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Aiming for structural analysis of amphotericin B (AmB) ion-channel assemblies in membrane, a covalent
dimer was synthesized between 13C-labled AmB methyl ester and 19F-labled AmB. The dimer showed
slightly weaker but significant biological activities against fungi and red blood cells compared with those
of monomeric AmB. Then the dimer was subjected to 13C{19F}REDOR (Rotational-Echo Double Resonance)
experiments in hydrated lipid bilayers. The obtained REDOR dephasing effects were explained by two
components; a short 13C/19F distance (6.9 Å) accounting for 23% of the REDOR dephasing, and a longer
one (14 Å) comprising the rest of the dephasing. The shorter distance is likely to reflect the formation
of barrel-stave ion channel.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Amphotericin B (AmB) is one of the standard anti-fungal drug
used for treatment of deep-seated fungal infections despite its seri-
ous side effects.1,2 It is widely accepted that the mechanism of
action of AmB is responsible for the formation of a ‘barrel-stave’
self-assembly that is thought to act as an ion permeable channel
in fungal cell membrane.3,4 Its selective toxicity has been accounted
for by intermolecular AmB-sterol recognition; AmB prefers to
ergosterol, a major sterol in fungal membrane, than cholesterol in
mammalian membrane.5,6 From the clinical, biophysical and bio-
chemical significance, the AmB channel structure has been investi-
gated by computational simulations7–9 and spectroscopic
methods10–12 including solid-state NMR.13,14

On the other hand, recent studies based on chemical synthesis
have suggested a new possible mechanism for anti-fungal activity15;
for example, Burke’s group synthesized 41-methyl AmB16 and
35-deoxy AmB,17 and found that both derivatives retained anti-fun-
gal activity, although the latter was devoid of membrane-permeab-
lizing effects against artificial liposomes. From these findings, they
proposed a new mechanism for antifungal action of AmB; the drug
exerts antifungal activity by simply binding and trapping the ergos-
terol molecules rather than by forming an ion channel, and mem-
brane permeabilization via channel formation represents a second
complementary mechanism that further increases drug potency
and the rate of yeast killing. Nevertheless, the structure of ion chan-
nel complex itself is crucial to provide information as to whether or
ll rights reserved.
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not the channel formation is primarily related to the biological
activity.

During the last several years, we have attempted to elucidate
the structure of AmB ion channel using various approaches. To
examine the AmB-ergosterol binding structure, we previously pre-
pared a series of derivatives whose mycosamine orientation was
restricted by covalent linkage between the amino and carbonyl
groups, and suggested that the orientation of mycosamine crucially
affected the sterol selectivity and ion channel formation.18 Bagin-
ski’s group also reported using computational calculations that
conformation of a mycosamine moiety is changed by binding to
ergosterol.19 More recently, Carreira’s group derivatized the sugar
moiety of AmB,20 and found that 20-OH is essential for the interac-
tion with an ergosterol molecule.

In addition to derivatization of AmB, we have also used solid-
state NMR techniques including 2H and 19F resonances to observe
molecular orientation and mobility in hydrated lipid bilayers.21,22

Among other solid-state NMR methods, rotational echo double res-
onance (REDOR),23,24 a triple resonance method for measuring
interatomic distance, turned out to be particularly useful for eluci-
dating the structure of membrane-bound molecular assemblies.
Using this technique, we estimated the intermolecular distances
between AmB–AmB and AmB-ergosterol.25–27

Toward the analysis of binary interactions between AmB mole-
cules in detail, we have also synthesized several AmB covalent
dimers in order to stabilize the complexed state in membrane for
a longer period enough for solid state NMR measurements. We first
prepared various dimers cross-linked between the amino groups
(N–N dimers)28,29 and between the carbonyl groups (C–C dimers),30

