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ABSTRACT: Amphotericin B (AmB) is thought to exert its antifungal
activity by forming an ion-channel assembly in the presence of ergosterol. In
the present study we aimed to elucidate the mode of molecular interactions
between AmB and ergosterol in hydrated phospholipid bilayers using the
rotational echo double resonance (REDOR) spectra. We first performed
BC{"F}REDOR experiments with C14-'°F-labeled AmB and biosynthetically 0 H  HO
13C-labeled ergosterol and implied that both “head-to-head” and “head-to-tail”
orientations occur for AmB—ergosterol interaction in the bilayers. To further
confirm the “head-to-tail” pairing, '*C-labeled ergosterol at the dimethyl
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terminus (C26/C27) was synthesized and subjected to the REDOR

measurements. The spectra unambiguously demonstrated the presence of a “head-to-tail” orientation for AmB—ergosterol
pairing. In order to obtain information on the position of the dimethyl terminus of ergosterol in membrane, *C{*'P}REDOR
were carried out using the labeled ergosterol and the phosphorus atom of a POPC headgroup. Significant REDOR dephasing was
observed at the C26/C27 signal of ergosterol in the presence of AmB, but not in the absence of AmB, clearly indicating that the
side-chain terminus of ergosterol in the AmB complex comes close to the bilayer surface.

mphotericin B (AmB, Figure 1) is still the drug of choice

for treating deep-seated infections despite the fact that its
clinical use over S0 years has been hampered by serious side
effects.”” It is generally accepted that AmB forms an ion-
permeable channel in cell membrane in the presence of sterol,’
and its higher affinity to ergosterol-containing fungal
membranes than cholesterol-containing mammalian mem-
branes is thought to be responsible for the pharmacological
activity.* As the model of an AmB ion channel, De Kruijff et al.®
have originally proposed the well-known barrel-stave assembly,
which is comprised of about 8 pairs of AmB and sterol
molecules. In order to improve the drug’s efficacy and reduce
its side effects; AmB/AmB and AmB/sterol interactions in
membrane have been extensively investigated by biophysical,
chemical, electrophysiological, and spectroscopic methods.*”®
Recently, to explore the structure—activity relationship of the
drug, chemical syntheses of AmB analogues have been achieved
by two leading laboratories; Carreira’s group successfully
synthesized epimerized mycosamine derivatives” and demon-
strated that an epimer at C2'—~OH of AmB methyl ester (AME)
shows comparable antimicrobial activity to that of AME while
O-methylation of the epimeric C2'—OH significantly reduces
the activity. They also synthesized 35-deoxy AME,'® which was
less active to fungi, suggesting that the tail part of AmB was also
important for the activity. Meanwhile, Burke’s group synthe-
sized AmB derivatives lacking some of functional groups' "' for
evaluating their effects on the activity. While the carboxylic
acid-deficient derivative retained the antifungal activity, the
mycosamine-deficient derivative was totally devoid of the
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activity. These results suggest that interaction between the
carboxyl and amino groups on a neighboring pair of AmB
molecules is not essential for channel formation, whereas the
latter is critical for the activity.

Regarding the sterol selectivity of AmB upon ion channel
formation, a great number of studies have been carried out.
Ergosterol is known to effectively stabilize a membrane-bound
form of AmB as evidenced by AFM imaging,"* surface pressure
measurements,'* and surface plasmon resonance," consequently
leading to the higher affinity of er%osterol to AmB than
cholesterol."®'” Cohen and co-workers'®'? have reported that
two types of ion channels are formed by AmB in the presence of
sterol; transmembrane channels with high conductance are
comprised of AmB and sterol while the other channels with
low permeability occur without sterol A recent study by
Neumann et al.”® proposed the possible structure of an AmB—
ergosterol bimolecular complex formed in PC membrane on the
basis of MD calculations, which is in line with experimental results
obtained from H NMR.>"** These reported results can largely
be accounted for by two major interactions of AmB—sterol
occurring in membrane; one is 77—z interaction between the
heptaene group of AmB and the diene-containing ring system of
ergosterol, and the other is hydrogen bond between the
mycosamine moiety of AmB and 3-OH of ergosterol. In these
notions, it is assumed as a prerequisite that AmB and ergosterol
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form a barrel-stave assembly in a “head-to-head” (or parallel)
manner. These interactions are often discussed in molecular
modeling studies.”>**> However, no direct experimental evidence
has yet been obtained for the mode of AmB—sterol interaction.
Regarding the stability of the AmB—ergosterol complex, Fournier
et al”* confirmed it by calorimetric measurements and also the
high affinity of saturated phospholipids to AmB. Paquet et al.”®
measured the >H NMR of deuterated phosphatidylcholine (PC)
in hydrated membranes containing AmB and sterol and revealed
the complexation of ergosterol with AmB in molecular assemblies.
Using solid-state NMR techniques, we have been investigating the
molecular basis of AmB—ergosterol complexes formed in
hydrated PC bilayers,”>**">° which are a more physiologically
relevant system as compared with freeze-dried or frozen
membrane preparations. Previously, we reported “a surrounding
model” for AmB—sterol complex on the basis of the *C{'°F}
rotational echo double resonance (REDOR) method for
covalently linked AmB—sterol conjugates.”® Recently, we
demonstrated the close proximity between '*C-labeled AmB
and '°F-labeled AmB in hydrated POPC—sterol membranes using
BC{¥F}REDOR experiments and found that the distance
between AmB molecules increases by ca. 2 A in the presence of
ergosterol.”’ More recently, the H NMR spectra of deuterated
sterols in hydrated lipid bilayers showed that the fast lateral
movement of ergosterol is markedly reduced by AmB while
cholesterol mobility is virtually unchanged by AmB.** Regarding
AmB—phosphlipid interactions, REDOR experiments have
disclosed the strong affinity between AmB and PC; the single-
length channels were predominantly formed in DMPC membrane
in either the presence or absence of ergosterol,”*™** and POPC
was found to be incorporated in an AmB—ergosterol complex.”’
In this study we prepared site-specifically *C-labeled ergosterols
and examined their interactions with AmB and POPC by the
REDOR technique, aiming to elucidate the mode of interaction
between AmB, ergosterol, and PC in hydrated lipid bilayers.

