1.20 (3H, d, 
J= 6.5 Hz, 38Me), 1.14 (1.5H, d, J= 6.9 Hz, H40), 0.95 (3H, d, J= 8.7, H39), 0.91, 0.90, 0.87, 
0.83, 0.75(46.5H, s, TBS, SEM, H40), 0.11-−0.14(41H, TBS, SEM); 13C NMR (100 MHz, 
CDCl3) δ 172.26, 169.71, 159.71, 159.61, 155.51, 144.02, 143.96, 141.36, 135.86, 133.63, 
133.51, 133.32, 133.14, 132.74, 132.46, 132.20, 131.94, 131.73, 131.29, 131.21, 130.26, 127.62, 
127.34, 126.96, 124.93, 119.89, 113.46, 113.25, 100.57, 100.17, 99.98, 97.89, 89.73, 80.21, 
77.20, 75.29, 73.83, 73.44, 72.50, 72.34, 72.27, 72.20, 68.21, 68.78, 66.95, 66.66, 57.06, 56.06, 
55.24, 47.99, 47.19, 43.03, 42.42, 40.66, 37.08, 36.01, 32.22, 31.84, 30.34, 28.91, 26.97, 26.08, 
25.98, 25.75, 25.61, 18.84, 18.38, 18.31, 18.24, 18.11, 17.98, 17.82, 17.70, 14.02, 10.94, −1.44, 
−3.96, −4.03, −4.17, −4.26, −4.39, −4.43, −4.56, −5.14, −5.33; MS (ESI) m/z calcd for
C113

13C2H181NNaO22Si6 [M+Na+] 2121.1656, found: 2121.1663

Conversion of S14 to S15. Macrolactone S14 (85 mg, 40 μmol) was dissolved in methanol (2.0 
mL) in a Teflon reaction vessel. 18% HF-pyridine (1.6 ml) was added dropwise at room 
temperature, then the temperature was raised to 50 °C, and the mixture was stirred for 39 hours. 
The reaction solution was added dropwise to a saturated aqueous sodium hydrogen carbonate 
solution to stop the reaction, and the mixture was extracted with ethyl acetate. After drying the 
organic layer with anhydrous sodium sulfate, the solvent was distilled off under reduced 
pressure. The residue was crudely purified on an ODS column (0: 1-1: 0 methanol / H2O) to give 
a yellow solid.  

The obtained crude product (83 mg) was dissolved in dichloromethane (4.0 ml), piperidine (122 
μl, 1.24 mmol) was added, and the mixture was stirred at room temperature for 4 hours. The 
solvent was evaporated under reduced pressure, and the residue was crudely purified by silica gel 
column chromatography (methanol / chloroform, 0:1－1: 0) to give compound S15 (72 mg, 
impure) as a yellow solid. 

Conversion of S15 to 26,40-13C2-AmB 6. Compound S15 (72 mg) was dissolved in methanol 
(2.6 ml), cooled to 0 °C, concentrated hydrochloric acid (327 μl) was added dropwise, and the 
mixture was stirred at 0 ºC for 20 minutes. Sodium hydrogen carbonate (409 mg) was added to 
stop the reaction, and it was confirmed that the pH was around 7. After filtration, the solvent was 



 
 

 

distilled off under reduced pressure. The obtained residue was dissolved in t-butanol (3.2 ml) and 
H2O (0.8 ml), concentrated hydrochloric acid (163 μl) was added thereto, and the mixture was 
stirred at 0 ºC for 5 hours. The reaction mixture was charged on an ODS open column (0: 1－1: 0 
methanol / H2O) and crudely purified to obtain a yellow solid. It was repurified by HPLC to give 
pure 26,40-13C2-AmB (2.5 mg, 7% for 4 steps) as a yellow solid. 
 
  



 
 

 

Solution MMR spectra of synthetic intermediates and product 

 
 
Fig. S9. 1H NMR spectrum of compound S2.  



 
 

 

 
 
Fig. S10. 1H NMR spectrum of compound S3.  
 



 
 

 

 
 
Fig. S11. 1H NMR spectrum of compound S4.  
 



 
 

 

 

 
 
Fig. S12. 1H NMR spectrum of compound S5.  



 
 

 

 

 
 
Fig. S13. 1H NMR spectrum of compound S7.  



 
 

 

 

 
 
Fig. S14. 1H NMR spectrum of compound S8.  



 
 

 

 

 
 
Fig. S15. 1H NMR spectrum of compound S10.  



 
 

 

 

 
 
Fig. S16. 1H NMR spectrum of compound S14.  



 
 

 

 

 
 
Fig. S17. 1H NMR spectrum of compound 26, 40-13C2-AmB.  



 
 

 

 
 
Fig. S18. 13C NMR spectrum of compound 26, 40-13C2-AmB.  
  



 

Supplementary Figures and Tables with Text

I. Spectroscopic results and their interpretation in combination with MD
simulations

Biological activities of fluorinated AmB analogues: 

Table S3 shows that fluorinated AmB, 14-F-AmB and 32-F-AmB (their structures are given 
below) used in this study showed similar biological activities to those of AmB. The 
stereochemistry at C14 of 14-F-AmB is the S configuration (19).  Regarding ion permeability, 
14-F-AmB and 32-F-AmB, which were used for the NMR measurements, revealed the Erg-
dependent activities with similar potency to AmB (Fig. S19). It was shown that the AmB
assemblies formed in the artificial membrane under the same lipid composition as that in the
NMR experiments efficiently form all-or-none type K+ channels as reported for the ion
permeability of AmB (72).

Table S3. Biological activity of F-labeled AmB analogues in comparison with AmB 

Compound Relative hemolytic activitya Antifungal activity (µg)b 

AmB 1.0 10 

14-F-AmB 0.9 10 

32-F-AmB 1.2 10 
aRelative hemolytic activity in EC50 to AmB, where AmB induced the hemolysis with the EC50 
of 1.4-5.6 µM, depending on the preparation of human blood cells. bThe minimum amount of 
compounds on a paper disk that showed inhibitory zone on the culture of Aspergillus niger with 
the common ratio being 3 after 60–80 h.  



 
 

 

 

 

Fig. S19. K+ ion permeation experiment of AmB channels based on 31P NMR. AmB (A), 32-
F-AmB (B), 14-F-AmB (C) from POPC membrane containing 10 mol% Erg and Cho in egg 
PC bilayers mainly consisting of POPC. AmB and the analogues were added in advance to the 
liposomes, and the influx of K+ was measured as a change in the pH of liposome lumens (72). 
The signals were due to the inorganic phosphate inside the liposome. The 31P resonance near 1 
ppm is the signal of phosphate in the liposomes without K+ inflex, and the signal around 3 ppm 
is the signal in the liposome after K+ has finished flowing in. The ratio of AmB and fluorinated 
AmB to phospholipids was 0.01 mol%, and the control was the result without AmB (19). 

δ31P /  δ31P /  δ31P /  

δ31P /  



 
 

 

Setting up the conformation of AmB monomer for constructing the time-averaged 
structure of the AmB assembly based on the interatomic distance: 

The initial structure of the AmB molecule: The crystal structure (28) was used as the 
conformation of the macrolide ring. For the relative conformation of a mycosamine moiety to the 
macrolide, which is the only flexible portion in the AmB structure, we used the dihedral angles, 
φ (C1’-O-C19-C18), ψ(C2’-C1’-O-C19) = −89°,154° in the C6-crosslink 3 that showed the 
highest Erg selectivity in K+ flux activity (Table S4) (29) as the initial structure, and minimized 
the energy with respect to the angles φ, ψ for AmB after eliminating the crosslinker using 
MacroModel (calculated without limitation in these dihedral angles in octanol). As a result, we 
obtained the dihedral angle (φ, ψ) = (−69.0°, 176.4°) of the stable conformation, which was used 
for the subsequent structural elucidation of AmB assembly. These dihedral angles agree well 
with the active conformation of AmB proposed in previous studies (73). 

 
Table S4. K+ flux activity (EC50) of AmB Crosslinkers 2–4* (23) 

 

 

 

 

 
*The activity was determined by 31P NMR (Fig. S19) and expressed as a compound/lipid molar 
ratio, Ra (x106) to induce the activity of EC50. 

 
  

Compound Sterol-free Cho Erg 

AmB 47 43 11 

C4-Crosslink 2 61 86 50 

C6-Crosslink 3 60 58 5.8 

C8-Crosslink 4 180 110 27 



 
 

 

REDOR results of AmB assembly under two kinds of lipid compositions: 

REDOR experiments were basically performed to determine the interatomic distance on two 
kinds of the lipid bilayers (MLVs) with different lipid composition ratios, AmB/Erg/POPC = 1: 
3: 7 and 1: 1: 9. At the ratio of 1: 3: 7, the saturated amount of Erg bound to the AmB 
assemblies, but under the lower Erg ratio (1: 1: 9), the bound Erg to the assemblies was only 
23% and did not reach saturation (23). In order to determine the position and orientation of Erg 
molecules bound to the AmB assembly with 13C-labeled Erg, the highest possible proportion of 
Erg molecules must be bound to the assembly, so AmB with a low Erg content, AmB/Erg/POPC 
= 1: 1: 9, was used. On the other hand, to stabilize the AmB assembly, it was desirable that many 
Erg molecules be bound to the assembly, so the measurement was performed with a high Erg 
content. Since we used the position and orientation of a bimolecular AmB-Erg complex 
determined under the condition of the ratio of 1: 1: 9 (23), it was necessary to obtain the NMR 
results with this composition. Thus, we investigated the structural difference of the AmB 
assemblies under the 1: 3: 7 and 1: 1: 9 ratios. As a result, 14-F REDOR (and CODEX) 
experiments performed in both ratios showed no significant differences in the interatomic 
distances between 14-F and C41 or 14-F and C1’ (Fig. S20). The structure of AmB assemblies 
could, therefore, be regarded as indistinguishable under these two conditions.  

We preferentially used the results obtained with the 1: 3: 7 composition ratio, where we 
recorded more data on the REDOR experiments (Fig. 2B). However, in the NMR experiment 
using 32,40-13C2-AmB, we used the results only at the 1: 1:  9 ratio because it was difficult to 
obtain reliable ΔS/S0 values in the 1: 3: 7 ratio due to the heavy overlap of the C40 signal of 
AmB on the Erg signals with the higher Erg content.  
  



