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ABSTRACT: 13C-Labeled amphotericin B (AmB) was prepared by feeding the producing organism
Streptomyces nodosuswith [3-13C]propionate. The REDOR experiments for dimyristoylphosphatidylcholine
(DMPC) membrane using the13C-labeled AmB showed the prominent dephasing effects between the
phosphate group in PC and C41 carboxyl carbon in the polar head. In addition, C39/C40 methyl carbons
also gave rise to the significant reduction of their13C NMR signals, implying that both terminal parts of
AmB reside close to the surface of the DMPC membrane. Conversely, the same REDOR experiments
with use of distearoylphosphatidylcholine (DSPC) showed no dephasing for the C39/C40 methyl signals
while a marked reduction of the C41 carbonyl signal was again observed. These findings should be most
reasonably accounted for by the notion that AmB can span across the DMPC membrane with a single-
length interaction but cannot span the DSPC membrane due to its greater thickness. To our knowledge,
the results provide the first direct spectroscopic evidence for the formation of a single-length channel
across a biomembrane, which was previously suggested by channel current recording experiments.

Amphotericin B (AmB),1 a polyene antibiotic produced
by Streptomyces nodosus, is clinically used for the treatment
of systemic fungal infections (1, 2). Its molecular structure
(Figure 1a) was elucidated by X-ray crystallographic analysis
for an N-iodoacetyl derivative to be a glycosylated 38-
membered lactone encompassing an amphiphilic polyhy-
droxy part, a conjugated heptaene chromophore, and an
amphoteric ion pair (3, 4). It is generally accepted that an
ion-permeable channel formed across the bilayer membrane
is responsible for the biological activity of AmB (5, 6). In
the well-known “barrel-stave” hypothesis, about eight mol-
ecules of AmB form an ion channel, in which the polyhy-
droxy region of AmB composes the lining of a channel pore
while its heptaene is radialized to interact with the hydro-
phobic membrane interior (7, 8). Single channel recording
experiments have revealed that ion-permeable channels
formed by AmB can be categorized into five or more
subtypes according to conductance (9-11). These multiple

channels could be roughly grouped into two classes: one is
a single-length channel, a single molecule to span the
membrane, and the other is a double-length channel, two
molecules to span the membrane (12, 13) (see Figure 7).
The length of AmB along the molecular long axis is reported
to be ca. 24 Å (3, 4). The thickness of typical biomembranes
mainly consisting of phospholipids is around 35 Å, which
comprises 8 Å of thehydrophilic headgroup and 27 Å of
the hydrophobic region (14). Simple comparison of these
lengths suggests that a double molecular length may be
necessary for AmB to pierce through the whole membrane
while a single molecular length can barely penetrate the
hydrocarbon region of acyl chains. Recently, our results of
channel activities for mixed PC membranes (15) showed that
a single molecule of AmB could possibly span the hydro-
phobic thickness of bilayer membranes consisting of satu-
rated C10-C14 fatty acyl groups. However, no direct evidence
has hitherto been obtained as to whether a single-length or
double-length channel of AmB predominantly occurs in the
biomembrane.

Besides polyene antibiotics, a great variety of drugs and
natural products are known to interact with membrane
proteins and/or membrane lipids upon exerting their biologi-
cal activities. Molecular recognition occurring in the mem-
brane should provide invaluable information on the mech-
anism of action by membrane-bound drugs and functions of
membrane-integral biomolecules. However, it is extremely
difficult to elucidate the precise structure of membrane-
embedded complexes mainly due to a lack of methodology;
the two major methods in structural biology, X-ray crystal-
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lography and solution NMR, are rather powerless for
membrane-bound entities. Recently, technological advance
in solid-state NMR spectroscopy greatly enhances its utility
for the structural elucidation of biological molecules (16, 17).
For investigating interactions between phospholipids and
membrane-bound molecules including integral peptides/
proteins, paramagnetic multivalent cations such as Mn2+,
Dy3+, and Gd3+ have been often used to estimate the depth
from the bilayer surface (18-20). Another technique in solid-
state NMR is based on the magnetization of31P in phos-
pholipids as reported by Hirsh et al. (21). Since2H NMR
studies have revealed that AmB immobilizes phospholipid
in a molar ratio of approximately 1:1 (22), their lateral
diffusion may be restricted to some extent, which is expected
to enhance the intermolecular dipolar interactions. Thus the
31P nucleus of the phospholipid should give rise to measur-
able intermolecular dipolar interaction with a labeled atom
in AmB. For the selective detection of weak heteronuclear
dipolar coupling in the lipid membrane samples, rotational
echo double resonance (REDOR) is the method of choice
(21, 23).

