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ABSTRACT: The interaction of amphotericin B (AmB) with
fungal ergosterol (Erg) is stronger than its interaction with
mammalian cholesterol (Cho), and this property of AmB as an
antifungal drug is thought to be responsible for its selective
toxicity toward fungi. However, the mechanism by which AmB
recognizes the structural differences between sterols, partic-
ularly minor difference in the sterol alicyclic portion, is largely
unknown. Thus, to investigate the mode of interaction
between AmB and the sterol core, we assessed the affinity of
AmB to various sterols with different alicyclic structures. Ion
flux assays and UV spectral measurements clearly revealed the

AmB /A5,7-sterol

AmB /A5-sterol AmB /AS5,7,9-sterol

importance of the A7-double bond of the sterol B-ring for interaction with the drug. AmB showed lower affinity for triene sterols,
which have double bonds at the AS, A7, and A9 positions. Intermolecular distance measurements by *C{'°F} rotational echo
double resonance (REDOR) revealed that the AmB macrolide ring is in closer contact with the steroid core of Erg than it is with
the Cho core in the membrane. Conformational analysis suggested that an axial hydrogen atom at C7 of AS-sterol (2, 6) and the
protruded A-ring of AS,7,9-sterol (4, 8) sterically hampered face-to-face contact between the van der Waals surface of the sterol
core and the macrolide of AmB. These results further suggest that the a-face of sterol alicycle interacts with the flat macrolide

structure of AmB.

S terols in cell membranes are major targets of bioactive
natural products such as polyene macrolides,"” polyene
polyols,* ¢ and peptides,”® some of which are clinically used as
antibiotics due to their unique biological and pharmacological
activities through their direct interactions with sterols. >’
Therefore, knowledge of the mechanisms underlying inter-
molecular recognition between bioactive compounds and
membrane sterols is particularly important, because such
binding underlies the molecular basis of their selective toxicity.
A thorough understanding of the biological effects of these
natural compounds may lead to the development of more
efficacious drugs with less toxicity.

Amphotericin B (AmB) is a polyene macrolide antibiotic that
is widely used to treat deep-seated fungal infections and shows
sterol-derived selective toxicity.'”'" Despite the severe side
effects of AmB, the occurrence of fungal strains resistant to
other drugs makes it irreplaceable.'>'* Although many possible
molecular mechanisms of AmB such as surface adsorption
model'*"® and oxidation darnagelé’17 have been discussed, it is
widely accepted that the mode of action of the drug is
attributable to the formation of ion-permeable channels across
cell membranes with sterols, which disrupt the physiological ion
balance of fungal cells."'*'® Several AmB molecules self-
assemble to produce ion channels selectively in fungal cell
membranes mainly because their interaction with fungal
ergosterol (Erg) stabilizes the channel complex more efficiently
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than does the interaction with mammalian cholesterol
(Cho)."”" Recent studies by Burke’s group have suggested
that sequestering Erg from the cell membrane is the primary
mode of antifungal action of AmB, while channel formation is a
secondary mechanism.”®*! Either way, the selective toxicity of
AmB for fungi can be explained by its higher affinity for Erg
than for Cho in phospholipid membranes.”>** For this reason,
the effects of sterols and other lipids on formation of the AmB-
induced molecular assemblage have been investigated by
various techniques, including UV/CD spectroscopy,” > ion-
flux assays,23’27_29 solid state NMR,>*%*°72 and molecular
simulations.*>™* However, it is unclear which sterol sub-
structure is most critical for the interactions with AmB. Using
ion-flux assays and SPR techniques,®® we recently investigated
the structure—activity relationship for sterol by testing a series
of Erg analogues with different side-chains. We found that the
C24 methyl group and the A22 double bond in Erg
significantly enhanced its affinity to AmB equally and
independently, and such strong interactions between Erg
side-chains and AmB were also confirmed by solid-state
NMR as we reported previously.*!
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Regarding the tetracyclic sterol core, it is generally accepted
that the presence of a conjugated double bond on the B-ring is
very important for interaction with AmB. By observing the
change in the UV-—vis absorption intensity of the drug,
Bittman’s group demonstrated that Erg and 7-dehydrocholes-
terol (7-DHC) interact with AmB with higher affinity than they
do with Cho, and suggested that the double bond on the B-
ring, particularly the A7 double bond, is one of the sites
responsible for high affinity to AmB.*>> One possible
explanation for the effect of the double bonds on the steroid
core is that they decrease its flexibility, which stabilizes the van
der Waals (VDW) interaction with the rigid macrolide of
AmB,*****” while another explanation is that the negative
electrostatic potential on the steroid core of Erg caused by the
additional double bond on the B-ring enhances electrostatic
interaction with the heptaene moiety of AmB.**** However,
the detailed recognition mechanism of AmB and the sterol core
is still unclear, although it has been the subject of numerous
studies. Atomistic studies have been hampered by a lack of
systematic and quantitative experimental data, because AmB—
sterol analysis is mainly based on molecular simulations and/or
fragmental information mostly derived from commercially
available sterol analogues.