 
 

 

 

 

 

 

Fig. S20. REDOR experiment of 14-F-AmB/skipped 13C-AmB/Erg/POPC membranes with 
two kinds of the lipid compositions. Comparison of lipid composition 0.5: 0.5: 3: 7 (left) and 

0.5: 0.5: 1: 9 (right). The error bars denote the S/N ratios of S signals. 

 

The intermolecular distances of 14-F/C41 in Fig. 4E are significantly smaller than the previous 
value, 12.1 Å (45). This is mainly because the probability p of adjacent fluorine-labeled AmB 
and natural AmB was set to 0.5 assuming a random mixture in the previous report. This is the 
reason that the magnitude of the magnetic dipole coupling estimated from the previous REDOR 
study became smaller, resulting in a longer distance than the current one where the p-value was 
0.24. 
  

AmB/Erg/POPC 1:3:7 AmB/Erg/POPC 1:1:9 



 
 

 

Setting-up of neighboring probability parameters p and p’ for estimating the interatomic 
distance between AmB-AmB molecules: 

We introduced the parameter p-value for estimating the interatomic distance in REDOR for the 
following reason. As shown in Fig. 1E and Fig. S22, the MLV preparations with 14-F-AmB and 
32-F-AmB contained considerable amounts of the AmB analogues that did not bind to the 
membrane. The ratios varied depending on preparation of AmB-containing MLVs. Since 
fluorine with a large electric dipole was introduced in the polar headgroup of AmB, it was 
expected that the molecular behavior of fluorinated AmB analogues could be different from that 
of AmB. For this reason, we set different p-values, the probability of F-AmB being adjacent to 
13C-labeled AmB. We adopted the single p-value for the adjacency probabilities of F-AmB to 
13C-AmB on both faces bearing the interatomic distances r1 and r2 (Fig. 3B); all the assemblies, 
even with various numbers of AmB molecules, have cyclic structures, where 13C-AmB is always 
adjacent to F-AmB at two or more even-numbers of points when one or more F-AmB is 
contained. One half of them are on the r1 side and the other half are on the r2 side. That is, all 
combinations of AmB assemblies have the same number of pairs of 13C-AmB and F-AmB 
adjacent on the r1 side and those on the r2 side (regarding the probability of 13C-AmB 
sandwiched between F-AmBs, whether it can be regarded as p2 will be discussed next).  

We considered that the number of labeled-AmB molecules per assembly was different between 
14-F-AmB and 32-F-AmB, and the probability of their adjacency with 13C-labeled AmB in the 
assembly was also different. Thus, we used the different adjacent parameters p and p’ for the 14-
F-AmB and 32-F-AmB experiments. For 14-F-AmB, the probability p is as low as 0.24. As one 
of the causes, the uptake rate of 14-F-AmB in the membrane is reduced, which has been 
experimentally confirmed by the observation that a part of 14-F-AmB was present outside of the 
membrane (in the aqueous media), as shown in Fig. 1E. It is also possible that the affinity 
between 14-F-AmB and 14-F-AmB is higher than that between 14-F-AmB and 13C-AmB. 

On the other hand, the adjacent probability for 13C-AmB sandwiched with two 14-F-AmB 
molecules could be influenced by fluorine effects on both side (Fig. S21B). In other words, it 
should be treated as a separate probability parameter rather than p2. Therefore, we set the 
probability of the sandwich structure as pFCF and examined how much it affects the REDOR 
curve. Fig. S21C shows the REDOR attenuation curves when p is fixed at 0.24 and pFCF

2 is 
changed from 0.04 to 0.09 (parameters other than probability adopt the optimum values in Fig. 
3C). It was confirmed that pFCF affects the REDOR curve to some extent, but does not 
significantly influence the interatomic distances. 

Regarding 32-F-AmB, ‘p' = 0.5’ means that 32-F-AmB and 13C-AmB are adjacent to each other 
with almost equal probability, suggesting that there is no difference in affinity for 13C-AmB 
between 32-F-AmB and 13C-AmB. Therefore, the adjacent probability of 13C-AmB sandwiched 
between 32-F-AmB can be expressed by p'2. 



 
 

 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S21. Evaluation of influence of parameter p on the REDOR results. (A) As an example, 
the state of a channel assembly consisting of six molecules of 13 C-AmB and one molecule of 14-
F-AmB is shown. At this time, the case of lining up to the right and the case of lining up to the 
left are synonymous, and REDOR attenuation occurs in 13C-AmB of 2 molecules (33%) out of 6 
molecules. (B) The structure sandwiched between fluorine is affected by the difference in 
affinity between 14-F-AmB and 13C-AmB. (C) The REDOR plots with different pFCF value; 0.04 
(blue), 0.058 (= 0.242, black), 0.09 (red).  The error bars denote the S/N ratios of S signals. 
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14-F-AmB partly remained outside membranes: 

 
 
 
 
 
 
 
 
 
 
Fig. S22. 19F NMR spectra showing that 14-F-AmB did not completely bind to the 
membrane.  The spectra were taken at 376 MHz for 14-F-AmB-Erg-POPC 1:3:7 mixture under 
magic angle spinning at 3 kHz. In the 14-F-AmB spectra where the spectra at 0 ℃ and at -36 ℃ 
are shown with green and black traces, respectively, the peak intensity (arrow) near the isotropic 
chemical shift was increased at 0 ℃, which means that a certain fraction of the F-AmB has high 
mobility and does not bind to the membrane. Thus, for estimating the number of AmB molecules 
per channel assembly, the isotropic peak (arrow) was not included for calculating the S/S0 values 
in Fig. 1F. 
  



 
 

 

How to elucidate the symmetric structure (time-averaged) of an AmB assembly based on 
RMSD analysis of NMR-derived distance: 

The parameters that we used to elucidate the NMR-derived structure of the AmB assembly are 
shown in Fig. 3. The process of minimizing RMSD was divided into two steps, as shown below, 
and lastly, the best parameter set that yielded the minimum RMSD (Fig. S23) was obtained by 
combining both. To eliminate the REDOR dephasings caused by longer 13C-19F spin pairs such 
as inter-channel interaction, the experimental data observed at less than 15 ms dephasing time 
(seven data points for each labeled position) were taken into account for channel structure 
screening. Regarding the dephasing curve within 15 ms, the shorter of the two 13C-19F distances 
(r1 and r2), which is less than 10 Å including C20 and C22 in the heptaene, has the dominant 
dephasing effect. When the longer distance exceeds 12 Å, it has little effect on the channel 
structure. The best-fit parameters were obtained by RMSD analysis. 

1) A relatively high S/N ratio in REDOR spectra was achieved with 14-F-AmB in the 
composition 14-F-AmB/13C-AmB/Erg/POPC = 0.5: 0.5: 3: 7. Thus, we collected more REDOR 
dephasing data with 14-F-AmB-containing samples (Fig. 2B), particularly for the upper part of 
an AmB assembly. The six parameters (α, β, γ, n, R, p) to define the position/orientation of AmB 
molecules were taken as follows (see Fig. S23-I for α, β, γ, and R). The oxygen atom at C8 (8-O 
in Table S1) of AmB was placed at the origin of the AmB molecular frame. The line passing 
through 14β-H was defined as the z-axis, and the x-axis was defined so that C41 was placed in 
the xz plane, thus allowing the line orthogonal to these axes to be the y-axis (Fig. S23-IA, where 
these axes are shown in blue). In addition, the same direction as each axis at panel A was defined 
as the X, Y, Z axes (capital letters) of the bilayer frame; see Fig. 3A and Fig. S23-IA where the 
bilayer coordinate axes are shown in red. Next, with respect to the bilayer frame, an AmB 
molecule was rotated by Euler angles to change its orientation with respect to the membrane 
normal (Fig. S23-IB). AmB was then translated in the X-axis direction of the bilayer frame to 
provide a space for pore formation. The pore radius R is defined as the distance between the 
origin of the bilayer frame and the origin (8-O) of the AmB molecular frame (Fig. S23-IC). That 
is, after forming a Cn symmetric AmB channel, the Z axis is in the direction of the pore axis and 
located at the center of the pore. Some of these parameters were varied within certain ranges 
based on the structural outline (Fig. S25) deduced from NMR results as follows. Upon varying 
the Euler angles α, β, γ of each AmB molecule in the bilayer frame, the angle between the 
C16/17-O vector of AmB and the membrane normal was restricted to a range from -25° to 25° 
by assuming the single-length channel. The number of AmB molecules per assembly, n, was 
varied from four to eight, for which the CODEX results implied that the average number is close 
to 7 (Fig. 1F). The inner radius R (the radius of a circle formed by the oxygen atom 8-O of each 
AmB molecule in Cn symmetric structure) is varied from 4 Å to 5.5 Å based on previous 
studies(74, 75). For the adjacent probability p, see the text (page S38) before Fig. S21. Of the 
parameter sets thus obtained, the sets with RMSD smaller than 0.035 were adopted as RMSD1 



 
 

 

for the next step of calculation; those larger than 0.035 were rejected; When the RMSD exceeds 
0.035, the value of REDOR attenuation exceeds the error ranges that are shown in Fig. 3. 

2) The same RMSD calculation as described in 1) was then performed for the REDOR 
experiments of 32-F-AmB, which could precisely provide the intermolecular distances in the 
bottom portion of an AmB assembly. We used another probability p' for 32-F-AmB as described 
in the text before Fig. S21. The newly calculated value for the parameter set (α, β, γ, n, R, p, p') 
was defined as RMSD2. Since the number of data points for 14-F-AmB was 21 and that for 32-
F-AmB was 5, the final RMSD was calculated as RMSD3 = 21/26 × RMSD1 + 5/26 × RMSD2. 
The structure that gave rise to the smallest RMSD3 value was defined as the "symmetrical 
structure of the AmB assembly determined by NMR". As is evident from Fig. S23-II, each 
parameter shows the minimum value in a relatively narrow range, and the parameters that gave 
the minimum value of RMSD3 were (α, β, γ, n, R, p, p') = (-12, 2, -20, 7, 5.4, 0.24, 0.5). Pore 
size and channel activity in the dynamic structure of the AmB channels are described in detail in 
Figs. 4 and S31. 
  