We wish to report an application of solid-state NMR
experiments for studying the molecular interaction between
membrane-bound AmB and membrane lipids, which provides
evidence that the drug spans across biomembrane-mimicking
DMPC bilayers with a single-length interaction.

MATERIALS AND METHODS

Materials. Phospholipids, 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) and 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), were purchased from Avanti Polar
Lipid Inc. (Alabaster, AL) and Wako Pure Chemical
Industries (Osaka, Japan), respectively. Authentic AmB and
Aliquat 336 (Acros Organics) were purchased from Wako
Pure Chemical Industries (Osaka, Japan). Propionic-3-13C
acid sodium salt (ICON), synonymous with [3-13C]propi-
onate, was obtained from Shodex (Tokyo, Japan). All of these
chemicals were used without further purification.

Culture of S. nodosus and Extraction of AmB. S. nodosus
obtained from American Type Culture Collection (ATCC
14899) was cultured as reported by McNamara et al. (24) to
produce [tri-13C]AmB. For the production culture,S. nodosus
was grown on a medium containing fructose, 20 g/L, dextrin,
60 g/L, soy bean flower, 30 g/L, and CaCO3, 10 g/L (pH
7.0) (24). A 500 mL Erlenmyer flask containing production
medium (50 mL) was incubated at 26°C with shaking at
200 rpm. Sodium [3-13C]propionate (350 mg) was added to
the medium seven times in equal aliquots of 50 mg in 200
µL of sterile water over 70 h. After 120 h incubation, the
harvested broth was adjusted to pH 10.5 with 5 M NaOH
(0.5 mL/50 mL of broth), and then 25 mL of ethyl acetate
containing Aliquat 336 (7% w/v) was added. After being

stirred vigorously for 1 h (200 rpm), the broth was again
adjusted to pH 10.5 by 5 M NaOH. After centrifugation
(8000g, 10 min), the organic phase was collected by
decantation and cooled to 4°C for 1 week to precipitate
AmB as yellow solids. The precipitate was collected by
centrifugation, washed with acetone (3 mL), dry acetone (3
mL), and methanol (3 mL), and then dried under vacuum to
give amorphous AmB (24). For complete removal of Aliquat
336, AmB was dissolved in DMF (2 mL) containing acetic
acid (25µL, pH 4), and then diethyl ether (10 mL) was added
to precipitate AmB. Purified AmB was collected by decanta-
tion and dried under vacuum to furnish an average of 20
mg of AmB from 50 mL of the culture. The purity was
checked by13C NMR (>95%). The average incorporation
of 13C at C39, C40, and C41 was estimated to be 15%.

