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Abstract—The membrane interaction of amphotericin B (AmB), one of the most important anti-fungal drugs, was investigated by
solid state NMR measurements of uniformly '*C-enriched AmB, which was prepared by the culture of the drug-producing micro-
organism in the presence of gu-BCG]glucose. All the '3C NMR signals of AmB upon binding to DLPC membrane were successfully
assigned on the basis of the '*C—">C correlation spectrum. '*C—>'P RDX (Rotational-Echo Double Resonance for X-clusters) exper-
iments clearly revealed the REDOR dephasing effects for carbon atoms residing in the both terminal parts, whereas no dephasing
was observed for the middle parts including polyolefinic C20-C33 and hydroxyl-bearing C8/C9 parts. These observations suggest
that AmB binds to DLPC membrane with a high affinity to the phospholipid and spans the membrane with a single molecular

length.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Amphotericin B (AmB, Fig. 1) has been clinically used
for more than 40 years as one of the most efficacious
antibiotics to treat fungal infections.!> The therapeutic
advantages of the drug are broad antimicrobial spec-
trum and characteristic action mechanism which hardly
engender drug-resistant strains.> However, the clinical
use of AmB is generally restricted to systemic infections
owing to its serious side effects.*> Recently, the impor-
tance of antifungal agents has been increasingly recog-
nized because fungal infections are sometimes fatal for
patients with the acquired immune deficiency syndrome
(AIDS) and immune suppressions upon organ trans-
plants.®” AmB forms an ion-permeable channel across
phospholipid membrane, which is thought to be respon-
sible for the antibiotic activity.® The selective toxicity of
AmB to fungus and other eukaryotic microbes is gener-
ally accounted for by an intermolecular recognition
between AmB and membrane sterols;’ in fungus mem-
brane, ergosterol is a predominant sterol, while choles-
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terol is a major constituent of mammalian plasma
membranes. It has been reported that the polar head
moiety of AmB interacts with a hydroxyl group of ste-
rol by hydrogen bonding, while the hydrophobic
polyolefinic part comes close to the aliphatic rings of
sterol.!®'* The binding affinity of AmB to ergosterol
is approximately one order of magnitude higher than
that to cholesterol,!> which is considered to be respon-
sible for the selective toxicity of AmB against fungi.
AmB is known to form an ion channel without sterols
in phospholipid membrane.!¢2” Moreover, phospho-
lipid composition is known to greatly influence the
activity of AmB.?>? The interaction between AmB
and phospholipids may, therefore, be as important as
the AmB-sterol interaction for understanding the
molecular-based mechanism of the drug.

We have recently reported that the membrane permeabi-
lizing activity of AmB is greatly affected by the acyl
chain length of saturated phosphatidylcholine (PC).?’
It is known that there are two types of ion channels
formed by AmB, single-length and double-length
assemblies, depending on the thickness of lipid bilayers
as illustrated in Figure 2.27-3%3! We have recently detect-
ed the inter-atomic interactions between the both termi-
nal parts of AmB and the phosphate group of PC in
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Amphotericin B (AmB 1)

Figure 1. AmB and DLPC with carbon numbering.
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Figure 2. Schematic models for membrane interaction of AmB
assembly with DLPC or DMPC (a) and DSPC (b) bilayer mem-
branes.*> The assembly of AmB is drawn as a barrel-stave model.'

dimyristoylphosphatidylcholine (DMPC) bilayers using
solid state NMR techniques.?? In that study, we carried
out the *C-*'P rotational echo double resonance (RE-
DOR)3*3¢ experiments for a lipid dispersion of DMPC
containing 39,40,41-'*C;-labeled AmB.3? These results
provide the first spectroscopic evidence that AmB and
DMPC form mainly the single-length type of a channel
complex (Fig. 2).>> We have also reported that the
AmB-PC interaction is significantly affected by the acyl
chain length of saturated PC;?’ the channel-forming
activity of AmB is greatly enhanced by short-chained
PCs (Cyp and C;,) and markedly inhibited by long-
chained PC (C;5). The *C—*'P REDOR experiments
have further revealed that AmB fails to span across
the thick bilayer of DSPC (C;s, distearoyl-PC)*?
(Fig. 2). We suppose that short-chained DLPC (C,,, dil-
auroyl-PC) should stabilize the molecular assembly bet-
ter than DMPC, hence allowing us to selectively observe
the AmB-PC interaction in a single-length assembly. In
addition, proximity of carbon atoms to the phosphate of
PC other than C39, C40, and C41 should more clearly
reveal the membrane interaction of an AmB molecule.
In the present study, we carried out solid state NMR
experiments with a lipid dispersion of short-chained
DLPC and uniformly enriched AmB (Fig. 1). We fur-
ther report the applications of solid state NMR tech-
niques to the complicated multiple spin system of
uniformly '*C-enriched AmB.