and both N–N and C–C dimers revealed significant membrane
permeabilizing activity. In particular, an N–N dimer with a tartrate
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linkage between amino groups revealed potent hemolytic activity as
compared with that of monomeric AmB.29 More recently, we have
recorded a single channel current of the tertrate N–N dimer, and pro-
posed a new AmB channel model, comprising of six monomeric AmB
molecules.31 We also synthesized AmB dimers with a linkage be-
tween the amino and carbonyl groups (C–N dimers)32 to mimic the
proposed intermolecular interaction between AmBs,11 and found
that a C–N dimer with a relatively long linker (dimer 4, Fig. 1) retains
the ion-channel activity. In this dimer, the original carboxylic acids
at C41 in AmB were converted to methyl ester and amide; thus the
dimer is expected to have chemical and physical properties similar
to those of AmB methyl ester (AME) rather than those of AmB.
AME is known to be partitioned more preferentially to bilayer mem-
branes than AmB.33 To investigate the AmB–AmB interactions, selec-
tive observation of the channel assembly in lipid bilayers is essential,
hence allowing us to focus on AME for a further study of channel
assembles.

In this study, we prepared 13C, 19F-labeled C–N dimer (dimer 5,
Fig. 1), and carried out 13C{19F}REDOR experiments, aiming to esti-
mate the interatomic distance between AME and AME.

2. Materials and methods

AmB was purchased from Nacalai Tesque (Kyoto, Japan). Ergos-
terol was from Tokyo Kasei (Tokyo, Japan) and palmi-
toyloleoylphosphatidylcholine (POPC) was from Avanti Polar
Lipid Inc. (Alabaster, AL). All other chemicals were obtained from
standard venders. Fmoc-14-F AmB 2 was derivatized from AmB
as reported previously.34

2.1. Preparation of 13C-AME 3

13C-AME 3 was prepared from AmB following a general proce-
dure. Briefly, the amino-group was protected by FmocOSu, and then
carboxyl-group was converted to 13C-methyl ester using 13CH3I. Fi-
nally, Fmoc-protection was removed by piperidine. Yellow powder;
Rf 0–0.1 (2/1-CHCl3/MeOH). ESI-MS m/z 961.3[(M+Na)+; calcd for
C47

13CH75NNaO17: 961.5]

2.2. Preparation of AME dimer 5

To a solution of aldehyde 635 (42 mg, 117 lmol) in DMF-i-PrOH
were added 13C-AME 3 (100 mg, 106 lmol) and NaBH(OAc)3
O
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Figure 1. Structures of AmB 1, 19F- and
(90 mg, 424 lmol). After being stirred for 30 min at room temper-
ature, the solution was poured into diethyl ether, and the precipi-
tate was filtered over Celite. The precipitate was washed with
diethyl ether and extracted with CHCl3-MeOH 5:3. The extract
was purified by column chromatography on SiO2 with CHCl3-
MeOH 10:1 to afford a yellow solid (69.0 mg, 51%). To a solution
of the yellow solid (92 mg, 72 lmol) in DMSO-i-PrOH 3:1 (2 mL)
was added piperidine (32 lL, 433 lmol). After being stirred for
30 min at room temperature, diethyl ether was added to form a
yellow precipitate, which was filtered over Celite. The precipitate
was washed with diethyl ether and extracted with CHCl3-MeOH
5:3, yielding derivative 7 (72 mg, 95%), which was used without
further purification. Yellow powder; Rf 0–0.1 (3/1-CHCl3/MeOH).
ESI-MS m/z 1053.3[(M+H)+; calcd for C52