Solid-State NMR Measurements.For preparing membrane-
bound AmB, 4 mg of [tri-13C]AmB and 29 mg of DMPC
(molar ratio 1:10) were mixed in CHCl3/MeOH (6/1), and
the solvent was removed in vacuo for 8 h. The membrane
preparation was hydrated with 33µL of 10 mM HEPES
buffer (pH 7.0) under Ar and then diluted with 1 mL of H2O.
After sonication for a few minutes, the membrane was
freeze-thawed and stirred vigorously to make multilamellar
vesicles. The suspension was lyophilized, rehydrated with
D2O, and packed into aφ 4 mm MAS rotor. The sampling
for [tri- 13C]AmB/DSPC (1/10) was carried out in the same
way.13C-31P REDOR spectra (23) were recorded at 75.315
MHz for 13C on a CMX300 (Varian/Chemagnetics) spec-
trometer with the MAS frequency of 7000( 2 Hz. The rotor
temperature was maintained at 30( 1 °C by a temperature
controller. The spectral width was 30 kHz. Typically, the
π/2 pulse width for1H was 3µs, andπ pulse widths for13C
and31P were 6 and 9µs, respectively. The contact time for
cross-polarization transfer was set to be 2 ms. Spectra were
acquired with a recycle delay of 5 s and a1H decoupling
field strength of 83 kHz. REDOR spectra were measured at
two dephasing times, 11.4 and 22.9 ms, using xy-8 phase
cycling for 31P irradiations (25). Static31P NMR spectra were
recorded without MAS to confirm the phase status of PC in
a sample.

RESULTS

REDOR Dephasing Effects ObserVed for Carbon Atoms
of the Membrane Lipid.Figure 2 shows a set of13C-31P
REDOR spectra of the [tri-13C]AmB/DMPC with 160 rotor
cycles (dephasing time 22.9 ms). The full-echo spectrum
shows narrow peaks for natural abundance13C atoms of
DMPC (signals a-l), where signal assignments are based
on reference data (26). Typical line half-widths of the DMPC
signals are 20-36 Hz. In the difference spectrum large peaks
for a methylene of choline (c) and glycerol (d-f) are
observed. The lack of REDOR dephasing at the terminal part

FIGURE 1: (a) Labeled carbons of [tri-13C]AmB are indicated with solid squares. (b)13C assignment of 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) (26) (see Figures 2 and 3).
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of acyl chain (k, l) is in agreement with the bilayer structure
(27). The magnitude of the chemical shift anisotropy of static
31P NMR was 43 ppm with the line width at half-height of
1.5 kHz, which coincides with the value for the pure DMPC
bilayer membrane in the liquid-crystalline (LR) phase (28).

Figure 3 shows the13C-31P REDOR spectra of DSPC in
the presence of AmB recorded for 160 rotor cycles. Carbon
atoms at natural abundance give rise to broader peaks (27-
90 Hz) than those of DMPC. The REDOR difference
spectrum of the DSPC membrane shows large dephasing for

choline (a-c), glycerol (d-f), and a part of the acyl chain
close to the polar head (g-i). The lack of REDOR difference
signals for the terminal part of the acyl chain (k, l) indicates
that DSPC forms the bilayer (27). The static31P NMR of
the AmB/DSPC has the chemical shift anisotropy of 58 ppm
with the line width at half-height of 4.9 kHz, which is
characteristic of that of the DSPC membrane in the gel (Lâ′)
phase (28). As depicted in Figure 4, the REDOR dephasing
effects are more prominent for the DSPC than DMPC
membrane, which is in good agreement with the results of

FIGURE 2: 13C-31P REDOR spectra of [tri-13C]AmB in DMPC. The membrane preparation contained the13C-labeled AmB at an AmB/
DMPC molar ratio of 1/10 and 50 wt % 10 mM HEPES/D2O buffer (pH 7.0). The spectra were obtained after 160 rotor cycles of31P
dephasing (22.9 ms) with the magic angle spinning at 7 kHz at 30°C. The number of the scans accumulated for the full echo spectrum,
S0, was 61440. The top trace is a REDOR difference spectrum,∆S. All signals from both ends of [tri-13C]AmB, C39, C40, and C41, show
significant dipolar coupling upon irradiating the31P resonance of DMPC. On the other hand, the signals from the heptaene C20-33 residing
in the middle of the molecule are not reduced.