2. Materials and methods
2.1. Materials

1,2-Dilauroyl-sn-glycero-3-phosphocholine (DLPC) was
purchased from Avanti Polar Lipid Inc. (Alabaster,
AL). The surface-active agent, Aliquat 336® (Acros
Organics), was purchased from Wako Pure Chemical
Industries (Osaka, Japan). Uniformly '*C-labeled p-glu-

cose ([u-'*Cglglucose, 98.8 atom%, Chlorella Industry
Co.) was obtained from Shodex (Tokyo, Japan). All
these chemicals were used without further purification.

2.2. Culture of Streptomyces nodosus and purification of
AmB

The amphotericin B-producing strain Streptomyces
nodosus obtained from American Type Culture Collec-
tion (ATCC 14899) was cultured to afford [u-'>C]JAmB
according to the procedure reported by McNamara
et al.33 with some important modifications. For the pro-
duction culture, S. nodosus was grown on the ‘FCA’
[Fructose-Collofilm dextrin-Arkasoy (soy bean flower)]
production medium containing fructose 20 g/L, dextrin
60 g/L, soy bean flower 30 g/L, and CaCO3 10 g/L (pH
7.0).33 A 500-mL Erlenmyer flask containing the pro-
duction medium (50 mL) was incubated at 26 °C with
shaking at 200 rpm. [u-'*Cg]glucose (945 mg) was added
to the medium nine times in aliquots of 105 mg in
200 pL sterile water over 68 h (24, 41, 45, 49, 65, 69,
73, 88, and 92 h). After incubation for 140 h, the broth
was adjusted to pH 10.5 with 5M NaOH (0.5/50 mL
broth), and then 25 mL of ethyl acetate containing Ali-
quat 336 (7% wi/v) was added. After stirring vigorously
for 1h (200 rpm), the broth was adjusted to pH 10.5
with 5 M NaOH. The organic phase separated by centri-
fugation (8000g, 10 min) was collected by decantation
and placed at 4 °C for a week to precipitate AmB as yel-
low solids. The precipitate was collected by centrifuga-
tion, washed with acetone (3 mL), dry acetone (3 mL),
and methanol (3 mL), followed by solvent evaporation
under vacuum to give amorphous AmB.33 For complete
removal of Aliquat 336, AmB once dissolved in DMF
(2 mL) containing acetic acid (25 mL, pH 4) was precip-
itated by addition of diethyl ether (10 mL).3? Purified
AmB was dried under vacuum to furnish an average
of 38 mg of [u->*CJAmB from 50 mL of the culture.
The purity was checked by '>*C NMR (>95%). The aver-
age incorporation of '*C was estimated to be 15% from
the isotope pattern of ESI mass spectra.

2.3. Sample preparation for solid state NMR
measurements

Lipid dispersions were prepared as described previous-
ly.’> For preparation of AmB-bound membrane,
2.8 mg [u-">C]JAmB and 15 mg DLPC (1:8 in molar ra-
tio) were dissolved in 2 mL CHCI;/MeOH (2:1), and
the solvent was removed under vacuum for 8 h. The
membrane preparation was hydrated with 17.8 uL of
10 mM HEPES buffer (pH 7.0) under Ar then diluted
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with 1 mL H,O. After a few minute sonication, the lipid
suspension was freeze-thawed and stirred vigorously to
make multilamellar vesicles. The suspension was lyoph-
ilized, then rehydrated with D,O (17.8 uL), which
should be enough for formation of lamellar structures.
The sample was packed into a ¢ 4-mm MAS rotor.