To investigate how structural alternation in double bond
systems in the sterol core affects AmB—sterol interaction, we
systematically and quantitatively evaluated the affinity of sterols
having various double bond systems on the basis of K'-flux
activity and the UV spectra of AmB. Regarding the two most
important sterols, Erg and Cho, we performed solid state NMR
experiments to obtain direct evidence of the intermolecular
contact between the sterol core and the macrolide of AmB.
Figure 1 depicts the sterols used in this study: sterols with
AS,7-conjugated double bonds, AS or A7 double bonds,
AS,7,9 conjugated trienes, or no double bonds in the alicyclic
structure. For comparison, we simultaneously compared two
types of side chain structures: Erg-type compounds 1, 2, 3, and
4, and Cho-type compounds §, 6, 7, 8, and 9.
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B MATERIALS AND METHODS

Materials. Sterol analogues S$-dihydro-ergosterol 3*' and
ergostatetraene 4% were synthesized from Erg, and 5-dihydro-
7-dehydrocholesterol 7*' and cholestatriene 8* were synthe-
sized from 7-dehydrocholesterol (7-DHC), as described in
previous reports. 4-'*C-ergosterol was synthesized from Erg in a
manner similar to that used by Pelc’s group for the synthesis of
4-"*C-ergosterol (synthesis details are described in the
Supporting Information).** 4-'3C-cholesterol was purchased
from Cambridge Isotope Laboratories (Tewksbury, MA, USA).
AmB, Cho, carbonyl cyanide-p-trifluoromethoxyphenylhydra-
zone (FCCP), 2’,7'-bis(carboxyethyl)-4(5)-carboxyfluorescein
(BCECF), and valinomycin were purchased from Nacalai
Tesque (Kyoto, Japan). Erg and 3-f-cholestanol were obtained
from Tokyo Kasei (Tokyo, Japan), Bras was obtained from
Tama Biochemical Co. Ltd. (Tokyo, Japan), 7-DHC was
obtained from MP Biomedicals Inc. (Santa Ana, CA, USA), and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was
obtained from NOF Corp. (Tokyo, Japan). All other chemicals
were obtained from standard vendors and were of analytical
grade. It is known that the AmB is sensitive to atmospheric
oxygen and the light. Therefore, AmB was treated under Ar
atmosphere and low light condition.