 
 

 

 

 
 

 
Fig. S23. Optimal parameters obtained by RMSD analysis based on the REDOR results of 

two types of AmBs with different 19F-labeling positions. I) Definition of parameters , ,  
and R in the AmB molecular frame and the bilayer frame. (A) The initial orientation of AmB 
molecule in the AmB molecular frame (blue axes) that is equal to the bilayer frame (red axes). 
(B) Rotation by Euler angles. (C) Definition of channel radius R.  II) The RMSD in the figure is 
required to reflect both data; *vertical axis corresponds to RMSD3 as described above. For the 

number of AmB molecules (n) varied from 4 to 8, R, angles, and p values were changed by 
0.2 Å, 2°, and 0.01, respectively, for RMSD calculation.  
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Experimental evidence that AmB orientation is parallel in the assembly: 

Assuming that the assembly formed by AmB mimics the half-barrel stave model, we 
investigated whether AmB monomers are oriented in the same direction (parallel or head-to-
head) or partly in the opposite direction (antiparallel or head-to-tail). Most previous studies 
reported that AmB molecules are aligned in a parallel manner. This orientation was confirmed by 
measuring the AmB-AmB distances between 14-F and C40 by REDOR experiments by using 
26,40-13C2-AmB and 14-F-AmB (Fig. S24). It was found that the distance between 14-F and C40 
was larger than 16 Å, which clearly indicated that neighboring AmB molecules in the assembly 
were almost exclusively arranged in the head-to-head manner. 

 

 

 

Fig. S24. 13C{19F} REDOR spectrum (A) for 26,40-13C2-AmB/14-F-AmB (dephasing time: 25.6 
ms) and the dephasing curve for C40 and C26 (B). The lipid composition was 26,40-13C2-
AmB/14-F-AmB/Erg/POPC = 0.5: 0.5: 1: 9. The result supported the parallel orientation of 
AmB-AmB in the assembly. Since the relaxation time of the 13C26 signal is much shorter than 
that of 13C40 and the REDOR attenuation values of 13C26 are not reliable enough under the 

present measurement conditions, these S/S0 values of C26 are not included in the channel 
structure analysis. 
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Preliminary NMR data analysis and our previous studies support the half-barrel stave 
structure: 

Before constructing a precise assembly structure based on the interatomic distance data, we tried 
to address two important issues. 1) Is the half-barrel structure an appropriate model for AmB 
channels? 2) Are assemblies formed by high concentration AmB are similar to those in the 
fungal membranes that are formed in low concentrations of AmB? 

1) From the result of REDOR, it was assumed that the 19F-13C distance between directly adjacent 
AmB and AmB was relatively small.  19F-13C dipolar interaction within the short distance more 
strongly reflects the S/S0 values in the short dephasing time (15 ms or less). Using the S/S0 values 
in the range from 3 to 13 ms, the interatomic distances on the polyol side and the polyene side 
were approximately estimated without considering the parameters R, n or p. As a result, the 
interatomic distance between the hydrophilic headgroups (14-F and C41) was estimated to be 5–
7 Å for the inner side of the upper portion of the assembly, and the distance between the 
hydrophobic tails (32-F and C40) was 9–13 Å for the outer side of the bottom portion as shown 
in Fig. S25. These distances suggest that all AmB molecules are arranged in the head-to-head 
manner within the assembly (see also Fig. S24), and the AmB molecular major axis is 
approximately in parallel with the pore axis, forming a cylindrical oligomer. Previous studies 
have reported similar observations that AmB spans the lipid bilayer with a single molecular 
length (26) and the molecular axis of AmB is oriented almost perpendicular to the membrane 
plane (27). Combining these findings, the structure of the AmB assembly in the membrane is 
conceptually close to the upper half of the classic barrel stave model proposed by de Kruijff et al. 
(13), and other structures are very unlikely. 

2) It was shown that the structure mimicking the upper half of the classical channel model was 
reproduced under the current experimental conditions. Therefore, it was confirmed that AmB 
assemblies with an ion channel-like structure were formed even under the high concentrations of 
AmB (about 10 mol% of total lipids; 43 w/w% lipids and 50 w/w% water) used in the NMR 
experiments. In Figs. S32 and S33, we describe the rationale why the structure of ion channels is 
not significantly affected by AmB concentrations in the membrane, and also explain the 
functional similarity between ion-conducting pore examined by channel-recording experiments 
and the ion channel assembly in the model membrane in Fig. S31 and the text (page S59) 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

  

 

 
 
 
Fig. S25.  Structural outline of AmBs in bimolecular complex (left) and resultant assembly 
(right) deduced from the interatomic distances estimated from REDOR experiments. A 
rough interpretation of the experimental results (Fig. 3) revealed that the distance between 14-F 
and C41 at the upper portion of the hydrophilic side (blue arrow) is estimated to be about 5–7 Å, 
and the distance between 32-F and C40 at the bottom of the hydrophobic side (red arrow) was 
about 9 —13 Å. These findings indicate that the hydrophilic sides of the adjacent AmB molecules 
come closer and the hydrophobic sides stay away each other, while the direction of the molecular 
axe is almost in parallel with the pore axis. The model on the right shows an assembly of seven 
molecules by arranging AmB-AmB pairs in a rotational symmetric way based on the result of 
precise distance measurements as described later. 
  



 

RMSD analysis of the NMR results indicates that heptamer (seven molecules) assemblies 
are major whereas the assemblies consisting of hexamer (six molecules) or less or octamer 
(eight molecules) are scarce: 

The structures of assemblies with six (A), seven (B), and eight (C) molecular numbers n are 
shown in Fig. S26, where the molecular arrangements that showed relatively good agreement 
with NMR data obtained by changing the parameters in Fig. S23 are drawn in an overlaying 
manner. The number of relatively stable structures obtained in the RMSD analysis was 19 for A, 
77 for B, and 2 for C, where combinations with the same structure parameters (N, R, α, β, γ) but 
different probabilities (p, p') are counted as one structure. When the overlapping probabilities are 
counted separately, A is 178 (13%), B is 1157 (86%), and C is 12 (1%). Although they may not 
represent the actual distribution of the number of molecules per AmB assembly in the 
membrane, the NMR-derived distances showed that the heptamer assembly better accounts for 
the experimental results than hexamer or octamer. 



 
 

 

 

 

 

 

Fig. S26. Validity of channel structure composed of six molecules, seven molecules, and 
eight molecules of AmB. In the fitting performed under the condition of Fig. S23, the seven 

parametersα, β, γ, n, R, p, and p' are varied by each 2o, 2o, 2o, 1, 0.2, 0.01, 0.01 increment, 

respectively, to obtain the parameter set that gave rise to the minimum RMSD values. A is the 
result of hexamer (six molecules, n = 6), B is the result of heptamer (seven molecules), and C is 
the result of octamer (eight molecules), when RMSD becomes close to the minimum value 
(0.028 - 0.030). Superpositions of all the assembly structures derived from the parameter sets are 
shown. D is a summary of the interatomic distances for each structure. 
  

n hexamer (AmB6) heptamer (AmB7) octamer (AmB8) 
 r1 / Å r2 / Å r1 / Å r2 / Å r1 / Å r2 / Å 

14-F/C41  6.7 - 7.1 9.3 - 9.8 6.5 - 7.1 8.6-  9.6 6.7 - 6.8 8.9 
14-F/C1' 5.3 - 5.7 12.0-12.4 5.2 - 5.8 11.5-12.4 5.4 - 5.6 11.9 
14-F/heptaene 11.6-12.2 15.9-16.3 11.5-12.1 15.7-16.4 11.7-11.8 15.9 
32-F/C40 10.8-11.4 9.4-10.2 9.7-11.4 8.5-10.2 9.7 8.54 
32-F/C26 12.6-13.4 10.3-11.0 12.3-13.4 9.6-10.9 12.3 9.4 

A B C 

D     Interatomic distances for hexamer, heptamer and octamer assemblies 



 
 

 

Values of interatomic distances obtained from solid-state NMR and MD simulations: 
 
Table S5. 13C-F interatomic distances measured by REDOR experiments and values from MD 
simulations (System VII-1). The interatomic distances differ between the front and back of the 
molecule and correspond to r1 and r2, respectively. The distance determined by REDOR 
measurement is shown in the minimum and maximum range of the structures shown in Fig. S26, 
and the best fit value is shown in parentheses. The same values are used for the graph in Fig. 4E. 
Details of MD simulation results on the structures of pentamer, hexamer, heptamer and octamer 
assemblies of AmB are presented in Figs. S36-S37. 
 

    Positions r1 / r2 
 REDOR / Å MD / Å 

14-F / C41  6.5～7.1 (6.8)  /  8.6～9.8 (8.9) 7.42±0.25  /   9.32±0.27  

14-F / C1’  5.2～5.8 (5.5)  /  11.4～12.4 (11.9) 6.42±0.12  /  12.7±1.5  

14-F / heptaene   11.5～12.2 (11.6)  / 15.7～16.4 (16.0) 12.18±0.15  /  14.30±0.11 

32-F / C40  9.7～11.4 (11.2)  /  8.5～10.2 (9.9)  9.38±0.07   /  8.62±0.10 

32-F / C26  12.3～13.4 (13.2)  /  9.4～11.0 (10.3) 10.24±0.05  /  12.22±0.15 

 

 



UV-VIS and circular dichroism (CD) spectra to examine whether the channel structure 
changes depending on the AmB concentration in sterol-containing membranes: 

The concentration of AmB in Erg-containing membranes (Ra= [AmB]/[lipids]) that 
significantly increases ion permeability is estimated to be 0.01 to 0.1 mol% in either fungal 
membranes or artificial bilayers (16, 29). There is a large concentration difference over 100 
times between the concentration necessary for these AmB activities and that of the NMR 
experiments. Whether or not the structure of the AmB assembly changes in this concentration 
range was examined by UV-VIS and CD spectra with the lipid compositions similar to the NMR 
experiments, and the spectra thus obtained were compared with those in previous studies(16, 29, 
36, 40, 76-78).  