B MATERIALS AND METHODS

Materials. AmB and cholesterol were purchased from
Nacalai Tesque (Kyoto, Japan). Ergosterol was from Tokyo
Kasei (Tokyo, Japan) and palmitoyloleoylphosphatidylcholine
(POPC) was from Avanti Polar Lipid Inc. (Alabaster, AL). All
other chemicals were obtained from standard venders. 14-F
AmB (2) was derivatized from AmB as reported previously.’'
3C ergosterol 3 was prepared by the biosynthetic method;*
Saccharomyces cerevisiae were grown in media containing singly
BC(CH;)-labeled sodium acetate to produce ergosterol with a
skipped "*C-labeling pattern (Figure la). The '*C-enrichment
ratio was estimated to be 58% by *C NMR.

Preparation of 26,27-'*C, Ergosterol. Synthetic details
of 26,27-3C, ergosterol are provided as Supporting Informa-
tion. White powder; R; 0.45 (2/1-hexane/AcOEt). 'H NMR
(500 MHz, CDCl;) &: 5.55 (1H, dd, J = 5.58, 2.43 Hz, H-6),
5.38 (1H, dt, J = 5.58, 2.72 Hz, H-7), 5.22 (1H, dd, ] = 15.25,
8.16 Hz, H-22), 5.17 (1H, dd, ] = 15.25, 7.66 Hz, H-23), 3.64
(1H, m, H-3), 2.43 (1H, dd, ] = 2.2, 14.3 Hz, H-4e), 2.25 (1H,
d, J = 14.3 Hz, H-4a), 1.04 (3H, d, ] = 6.7 Hz, H-21), 0.94 (3H,
s, H-19), 0.92 (3H, d, ] = 6.87 Hz, H28), 0.82 (3H, dt, ] =
124.4, 6.73 Hz, H-26), 0.83 (3H, dt, J = 124.4, 5.73 Hz, H-27),
0.63 (3H, s, H-18). MS m/z 421.3347 [ (M + Na)*; calcd for
Cy*C,H, 4 NaO: 421.3357].

Preparation of Multilamellar Vesicles for Solid-State
NMR Measurements. AmB (1 or 2), "*C ergosterol (3 or 4),

84

0,1.0.5.8
R=H, Amphotericin B (AmB, 1) Q
R=F, 14-F AmB (2) HO™ " oH
NH,
(b) #
21,26, 27
AS(Yx2) 19

[ T
200 150 100 s0 °
pom

Figure 1. (a) Structures of AmB 1, 14-F AmB 2 and skipped "*C-
labeled ergosterol 3. (b) "“C{’F}REDOR spectra of 2 and 3 in
hydrated POPC bilayers. The spectra were obtained at 38 °C after the
1F-dephasing period of 64 rotor cycles (12.8 ms) with 35456 scans
for each; AS is a difference spectrum obtained by subtracting a '’F-
irradiated spectrum S from a nonirradiated one, S, (full echo). The
sample was prepared at the ratio of 2/3/POPC, 1:1:9, in 10 mM
HEPES/D,0 (S0 wt %) at pH 7.0. Numbers in the spectra denote the
carbon atoms of ergosterol. () Signals are due to POPC. (#) Signal is
caused by the subtraction of spectra.

and POPC were dissolved in CHCl;/MeOH, and the solvent
was evaporated to afford a thin film. After left in vacuo for 8 h,
the membrane was hydrated with 31.4 uL of 10 mM HEPES
buffer (pH 7.0) and 1 mL of H,O and dispersed by vortexing
and sonication. Then the lipid suspension was freeze—thawed
five times to produce large vesicles. The suspension was lyop-
hilized, rehydrated with D,O (31.4 L), and packed into a glass
tube. The glass tube was sealed with epoxy glue and inserted
into a @ 5 mm MAS rotor for CP-MAS/C{"”F} REDOR and
a @ 4 mm MAS rotor for *C{*'P} REDOR experiments.

Solid-State NMR Measurements. All solid-state NMR
spectra were recorded on a CMX300 (Chemagnetics) spectro-
meter at 7S MHz "C resonance frequency with the MAS
frequency of 5000 + 2 Hz. The temperature controlling air was
maintained at 30 + 1 °C. The temperature in a sample rotor
was measured separately in the essentially same conditions on
the basis of *P NMR chemical shift that is temperature
dependent® and turned out to be around 38 °C (see Figure S6
in Supporting Information for details). The spectral width was
30 kHz. Typically, the 7/2 pulse width for 'H was S us, and the
7 pulse widths for BC, F, and *'P were 8.2, 11, and 7.4 us,
respectively. The contact times for cross-polarization transfer
were set to be 1.0 ms for *C{®F}REDOR and 3.0 ms for
BC{*'P}REDOR. The REDOR spectra were acquired with a
recycle delay of 3 s under TPPM 'H-decoupling® with field
strength of 63 kHz, and xy-8 phase cycling®® was used for '°F
and *'P irradiation.