FIGURE 3: 13C-31P REDOR spectra of [tri-13C]AmB in DSPC. The membrane preparation contained the13C-labeled AmB at an AmB/
DMPC molar ratio of 1/10 and 50 wt % 10 mM HEPES/D2O buffer (pH 7.0). The spectra were obtained after 160 rotor cycles of31P
dephasing (22.9 ms) with the magic angle spinning at 7 kHz at 30°C. The number of the scans accumulated for the full echo spectrum,
S0, was 30976. The top trace is the REDOR difference spectrum,∆S. The signal of C41 residing at the tail end of [tri-13C]AmB shows
significant dipolar dephasing with31P of DSPC while the signals of C20-33, C39, and C40 from the hydrophobic parts of the molecule
stay unchanged.
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31P NMR; the increased dynamics of the liquid-crystalline
phase attenuate the dipolar coupling more effectively than
that of the gel phase and thus yield less REDOR dephasing
for the same distances.

Figure 5 shows the REDOR dephasing for one of the
shortest13C-31P distances in the DMPC molecule (carbon
c, rCP ) 2.63 Å). The result shows significantly less
dephasing than the expected REDOR curve for a13C-31P
spin pair in the solid-state sample with the same distance.
This attenuation is caused by some molecular motions of
DMPC, e.g., the axial rotation and its tilt motion, intramo-
lecular motions due to conformational changes, and the
lateral diffusion on vesicles in various sizes.

13C-31P Dipolar Interaction between AmB and DMPC in
the Membrane.Figure 1 illustrates the labeled positions of
[tri- 13C]AmB obtained from the culture ofS. nodosus. Three
isolated13C nuclei at the both ends of AmB were labeled
with [3-13C]propionate as reported previously (24). [tri-13C]-
AmB incorporated into the DMPC membrane (C14 acyl
chains) was subjected to13C-31P REDOR experiments.

Figure 2 shows13C-31P REDOR spectra of [tri-13C]AmB/
DMPC after 160 rotor cycles. The labeled AmB gave rise
to four broad signals in the full-echo spectrum (C20-C33,
C39, C40, C41). Although the olefinic carbons in C20-C33
are not labeled with [3-13C]propionate, 14 carbon atoms at
natural13C abundance pile up to form a broad peak. In the
difference spectrum (Figure 2), three peaks for the labeled
positions, C39, C40, and C41, are clearly shown with∆S/S0

of 0.50, 0.40, and 0.23, respectively, demonstrating the close
interaction between AmB and DMPC where both ends of
AmB come close to the phosphate ester of DMPC. These
observations support the formation of single-length channels
but not double-length ones in the DMPC bilayer (Figure 7)
(12, 13). On the other hand, the C20-C33 carbons residing
in the middle part of the molecule give rise to no detectable
peaks in the difference spectrum. The data rule out the
possibility that AmB lies on the DMPC bilayer keeping the
heptaene part in a parallel position to the membrane surface.
Both C39 and C40 show at least two isotropic chemical
shifts, which implies that AmB takes two or more forms in
the DMPC bilayer. These multiple forms may well be
distinguishable by NMR spectra because the lifetime of at
least four types of ion channels is reported to be longer than
some 10 ms by single channel recording experiments (10).

13C-31P Dipolar Interaction between AmB and DSPC in
the Membrane.In the next experiments, the13C-31P interac-
tions were examined for thicker membrane consisting of
DSPC with C18 acyl chains.13C-31P REDOR spectra after
160 rotor cycles are shown in Figure 3. In the full-echo
spectrum, four broad signals are observed for [tri-13C]AmB
(C20-C33, C39, C40, and C41). Two or more isotropic
chemical shifts for C39 again indicate that AmB has multiple
forms in the DSPC membrane (10). The REDOR dephasing
effects are, however, markedly different from those in
DMPC. [tri-13C]AmB in the DSPC membrane gives rise to
only a difference signal for C41 at the polar end (Figure 3)
while all of the three labeled carbons at both ends of AmB
(C39, C40, C41) appear in the spectrum of DMPC (Figure
2). REDOR difference is not observable for the heptaene
region (C20-C33) as is the case with the DMPC membrane.
These findings may support the model that AmB interacts
with the headgroup of DSPC with a polar terminal part and
penetrates into the interior of DSPC bilayers without reaching
the opposite side of the membrane (Figure 7).