The UV-VIS spectra (Fig. S27) measured with large unilamellar vesicles (LUVs) consisting of 
the same lipid compositions as those of the NMR measurements gave rise to the characteristic 
spectra of AmB in Erg- or Cho-containing membranes (76). As for the Erg-containing 
membrane, the sharp absorption peak at 415 nm was observed at the same position in the range 
from Ra= 10-1, which was the concentration for solid-state NMR, to Ra = 10-3, which was the 
concentration in the antifungal assay. In the Erg vesicles, AmB was mostly present in the 
membrane by forming assemblies with Erg in this concentration range. However, the absorption 
on the short wavelength side (around 325 nm) and a band at around 413 nm was observed for the 
sterol-free and Cho-containing membranes (27). The absorption at 325-330 nm, which was 
observed for the sterol-free LUVs and for the Cho-LUVs as a shoulder peak, was reported to be 
due to AmB present as micelles or aggregates in aqueous phase (40). Increases in absorbance at 
Ra = 10-2 are due to the dilution of AmB density in membrane as generally observed for 
membrane-bound entities.  



 
 

 

 

Fig. S27. UV-VIS spectra of AmB in membranes. The AmB concentration, Ra, and sterol 
contents in % depicted in the figure are those at the time of LUV preparation. After preparation 
of LUVs, AmB and sterol contents in the LUVs were determined as follows. A: Ra = 0.43 x 10−1, 
B: Ra = 0.46 x 10−2, C: Ra = 0.56 x 10−1 (32 mol% Cho), D: Ra = 0.38 x 10−2 (24 mol% Cho), E: 
Ra = 0.60 x 10−1 (25 mol% Erg), F: Ra = 0.47 x 10−2 (16 mol% Erg), G: Ra = 0.53 x 10−3 (19 
mol% Erg). The concentration of AmB was calculated from the UV spectra after dissolving 
LUVs in DMSO, and the PC and sterol contents were determined by a Phospholipid C Test-
Wako kit and Cholesterol E-Test Wako kit, respectively. 
 
Next, the concentration-dependent change of the AmB assembly was examined by CD 
spectroscopy. The CD spectra in Fig. S28 were measured by changing the concentration of AmB 
in LUVs containing 10 mol% and 30 mol% Erg or Cho in POPC. In the spectra of Erg-
containing LUVs, the positions of three negative peaks in the wavelength range longer than 350 
nm were observed at the same positions regardless of the concentration of AmB. In the spectrum 
of 0.1 mol% AmB (Ra = 10−3, panel I), light scattering caused by LUVs reduces the S/N ratio; 

the peak intensity () was also attenuated because monomeric AmB partially occurring in the 
membrane due to the high dilution gave rise to positive peaks almost at the same positions (36). 



The positive peak intensity near 325 nm indicates the presence of AmB that does not penetrate 
the membrane interior. The proportion of these unbound AmB molecules was slightly higher 
than that in the NMR measurements (see Figs. 1-E and S22) because the lipid/water ratios in the 
CD spectra were much lower, where micelles containing AmB are easily dispersed in water 
phase. At 10 mol% of AmB (Ra = 10−1, panel G), the AmB membrane concentration and lipid 
composition in the CD experiment was the same as those in the solid-state NMR experiment. 
Considering the characteristics of the CD spectra that sensitively reflect the association state of 
AmB molecules in membrane, the close similarity in peak positions on the CD spectra of 
different AmB concentrations (Fig. S28, G, H, I)  implies that an interactions of the heptaene 
moieties in the AmB assemblies under the NMR conditions (Ra = 10−1) is very similar to that in 
the assemblies formed under the concentration of the antifungal assays (Ra = 10−3). Therefore, we 
considered that the structure of the AmB assembly under the NMR conditions largely reproduces 
that of the AmB ion channels responsible for the antifungal efficacy and ion-flux activity. 

Vertut-Croquin et al. measured the CD spectra in Erg-egg PC membranes by changing the 
AmB concentration (Ra) from 0.01 mol% to 5 mol% under similar conditions to those used in 
our NMR experiments (37). They reported that AmB assemblies that were presumed to have 
channel activity were formed in this concentration range, and the change in the CD spectra was 
relatively small, particularly in the membranes with a high Erg content (20 mol%); the negative 
peak on the long wavelength side was observed at the same position even when the AmB 
concentration was varied. This result also shows that the arrangement of the heptaene moieties of 
AmB (that is, the higher-order structure of the AmB assembly) was unchanged over the wide 
concentration range.  

Previous reports showed that the properties of AmB ion channels are significantly influenced 
by the way AmB was added to membranes (30, 40). In our experiments, AmB was added at the 
time of membrane preparation, which was different from the case that AmB was added via an 
aqueous medium to preformed vesicles, as in the case of drug administration or channel current 
recording. Whether this difference in the administration method of the drug affects the channel 
structure was examined by CD spectroscopy. As shown in Fig. S28H, a reported CD spectrum, 
where AmB was administered via the aqueous layer to the Erg-containing LUVs (78), was 
indistinguishable from the spectrum of the present experiment, where AmB was added at the 
time of LUV preparation. The observations indicate that AmB assemblies having very similar 
AmB arrangements are formed in membranes by these two ways in AmB addition. 



Fig. S28. Membrane concentration-dependent CD spectra of AmB in Cho-containing and 
Erg-containing PC membranes. A, B, E, and F are 10 mol% sterol/egg-PC, and C, D, G and I 
are 30 mol% sterol in POPC LUVs. The inset diagram of panel H is the CD spectrum in 
literature (78) in which AmB (Ra = 1 mol%) was added to preformed LUVs with the same lipid 
composition and AmB concentration as that in panel H. These two spectra are in good agreement 



 
 

 

despite that the administration methods are different. The AmB concentration and sterol content 
depicted in the figure are those at the time of preparing the LUV sample. The AmB content and 
sterol concentration of the final sample were determined as follows. AmB/lipid ratio (Ra) and 
sterol content after extrusion. A: Ra = 0.67 × 10−1 (19% Cho), B: Ra = 0.32 × 10−2 (13% Cho), C: 
Ra = 0.56 × 10−1 (32% Cho), D: Ra = 0.38 × 10−2 (24% Cho), E: Ra = 0.62 × 10−1 (21% Erg), F: 
Ra = 0.28 × 10−2 (11% Erg), G: Ra = 0.60 × 10−1 (25% Erg), H: Ra = 0.47 × 10−2 (16% Erg), I: Ra 
= 0.53 × 10−3 (19% Erg). The concentration of AmB was calculated from the UV spectrum after 
dissolving LUVs in DMSO, and the PC and sterol contents were determined by a Phospholipid C 
Test-Wako kit and Cholesterol E-Test Wako kit, respectively. 
 
  



Higher affinity of Erg to AmB assembly than Cho supported by MD simulation: 

We previously reported a structure-activity relationship for the AmB-sterol complex (23, 76) and 
considered that hydrophobic van der Waals (vdW) contacts between AmB and Erg stabilized the 
bimolecular complex. This idea was also supported by the present MD simulation performed for 
the AmB channel structure in the present study by replacing Erg with Cho; the detailed results 
are provided in Figs. S35 and S38. Compared with the AmB-Erg complex (Fig. S29), the 
interaction between AmB and Cho was unstable, where Cho was easily separated from the AmB 
assembly. On the other hand, the inner diameter of the AmB channels in the Cho membrane is 
quite similar to that in the Erg membrane (Fig. S29F). Thus, the difference in AmB activity 
between the two membranes is considered to be derived from difference in stability of the AmB 
channel. The synergistic effect of hydrogen bonds and vdW interactions that occur in fungal 
membranes containing Erg probably stabilizes the active ion channel complex and thus facilitate 
the formation of aggregates of channels (Fig. S32). On the other hand, in mammalian cell 
membranes containing Cho, conductive AmB channels are formed to some extent. The 
aggregates of channels are, however, unlikely to occur in the Cho membrane because of a short 
lifetime of the channel assembly.  

 

Fig. S29. MD simulations revealed that Erg has much higher affinity for the AmB assembly 
than Cho. The simulations were performed for the simulation time of 1 µs with lipid 
composition of AmB/Sterol/POPC = 7: 7: 16. Table A shows the interatomic distance (red dotted 

Sample # (OH-OH distance)/Å 
Erg Cho 

1 2.8±1.3 10.5±1.8 
2 2.6±1.0 3.6±1.6 
3 2.4±0.6 3.2±1.6 
4 2.8±0.8 2.6±1.2 
5 2.7±1.0 3.1±1.4 
6 2.3±1.0 3.1±1.6 
7 1.3±0.9 3.6±2.0 
Average 2.6 4.2 
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line in panel B) between the oxygen at the 2' position of mycosamine and the oxygen atom of the 
sterol's 3-position in the Erg-containing membrane and Cho-containing membrane. The table 
shows the average over the probability distribution of distance. From this distance, Erg was 
shown to have a high binding probability while Cho has low binding probability (values in red). 
C and D are the top views of seven molecule AmB channels of the Erg and Cho membranes, 
respectively, where seven differently colored molecules of the sterol are partly incorporated into 
the AmB channel complex. E Distribution of the distances between sterol and the mycosamine 
moiety in Table A. F Distribution of pore radii of AmB channels along the pore axis in Erg, Cho, 
and sterol-free membranes. Note that the Cho membrane and the sterol-free membrane are very 
similar. This result implies that the binding of a few Cho molecules does not significantly affect 
the structure of the AmB assembly. See Figs. S35 and S38 for details. 
 



 
 

 

Comparison of the single length channel and the double-length channel with the heptamer 
and octamer AmB assemblies: 

We compared channel pore inner diameters to deduce which of the four structures of ion 
channels, different in heptamer/octamer and single-length/double-length as suggested in the 
previous and current studies (Fig. 1BC and Fig. S30), best reproduced the ion channel function. 

 In the previous study (26), which was not based on the present structure of the AmB 
channel, MD simulations were tentatively performed for a heptamer assembly. Therefore, we re-
examined the stability of the single-length heptamer channel obtained in this study. When the 
present single-length channel was compared with the double-length assembly consisting of 14 
molecules of AmB (cited from Reference 26), a remarkable difference was observed as shown in 
Fig. S30A. First, the average radius of the bottom half of the double-length assembly is 
significantly narrower than the present channel (green), suggesting that the double assembly 
cannot function as an ion-conducting channel. Second, the large fluctuation of the lower AmB 
molecule of the double-length assembly implies that the stability of this channel is lower than 
that of the single-length channel.  Stabilization of the single-length channel can be explained by 
the aggregation of the channel assembly as discussed later (Figs. S32, S33, S43, and S44). 