2.4. Solid state NMR measurements

All spectra were recorded at 75315 MHz for "*C
(7.05T) on a CMX300 (Varian/Chemagnetics, Palo-
Alto, CA) spectrometer with the MAS frequency of
7000 + 2 Hz. Rotor temperature was maintained at
30 £ 1°C by a temperature controller. The spectral
width was 30 kHz. The B, fields of hard pulses for 'H,
13C, and *'P nuclei were 96, 83, and 65 kHz, respective-
ly. The contact time of CP was set to 2 ms. FIDs were
acquired under the '"H TTPM decoupling®” with field
strength of 96 kHz. The recycle delay was set to 5s.
The magnetization transfer by combined MLEV refo-
cusing and C7 (CMR7) pulse sequence’® was performed
with 49 kHz of "*C irradiation field under the 110 kHz
of 'H continuous wave decoupling for 571 ps (4 rotor
cycles). The RDX spectrum was carried out by the pulse
sequence reported by Mehta and Schaefer® and mea-
sured with the RAMP-CP.#° The dephasing time was
set to 35.4ms (248 rotor cycles) in order to detect
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3C31P dipolar interactions within 0.8 nm3® that were
observed in the previous study.3? The static >'P NMR
spectrum was recorded without MAS to confirm the
phase status of DLPC in membrane preparations.

3. Results and discussions

3.1. Biosynthetic preparation of uniformly *C-enriched
amphotericin B

In the previous study, we biosynthetically labeled car-
bon atoms at C39, C40, and C41 residing in the both
ends of an AmB molecule by feeding S. nodosus with
sodium [3-"*CJpropionate.3%3? This terminal-labeled
AmB has proven useful for examining the interaction
of AmB-PC in lipid bilayers.*?> In the present experi-
ments, we attempted to selectively observe the single-
length assembly of AmB (Fig. 2) using thinner
membrane consisting of shorter-chained DLPC. For
deducing the orientation of AmB in the membrane, we
attempted to obtain carbon—phosphorus dipolar interac-
tions as many as possible, particularly for the middle
part of the molecule. To prepare multiple '*C-labeled
AmB, we attempted to enrich all the carbon atoms
with 13C isotope by feeding the producing organisms
with uniformly '*C-labeled glucose. The biosynthetic
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Figure 3. '*C-'3C correlation spectrum. The DLPC membrane preparation contained the '*C-enriched AmB at the AmB/DLPC molar ratio of 1:8
and 50 wt% 10 mM HEPES/D,0 buffer (pH 7.0). The spectra were obtained with the magic angle spinning at 7 kHz at 30 °C. The magnetization
transfer by combined MLEV refocusing and C7 (CMR7) pulse sequence™ was performed with 49 kHz of '*C irradiation field under the 110 kHz of
"H CW decoupling for 571 ps (4 rotor cycles). Assignments of cross peaks are provided in the spectrum with m/n; m corresponds to an F1 (vertical)

signal, while n to F2 (horizontal).
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prelljaration of the uniformly '*C-enriched AmB
([u-"*CJAmB) was reported by McNamara et al.’?
who used sodium [1,2-'*C,Jacetate as a feeding precur-
sor. However, '*C-abundance of their AmB was about
5%,33 which should not be enough for our purpose.
Since the other streptomyces products such as erythro-
mycin A were reported to be more effectively labeled
from [u-"Cglglucose,’® we fed S. nodosus with the la-
beled glucose. The yield of [u-'*C]JAmB was 38 mg from
50 mL of the “FCA’ production medium and the '*C
abundance was estimated at ca. 15% on the basis of
the isotope pattern of the mass spectrum; the ESI mass
spectrum of [u-'>*CJAmB revealed that the weighted
average of '*C abundance for the broad distribution of
isotope ion peaks was around m/z 953, which corre-
sponded to c,12C,40H,30,7NNa. Although AmB spec-
imens with higher '°C abundance, which gave rise to
broader signals due to homo spin—spin coupling, were
obtained by similar feeding experiments, the 15%-en-
riched lot was used in this experiment because higher
resolution in a '*C spectrum was essential for signal
assignments in membrane.