B RESULTS AND DISCUSSION

3C{"°F}IREDOR of 14-F AmB and Skipped '3C
Ergosterol in Hydrated POPC Membrane. Labeled com-
pounds 2, 3, and 4 used in this study are shown in Figure la
and Scheme 1. 14-F AmB 2 was derivatized from AmB as
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Scheme 1. Preparation of 26,27-'*C, Ergosterol
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reported previously;>' a fluorine atom was stereoselectively
introduced to a C13/Cl4-glycal derivative of AmB to furnish
14-fluorinated AmB 2. "*C ergosterol 3 was prepared by a
biosynthetic method as reported in the literature;” the yeast
Saccharomyces cerevisiae was grown in media containing singly
BCH;-labeled sodium acetate, consequently producing ergo-
sterol with a skipped '*C-labeling pattern as shown in Figure la.
The average *C-enrichment was estimated to 58% by *C NMR.

For intermolecular REDOR experiments, the labeled
compounds 2 and 3 were mixed in palmitoyloleoylphosphati-
dylcholine (POPC) at the one-to-one ratio to form hydrated
bilayers; in the previous study, we performed the REDOR
experiments for measuring AmB—AmB distance at the same
ratio and successfully observed the effects of ergosterol on AmB
complex formation. Figure 1b shows the full-echo spectrum
(So) without irradiation at 'F frequency and the difference
spectra (AS) of BC{’F}REDOR**¥’ It is well-known that
multiple-labeled compounds such as uniformly '*C-labeled
products cause a serious problem in the REDOR experiments
since homonuclear '] coupling induces heavy phase distortion.
However, the "*C-labeled ergosterol 3 with a skipped labeling
pattern largely escaped from this problem because the
homonuclear scalar coupling over two bonds gives rise to
negligibly small values (largely less than 4 Hz).>® In fact, there
was no apparent phase distortion in the REDOR spectra as
seen in Figure 1b, clearly demonstrating the merit of the
skipped labeling of ergosterol.

In the AS spectrum, a significant dephasing effect was
observed for an angular methyl carbon of C19 upon irradiation
at ’F frequency, indicating that the head groups of AmB and
ergosterol come close together to form a “head-to-head”
complex. The dephasing effect supports the barrel-stave model,
where “head-to-head”-type interaction is considered to be one
of the prerequisites.’ Unexpectedly, the other methyl signals
around 24 ppm were also dephased. According to the previous
report,” these signals are assignable to the terminal methyl
groups C26/C27 or C21 in an ergosterol side chain. In the
“head-to-head” model, the estimated distances from the °F-14
of AmB to the C26/C27 dimethyl group and to the C21 methyl
group of ergosterol would be 19 and 15 A, respectively, both of
which are beyond the reach of REDOR dephasing effects. As
seen in a great number of previous reports,”***" AmB and
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ergosterol have been thought to take the “head-to-head” orien-
tation in a membrane-bound assembly. However, the REDOR
results strongly suggests that a different mode of bimolecular
interaction, most likely “head-to-tail”, is partly involved in the
AmB—ergosterol complex under the experimental conditions.

Solid-State NMR Measurements Using 26,27-'3C,
Ergosterol. The REDOR experiments of the skipped-labeled
ergosterol 3 unexpectedly implied a “head-to-tail” interaction.
However, heavy overlapping of NMR signals prevented detailed
examination of AmB/ergosterol orientation. Thus, to obtain
clearer evidence for the possible “head-to-tail” pairing, we
synthesized regioselectively 100% '*C-labeled ergosterol at
C26/C27 4 as shown in Scheme 1 (see Supporting Information
for synthetic details).

Briefly, chiral sulfone S was prepared as reported pre-
viously.*' Introduction of the 3C-dimethyl group was achieved
by repeated treatment of sulfone § with BuLi and "*C-methyl
iodide. Then *C-labeled sulfone 7 was converted to phenyl-
tetrazole-sulfone (PT-sulfone) 8 by three steps. Construction
of the side chain was performed by Julia—Kocienski coupling
between the PT-sulfone 8 and aldehyde 9, which was prepared
from ergosterol as reported previously.** Removal of protecting
groups of the diene portion and the hydroxyl group furnished
26, 27-13C, ergosterol 4.

To confirm the chemical shift assignment of C26/C27 in
POPC membrane, we first carried out conventional CP-MAS
experiments for the labeled ergosterol 4 with the different
concentrations of nonlabeled AmB. As shown in Figure 2, in

40
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Figure 2. CP-MAS "*C NMR spectra of 26,27-'*C, ergosterol 4 in the
presence and absence of AmB in hydrated POPC membrane at 30 °C.
The membrane preparation contained 1/4/POPC at the ratios of
2:1:18 (top), 1:1:9 (middle), and 0:1:9 (bottom) in 10 mM HEPES/
D,0 (50 wt %) at pH 7.0. Arrows depict signals due to C26/C27 of
ergosterol. () Signals are due to POPC.

the absence of AmB, the C26/C27 dimethyl group of 4 gave
rise to a sharp peak at 21.5 ppm, indicating the high mobility of
ergosterol in the membrane. Upon addition of AmB, a broad
peak appeared at 23.8 ppm while the signal intensity at 21.5 ppm
decreased. Thus, the broad peak was assignable to the dimethyl
group of the ergosterol complexed with AmB. We previously
reported that AmB forms relatively large aggregates in POPC
bilayers, where AmBs were mostly immobilized.** Therefore, the
broadening of the ergosterol signal can be accounted for by the
notion that formation of the AmB—ergosterol complex prevents
the fast lateral and rotational diffusion of the sterol in membrane.