Next, we repeated a similar examination for 2x8 AmB channel in the double-length 
assembly, starting from four different initial configurations. Each initial configuration contained 
the same structure of AmB8-Erg8 in a single-length channel system, though copied and rotated to 
have mycosamine moiety of both octamers oriented outward of the membrane. A simulation 
system was composed of 16:48:112 (1:3:7) AmB/Erg/POPC molecules, hydrated with 8430 
water molecules. The constructed channel was embedded in lipid membrane using the 
CHARMM-GUI (47-49) four initial configurations and a final snapshot after 500 ns-MD were 
given in Fig. S47. As found in the final snapshot, the channel was deformed largely typically 
within 100 ns. Pore size analysis along the channel is given in Fig. S30B. As is the case with the 
heptamer assemblies, the average radius of the upper half of the double-length assembly (Fig. 
S30B, left) is significantly narrower than the single-length channel (right), suggesting that the 
double assembly is too unstable to act as an ion-conducting channel. The large fluctuation of the 
half octamer portion of the double-length assembly implies its lower stability in the bilayer. 
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Fig. S30. Model diagrams of the double-length channel (left) and single-length channel 
(right) and distribution of pore radii along the channel pore surrounded by heptamer or 
octamer assemblies.   
(A) Channel radius profile along the pore axis calculated from the last 500 ns MD trajectories. 
Black: double-length AmB complex in AmB/Erg/POPC 14:42:98 (26). Green: single-length 
AmB complex in the POPC-Erg bilayer obtained in this study (Fig. 1B). The present result 
confirmed that the minimum radius of the single-length channel is significantly larger than that 
of the double-length channel. (B) Pore radius profiles of AmB16 double length assembly (left) shown in 
Fig. 1C and AmB8 single length assembly (right) along the membrane normal calculated from the 2-10 µs 

MD trajectories in the POPC-Erg bilayers. The error bars denote the standard deviations. 
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Comparison between the channel conductance of MD-derived AmB assemblies and 
previous results of single-channel recording: 

From previous channel recording studies, the conductance of a single channel consisting of AmB 
and Erg in the DPhPC membrane is 14–16 pS with a typical value of 14.5 pS (30) as described in 
Fig 4F. This value corresponds to the passage of 9.4 to 10.7 K+ ions per channel for 1 µs under 
the applied electric field of 0.01V/nm. Conductance of the ion channel estimated by MD 
simulation for the heptamer AmB assembly under the similar conditions agrees well with the 
experimental value (Fig. 4F). In addition, the conductance of the hexamer and octamer channels 
showed significantly small and large values, respectively. If the hexamer channels coexist with 
the heptamer channels, we consider that the contribution of the hexamer channels to the total ion 
current should be extremely small. On the other hand, if octamer channels are significantly 
formed, the single channel current should be much larger than the experimental results.  

  Previous channel recording was largely conducted by using DPhPC as a base lipid. We 
examined the stability of a single AmB channel in DPhPC bilayers using MD simulation. As 
shown in  Fig. S40 and S41, a single (non-aggregated) channel appears to be stabilized in the 
upper interior of DPhPC-Erg bilayers as compared to the POPC-Erg bilayers, where the 
aggregates of the channels are easily formed even with highly diluted AmB. DPhPC molecules 
surrounding the AmB7 channels do not appear to be as deeply interdigitated as those of POPC  
(Fig. S41B versus Fig. S36C), which may contribute considerably to the stability of the isolated 
channel assembly. Thus, under the high dilution conditions, DPhPC is a suitable medium to 
obtain an isolated AmB channel both for current recording and MD simulation. 
 
 



 
 

 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S31. MD channel trajectory and channel inner diameter distribution (see Videos 1 and 
2 for MD ion permeation). A: The pink ball is at the K+ position that is entering the channel. 
Note that the headgroup with the mycosamine moiety is oriented downward in the bilayer 
(opposite to the direction of AmB assembly in the manuscript and videos).  B: The number ions 
which passed through the heptamer AmB channel (System VII-7) in the DPhPC-Erg bilayer 
from 16 independent MD runs. When the number of K+ and Cl- ions passing through the 
heptamer AmB channel was estimated under the conditions of 0.01V/nm and 2 M KCl by MD 
simulation, the heptamer AmB channel passed 15.06 of K+ ions and 2.51 of Cl- ions per µs on 
average, and this ion selectivity was in good agreement with previous experimental results (30, 
43). See also Figs. S39, S40 and Table S9 for details of the MD simulations.  

Sample # 
K+ Cl- 
+z -z +z -z 

S1 18 1 0 1 

S2 30 0 1 0 

S3 24 0 0 0 

S4 15 0 0 6 

S5 0 0 0 0 

S6 2 0 0 5 

S7 43 1 1 4 

S8 5 1 0 0 

S9 19 1 4 1 

S10 35 1 1 14 

S11 15 1 0 4 

S12 7 0 0 0 

S13 0 0 0 0 

S14 18 0 0 8 

S15 15 0 0 4 

S16 1 0 0 0 

Average 15.43 0.37 0.43 2.94 

B 

A +z 
Direction of applied electric 
field 



NMR and MD results suggest that the AmB-Erg channels are aggregated: 

The REDOR experiment in Fig. 3C implied the aggregation of AmB-Erg assemblies; it was 
found that the dephasing values of 32-F/C26 were all slightly larger than the theoretical curve, 
which meant that their atomic distance between channels was shorter than the theoretical curve 
obtained from the intermolecular distance within the assembly. The 32-F and C26 positions 
reside in the heptane moiety, which locates in the outer side of the channel assembly, and allow 
C26 to be closer to 32-F, especially when an antiparallel pair of the assemblies comes close each 
other (Fig. S32A). In previous studies, we have extensively performed REDOR measurements 
with lipid bilayer membranes containing AmB. Then, we obtained several results suggesting that 
the assemblies formed by AmB-Erg are close to each other. For example, in the 13C-31P REDOR 
experiments, significant dephasing effects were observed between the 31P nuclei of DMPC (or 
DSPC) and the 13C signals of AmB (79). Since phospholipids in contact with membrane-bound 
entities such as peptides usually have a short residence time in the order of microseconds, 
REDOR dephasing is rarely observed. Therefore, the 13C-31P REDOR result implies that 
phospholipids were trapped in the interstitial space between channels, as shown in Figs. 5B and 
S32. 

When MD simulation was performed with AmB assemblies (seven molecules) arranged at 
equal intervals, they more frequently came closer to each other than when the channels were 
randomly distributed (Fig. S32A). This is because peripheral interdigitation of lipids is required 
to incorporate the single-length assemblies into the lipid bilayer (Fig. 5, etc.), and more deeply 
interdigitating lipids and higher curvature of the surrounding membrane become necessary to 
incorporate isolated (not aggregated) assemblies. In other words, the aggregation of the channel 
assemblies is energetically favorable to avoid the interdigitation of lipid chains that more 
abundantly occurs around the isolated assembly. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S32. AmB channel clustering observed by MD simulations with the antiparallel 
channel-channel arrangement.  MD simulations show that 32-F and C26 come close in some 
of the antiparallel assembly pair. The inset table shows the inter-assembly distances of 32-F/C26 
for the four pair of the assemblies with the antiparallel orientation. The close proximity of 32-
F/C26 as seen in the Pair-3 may cause their higher REDOR dephasing values than those deduced 
from the distance within an assembly (Fig. 3C).  Colors in molecules: AmB is in pink for the 
hydrophilic group and in yellow for the polyene group. POPC and Erg are not shown for clarity.  
See Fig.S44 for details in MD simulation.  
  

 32-F/C26 distance 
Pair-1 10.6 ± 0.9 Å 
Pair-2 10.6 ± 0.7 Å 
Pair-3   6.3 ± 0.6 Å 
Pair-4 10.5 ± 1.0 Å 

A B 



AmB binds more efficiently to membranes containing sterol, either Erg or Cho (80), so the 

equilibrium at step a of Fig. S33 also shifts toward the formation of AmB assemblies in sterol-
containing bilayers. In the Erg-containing membrane, the channel assembly is stabilized by Erg 
binding, and thus, a large aggregate of the assemblies occurs through step b so as to reduce the 
degree of interdigitation of surrounding lipids and to relax higher curvature around the assembly. 
Once formed, the large aggregate is stable and therefore exhibits ion channel activity for long 
time. However, in the Cho membrane, the channel structure is not sufficiently stabilized due to 
the small number of Cho that binds to the channel assembly (see Fig. S29). A high concentration 
of AmB without sterols results in formation of phospholipid-free clusters, which partly come off 
the membrane (step c). Based on the assumption, it is presumed that AmB has a strong tendency 
to form high-density aggregates within Erg-containing membranes even in low membrane 
concentrations of AmB (AmB/phospholipids). This may be one of the reasons that a similar 
structure of an AmB channel assembly is maintained regardless of the concentrations of AmB, as 
shown in the text (page S50-S52) and Figs. S27 and S28  

Fig. S33. Proposed aggregated states of AmB channel assemblies in the Erg and Cho 
membranes. In Erg-membranes, large aggregates of AmB assemblies tend to form, as shown in 
steps i and ii, while in Cho-membranes, AmB assemblies cannot form stable assemblies within 
membrane and partly form AmB-only clusters, as shown in step iii. Although the assemblies in 
the same orientation (parallel arrangement) are drawn in the figure, it is assumed that similar 
aggregation occurs with the antiparallel arrangement when channel assemblies reside in Erg-
containing membranes as seen in Figs. 5B and S44.  

iii 

i ii 



 

Previous structure-activity relationship results can be accounted for by the present channel 
structure:  

In the field of medicinal chemistry, extensive investigations have been conducted to modify the 
AmB structure to enhance its efficacy and reduce adverse effects. Some of these structure-
activity relationship results can be explained by the present channel structure. Since the 
functional groups of AmB are important for stabilizing the assembly structure by electrostatic 
and hydrogen bonding interactions (Fig. 4D), we investigated their effects on K+ channel activity 
using MD simulations. The results on the methyl ester of AmB (AME), which is a biologically 
active derivative, and N-acetyl-AmB, which largely loses ion channel activity, are described 
below as typical examples. 