3.2. ¥C NMR signal assignment by two-dimensional
13C-13C correlation spectra

We carried out solid state NMR experiments with a
membrane preparation consisting of DLPC and
[u-">*C]JAmB (Fig. 1). Before '*C signal assignments for
AmB, we measured the magnitude of the chemical shift
anisotropy of the static *'P NMR signal of DLPC in
membrane. The spectra revealed an axially symmetric
pattern with the chemical shift anisotropy of 45 ppm
and the line width at half-height of 1.5 kHz, which
agreed well with the values of DMPC membrane in the
liquid-crystalline (L,) phase.*! The signal pattern was
virtually unchanged in the presence or absence of
AmB. Besides, the line widths of '*C signals in CP-
MAS experiments ranged between 20 and 36 Hz, which
matched those of DMPC in the L, phase.?? These results
clearly demonstrate that the DLPC membrane contain-
ing 12.5mol% of AmB is in the L, phase. The '*C
NMR signals of [u-">CJAmB were assigned on the basis
of the two-dimensional version of a CMR7 pulse se-
quence’® because CMR7 was one of the most efficient
methods to build up magnetization transfers through
homonuclear dipolar coupling at the MAS S}?inning rate
of our experiments. Figure 3 shows the '*C-'3C correla-
tion spectrum of [u-'">*CJAmB in the lipid dispersion of
DLPC, where the '°C signals of [u-">*C]JAmB are com-
{)letel separated on a two-dimensional plane. Some of
3C-13C pairs, however, gave rise to very weak or no
cross-peaks. These C—C bonds correspond to the junc-
tions among biosynthetic C, units such as acetate—
acetate and acetate—propionate,’® indicating that
[u-"*Cg]glucose is converted to [1,2-'°C,Jacetate and
[1,2,3-"°C;]propionate before incorporated into AmB.
Chemical shift data in a DMSO-d, solution*® were partly
utilized for the assignments of a few '*C signals for
which clear IJc,c correlations could not be detected.
The chemical shifts of all the carbon atoms of
[u-">C]JAmB are shown in Table 1. Some '*C signals were
significantly shifted from those in a DMSO solution. In

Table 1. Chemical shift+ assignment of 1>*C NMR for [u-">*C]JAmB in
DLPC (ppm)

Position O Position Oc
1 171.0 19 75.6
2 39.5 20 136.7
3 69.1 21-32 130-140
4 43.5 33 134.3
5 72.3 34 41.7
6 349 35 79.0
7 31.0 36 39.2
8 74.2 37 69.9
9 75.0 38 15.7
10 39.9 39 11.9
11 69.7 40 19.0
12 46.0 41 178.5
13 97.5 Iy 95.0
14 43.2 2/ 67.9
15 65.5 3/ 56.0
16 59.7 4 68.7
17 65.9 5 73.1
18 36.4 6 17.9

The signal of AmB (C39) was taken as J. 11.9, which was a reported
value for AmB in a DMSO-d; solution.>?

particular, the signals of hydroxy-bearing carbons C3,
CS5, and C11 were downfield-shifted over 2 ppm in the
membrane; their dc values in DMSO have been reported
to be 66.1, 69.7, and 67.7, respectively.3? These shifts in
oc values may be accounted for by the elimination of up-
field-shifting effect by DMSO*® and by formation of the
intramolecular hydrogen-bonding, which is known to in-
duce 1-2 ppm downfield shifts.** The unchanged chemi-
cal shifts of the rest of hydroxy-bearing carbon atoms
may suggest that these hydroxyl groups including those
in mycosamine are mostly hydrated. These notions may
support the membrane-AmB interaction deduced from
the RDX results (described later), in which the polyhy-
droxy C3-Cl11 part of AmB penetrates into membrane
interior, while the polar head moiety and C35 hydroxyl
group reside close to the membrane surfaces.

3.3. [u-"*CJAmB-DLPC complex examined by '*C->'P
REDOR for X clusters

Our strategy to investigate the interaction between AmB
and DLPC was based on measurements of the *C->'P
intermolecular dipolar coupling between AmB and
DLPC.*? Conventional REDOR pulse sequences were
not directly applicable to [u-'>*CJAmB because of homo-
nuclear coupling interactions arising from complicated
13C spin networks in [u-'*CJAmB. In the original RE-
DOR pulse sequence, the Hahn-echo is used for refocus-
ing undesirable evolutions of observed nuclei during
dephasing time before acquisition.?*3> While chemical
shifts and heteronuclear J coupling are refocused by
Hahn-echo, homonuclear J coupling is not. The active
coupling causes phase modulations in the REDOR
spectra.’® Schaefer’s group and others have reported
modified REDOR sequences that are applicable to
homonuclear J-coupled spin systems.324>4-4¢ Among
those, REDOR for X clusters (RDX) was most suitable
for our purpose because this experiment can refocus the
homonuclear interactions of all signals without any
effects of the heterogeneity in spin networks of observed
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nuclei.* Since size of spin clusters is not known, quan-
titative evaluations of interatomic distances may be
practically impossible in these experiments. However,
it should be possible to compare the relative distances
from phosphorus among dephased '*C nuclei.