K* Flux Assays Using BCECF. The experiments were
performed as described in our previous reports.'”*® We chose
POPC as membrane phospholipid since our previous study
revealed that POPC-based bilayers were a better medium for
examining the sterol effects on AmB’s membrane-permeabiliz-
ing activity9 In addition, we previously adopted POPC to
investigate the effects of side-chain structures of sterols on
AmB—sterol interactions.®® POPC (14.8 umol) and a
corresponding sterol analogue (Erg (1), Bras (2), S-
dihydroergosterol (3), ergostatetraene (4), 7-DHC (5), Cho
(6), 5-dihydro-7-dehydrocholesterol (7), cholestatriene (8), or
cholestanol (9); 0.78 umol) were dissolved in CHCl; and
evaporated to produce a thin film. After the film was dried in
vacuo overnight, it was suspended in phosphate buffer (0.15 M
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potassium phosphate and 76 pM BCECF, pH S5.8) by
sonication and vortexing, and frozen and thawed 5 times to
produce large vesicles. The resulting suspension was sized by
extrusion (19 times) through a polycarbonate filter (200 nm
pore size) using a Liposofast syringe extruder (Avestin Inc.,
Ottawa, Canada) to form large unilamellar vesicles entrapping
BCECF (LUVs). The BCECF remaining outside the liposome
was removed by gel filtration using Sepharose 4B (Sigma-
Aldrich, St. Louis, MO, USA) and 0.15 M potassium phosphate
buffer (pH 5.8). After determining the lipid concentration of
the suspension by a Phospholipid C-test (Wako Pure Chemical
Industries, Ltd., Tokyo, Japan), it was diluted with 0.15 M
potassium phosphate buffer (pH 5.8) to 0.5 mM. To S mL
liposome solution was added 1 mM FCCP in EtOH (50 uL),
and the resulting suspension was cooled to 6 °C. In this study,
AmB was added to the liposome suspension at two different
times to allow study of the early stage of channel formation and
steady state channel formation.® For the early stage experi-
ment, the liposome solution was poured into a cuvette
containing 1.8 mL of K,HPO, (0.15 M, pH 9.2) positioned
in a fluorescent spectrometer (FP-6600, JASCO, Tokyo, Japan)
equipped with a magnetic stirrer, and 10 uL of 32 yM AmB in
DMSO was added to the stirred solution (final concentration of
AmB was 0.16 puM). The time-dependent change in the
liposomal pH that was caused by K" influx was monitored by
the increase in the fluorescence intensity (excitation, SO0 nm;
emission, 535 nm) at 6 °C. After fluorescent recording for 70 s,
potassium ionophore valinomycin in MeOH (5 mM, 10 uL)
was added to obtain the fluorescence intensity corresponding to
100% exchange (F,,). The resulting time-dependent fluo-
rescence intensity change was normalized to the F,, value. For
steady state experiments, AmB in DMSO (32 uM, 10 uL) was
added to the liposome solution (0.5 mM, 200 pL) and
incubated for 3 h at 6 °C to allow for equilibration of the AmB
channel forming process. The resulting suspension was poured
into a cuvette containing 1.8 mL of K,HPO, (0.15 M, pH 9.2)
positioned in a fluorescent spectrometer equipped with a
magnetic stirrer, and the fluorescence change was recorded and
expressed as a percentage of F_, as described above. For
quantitative analysis, the initial K'/H" exchange rate r was
calculated from the fluorescence intensity change immediately
after the addition of AmB by curve fitting to the exponential
curve (F = A(1 — exp(—t/T)). The r value (presented as A/T
(t = 0)) was expressed as the rate of K* entering into the
liposomes per second with respect to the initial [K*] difference
between the outside and inside of the liposomes. The
experiments were performed in triplicate and the averages of
the r values and standard errors were obtained.

UV Spectral Measurements. AmB (95 nmol) and POPC
(3.0 umol) were dissolved in CH,Cl,/MeOH (2:1) (20% of
POPC was replaced with sterols for the measurements of
liposomes containing sterols). The samples were evaporated
and dried in vacuo overnight to produce a thin film. The
resulting lipid film was suspended in 8% sucrose aqueous
solution (2 mL) by vortexing and sonication, and the lipid
suspension was frozen and thawed S times to produce large
vesicles. Next, 300 yL of the resulting suspension was diluted
with 8% sucrose aqueous solution (2400 yL) and used for the
spectral measurements. UV spectra were recorded with a V-
630BIO spectrophotometer (Shimadzu, Kyoto, Japan) with a
1.0 cm path length quartz cell at 23 °C at 0.1 nm intervals over
a wavelength range of 300—450 nm.
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Solid-State NMR Measurements. POPC (39.6 umol) and
4-13C-sterol (4.4 pmol) were added with AmB or 14-F-AmB
(4.4 ymol), and completely dissolved in MeOH/CHCl;. Then
the organic solvent was evaporated and dried in vacuo
overnight to yield thin film. The obtained film was hydrated
with 35 pL of 10 mM HEPES buffer (pH 7.0) and 1 mL H,0,
and suspended by vortexing and sonication. The suspension
was subjected to five freeze—thaw cycles (liquid nitrogen and
water bath), and then lyophilized overnight. After rehydration
with D,0 (50 wt %), the sample was immediately packed into a
glass tube. The tube was inserted into a ¢ S mm MAS rotor.
The CP-MAS "*C NMR and "“C{"F}REDOR spectra were
recorded on a Chemagnetics CMX300 (Agilent Technologies,
Santa Clara, CA, USA) spectrometer at a 75 MHz 3¢
resonance frequency with a MAS frequency of 5000 + 2 Hz.
The temperature of the air was maintained at 30 + 1 °C or —30
+ 2 °C. The spectral width was 30 kHz. Typically, the 7/2
pulse width for "H was 3.1 us and the 7 pulse widths for *C
and "’F were 6.6 and 8.5 us, respectively. The contact time for
cross-polarization transfer was set to 1.0 ms. The spectra were
acquired with a recycle delay of 2 s under TPPM 'H-
decoupling® with a field strength of 81 kHz, and xy-8 phase
cycling46 was used for 'F x pulses in the “C{'’F}REDOR.