13CH86N3O18: 1053.59].
To a solution of Fmoc-14-F AmB 2 (12 mg, 10 lmol) in DMF

(500 ll) were added diisopropylethylamine (5 lL, 30 lmol), and
PyBOP (6 mg, 11 lmol). After being stirred for 1 h at room temper-
ature, derivative 7 (11 mg, 10 lmol) was added to the solution.
After being stirred for 23 h at room temperature, piperidine
(6 lL, 60 lmol) was added. After being stirred for 1 h, diethyl ether
was added to the solution to form a yellow precipitate. The precip-
itate was filtered over Celite, washed with diethyl ether and
extracted with CHCl3-MeOH 1:1. The extract was purified by HPLC
to afford dimer 5 (1.8 mg, 9% HPLC isolation). HPLC conditions: col-
umn, COSMOSIL 5C18-AR-II U 20 � 250 mm, flow rate, 4.0 mL/min,
mobile phase, linear gradient of MeOH and 5 mM ammonium ace-
tate (pH 5.3) from 70:30 to 100:0 for 30 min, retention time,
37 min. Yellow powder; Rf 0–0.1 (3/1-CHCl3/MeOH). 1H NMR
(500 MHz, DMSO-d6) d: 8.41 (1H, s), 7.79 (1H, s), 6.62–5.95 (41H,
m), 5.54–5.40 (3H, m), 5.24–5.15 (3H, m), 4.35–3.99 (17H, m),
3.16–3.09 (10H, m), 2.95–2.84 (6H, m), 2.35–2.06 (19H, m), 1.42–
1.22 (25H, m), 1.15–1.07 (17H, m), 1.02 (6H, d, J = 7.7 Hz), 0.90
(6H, d, J = 6.6 Hz). 13C NMR (125 MHz, DMSO-d6) d: 51.99. 19F
NMR (470 MHz, DMSO-d6) d: �205.5 (dd, J = 32.3, 52.1 Hz). ESI-
MS m/z 1999.5 [(M+Na)+; calcd for C99

13CH155FN4NaO34: 1999.0].

2.3. Determination of hemolytic activity

Freshly collected human blood was centrifuged for 5 min at
1000g, and separated erythrocytes were washed twice by suspend-
ing in PBS buffer (pH 7.4). Sedimented erythrocytes were then
resuspended with PBS to 100-fold volume of the original blood.
Gradually diluted drug solutions (DMSO solution, 4 lL) were added
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Scheme 1. (a) 13C-AME 3, NaHB(OAc)3, DMF/i-PrOH, rt, 30 min, 51%; (b) piperidine,
DMSO/i-PrOH, rt, 3 min, 95%; (c) Fmoc-14-F AmB 2, PyBOP, DIPEA, DMF, rt, 23 h,
then piperidine, rt, 1 h, 9%.

Table 1
Biological activity of AmB 1 and dimer 5

AmB 1 dimer 5

Hemolytic activity, EC50
a (lM) 2.0 13

Antifungal activityb (lg) 10 50

a Against 1% human erythrocytes.
b The minimal amount of a sample on a paper disk that shows inhibitory zone on

the culture of Aspergillus niger.

Figure 2. UV spectra of dimer 4 and AME in POPC membrane at the molar ratio of
0.005 and 0.01, respectively. The molar ratio of POPC/ergosterol was 9:1. The
concentration of dimer and AME were 0.84 lM and 1.67 lM, respectively.
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to the erythrocyte suspensions (196 lL), and the suspensions were
incubated with gently shaking at 38 �C. After 18 h, the suspensions
were spun and the absorbance of the supernatant was determined
at 450 nm by micro-plate reader (Molecular Devices). For a posi-
tive control, water was used instead of PBS buffer. As a negative
control, 4 lL of DMSO was added instead of sample solution. From
dose-response curves, the dosage that led to 50% hemolysis (EC50)
was determined.

2.4. Antifungal assay

Aspergillus niger was cultured in a GP liquid medium (2% glu-
cose, 0.2% yeast extract, 0.5% polypeptone, 0.05% MgSO4, and
0.1% KH2PO4) at 25 �C for 2 days. An aliquot of the broth was then
spread onto a GP agar plate. The drugs dissolved in DMSO were
spotted on paper disks of 8 mm in diameter. As a control, a disk
containing only DMSO was also prepared. These paper disks were
then placed on an agar plate containing A. niger mycelia. After cul-
tivating at 25 �C for 50 h, the diameter of the inhibitory zone on
each paper disk was measured.

2.5. Preparation of multilamellar vesicles

Dimer 5 (1.8 mg, 900 nmol), ergosterol (357 lg, 900 nmol), and
POPC (6.2 mg, 8.1 lmol) were dissolved in CHCl3/MeOH, and the
solvent was evaporated to afford a thin film. After left in vacuo
for 8 h, the membrane was hydrated with 8.4 lL of 10 mM HEPES
buffer (pH 7.0) and 500 lL of H2O and dispersed by vortexing and
sonication. Then the lipid suspension was freeze-thawed five times
to produce large vesicles. The suspension was lyophilized, rehy-
drated with D2O (8.4 lL), and packed into a glass tube. The glass
tube was sealed with epoxy glue and inserted into a u 5 mm
MAS rotor.