1) AME, effects of 41-COOH methylation: Numerous previous papers have reported that 
AME retains biological activities, including antifungal and ion channel activities (42, 43). In 
the MD simulation, AME forms a stable assembly with a pore similar to that of AmB (Figs. 
S34B, S45). Under the experiment-mimicking conditions (1 M KCl, membrane potential 0.1 
V, POPC/Erg bilayers), the K+ conductance of a heptamer AME channel was 3.5 pS, which 
agrees with the previously reported conductance of 4.5 pS for biomembrane (81) (Fig. 4F 
and Table S12).

2) N-Acetyl-AmB, effects of blocking the amino group: It is well known that N-acetyl-AmB 
shows almost no channel activity (42). This experimental fact was clearly supported by the 
MD simulation based on this channel structure. The fluctuation of the pore radius during the 
simulation (Fig. S34B) was much larger than that of AmB and AME. This observation 
indicates that the channel stability of N-acetyl-AmB is very low, therefore, suggesting that 
channel assemblies with ion permeation activity are hardly formed in membranes (Fig. S45).



Fig. S34. Summary of the cture-activity relationship of AmB: MD simulations of heptamer 
channels consisting of AME and N-acetyl-AmB. A: Chemical structures of AME and N-
Acetyl-AmB. B: Profile of the channel inner radii along the channel pore calculated by MD 
simulations based on the NMR-derived symmetric assembly of AmB. The error bars denote 
the standard deviations. C: Potential of mean force (PMF) of K+ ion measured according to the 
channel model. See Fig. S45 and Tables S11/S12 for details. 
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II. Detailed results and interpretations of MD simulations

 Stability of pentamer, hexamer, heptamer and octamer channels in Erg (and Cho) 
bilayers: 

We need to confirm whether the AmB assembly constructed by NMR and MD results forms an 
ion-conducting channel. Before reproducing the results of previous channel recording 
experiments by MD simulation, it was necessary to examine whether AmB had an ion-
conducting structure under the conditions of NMR and UV-VIS/CD measurements. This is 
because the channel recording experiments have usually been carried out under the conditions of 
high concentration KCl solution using DPhPC bilayers, and it is not possible to reproduce these 
conditions in the NMR experiments. Therefore, MD simulation was performed using a POPC-
Erg membrane in the presence of a low concentration of KCl without applying an electric 
potential. One-µs MD simulations for each AmB assembly (AmB5, AmB6, AmB7 and AmB8) 
has been repeatedly performed from ten different initial structures. The AmB assembly structures 
were stable for all these systems, when Erg molecules were included (Fig. S35). The stability of 
these assemblies is mainly explained by two intermolecular interactions within the AmB 
channel; the electrostatic interaction between 3'-NH3 and 41-COO⁻ group of AmB molecules and 
the hydrogen bonds between 15-OH and 2'-OH group of AmB molecules. The values of these 
interaction energies are provided in Table S7, which validated the formation of stable AmB 
assemblies, the inter molecular electrostatic interaction between 3'-NH3 and 41-COO⁻ is 
significantly responsible for the AmB assembly. The interdigitated arrangement of POPC is also 
responsible for the AmB channel stability as we will discuss below. As seen in panel D, AmB 
assemblies in the presence of Cho sometimes collapse into a non-conductive form. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. S35. The final configuration after 1µs MD run of System-V (A), System-VI-1 (B), System-
VII-1 (C), System-VII-2 (D), and System-VIII-1 (E) in the POPC-Erg bilayers. The color code 
of AmB/Erg (Cho) and the presentation are the same as in Fig. S2. The color code of POPC is the 
same as in Fig. S3. 
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Distribution of POPC headgroups and terminal methyl groups along the bilayer normal: 

The distribution of several selected atoms along the bilayer normal obtained from MD simulation 
are shown in Fig. S36. The probability distribution for the lipid atoms was calculated only for the 
neighboring lipid molecules within 5 Å of the AmB channel. We noticed that the distributions of 
the acyl-chain terminal positions of the upper and lower leaflets overlapped with each other, 
suggesting the membrane thinning due to the partial interdigitation of lipid molecules caused by 
the stabilized AmB assembly in Erg-containing lipid bilayers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S36. Probability distribution (ρ) of selected atoms along the bilayer normal of POPC-Erg 
bilayers calculated from the ten 1µs MD trajectory of the AmB assembly. The probability of 
lipid atoms was calculated for the neighboring lipids within 5 Å of the AmB assembly: black for 
phosphorus of the POPC headgroup, blue for the carbon of a terminal methyl group (sn-1), and 
green for the carbon of a terminal methyl group (sn-2). Solid and dashed lines indicate lipids in 
the upper and lower leaflets, respectively. Red and magenta lines correspond to the C1’ and C40 
positions of AmB, respectively. (A) System-V (B) System-VI-1 (C) System-VII-1, and (D) 
System-VIII-1. Note that the AmB head group is in a negative position on the Z axis parallel to 
the bilayer normal (see Fig. S41D).   
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Ion channel activity is explained by the pore size and stability in POPC-Erg bilayers: 

To confirm the ion channel activity of the heptamer assembly under the NMR conditions, we 
have carried out 10 µs MD simulations for AmB5 to AmB8 channel with 0.15M KCl salt 
concentration (the System-V, VI-1, VII-1, and VIII-1) in POPC-Erg bilayers. We computed the 
number of ions (K+ and Cl-) passing through the channel. These numbers are given in Table S6.  
 
Table S6: Number of the ions which passed through the AmB channels with 0.15 M KCl in the 
POPC-Erg bilayers. 

Sample 
# 

System-V 
 AmB5 

System-VI-1 
AmB6 

System-VII-1 
AmB7 

System-VIII-1 
AmB8 

K+ Cl- K+ Cl- K+ Cl- K+ Cl- 
S1 0 0 0 0 1 0 36 4 
S2 0 0 0 0 0 0 12 3 
S3 0 0 0 0 16 0 70 7 
S4 0 0 0 0 0 0 6 4 
S5 0 0 0 0 1 0 7 0 
S6 0 0 0 0 11 2 11 2 
S7 0 0 0 0 8 1 54 8 
S8 0 0 0 0 11 1 55 12 
S9 0 0 0 0 1 0 52 3 
S10 0 0 0 0 5 0 69 14 
Average 0 0 0 0 5.4 0.4 37.2 5.7 

 

No ions passed through AmB5 and AmB6 channels during the MD simulations. It is evident that 
these channels are inactive in terms of ion conduction. On contrary, we detected ion permeation 
through AmB7 and AmB8 channels. Particularly, AmB8 is a highly active ion channel. Fig. S37 
plots the pore radius profiles of these channels as a function of z position along the pore axis. The 
AmB5 and AmB6 channels have smaller pore radii compared to AmB7 and AmB8 channels. Only 
dehydrated ion permeates through the channel in these systems, and only AmB7 and AmB8 
channels give a large enough pathway for hydrated K+ and Cl- to go along with. Also, the 
difference between K+ and Cl- may be explained by the difference of the size of hydrated ion. 
 



 
 

 

 

Fig. S37. Pore radius profiles of AmB channels along the membrane normal calculated from the 

10 µs MD trajectories in the POPC-Erg bilayers. The error bars denote the standard deviations. 

  



 
 

 

Table S7: Coulombic (Coulomb) and Lenard-Jones (LJ) contribution to the interaction energies 
between AmB-AmB and AmB-Erg molecules in the POPC-Erg bilayers.  

Sample # 
Interaction energies [kJ/mol] 

Coulomb LJ Total 

15th-OHAmB-2’-OHMycos 

System V AmB5-Erg5 -34.8 -0.1 -34.9±4.2 

System VI-1 AmB6-Erg6 -47.4 -0.1 -47.5±6.2 

System VII-1 AmB7-Erg7 -65.1 -0.2 -65.3±4.6 

System VIII-1 AmB8-Erg8 -59.7 -0.1 -59.8±4.2 

3β-OHErg-2’-OHMycos 

System V AmB5-Erg5 -21.4 -0.0 -21.4±4.4 

System VI-1 AmB6-Erg6 -49.5 0.13 -49.6±8.0 

System VII-1 AmB7-Erg7 -45.4 -0.1 -45.5±3.6 

System VIII-1 AmB8-Erg8 -40.8 -0.1 -40.9±3.2 

3’-NH3-41-COO- 

System V AmB5-Erg5 -84.7 5.0 -79.7+6.3 

System VI-1 AmB6-Erg6 -107.5 6.7 -100.8+6.2 

System VII-1 AmB7-Erg7 -121.3 7.4 -113.4±5.2 

System VIII-1 AmB8-Erg8 -124.8 7.9 -116.9±3.6 

AmB7-Cho7 

System VII-2 15th-OHamb-2’-OHMycos -71.6 -0.2 -71.8±3.9 

System VII-2 3β-OHCho-2’-OHMyc-os -35.1 -0.1 -35.2±3.5 

System VII-2 3’-NH3-41-COO- -134.8 8.8 -125.9±2.4 

 

  



Preferential binding of AmB with Erg explains the pore stability: 

The final configurations after 1µs-MD runs of AmB-Erg7 (System VII-1) and AmB-Cho7 
(System VII-2) are shown in Fig. S35. We observed stable AmB-Erg and unstable AmB-Cho 
complexes. The different stability of the complexes is explained by the difference of hydrogen 
bonding interaction energies between the hydroxy group of Erg/Cho (3β-OH) and the hydroxy 
group of mycosamine of AmB (2’-OH) as suggested previously (29, 82). These interaction 
energies are provided in Table S8. For Erg, the interaction energy was -45.5±3.6 kJ/mol, while 
for Cho, the value was -35.2±3.5 kJ/mol, indicating that Erg more strongly interacted with AmB 
than did Cho. To verify the strong association of AmB with Erg, we also computed radial 
distribution function (g) of 3β-OH groups of Erg/Cho around 2'-OH group of AmB (Fig. S38). 
The intensity of the first peak for Erg is much higher than that of Cho. Therefore, Erg bound to 
the AmB channel more strongly than did Cho.  In the case of Erg, the second peak is sharp and 
located within 4Å. For Cho, the broader second peak is observed. This indicated that Erg located 
closer to the AmB as compared to Cho. 