dx.doi.org/10.1021/bi2012542 | Biochemistry 2012, 51, 83—89



Biochemistry

@ | 1

So s

(b)

04 -
55A
03 A 7
&
™ I
402 -
< jf 7A
o1 /f
0 T T T 1
0 10 20 30 40
dephasing time / ms

T T T T

40 30 20 10 40 30

20

1
10

Figure 3. (a) “C{"”’F}REDOR spectra of nonirradiated (full-echo) (S,), '*F-irradiated experiments (S), and difference spectrum (AS) for 14-F AmB
2 and 26,27-*C, ergosterol 4 at the ratio of 2/4/POPC (1:1:9); hydrated POPC bilayers were prepared in 10 mM HEPES/D,0 (50 wt %) at pH
7.0. The data were obtained after '°F dephasing period of 64 rotor cycles (12.8 ms) at 38 °C with 29 488 scans for each experiment. Arrows depict
the C26/C27 signals. (b) Experimental *C{'’F}REDOR dephasing values (AS/S,) for the C26/C27 signal at 23.8 ppm (@), and simulation curves
(solid lines) for the *C—'°F distances of 5.5 and 7.0 A, assuming that 30% of 26,27-'*C, ergosterol 4 is involved in a “head-to-tail” pairing. The
simulation curve (dashed line) derived from two different distances 5.5 A and 7.0 A (1:1) nicely fits the experimental data.

Additionally, lower magnetic field shift of the dimethyl signal was
probably caused by the close contact of ergosterol with AmB,*
and this “shifted” chemical shift of C26/C27 agrees well with
that of the dephased peak in the REDOR shown in Figure 1b.
The residual narrow peak at 21.5 ppm in the presence of
excess AmB indicates that a small amount of ergosterol molecules
diffuse rapidly in POPC membrane without forming the AmB—
ergosterol complex.

3C{"FIREDOR of 14-F AmB and 26,27-3C, Ergosterol. In
the next step, REDOR spectra were recorded with 14-F AmB 2
and 26,27-°C, ergosterol 4. Figure 3a shows the partial
nonirradiated (S,) and ‘*F-irradiated spectra (S) of the *C{**F}-
REDOR experiments, where 2 and 4 were mixed at 1:1 ratio in
hydrated POPC bilayers. As in the case of the CP-MAS spectra,
two peaks were observed at 21.5 ppm (sharp) and 23.8 ppm
(broad), which were assigned as the C26/C27 dimethyl group of
free and AmB—complexed ergosterol, respectively; lower intensity
of the broad peak at 23.8 ppm as compared with that in CP-MAS
(the middle spectrum of Figure 2) is probably due to greater
relaxation rate (low mobility) of the broader signal during a long
dephasing time. As expected, significant REDOR dephasing
(AS/S, = 27%) was observed for the broad peak while the
intensity of the sharp peak at 21.5 ppm was unchanged. This
dephasing effect further reveals that the '>C atoms in the
ergosterol side chain comes close to the ’F atom of the AmB
headgroup; e.g, the “head-to-tail” binary interaction between
AmB and ergosterol occurs in a hydrated POPC membrane.
Figure 3b is a plot of the experimental REDOR dephasing values
(AS/S,) for the C26/C27 peak. The dephasing effect is saturated
around 30%, which probably indicates that ergosterol molecules
partly interact with AmB in a “head-to-tail” manner, and the
remaining molecules largely form “head-to-head” complexes as
discussed later.

The interatomic distance between '°F-14 and 3C26/13C27
was estimated by fitting the REDOR plots to theoretical
curves™ on the basis of the following assumptions. First, there
is only one type of the AmB—ergosterol complex in head-to-tail
pairing that can be treated as a sum of 2 spin systems, '°F-
14/*C26 and ""F-14/'*C27; the dephasing effect of the other
3C spin on an observing "*C is negligibly small in most cases,
and the influence of '?F-14 of the other AmB molecules in the
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assembly on the C26/C27 signal should not be significant as
suggested by the possible intermolecular distances between
AmB and ergosterol (see Figure S7 in Supporting Information).
Second, the maximum REDOR dephasing was 30% due to the
co-occurrence of “head-to-head” pairing. Lastly, molecular
motion including exchanges of AmB—sterol pairing does not
significantly influence the dephasing effect; the REDOR at
—10 °C gave rise to similar AS/S, values to those at 38 °C (see
Figure S3). As a result, the distances between F-14 and C26/
C27 can be estimated to be 5.5 and 7.0 A, where the values are
interchangeable (Figure 3b). In realistic systems, multiple
complexes with different *C—'°F distances, beside those with
head-to-head paring, should be involved, which complicate the
interpretation of the REDOR data and frequently cause errors
in distance estimation. Nevertheless, the present results clearly
reveal that AmB forms a stable complex in membrane with a
close proximity between the headgroup of AmB and the side
chain of the sterol. We previously reported that AmB—AmB
distance was about 12 A in ergosterol-containing POPC
membrane,”” which was much longer than the F14—C26/C27
distance. This may imply that ergosterol in the “head-to-tail”
complex is inserted between AmB molecules.