The RDX experiments were performed with ramp
cross polarization®® for ensuring constant initial
magnetlzatlon during experimental time. In the spec-
trum shown in Frgure 4, DLPC gives rise to narrow
peaks, while [u- 3C]AmB shows broader resonances.
Slgmﬁcant REDOR dephases were observed for some
13C signals of the polar head group of DLPC (b i, see
Fig. 1 for the carbon labels). Based on the '*C 51gna1
assignments (Table 1), the magnitude of the dephasing
effect was compared among each part of AmB. The large
dephasing was observed for the signals near the both ter-
minal parts of an AmB molecule; in addition to the pre-
viously reported three carbons,’? C39, C40, and C41,
Cl1, C13, C35, C38, and C6’' revealed prominent depha-
ses (Fig. 4). On the other hand, signals from the middle
part of the molecule showed no evident dephasing; for
example, the broad peaks of three oxygen-bearing car-
bon atoms C8, C9, and CI19 gave rise to no prominent
AS peaks, while small but significant dephasing effects
were observed for C35 (and probably for C5’) as shown
in the inset spectra of Figure 4. Moreover, the broad
peak of 130-140 ppm corresponding to 14 double-bond
carbon atoms also showed an only marginal dephase
although a few of those in the edges of the heptane moi-
ety should reside near the both ends of the AmB mole-
cule (Fig. 4). These observations clearly demonstrate
that the phosphate group of DLPC is located close to
the both termini of AmB as is the case with DMPC
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membrane.??> The magnitudes of dephasing for these
eight signals are more than 10% (Table 2). It may be
inappropriate to determine interatomic distances from
the magnitudes of RDX dephasing (Tdble 2) because
motional parameters and size of spin clusters of
[u-"*CJAmB are not known.*’” However, we may be able
to roughly estimate the distances by calculating the pos-
sible largest dipolar couplings between labeled carbon
and phosphorus atoms. The normal REDOR attenua-
tion for a ">*C—>'P pair separated by 0.82 nm is 51% after
the dephasing time of 35.4 ms. The magnitude of RE-
DOR dephasing of RDX is usually less than 50% of
the normal REDOR dephasing during the initial rising
period.? Since the dephasing magnitudes for C35,
C39, C41, and C6’ are greater than 26%, the distance be-
tween each of these carbon and phosphorus should be
smaller than 8.2 A. This rough estimation implies that
AmB spans DLPC membrane as depicted in Figure
2a. The lack of dephasing at the C8, C9, and most of
heptane carbon atoms clearly indicates that the middle
of the AmB molecule is embedded in membrane interior.
Previously, we have reported that short-chained PCs

Table 2. Magnitude of '>*C—*'P REDOR dephasings, AS/Sy (%)

Position AS/S,
1 15
13 32
35 32
38 21
39 26
40 18
41 30
6 36
; C6' C38 c39
C40
c13 C35 \\ / /
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Figure 4. '*C-3'P RDX spectrum of [u-">*CJAmB/DLPC. The same membrane preparation as that in Figure 3 was used. The spectra were obtained
after 248 rotor cycles of *'P dephasing (35.4 ms) with the magic angle spinning at 7 kHz at 30 °C. The number of the scans accumulated for the full
echo spectrum, Sy, was 55,552. The top trace is the REDOR difference spectrum, AS. The insets show the expanded spectra for 72-82 ppm.
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(Cyp and C;,) promote membrane permeabilizing activ-
ity by AmB.?’ Based on the comparison of length of
hydrophobic regions between AmB and PC bilayers, it
is assumed that the ion-permeable channel formed by
AmB has single molecular length and thinner hydropho-
bic regions of the short-chained DLPC facilitate AmB to
span across the membrane with single molecular
length.?’

4. Conclusion

We examined the interaction between AmB and DLPC
in membrane by solid state NMR using uniformly '*C-
enriched AmB. The chemical shifts of all carbon signals
of membrane-bound AmB were successfully assigned on
the basis of a '*C-'>C correlation spectrum. With the
signal assignments in hand, >*C—'P RDX experiments
were carried out to confirm that AmB formed the sin-
gle-length type of molecular assemblies in DLPC mem-
brane. Although the precise structure of the ion channel
remains unknown, the present study demonstrates that
the solid sate NMR techniques in combination with uni-
formly '*C-labeled molecules provide a useful method
for investigating molecular complexes formed in lipid
environments. Recently, we succeeded in improving
the labeling percentage of [u-'*CJAmB up to 50%, and
completing the chemical synthesis of '"F-labeled AmB
and sterols. Further investigations on the structure of
molecular assembly formed by AmB and lipids are
currently underway.
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