Conformational Analysis of Sterol Analogues by MO
Calculation. All calculations were carried out with Macro-
model software version 9.9 (Schrédinger, New York, NY, USA)
installed on a personal computer running the Windows 7
operating system. The initial structures for DFT calculations
were built using a molecular mechanics-based conformational
search followed by energy minimization. The sampling of the
conformational space was performed with a mixed torsional/
low-mode sampling (MCMM/LMCS) method.*’The OPLS
2005 force field* implemented in the Macromodel program
was used for the conformational searches with 5000 steps.
Energy minimization was carried out using the Polak-Ribiele
conjugate gradient (PRCG)* method with 7000 maximum
iterations, and torsion angles of the entire molecule were
optimized in vacuum. The resulting conformers were
minimized and redundant conformers were eliminated. Energy
minimization was carried out using the truncated Newton
conjugate gradient (TNCG) method*® with 7000 maximum
iterations. The lowest energy conformer was subjected to
further gas-phase geometry optimization in Jaguar software
version 7.9 (Schrodinger, New York, NY, USA) using the
density functional theory (DFT)°' with the B3LYP/6—
31G(d,p)52 functional and basis set combination.

B RESULTS AND DISCUSSION

K*/H* Exchange Assays. In order to examine the effect of
sterol alicyclic structures on the ion-channel activity of AmB,
K*-influx assays were carried out using POPC liposomes that
contained sterol analogues 1—9. In this study, two types of K*
flux measurements were carried out based on methods available
in a previous report from our group; one method focused on
the very early stage of AmB—sterol complex formation and the
other focused on steady state AmB—sterol complex forma-
tion.*® It is thought that the early stage experiments measured
binding of AmB to the membrane and the formation rate of ion
channel complexes, while the steady state experiments
predominantly evaluated the stability of the channels. There-
fore, the results of these experiments potentially contain the
specific information regarding the effects of sterol types at each
step of the AmB channel formation process.
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Figure 2. Sterol effects on the early stage of AmB-induced K'-influx. (A,C) Fluorescence intensity (F/F,,,) change was monitored by the pH-
sensitive dye BCECF. (B,D) K*/H" exchange rate r for sterol analogue-containing liposomes. The liposomes were prepared from POPC with
admixed 5 mol % sterol analogues. The figures show the results at Riapp/ipia) = 3-16 X 107% In a sterol-free POPC membrane, AmB slightly
increased ion permeability (r = 0.00095 + 0.00029).
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Figure 3. Sterol effects on steady state AmB-induced K*-influx. (A,C) Fluorescence intensity (F/F,,,,) change was monitored with the pH-sensitive
dye BCECF. (B,D) K'/H" exchange rate r for sterol analogue-containing liposomes. The liposomes were prepared from POPC with admixed S mol
% sterol analogues. The figure shows the results at Rianp/ipia) = 3.16 X 1073 In a sterol-free POPC membrane, AmB slightly increased ion
permeability (r = 0.0023 + 0.00081).
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Figure 4. UV spectra of AmB in sucrose buffer (a) and sterol-containing POPC membranes (b—g) at R(smp Jlipid) = 3.16 X 1072 (h) Superposition of
the spectra around 390—430 nm. The red and black arrows indicate components residing in the membrane (415 nm) and water (408 nm) phases,
respectively. The molar ratio of POPC:sterol was 4:1, and the concentration of AmB was 5.27 uM in sucrose buffer. A rise of the baseline is due to
the scattering of light from the liposome. The UV spectrum of the pure POPC liposome was shown in Supporting Information Figure S3.