It has so far been generally believed that the membrane-
bound AmB assembly takes a “head-to-head” orientation.®*°
Previous papers, therefore, have discussed a structural model on
the basis of the “head-to-head” configuration for AmB—AmB
and AmB—sterol. However, the present results disclosed for the
first time the co-occurrence of “head-to-head” and “head-to-tail”
interactions for AmB—ergosterol pairing in membrane. Thus, the
broad peak at 23.8 ppm is assumed to be the overlapping C26/
C27 signals derived from “head-to-head” and “head-to-tail” orien-
tations; as shown in Figure S4 of the Supporting Information, the
peak shape of S is somewhat different from that of S, which
suggested the signal shape and/or chemical shift of the C26/C27
signal are slightly different between the two orientations because
the subtraction of the portion due to “head-to-tail” (AS) inter-
action from the overlapping signal increases the ratio of the signal
due to “head-to-head” paring (S). Another important feature of
the assembly is the orientation of a side chain of ergosterol with
respect to the alicyclic molecular stem. It has been reported that
the conformation of the ergosterol side chain is highly restricted

dx.doi.org/10.1021/bi2012542 | Biochemistry 2012, 51, 83—89
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Figure 4. BC{>'P}REDOR spectra of nonirradiated (full-echo) (S,) and *'P-irradiated experiments (S) with AS (inset) in the presence of AmB for
26, 27-3C, ergosterol 4 and POPC at the ratio of AmB/4/POPC (1:0.5:9); hydrated POPC bilayers were prepared in 10 mM HEPES/D,0 (50 wt
%) at pH 7.0. The data were obtained after the *'P dephasing period of 160 rotor cycles (32 ms) at 38 °C with 41 424 scans for each experiment.
Arrows depict C26/C27 broad signals, where 16% reduction of the peak area was observed upon irradiation at *'P frequency. Small alphabets denote
the *C signals of POPC headgroup. () "*C signals are those of POPC acyl chains.

to take an extended conformation,* ruling out the possibility that
the sterol takes a U-shaped conformation upon complexation
with AmB. It is, therefore, highly plausible that the side chain
takes an extended conformation in both “head-to-head” and
“head-to-tail” pairings.

3C{*'P}REDOR for Interaction between 26,27-'3C,
Ergosterol and Phosphodiester of POPC. To examine
the mode of ergosterol/POPC interaction in the AmB complex,
we next performed intermolecular *C{*'P}REDOR experiments.
Figure 4 shows the nonirradiated (S,) and *'P-irradiatred spectra
(S) of the “C{*P}REDOR experiments where 26,27-"*C,
ergosterol 4 was incorporated in AmB-containing POPC
membrane. The two peaks due to the terminal dimethyl group
were again observed at 21.5 ppm (sharp) and 23.8 ppm (broad),
corresponding to free and bound ergosterol, respectively. The S
spectrum reveals the intermolecular dephasing effect (AS/S, =
16%) on the broad dimethyl signal from the POPC headgroup,
whereas the acyl-chain carbons showing virtually no dephasing
(detailed REDOR dephasing data are provided as Supporting
Information).

This result unambiguously demonstrated that the tail group
of AmB-bound ergosterol comes close to the phosphodiester of
a POPC headgroup. Generally, short lifetime of phospholipid—
sterol pairing markedly attenuate the magnitude of intermo-
lecular dipolar coupling detected by solid-state NMR. However,
this result suggests that ergosterol/POPC interaction in an
AmB assembly is relatively stable, which agrees with our
previous results on an importance of AmB—ergosterol-POPC
assemblies for active ion-channel formation.”* We also carried
out a similar “C{*'P}REDOR experiment with AmB-free
membrane. However, no REDOR dephasing was observed for
the sharp C26/C27 signal (date is not shown).

On the basis of these exgerimental data together with pre-
vious experimental results,”>>” we attempt to propose possible
intermolecular interactions occurring in an AmB/ergosterol/
PC complex as depicted in Figure S. Although it is difficult
at the moment to present an accurate image for the complex
from only a few distance constraints, the hydrogen bond
between 35-OH (or 1-COOR) of AmB and 3-OH of ergosterol
may possibly stabilize the “head-to-tail” orientation (Figure Sb).
Additionally, heptaene—diene z—x interactions may also
contribute the “head-to-tail” orientation as is the case with

the “head-to-head”. The interaction between ergosterol and
POPC is stabilized in the complex (Figure Sc), where the

(d)

‘H-H H-T ‘H-T
Figure S. Putative model for bimolecular interactions occurring in an
AmB—ergosterol-PC complex. AmB (yellow boxes) bound to the
bilayers interacts with ergosterol (blue) in both “head-to-head” (a) and
“head-to-tail” (b). The terminus of an ergosterol side chain comes
close to the head groups of POPC (silver) in the presence of AmB (c).
Red arrows point to the pair of labeled atoms that gave rise to REDOR
dephasing. (d) A hypothetical model for one ergosterol interacting
with two molecules of AmB in both “head-to-head” and “head-to-tail”
pairings.

pairing of the sterol and POPC is in a head-to-tail manner.
Recently, a couple of reports su&gest a possibility of “head-to-tail”
orientation for AmB/AmB***" under more physiologically
relevant conditions. Provided that this antiparallel interaction
could occur in the model membrane used in this study, one
ergosterol molecule might interact with two molecules of AmB in
both “head-to-head” and “head-to-tail” pairings (Figure Sd). To
examine these intermolecular interactions in more details, pre-
paration of '’F-labeled AmBs at a different position is currently
under way; these '"F-labeled AmBs would facilitate a CODEX
experiment, which is an excellent methodology to determine the
number of monomers for one molecular assembly residing in
membrane as reported by Schmidt-Rohr et al.*® and Hong et al.*’