FIGURE 4: 13C-31P REDOR dephasing observed on natural
abundance carbon atoms of DMPC and DSPC. Thex-axis represents
the carbon positions of PC shown in Figure 1. They-axis is a
REDOR dephasing shown as the ratio∆S/S0 in 13C NMR peak
areas between the full echo and REDOR difference spectra after
160 rotor cycles of31P dephasing (22.9 ms), which are shown in
Figures 2 and 3.

FIGURE 5: 13C-31P REDOR dephasing (∆S/S0) of the natural
abundance carbon c of DMPC, which has a fixed13C-31P distance
(2.63 Å) in the DMPC molecule (35). Solid squares show apparent
REDOR depahsing from experiments. The line shows the ideal
REDOR dephasing curve for the13C-31P spin pair in static sample
with the internuclear distance of 2.63 Å, which corresponds to the
dipolar coupling constant of 673 Hz. The REDOR dephasing in
fluid lipid is significantly attenuated by its high molecular mobility.

FIGURE 6: 13C-31P REDOR dephasing (∆S/S0) of the labeled
carbons on [tri-13C]AmB as a function of the dipolar evolution time
in DMPC (solid symbols) and in DSPC (open circles). The lines
show the ideal REDOR dephasing curves for static two-spin
systems.
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DISCUSSION

The present results of13C-31P REDOR experiments have
disclosed that AmB interacts with membrane lipids in two
ways, the single length or the double length, either of which
possibly occurs in membrane depending on the thickness of
bilayers (Figure 7). Channel current recording studies have
suggested that AmB can form both types of a single-length
and double-length channels in the biological membrane with
different channel conductance (9-11). The coexistence of
the two channels can plausibly account for the complicated
AmB activity in membrane permeabilization although no
direct spectroscopic evidence has so far been obtained. The
present study succeeded in observing the direct interactions
between the tail end of AmB and the headgroup of PC; to
our knowledge, these interactions may be the first unambigu-
ous spectroscopic evidence supporting a single-length chan-
nel formed by AmB.

The length of a hydrophobic part of AmB encompassing
the conjugated heptaene group is 22 Å (13) while the lengths
of hydrocarbon chains in DMPC and DSPC bilayer at room
temperature are 26 and 39 Å, respectively (14, 29). A simple
comparison of their hydrophobic lengths implies that a single-
length channel can be formed in DMPC bilayers and a
double-length channel in DSPC bilayers. This seems to be
the case with the present results. It is noteworthy that ion
channel formation by AmB is more significantly affected
by the hydrophobic length than by the whole length; the
former is usually smaller than the latter by around 10 Å (15).
Most of the biomembranes take the liquid-crystal phase, and
the thickness of the hydrophobic interior is roughly estimated
to be 27 Å (14), which is comparable with that of DMPC.
Thus, under physiological conditions, AmB should chiefly
form a single-length channel, through which relatively large
ion current elicits the pharmacological action of the drug
(9, 10).

For the DMPC membrane, the signal shapes of C39 and
C40 in Figure 2 imply the presence of multiple isotropic
chemical shifts, which should be due to multiple modes of
molecular interactions involved in the AmB complex. Most
of these interactions are thought to occur in the single-length
complex because the13C-31P REDOR dephasing effects are
observed for all of the components of C39 and C40 signals.
Similar observations have been reported by Cotero et al. that
AmB forms two types of single-length channels with a
different pore size (10).