Fig. S38. Radial distribution function (g) of 3β-OH groups of Erg or Cho around 2'-OH group of 

AmB in POPC bilayers. 



 
 

 

Higher Stability of AmB channels in DPhPC bilayers at the lower AmB/lipid ratio: 

We evaluated the channel activity (ion conductivity) of AmB6 (System-VI-2), AmB7 (System-
VII-7) and AmB8 (System-VIII-2) channels in DPhPC bilayer membranes. The equilibrated 
structures of these channels (after 100 ns MD simulations) are shown in Fig. S39. In all these 
cases, the structural stability of AmB channels were high, and the AmB channel belonged to the 
upper leaflet of DPhPC bilayer. The mycosamine group of each AmB molecule contains two 
hydroxy groups (2’-OH and 4’-OH, Fig. S1(A)). The 2’-OH groups of AmB strongly interacted 
with the surrounding ergosterol, while the other hydroxy groups (4’-OH) strongly bound to the 
headgroups of DPhPC in the upper leaflet of the bilayer. In the bottom of AmB, the hydroxy 
groups (35th-OH, Fig. S1(A)) also associated with the headgroups of DPhPC in the lower leaflet 
of the bilayer. The radial distribution functions of phosphate groups of DPhPC around the 
hydroxy groups are shown in Fig. S40. It is seen that the 4’-OH groups of mycosamine are 
strongly associated with phosphate groups of upper leaflet while interaction between the 35th -
OH groups of AmB (which are present in the bottom of AmB channel) and the phosphate group 
of lower leaflet is less intense. Thus, AmB channel is affixed in the upper leaflet.   

 
Fig. S39. Snapshots after 100ns of (A) System-VI-2, (B) System-VII-7, and (C) System-VIII-2 
in the DPhPC-Erg bilayers. Water is not shown for clarity.  The color code of AmB/Erg (Cho) 
and the presentation are the same as in Fig. S2. The color code of DPhPC is the same as in Fig. 
S3. 

(A) A snapshot of AmB6  (B) A snapshot of AmB7   (C) Snapshot of AmB8  



 
 

 

 
 
 

 
 
Fig. S40. The radial distribution function of phosphate groups of DPhPC around 4’ -OH group of 
AmB (red, headgroup) and the 35-OH group (black, tail). 
 

 

The partial interdigitation of lipid molecules around the AmB channel is one of the important 
factors for AmB channel stability. We have calculated the distribution of several selected atoms 
along the bilayer normal obtained from MD simulation, which are shown in Fig. S41. We 
observed the significant overlapping of the peaks of the acyl-chain terminal signals of the upper 
and lower leaflets of POPC with each other. This observation indicates the partial interdigitation 
of the lipid bilayers around the AmB channels, which reduces the energy cost due to the 
hydrophobic mismatch and this arrangement of lipids stabilizes AmB channel in the bilayers. 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. S41. Probability distribution (ρ) of selected atoms along the bilayer normal calculated from 
the l µs MD trajectory of the AmB channel in the DPhPC-Erg bilayers. The probability of lipid 
atoms was calculated for the neighboring lipids within 5 Å of the AmB assembly: black for 
phosphorus of the DPhPC headgroup, blue for the carbon of a terminal methyl group (sn-1), and 
green for the carbon of a terminal methyl group (sn-2). Solid and dashed lines indicate lipids in 
the upper and lower leaflets, respectively. Red and magenta lines correspond to the C1’ and C40 
positions of AmB, respectively. (A) System-VI-2. (B) System-VII-7 and (C) System-VIII-2. (D) 
The probability distribution of the tilt angle θ of the AmB molecule embedded in the lipid 
bilayer; θ is defined as the angle between the AmB axis and the bilayer normal. Black; 
SystemVI-2. Red; SystemVII-7, and Blue: System-VIII-2. The tilt angle (θ) is used to describe 
orientation of the AmB molecule which is defined as the angle between the molecular axis (C1’ 
to C40) of AmB and the bilayer normal. Note that the headgroup (C1’) is oriented downward in 
the bilayer.   
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 Conductance measurements of AmB channels in the mixture of DPhPC and Erg suggest 
that the AmB7 channel explains the experimental conductance: 

To study the ion channel activity of AmB channels, we have performed 10µs 1MD simulations 
for each AmB channel with 2M KCl in the presence of applied electric field. (System VI-2, 
System VII-7, and System VIII-2) We calculated conductance of each AmB channel as given in 
Tables S8 - S10.  
 

Table S8. Calculated conductance of AmB6 channel in the DPhPC-Erg bilayer (System-VI-2). 

Sample # 
 AmB

6
 

I [pA] ΔV [Volt] G [pS] 
S1 0.00  0.25 0.00 
S2 0.00  0.17 0.00 
S3 0.96  0.12 7.97 
S4 0.00  0.17 0.00 
S5 0.16  0.14 1.12 
S6 0.00  0.24 0.00 
S7 0.00  0.21 0.00 
S8 0.16  0.118 1.34 
S9   0.00  0.193 0.00 
S10 0.00  0.17 0.00 
Average 0.13 ± 0.02        0.18 ± 0.01 1.04 ± 0.83 

 

  



 
 

 

 

Table S9. Calculated conductance of AmB7 channel in the DPhPC-Erg bilayer (System-VII-7). 

Samples 
AmB7 
I [pA] ΔV [Volt] G [pS] 

S1 2.88 0.195 14.78 
S2 4.64 0.199 23.26 
S3 3.84 0.206 18.57 
S4 3.36 0.167 20.06 
S5 0.00 0.229 0.00 
S6 1.12 0.145 7.70 
S7 7.20 0.20 35.09 
S8 0.64 0.182 3.51 
S9 2.40 0.185 12.98 
S10 7.52 0.19 39.09 
S11 2.88 0.22 13.07 
S12 1.12 0.15 7.30 
S13 0.00 0.16 0.00 
S14 4.16 0.188 22.09 
S15 3.04 0.150 20.27 
S16 0.16 0.195 0.82 
Average 2.8 ± 0.6   0.1850 ± 0.006   14.9 ± 4.8 

 

 

Table S10. Calculated conductance of AmB8 channel in the DPhPC-Erg bilayer (System-VIII-
2). 

Sample # 
AmB8 
I [pA] ΔV [Volt] G [pS] 

S1 107.30  0.169 632.97 
S2 93.68  0.164 569.76 
S3 107.30  0.159 673.59 
S4 117.07  0.165 709.38 
S5 56.05  0.116 482.62 
S6 2.08  0.157 13.2 
S7 11.05  0.215 51.31 
S8 70.46  0.161 435.89 
S9 21.30  0.28 73.89 
S10 1.92  0.21 9.00 
Average       59 ± 15       0.18 ± 0.01 365 ± 93 

 



 
 

 

The results indicate that ion channel activity of AmB6 is very low. On the contrary, AmB8 is a 
highly active ion channel. AmB7 has an intermediate activity, showing the average conductance 
of 14.9 pS. This value is similar to the experimental value of ~14.5 pS. As shown in Table S9, 16 
independent MD runs for the System VII-7 give rather large difference in the conductance; 
indeed, two of 16 MD runs show zero conductance. These channels are supposed to be in a 
closed state, and the effective pore sizes were indeed smaller than the others. The average pore 
radius profiles of the AmB6, AmB7, and AmB8 channels are given in Fig. S42. The minimum 
pore radii for AmB6, AmB7 and AmB8 are Rmin< 2.0 Å, Rmin > 2.0 Å, and Rmin ~4.0 Å, 
respectively. The required pore radius for hydrated K+ ions is supposed to be ~2.0 Å to explain 
the conductance data obtained here. In case of AmB8, the average conductance is 365 pS, which 
is too high compare to the experimental value. This observation supports that the experimentally 
obtained AmB channel is most likely a 7-mer complex.    

 

 

Fig. S42. Pore radius profiles of AmB channels in the DPhPC-Erg bilayers. 

 

  



Formation of stable dimers of AmB channels in AmB channels aggregation: 

We investigated the aggregation behavior of AmB channels in a large POPC bilayer. We first 
prepared the system with nine AmB7 channel with the parallel arrangement embedded in the 
lipid membrane composed of 450 of POPC molecules, which is in consistent with the previous 
experimental molar ratio (AmB/Erg/POPC, 1: 3: 7) (System-VII-5)  (Fig. S43A). We carried out 
4-μs MD simulation for the System-VII-5. We also constructed the system with 16 AmB
channels with antiparallel arrangement inserted in the lipid membrane composed of 512 POPC
and 224 Erg molecules (Fig. S5). We performed 2-μs MD simulation for the System-VII-6.

For system-VII-5, at initial configuration, nine AmB channels are inserted evenly. After 4 μs, we 
observed the clustering of the AmB channels as shown in Fig. S43A. In the case of system-VII-
6, we performed 1μs MD simulations of 4 AmB7 channels with antiparallel arrangement (Figs. 
S32A and S32B). We took the final configuration of 4 AmB channels after 1μs and replicated it 
into x-y direction (2x2) and constructed 16 antiparallel AmB channels and generated the initial 
configuration for system-VII-6 and ran 2μs MD simulations. After 2 µs, we observed stable 
antiparallel dimers (Fig. S44A).  

The clustering of channels was driven by the hydrophobic mismatch between the thin AmB 
channel and the thicker POPC bilayer. Length of hydrophobic polyene part of AmB is estimated 
as ~16 Å, based on the crystal structure of N-iodoacetyl AmB (28), while the length of the 
hydrophobic core of POPC bilayer is much greater (~25.8 Å) (83). To accommodate the thin 
AmB channel, the surrounding POPCs need to have an interdigitated tails arrangement. We have 
shown the distribution of selected atoms of AmB and lipid molecules along the bilayer normal in 
Figs S43C, S44B. The distributions of the acyl-chain terminal signals of the upper (solid lines) 
and lower leaflets (dotted lines) overlapped with each other. These distributions indicate that 
membrane thinning is caused by the partial interdigitation of lipid molecules surrounding the 
AmB channels including those incorporated in the channel aggregates (as illustrated on the right-
hand side of Fig. S33). 