The conditions of the present experiments are different from
the physiological environment in which AmB exerts its phar-
macological activity. In particular, the concentration of the drug
is thought to be below 1 M in human serum upon intravenous
administration. AmB content in membrane in our experiments
was much greater than the pharmacological relevant doses chiefly
due to a low sensitivity of solid-state NMR. Nevertheless, we
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believe that the present results obtained with a higher AmB
content can help understand the drug’s activity under the physio-
logical environment by the following reasons. The previous
REDOR results for AmB/ergosterol-containing POPC mem-
branes”” indicate that AmB—AmB distance is significantly
increased by complexation with ergosterol and POPC; in a
separate experiment of H NMR, we demonstrated that
ergosterol interacts directly with AmB under the essentially
same conditions as those of the present study.”* The results also
reveal that AmB molecules are mixed well with the lipids in
membrane preparations used for NMR measurements. Mean-
while, we examined the interactions at much lower concentrations
of AmB by surface plasmon resonance'> and disclosed that
ergosterol markedly enhances the affinity of AmB to POPC
membrane but cholesterol does not, suggesting that the drug is
merged in the membrane and then form complexes with ergosterol
and POPC even at very low concentrations. These two sets of
experimental data obtained with high and low concentrations of
AmB imply that, on the association—dissociation equilibrium, AmB
molecules in membrane form a similar complex with ergosterol
and POPC regardless of the concentrations of the drug. At higher
doses, the equilibrium should shift to the complexation from a
monomeric form that should be predominant at lower
concentrations. In fungus membranes, ergosterol occurs in both
the outer and inner leaflets of bilayers, thus inferring that AmB
interacts with the sterol in both head-to-head and head-to-tail
pairings in micromolar concentrations. The notions imply that a
mode of the ternary complexation could be reproduced at higher
concentrations of NMR experiments to a certain extent. In parti-
cular, in ergosterol-containing PC membranes, the ternary
interaction between AmB, ergosterol, and PC, which appears to
be robust but somewhat flexible,”” should be a major force for
organizing an ion permeable assembly.

In conclusion, we examined AmB—ergosterol and ergosterol—
POPC bimolecular interactions in hydrated POPC bilayers by
solid-state NMR using '*C-labled ergosterol and '*F-labeled
AmB. The vicinity between the 14-F of AmB and the 26,27-
dimethyl group of ergosterol in the membrane detected as an
REDOR dephasing effect indicates that “head-to-tail” orienta-
tion occurs in an AmB—ergosterol complex. '*C {*'P} REDOR
experiments disclosed that the terminal dimethyl group of
ergosterol comes close to membrane surface upon complex-
ation with AmB. These findings should provide new insight
into bimolecular interactions necessary for formation of an
AmB channel assembly.

B ASSOCIATED CONTENT

© Supporting Information

Experimental details of preparation of 26, 27-°C, ergosterol,
CP-MAS spectra of the AmB—ergosterol—POPC preparation
at variable temperatures, additional *C{'’F} REDOR data at
—10 °C, *C{*'P} REDOR dephasing effects, the temperature-
dependent change of *'P chemical shift, and the calculated
REDOR curves for F-C—F three spin systems. This material is
available free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author

*Tel: +81-6-6850-5774. E-mail: murata@chem.sci.osaka-u.ac.jp
(M.M.); matsmori@chem.sci.osaka-u.acjp (N.M.).

88

Present Address

TDepartment of Chemistry, Graduate School of Sciences,
Kyushu University, 6-10-1 Hakozaki, Higashi-ku, Fukuoka 812-
8581, Japan.

Funding

This work is supported by Grants-in-Aid for Scientific Research
(S) (No. 18101010), for Priority Area (A) (No. 16073211) and
(B) (No. 17681027) from MEXT, Japan; and also in part as
ERATO “Lipid Active Structure Project” from Japan Science
and Technology Agency (JST).

B ACKNOWLEDGMENTS

Y.U. expresses his special thanks to Japan Society for the
Promotion of Science and the Global COE (center of
excellence) Programs “Global Education and Research Center
for Bio-Environmental Chemistry” of Osaka University.

B ABBREVIATIONS

AmB, amphotericin B; PC, phosphatidylcholine; POPC, 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine; DPPC, 1,2-dipalmitoyl-sn-glyc-
ero-3-phosphocholine; DMPC, 1,2-dimyristoyl-sn-glycero-3-phospho-
choline; HEPES, 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic
acid; MAS, magic angle sample spinning; NMR, nuclear magnetic
resonance; REDOR, rotational echo double resonance.

B REFERENCES

(1) Hartsel, S., and Bolard, J. (1996) Amphotericin B: new life for an
old drug. Trends Pharmacol. Sci. 17, 445—449.

(2) Lemke, A, Kiderlen, A. F., and Kayser, O. (2005) Amphotericin
B. Appl. Microbiol. Biotechnol. 68, 151—162.

(3) De Kruijff, B., and Demel, R. A. (1974) Polyene antibiotic-sterol
interactions in membranes of Acholeplasma laidlawii cells and lecithin
liposomes. 3. Molecular structure of the polyene antibioticcholesterol
complexes. Biochim. Biophys. Acta 339, 57—70.

(4) Bolard, J., Legrand, P., Heitz, F., and Cybulska, B. (1991) One-
sided action of amphotericin B on cholesterol-containing membranes
is determined by its self-association in the medium. Biochemistry 30,
§707-571S.

(S) Readio, J. D, and Bittman, R. (1982) Equilibrium binding of
amphotericin B and its methyl ester and borate complex to sterols.
Biochim. Biophys. Acta 68S, 219—224.

(6) Clejan, S., and Bittoman, R. (1985) Rates of amphotericin B and
filipin association with sterols. J. Biol. Chem. 260, 2884—2889.

(7) Fujii, G., Chang, J. E., Coley, T, and Steere, B. (1997) The
formation of amphotericin B ion channel in lipid bilayers. Biochemistry
36, 4959—4968.