2.6. Solid-state NMR measurements

All solid-state NMR spectra were recorded on a CMX300 (Che-
magnetics) spectrometer at 75 MHz 13C resonance frequency with
the MAS frequency of 5000 ± 2 Hz. The temperature controlling air
was maintained at 30 ± 1 �C. The spectral width was 30 kHz. Typi-
cally, the p/2 pulse width for 1H was 5 ls, and the p pulse widths
for 13C and 19F were 11.0 and 10.3 ls, respectively. The contact
times for cross-polarization transfer were set to be 1.5 ms for
13C{19F}REDOR. The REDOR spectra were acquired with a recycle
delay of 2 s under TPPM 1H-decoupling36 with field strength of
65.8 kHz, and xy-8 phase cycling37 was used for 19F.

3. Results and discussion

3.1. Preparation of dimer 5 and biological activity assays

Preparation of AME dimer 5 was shown in Scheme 1. Basically
we followed our previous protocol by which non-fluorinated
homologue of dimer 5 was prepared.32 Briefly, aldehyde 635 was
coupled with 13C-AME by reductive amino alkylation to give 7,
which was then coupled with N-Fmoc protected 14-F AmB. Re-
moval of the Fmoc group, followed by HPLC purification, furnished
dimer 5.

Then biological activities of the dimer 5 were evaluated by
hemolytic and antifungal assays to estimate the effect of fluorina-
tion since its non-fluorinated homologue 4 showed the comparable
membrane activity to that of AmB. The results were summarized in
Table 1. The hemolytic activity of dimer 5 was 6–7 times weaker
than that of AmB or non-fluorinated dimer 4.32 Therefore, the fluo-
rination somewhat attenuated the hemolytic activity. However,
the hemolytic activity of dimer 5 is still potent, which is roughly
comparable with that of AME.38 The anti-fungal activity of 5, albeit
less efficacious than AmB, was similar to those of non-labeled
dimer and other dimers.29,32 The reduction of antibiotic activity
of dimers may be accounted for by their less penetrability through
fungal cell wall.

3.2. UV spectra measurement

For further confirming the formation of membrane-bound
molecular assemblies of dimer in lipid bilayers, we recorded the
UV spectra of non-labeled dimer 4 in ergosterol-containing POPC
membrane, and compared them with those of AmB and AME. It
is well known that absorption maxima at 414, 389 and 368 nm
are characteristic of a monomeric form of AmB, and 354 nm is
due to a molecular assembly.7 As shown in Figure 2, the absorption
maxima of the dimer, albeit higher intensity and small red shift of
the peak at 415 nm, are very similar to those of AME. Upon com-
parison with AmB, the dimer showed a higher absorption at



Figure 4. Experimental 13C{19F}REDOR dephasing values (DS/S0) for 13C-metyl ester
at 55 ppm (d), and simulation curves. Best fit curve (�) was obtained as assuming
two components; 23% of 6.9 Å (dashed line) and 77 % of 14 Å (dotted line). See text
for details.
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415 nm and a lower relative intensity of the peaks at 350 nm and
415 nm, both of which indicate that the dimer predominantly
takes a non-aggregated form in lipid bilayers, although an aggre-
gated form coexists.

3.3. Solid state NMR experiments

Next, we carried out the solid-state NMR measurements of di-
mer 5 in hydrated PC membrane. For sample preparation, dimer
5 was mixed in ergosterol-containing POPC membrane. Figure 3
showed non-irradiated (full-echo) (S0) and 19F-irradiated (S) spec-
tra of 13C{19F}REDOR experiments. In the S0 spectrum, a sharp sig-
nal at 54 ppm due to 13C methyl ester was observed, which was
significantly dephased by 19F-irradiation as seen in the S spectrum.
This unambiguously demonstrated the close vicinity between the
fluorine atom and the methyl ester moiety of the dimer. To esti-
mate the 19F/13C distance, the REDOR dephasing values (DS/S0)
were plotted at various dephasing times (Fig. 4).