 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. S43. A. The initial arrangement of nine AmB channel assemblies (System VII-5) that were 
oriented in the same direction (the parallel arrangement) with 450 POPCs, 189 Ergs and 63 
AmBs. B. The snapshot after 4 µsec revealed that some of the assemblies come close contact to 
each other; the color code of AmB/Erg and the presentation are the same as in Fig. S2. The color 
code of POPC is the same as in Fig. S3. C. The probability of lipid atoms was calculated for the 
neighboring lipids within 5 Å of the AmB assembly: black for phosphorus of the POPC 
headgroup, blue for the carbon of a terminal methyl group (sn-1), and green for the carbon of a 
terminal methyl group (sn-2). Solid and dashed lines indicate lipids in the upper and lower 
leaflets, respectively. Red and magenta lines correspond to the C1’ and C40 positions of AmB, 
respectively. Note that the AmB head group is in a negative position on the Z axis parallel to the 
bilayer normal (see Fig. S41D). 
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Fig. S44. A. The snapshot of the System-VII-6 with the antiparallel arrangement after 2μs MD 
simulation in the POPC-Erg bilayer; the color code of AmB/Erg and the presentation are the 
same as in Fig. S2. The color code of POPC is the same as in Fig. S3. B. Probability distribution 
(ρ) of selected atoms along the bilayer normal calculated from the last l µs MD trajectory of the 
AmB channels (System-VII-6). The probability of lipid atoms was calculated for the neighboring 
lipids within 5 Å of the AmB assembly: black for phosphorus of the DPhPC headgroup, blue for 
the carbon of a terminal methyl group (sn-1), and green for the carbon of a terminal methyl 
group (sn-2). Solid and dashed lines indicate lipids in the upper and lower leaflets, respectively. 
Red and magenta lines correspond to the C1’ and C40 positions of AmB, respectively. Note that 
the AmB head group is in a negative position on the Z axis parallel to the bilayer normal (see 
Fig. S41D). 
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AME assembly is a stable and active ion channel and N-acetyl-AmB is unstable:  

The AmB derivatives can be used to improve the therapeutic index of AmB drugs and with less 
side effects. In the present work, we have studied the stability and ion channel activity of methyl 
ester (Fig. S1(B)) (System-VII-3, AME) and N-acetyl-derivative (Fig. S1(C)) (system-VII-4, 
AmB-NHCOCH3) in the POPC-Erg bilayers. The initial structures of these two systems are 
provided in Fig. S3. We have performed 10 µs all-atom MD simulations for each channel. 

 

 

 

 

 

 

 

Fig. S45. The final configuration from one of the ten 1µs-MD runs of (A) System VII-3 (AME) 
and (B) System VII-4 (AmB-NHCOCH3) in the POPC-Erg bilayers. The color code of AmB/Erg 
and the presentation are the same as in Fig. S2. The color code of POPC is the same as in Fig. 
S3. 

  The snapshots of the last MD frames of these systems after 1 µs are given in Fig. S45. A stable 
AME channel was kept, though a significantly distorted structure was observed in the AmB-
NHCOCH3 channel. The intermolecular interaction energies between the AmB molecules for 
AME and AmB-NHCOCH3 channels, respectively, were calculated as given in Table S11. In the 
case of AmB-CONHCH3 channel, the electrostatic interaction between the aceto-amide group 
(3’-NHAc) of mycosamine and carboxylate (41st-COO-) group was completely abandoned, while 
for AME, a strong electrostatic interaction was observed between the two groups. Thus, we 
ascertained stable AME and unstable AmB-NHCOCH3 ion channels.  

  

 A.  System VII-3 (AME)  
 

 B.  System VII-4 (AmB-NHCOCH3) 



 
 

 

 

Table S11. Coulombic and Lenard-Jones contribution to the interaction energies between 
ammonium group (3’-NH3) and carboxylate group (41st-COO-) of AmB in the POPC-Erg 
bilayers. 

System # 

Interaction energies [kJ/mol] 

3’-NH3-41st-COO- 

Coul LJ Total 

System-VII-3 (AME) -33.5 1.9 -33.6 ± 2.4 

System-VII-4 (AmB-NHCOCH3) 1.5 -0.2 1.3 ± 0.1 
 

We calculated the conductance of AME channel with 1M-KCl in the presence of applied electric 
field. The values are provided in the Table S12. The average value of conductance is 3.54 ± 1.0 
pS. The low ion channel activity is observed because of the smaller pore radius than that of AmB 
(Fig. S34(B)).  

 

Table S12. The values of conductance (G) of AME channel in the POPC-Erg bilayers (System-
VII-3) in the presence of applied electric field (Eapplied = 0.01 V/nm). 

Sample # 
AME channel 

I [pA] ΔV [V] G [pS] 

S1 3.20 1.17 2.74 
S2 6.88 1.68 4.09 
S3 14.57 1.77 8.21 
S4 5.12 2.15 2.38 
S5 8.16 1.47 5.54 
S6 7.37 1.34 5.49 
S7 0.16 2.24 0.07 
S8 1.12 0.87 1.28 
S9 2.08 0.88 2.37 
S10 5.60 1.75 3.19 

Average 5.43 ± 1.3 1.53 ± 0.15 3.54 ± 1.0 
 

 

 



 
 

 

The effect of AmB: Lipid ratio on the stability of AmB channel: 

We performed the simulations of AmB7 in 16-POPC (VII-8), 32-POPC (VII-9) and 64-POPC 
(VII-10) lipid bilayer for ten different initial structures.  The distribution of several selected 
atoms along the bilayer normal obtained from MD simulation are shown in Fig. S46. The 
probability distribution for the lipid atoms was calculated only for the neighboring lipid 
molecules within 5 Å of the AmB channel. In all systems, both C40 and C41 were located near the 
phosphate group of POPC, while C40 was located slightly deeper in the membrane than C41. 
Additionally, the distributions of the acyl-chain terminal signals of the upper and lower leaflets 
overlapped with each other, indicating membrane thinning because of the interdigitation of lipid 
molecules and stabilization of the AmB channel in the lipid bilayers. These findings are 
consistent with the previous report (26). However, there was shown to be the difference about the 
frequency of the interdigitation of lipid molecules among SystemVⅡ-8~10. The peaks of the 
acyl-chain terminal signals of the upper and lower leaflet molecules was deeper and sharper in 
the opposite leaflet in SystemVⅡ-10 than SystemVⅡ-8,9, indicating the larger formation of the 
interdigitation of the lipid molecules in the denser domain of AmB channels. This was driven by 
the lower energy penalty of the interdigitation by the aggregation of the channels. The larger 
formation of the interdigitation lead the reduction of the area of the hydrophobic mismatch 
between AmB channel and the lipid bilayer. The reduction of the area of the hydrophobic 
mismatch led to reduce the mechanical stress around the AmB channel due to the energy penalty 
of the hydrophobic mismatch. By the reduction of the mechanical stress, AmB channel was 
thought to become more stable with less fluctuation in SystemⅡ-3. From these results and 
discussions, we found the frequency of the interdigitation of lipid molecules was strongly 
affected by the molar concentration of AmB molecules. In addition, the frequency of the 
interdigitation resulted in the difference about the channel stability in the different molar ratio 
(AmB/POPC). 



 
 

 

 

Fig. S46. Probability distribution of selected atoms along the bilayer normal calculated from the 
last 500 ns MD trajectory of the AmB channel. The probability of lipid atoms was calculated for 
the neighboring lipids within 5 Å of the AmB assembly: black for phosphorus of the POPC 
headgroup, blue for the carbon of a terminal methyl group (sn-1), and green for the carbon of a 
terminal methyl group (sn-2). Solid and dashed lines indicate lipids in the upper and lower 
leaflets, respectively. Red and magenta lines correspond to the C41 and C40 positions of AmB, 
respectively. Light blue lines correspond to the O3 position of Erg. (a) System VII-8. (b) System 
VII-9. (c) System VII-10. 

  



 
 

 

The AmB8 single assembly is more stable than AmB8 double length assembly in Erg-POPC 
lipid bilayer: 

We additionally tested the stability of a double-length channel composed of 2x8 AmBs, which 
may correspond to a standard barrel-stave model (13). Our previous MD simulation of a double-
length channel composed of 2x7 AmBs showed a significantly lower stability, leading to a 
collapse of the channel within a simulation time (26). Here we repeated a similar examination for 
2x8 AmB channel, starting from four different initial configurations. Each initial configuration 
contains the same structure of 8 AmBs with 8 Erg in a single-length channel system, though 
copied and rotated to have mycosamine moiety of both 8 mers oriented outward of the 
membrane. A simulation system is composed of 16:48:112 (1:3:7) AmB:Erg:POPC molecules, 
hydrated with 8430 water molecules. The constructed channel is embedded in lipid membrane 
using the CHARMM-GUI (47-49). four initial configurations and a final snapshot after 500 ns-
MD are given in Fig. S47. As found in the final snapshot, the channel was deformed largely 
typically within 100 ns. Pore size analysis along the channel is given in Fig. S30B.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 

 
Fig. S47. (A) The initial arrangement of AmB8 double length assembly with 112 POPCs, 48 Ergs 
and 16 AmBs. Snapshots after 500 ns (B). The color code of AmB/Erg and the presentation are the 
same as in Fig. S2. The color code of POPC is the same as in Fig. S3. Water is not shown for clarity.   
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Video description 

 

Videos of the MD simulations of AmB channel. Water molecules and ions that do not penetrate 
the channel are not shown for clarity. 

 

Video 1: MD simulation of AmB heptamer in DPhPC (side view) under the conditions of VII-7 (Table S2) 

Video 2: MD simulation of AmB heptamer in DPhPC (top view) under the conditions of VII-7 (Table S2) 

Video 3: MD simulation of AmB hexamer in DPhPC (side view) under the conditions of VI-2 (Table S2) 

Video 4: MD simulation of AmB octamer in DPhPC (side view) under the conditions of VIII-2 (Table S2) 

Video 5: MD simulation of AmB octamer in DPhPC (top view) under the conditions of VIII-2 (Table S2) 
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