(8) Matsumori, N., Sawada, Y., and Murata, M. (2005) Mycosamine
orientation of amphotericin B controlling interaction with ergosterol:
Sterol-dependent activity of conformation-restricted derivatives with
amino-carbonyl bridge. J. Am. Chem. Soc. 127, 10667—10675.

(9) Croatt, M. P., and Carreira, E. M. (2011) Probing the role of the
mycosamine C2-OH on the activity of amphotericin B. Org. Lett. 13,
1390—1393.

(10) Szpilman, A. M., Manthorpe, J. M., and Carreira, E. M. (2008)
Synthesis and biological studies of 35-deoxy amphotericin B methyl
ester. Angew. Chem., Int. Ed. 47, 4339—4342.

(11) Palacios, D. S., Anderson, T. M., and Burke, M. D. (2007) A
post-PKS oxidation of the amphotericin B skeleton predicted to be
critical for channel formation is not required for potent antifungal
activity. . Am. Chem. Soc. 129, 13804—1380S.

(12) Palacios, D. S., Dailey, I, Siebert, D. M., Wilcock, B. C., and
Burke, M. D. (2011) Synthesis-enabled functional group deletions
reveal key underpinnings of amphotericin B ion channel and antifungal
activities. Proc. Natl. Acad. Sci. U. S. A. 108, 6733—6738.

(13) Milhaud, J., Ponsinet, V., Takashi, M., and Michels, B. (2002)
Interactions of the drug amphotericin B with phospholipid membranes

dx.doi.org/10.1021/bi2012542 | Biochemistry 2012, 51, 83—89


http://pubs.acs.org
mailto:murata@chem.sci.osaka-u.ac.jp
mailto:matsmori@chem.sci.osaka-u.ac.jp

Biochemistry

containing or not ergosterol: new insight into the role of ergosterol.
Biochim. Biophys. Acta 1558, 95—108.

(14) Barwicz, J., and Tancréde, P. (1997) The effect of aggregation
state of amphotericin-B on its interactions with cholesterol- or
ergosterol-containing phosphatidylcholine monolayers. Chem. Phys.
Lipids 85, 145—185S.

(15) Mouri, R., Konoki, K., Matsumori, N., Oishi, T., and Murata, M.
(2008) Complex formation of amphotericin B in sterol-containing
membrane as evidenced by surface plasmon resonance. Biochemistry
47, 7807—781S.

(16) Kotler-Brajtburg, J. H., Price, H. D., Medoff, G., Schlessinger, D.,
and Kobayashi, G. S. (1974) Molecular basis for the selective toxicity
of amphotericin B for yeast and filipin for animal cells. Antimicrob.
Agents Chemother. S, 377—382.

(17) Vertut-Croquin, A., Bolard, J., Chabbert, M., and Gary-Bobo, C.
(1983) Differences in the interaction of the polyene antibiotic
amphotericin B with cholesterol- or ergosterol-containing
phospholipid vesicles. A circular dichroism and permeability study.
Biochemistry 22, 2939—2944.

(18) Cohen, B. E. (1992) A sequential mechanism for the formation
of aqueous channels by amphotericin B in liposomes. The effect of
sterols and phospholipid composition. Biochim. Biophys. Acta 1108,
49-58.

(19) Romero, E. A., Valdivieso, E., and Cohen, B. E. (2009)
Formation of two different types of ion channels by amphotericin B in
human erythrocyte membranes. J. Membr. Biol. 230, 69—81.

(20) Neumann, A., Baginski, M., and Czub, J. (2010) How do sterols
determine the antifungal activity of amphotericin B? Free energy of
binding between the drug and its membrane targets. J. Am. Chem. Soc.
132, 18266—18272.

(21) Dufourc, E. J., Smith, J. C. P.,, and Jarrell, H. C. (1984)
Interaction of amphotericin B with membrane lipids as viewed by *H
NMR. Biochim. Biophys. Acta 776, 317—329.

(22) Matsumori, N., Tahara, K., Yamamoto, H., Morooka, A., Doi.,
M., Oishi, T, and Murata, M. (2009) Direct interaction between
amphotericin B and ergosterol in lipid bilayers as revealed by ’H NMR
spectroscopy. J. Am. Chem. Soc. 131, 11855—11860.

(23) Baginski, M., Resat, H., and Borowski, E. (2002) Comparative
molecular dynamics simulations of amphotericin B-cholesterol/
ergosterol membrane channels. Biochim. Biophys. Acta 1567, 63—78.

(24) Fournier, I, Barwicz, J., and Tancréde, P. (1998) The struc-
turing effects of amphotericin B on pure and ergosterol- or cholesterol-
containing dipalmitoylphosphatidylcholine bilayers: a differential
scanning calorimetry study. Biochim. Biophys. Acta 1373, 76—86.

(25) Paquet, M. J., Fournier, I, Barwicz, J., Tancréde, P., and Auger,
M. (2002) The effects of amphotericin B on pure and ergosterol- or
cholesterol-containing dipalmitoylphosphatidylcholine bilayers as
viewed by “H NMR. Chem. Phys. Lipids 119, 1-11.

(26) Kasai, Y.,, Matsumori, N., Umegawa, Y., Matsuoka, S., Ueno, H,
Ikeuchi, H., Oishi, T., and Murata, M. (2008) Self-assembled amphotericin
B is probably surrounded by ergosterol: Bimolecular interactions as
evidenced by solid-state NMR and CD spectra. Chem.—Eur. ]. 14, 1178—
118s.