Generally, dipolar coupling constants depend on not only inter-
atomic distance but also the orientation of dipolar tensor and
molecular motion. We previously reported that AmB assemblies
are mostly immobilized even in the hydrated membrane,21 indicat-
ing that the dipolar coupling constants directly reflect the inter-
atomic distance. The obtained dephasing effect was once
saturated at around 20 ms (Fig. 4), clearly indicating the presence
of relatively short 13C/19F distance. Additionally, the dephasing ra-
tio increases again after 25 ms and keeps increasing up to 64 ms,
which suggests that a longer 13C/19F distance (probably over
11 Å) also contributes to the REDOR dephasing. Considering the
length of the crosslinker (ca 10 Å), the extended conformation of
the dimer should lead to the 13C/19F distance of 11 Å or more. This
means that the REDOR dephasing due to the distant 13C/19F pair is
unlikely to be derived from an ion channel assembly. The best fit
curve was obtained under the assumption of dual components in
the dephasing effects; one is 6.9 Å distance that comprises 23%
(Fig. 4, dashed line), and the other is 14 Å distance accounting for
77% (Fig. 4, dotted line). To confirm the coexistence of these two
components, we examined the chemical shift distribution and
relaxation time (Fig. S5, supporting information). However, we
could not find evidence for the presence of the two components.
This may be because the two components (23% and 77%) have sim-
ilar chemical shifts and relaxation properties.

The above discussion is based on the assumption that the dimer
is immobilized in the membrane as is the case of monomeric AmB;
Figure 3. 13C{19F}REDOR spectra of non-irradiated (full-echo) (S0) and 19F-irradiated ex
bilayers were prepared in 10 mM HEPES/D2O (50% wt) at pH 7.0. The data were obtained
each experiment. Arrows depict the 13C-metyl ester signal. ⁄13C signals are those of POP
however, it might be also possible to account for the biphasic fea-
ture of the REDOR dephasing curve by a slow motion of the dimer
on the time scale of subseconds. To rule out this possibility, we
measured REDOR at lower temperature (�2 �C), and found that
the results are not different from the data in Figure 4 (Fig. S4, sup-
porting information), thus confirming the immobilization of the di-
mer at the experimental temperatures.

Interestingly, the presence of two components shown in the RE-
DOR experiment is consistent with the coexistence of aggregated
and non-aggregated forms of the dimer in the UV spectra (Fig. 2).
Considering the predominance of the non-aggregated form upon
the UV measurements, the two components of 23% (shorter dis-
tance) and 77% (longer distance) are likely to correspond to the
aggregated and non-aggregated forms, respectively.

It was recently reported that a single ion channel consists of six
AmB molecules,31 and the channel pore diameter is about 7.4 Å.39

Based on these assumptions, the 13C/19F distance between AmB
molecules is estimated to be 6–8 Å. Thus, the shorter component
in the REDOR experiment is presumably due to the 13C/19F pair
in an ion channel assembly. We previously calculated the lowest
energy conformation of non-labeled dimer 4 in vacuo,32 in which
the poly-hydroxyl region of AmB portions comes face to face with
each other so as to form multiple intramolecular hydrogen bonds.
periments (S) for dimer 5 at the ratio of 5/ergosterol/POPC (1/1/9); hydrated POPC
after 19F dephasing period of 160 rotor cycles (32 ms) at 38 �C with 23728 scans for
C acyl chains.



Figure 5. Possible arrangements of dimer 5. (a) Front side of 13C-AME moiety faces back side of F-14 AME moiety. (b) Front side of 14-F AME moiety faces back side of 13C-
AME moiety.
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This face-to-face conformation is thought to be suitable for mem-
brane penetration rather than channel formation upon membrane
binding of the dimer. However, if dimer 5 takes a similar conforma-
tion, 13C/19F intramolecular distance should be 9 Å, which is much
longer than the distance derived from the dephasing curve (6.9 Å).
Therefore, the REDOR results suggest that dimer 5 takes different
conformation from the calculated one, hence implying the pres-
ence of oligomeric AME units that may correspond to an ion chan-
nel assembly.