In the present study, we successfully disclosed the
membrane topology of bound AmB in the phospholipid
bilayers using13C-31P REDOR. In addition, more detailed
discussion may be possible on the basis of the solid-state

NMR data. If a two-spin system is assumed, which should
be reasonable under the experimental conditions, apparent
dipolar coupling constants between the13C-labeled position
and phosphate in PCs are estimated to be 15-35 Hz (Figure
6). Apparent dipolar coupling constants observed in the
phospholipid membrane should be attenuated from those in
the solid state because of various molecular motions as
depicted in Figure 5; axial rotation, tilting motion, confor-
mational change, and lateral diffusion on bilayer vesicles
considerably contribute to the time averaging and/or distribu-
tion of dipolar interaction. In the case of intermolecular
dipolar coupling between AmB and PC, the fluctuation of
13C-31P distance, in addition to these motions, further
reduces the values. The data acquired in this study may not
be enough to accurately determine the13C-31P distances in
such a complicated system. It may be, however, possible to
discuss AmB-PC interaction by using the minimum values
of the dipolar coupling constants obtained from the REDOR
data. According to Figure 6, the minimum values for C39,
C40, and C41 in the DMPC membrane, which should be
obtained under the assumption that neither AmB nor PC
undergoes molecular motions, are about 35, 30, and 20 Hz,
respectively. These dipolar coupling constants correspond
to the maximum13C-31P distances of 7.1, 7.4, and 8.4 Å,
respectively. The cross-section areas of AmB and DMPC
are reported to be 36 and 60 Å2, and their average radii
should be 3.4 and 4.4 Å (14, 32). If AmB and DMPC
undergo each fast axial rotation around the bilayer normal
(31), the average distance between the AmB and PC
molecular center would be about 7.8 Å. The notion indicates
that, even with the maximum distance, AmB and DMPC
reside very closely, probably in direct contact.

Along the vertical axis, the ammonium group of AmB and
the phosphate of PC are thought to be in the vicinity as
reported previously (33, 34). Moreover, when considering
the closeness between C39/C40/C41 of AmB and the
phosphate of PC on the lateral axis as discussed above, their
distance in the vertical direction or in other words “difference
in depth” should also be small, hence demonstrating that both
termini of AmB come close to the surface of the PC
membrane. Under the experimental conditions, the attenu-
ation of dipolar coupling by other molecular motions should
also be taken into consideration; in particular, if the exchange
of the DMPC molecule paired with AmB takes place due to
the fast lateral diffusion (30), intermolecular dipolar cou-
plings should be much reduced. Thus the present results
indicate that, in addition to the single channel orientation of

FIGURE 7: Schematic models for AmB-DMPC and AmB-DSPC interactions in the bilayer membrane. The results of13C-31P REDOR
experiments in the DMPC bilayer agree with the single-length complex (a), one molecule to span the membrane. The double-length complex
(b) and/or the single-length complex (c) not reaching the other side are probably dominant in the DSPC bilayer.
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AmB in DMPC, the AmB-DMPC complex is very stable,
whose lifetime may be longer than the time scale of dipolar
coupling.

In terms of efficiency in13C-1H cross-polarization, we
initially thought that AmB in the DSPC membrane should
show larger 13C-31P dipolar coupling than in DMPC
membrane because of the restricted molecular motion in the
gel-phased DSPC membrane as implied in Figure 4. The
observed13C-31P REDOR dephasing between AmB and PC,
however, was smaller in the DSPC membrane. As mentioned
above, there are some possible accounts. Unlike the DMPC
membrane, the hydrophobic length of the DSPC bilayer does
not fit that of the AmB molecule, which affects the
fluctuation of13C-31P distance and its angle to the rotation
axis. Another possibility is that AmB in DSPC has interaction
with PC at one side while AmB in DMPC interacts at both
sides of the membrane, which elicits a faster tumbling of an
AmB molecule in the DSPC membrane.

13C-Labeled AmB at both sides of the molecule is a
versatile tool for studying the membrane topology of the drug
using13C-31P REDOR, while providing limited information
about the structure of the membrane complex. REDOR
experiments using uniformly labeled AmB are currently
underway.
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