(27) Umegawa, Y., Matsumori, N., Oishi, T., and Murata, M. (2008)
Ergosterol increases intermolecular distance of amphotericin B in
membrane-bound assembly as evidenced by solid-state NMR.
Biochemistry 47, 13463—13469.

(28) Matsuoka, S., and Murata, M. (2003) Membrane permeabilizing
activity of amphotericin B is affected by chain length of phos-
phatidylcholine added as minor constituent. Biochim. Biophys. Acta
1617, 109—115.

(29) Matsuoka, S., Ikeuchi, H., Matsumori, N., and Murata, M.
(2005) Dominant formation of a single-length channel by amphotericin
B in dimyristoylphosphatidylcholine membrane evidenced by '*C-*'P
rotational echo double resonance. Biochemistry 44, 704—710.

(30) Murata, M., Kasai, Y., Umegawa, Y., Matsushita, N., Tsuchikawa,
H., Matsumori, M., and Oishi, T. (2009) Ion channel complex of
antibiotics as viewed by NMR. Pure Appl. Chem. 81, 1123—1129.

89

(31) Matumori, N., Umegawa, Y., Oishi, T., and Murata, M. (2005)
Bioactive fluorinated derivative of amphotericin B. Bioorg. Med. Chem.
Lett. 15, 3565—3567.

(32) Seo, S, Uomori, A, Yoshimura, Y., Takeda, K, Seto, H,,
Ebizuka, Y., Noguchi, H,, and Sankawa, U. (1988) Biosynthesis of
sitosterol, cycloartenol, and 24-methylenecycloartanol in tissue
cultures of higher plants and of ergosterol in yeast from [1,2-C,]-
and [2-13C*H,]-acetate and [5-*C*H2]MVA. J. Chem. Soc, Perkin
Trans. 1, 2407—2414.

(33) Estrada, R, Stolowich, N., and Yappert, M. C. (2008) Influence
of temperature on *'P NMR chemical shifts of phospholipids and their
metabolites I. In chloroform—methanol—water. Anal. Biochem. 380,
41-50.

(34) Bennett, A. E, Rienstra, C. M., Auger, M., Lakshmi, K. V,, and
Griffin, R. G. (1995) Heteronuclear decoupling in rotating solids.
J. Chem. Phys. 103, 6951—6958.

(35) Gullion, T., Baker, D. B., and Conradi, M. S. (1990) New
compensated Carr-Purcell sequences. J. Magn. Reson. 89, 479—484.

(36) Gullion, T., and Schaefer, J. (1989) Detection of weak
heteronuclear dipole coupling by rotational-echo double-resonance
nuclear magnetic resonance. Adv. Magn. Reson. 13, 57—83.

(37) Gullion, T., and Schaefer, J. (1989) Rotational-echo
doubleresonance NMR. J. Magn. Reson. 81, 196—200.

(38) J-coupling values are obtained from solution “C NMR of
compound 3.

(39) Soubias, O., Jolibois, F., Massou, S., Milon, A., and Réat, V.
(2005) Determination of the orientation and dynamics of ergosterol in
model membranes using uniform *C labeling and dynamically
averaged "*C chemical shift anisotropies as experimental restraints.
Biophys. J. 89, 1120—1131.

(40) A few recent examples are: (a) Czub, ], and Baginski, M.
(2006) Modulation of amphotericin B membrane interaction by
cholesterol and ergosterols — a molecular dynamics Study. J. Phys.
Chem. B 110, 16743—16753. (b) Baran, M. Borowski, E., and
Mazerski, J. (2009) Molecular modeling of amphotericin B—ergosterol
primary complex in water IL Biophys. Chem. 141, 162—168.

(41) Schmittberger, T., and Uguen, D. (1997) A formal synthesis of
brassinolide. Tetrahedron Lett. 38, 2837—2840.

(42) Murakami, N., Sugimoto, M., Morita, M., and Kobayashi, M.
(2001) Total synthesis of agosterol A: an MDR-modulator from a
marine sponge. Chem.—Eur. J. 7, 2663—2670.

(43) Harbison, G. S.,, Mulder, P. P. J., Pardoen, H., Lugtenburg, J.,
Herafeld, J., and Griffin, R. G. (1985) High-resolution carbon-13
NMR of retinal derivatives in the solid state. J. Am. Chem. Soc. 107,
4809—4816.

(44) Mueller, K. T. (1995) Analytic solutions for the time evolution
of dipolar-dephasing NMR signals. J. Magn. Reson. 113, 81—93.

(45) Czub, J, and Baginski, M. (2006) Comparative molecular
dynamics study of lipid membranes containing cholesterol and
ergosterol. Biophys. J. 90, 2368—2382.

(46) Volmer, A. A, and Carreira, E. M. (2010) Active amphotericin B
derivatives position the mycosamine in two radial orientations.
ChemBioChem 11, 778—781.

(47) Hirano, M., Takeuchi, Y., Matsumori, N., Murata, M., and Ide,
T. (2011) Channels formed by amphotericin B covalent dimers exhibit
rectification. J. Membr. Biol. 240, 159—164.

(48) deAzevedo, E. R, Hu, W. G., Bonagamba, T. J., and Schmidt-
Rohr, K. (1999) Centerband-only detection of exchange: Efficient
analysis of dynamics in solids by NMR. J. Am. Chem. Soc. 121, 8411—
8412.

(49) Luo, W, and Hong, M. (2006) Determination of the
Oligomeric Number and Intermolecular Distances of Membrane
Protein Assemblies by Anisotropic 1H-Driven Spin Diffusion NMR
Spectroscopy. J. Am. Chem. Soc. 128, 7242—7251.

dx.doi.org/10.1021/bi2012542 | Biochemistry 2012, 51, 83—89