Figure 5 schematically depicts two possible arrangements of
AME units in dimer 5, in which a linker connects the inner side
(a) and the outer side (b) of two AME units. Taking account of
the length of the linker (ca 10 Å), alignment 1 is more reasonable
because alignment 2 requires a longer linker (11–13 Å). Therefore,
the 13C/19F distance of 6.9 Å can be derived from alignment 1
(Fig. 5a).

Although these models are based on an assumption that all the
AME units in an assembly should be in the parallel orientation,
there is a possibility that their direction is anti-parallel. If the di-
mer forms a barrel-stave-type of ion channel assemblies with the
parallel orientation in membrane, the 13C atom of methyl ester
should come close to two 19F atoms; one is an intramolecular 19F
atom and the other is that of the neighboring dimer. In that case,
the 13C/19F REDOR curve should be simulated using F–C–F three-
spin systems. Thus we simulated possible REDOR dephasing curves
with 3 spin system for the 23% component which would reflect the
channel structure, and with 2 spin system for the 77% component
(11 Å) (detailed simulation data are given in Figs. S2 and S3, Sup-
porting Information). However, all simulation curves saturated
around 20 ms. Therefore differences in intermolecular 13C/19F dis-
tance and 19F–13C–19F angle constraints do not greatly affect the
intramolecular 13C/19F distance obtained from the two spin system
(Fig. 4). This notion indicates that the evaluation of the intramolec-
ular distances is less dependent on the presence or absence of 19F
atoms outside of the dimer. In other words, it would be difficult to
obtain information on the orientation between adjacent dimers.

In the previous report,25 we have estimated the AmB–AmB dis-
tance using monomeric 19F- and 13C-labeled AmBs (not AME) by
the same method, and deduced the intermolecular distance to be
11–12 Å, which is significantly longer than the value (6.9 Å) in
the present study. It may be partly caused by the effect of covalent
linkage, which attracts AME units closer in the membrane assem-
bly. Another possible explanation is that some of our previous
assumptions upon estimating the intermolecular 13C/19F distance
were inappropriate. Upon estimation,25 we assumed that the
parallel orientation exclusively occurred for AmB paring, which
was reasonable for AmB units in a dimer but not necessarily for
monomeric AmB molecules, because recent reports31,40 suggested
a possibility of anti-parallel orientation between AmBs in mem-
brane. In addition, a short 13C relaxation time and low 13C-labeling
rate of AmB in the previous study hampered the accurate measure-
ments of the S/S0 values for longer dephasing time over 32 ms; RE-
DOR curve fitting for a shorter period could be the main cause for
overestimation of the interatomic 13C/19F distance. Actually, the
14-F and C41 atoms in the previous report25 seem to reside too
apart to form a closely packed ion channel assembly. To re-exam-
ine the distance, REDOR experiments using monomeric 14-F AME
and 13C-AME are currently under way.

Meanwhile, it turned out to be difficult to extract the structural
information of dimer 5 from the longer component (14 Å) of the
REDOR dephasing. It was recently shown by a spectroscopic meth-
od41,42 that AmB takes both perpendicular and parallel orientations
with respect to the membrane surface; therefore, the longer com-
ponent may reflect such parallel orientation, where the dimers lie
on the membrane surface without extensive intermolecular inter-
action. This orientation is consistent with the UV spectrum of the
dimer, which showed the significant absorption due to a non-
aggregated form (Fig. 2), and therefore unlikely to be implicated
in the ion channel assemblies.

In conclusion, to obtain more precise AME–AME distance, we
prepared dimer 5 of 13C and 19F-label AMEs with an amide-type
linker. Then the dimer was subjected to solid-state NMR measure-
ments under hydrated bilayer membrane environments. Although
77% of dimer 5 stayed in a disassembled form, we could observe
the 13C/19F REDOR dephasing effects from the remaining 23% of
‘aggregated’ dimers. The distance was successfully estimated to
be 6.9 Å, which was a reasonable value for a closely packed assem-
bly of AME.
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