In the early stage experiments, a clear dependence on
alicyclic structure was observed (Figure 2A,C), and the K*/H*
exchange rate r was calculated from the initial change in
fluorescence intensity (Figure 2B,D). For the Erg side-chain
series (Figure 2B), it was found that 2, which had the only AS-
double bond on the core, produced significantly less effect on
AmB-induced K flux than 1. Interestingly, 3, which has one
double bond at a different position from that of 2, showed
comparable activity to 1. Further addition of one double bond
at the A9 position (4) of 1 markedly reduced the
permeabilizing activity of AmB, although the addition of
another double bond on the steroid ring was expected to
enhance the 7—x electronic interaction and/or the VDW
interaction with AmB. The sterols that shared a side chain
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structure with Cho 6 showed a similar tendency to that
observed in the Erg side-chain series, but were markedly less
efficacious (Figure 2C,D).*® Sterols 5§ and 7 effectively
promoted K*/H"* exchange, while the other Cho derivatives
reduced the K'-influx of AmB. These results clearly
demonstrated that the K'-influx activity of AmB does not
depend on the number of double bonds, but on their position
in the tetracyclic core. Considering a similar dependence of the
AmB activity between the core structures with the Erg side
chain and those with the Cho side chain, the results strongly
suggested that side chain and alicyclic structures contributed to
the flux-promoting activity in a largely independent manner.
Figure 3 shows the fluorescence measurements of sterol-
containing liposomes in the steady state of channel formation
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after incubation with AmB for 3 h (A,C) and the rates of K*/H*
exchange (B,D), which showed roughly similar tendencies to
those observed in the early stage experiments in Figure 2,
although the flux-promoting activity of 1 and 3 were somewhat
enhanced. In the steady state experiments, the flux-promoting
activities were largely dependent on the stability of the AmB—
sterol complex. These results indicate that, as is the case with
the side chain structure, the alicyclic structure of the sterol
influences the stability of the AmB—sterol complex.>® We also
evaluated the lifetime of the AmB—sterol complex using SPR
experiments (see Supporting Information), and confirmed that
the lifetime of the channel strongly depends on the alicyclic
structure of its sterol component, and the influence of the
structure was found to be roughly similar to that observed in
the steady state K'-influx assays within each series of sterols
bearing an Erg-type side chain or Cho-type one.

UV Spectra of AmB in Sterol-Containing Membranes.
To further examine the influence of the unsaturation profile of
the sterol core on formation of the AmB—sterol complex, we
recorded the UV spectra of AmB in sterol-containing liposomes
(Figure 4). It is generally accepted that the absorption maxima
Amax at 408, 385, and 365 nm of AmB in aqueous buffer are
chiefly due to the monomeric form of the drug, while the
absorption band at 328 nm is indicative of the aggregated form
(Figure 4).>> In the Erg-containing POPC membrane, the
longest wavelength peak shifted to 415 nm (Figure 4, inset),
which was thought to be caused by increased hydrophobicity
around the heptaene moiety of AmB,*” indicating that the drug
bound efficiently to the POPC bilayers. In contrast, some of
other sterol-containing and sterol-free membranes gave rise to
the absorption bands that consisted of two components with
Ama at 415 and 408 nm; these two peaks implied the
coexistence of AmB in the membrane and in the water phase,
where the intensity ratio of the peaks can be related to the
stability of the AmB—sterol complex. Interestingly, the ratio
changes by the sterol core structures and increases in the order
of sterol-free < Cho 6 < 7-DHC § < Bras 2. This tendency of
the complex formation correlates well with the potency of
sterol in the K™-flux assays. The influence of the core structure
on the AmB—sterol complex formation is also observed by the
shorter wavelength shift for the peak around 320—350 nm. This
hypsochromic shift is thought to strongly depend on the
distance between neighboring heptaene chromophores in
parallel AmB-AmB orientation; a shorter distance causes a
larger hypsochromic shift.>*>** The absorption patterns of the
sterol-containing membranes around 320—350 nm were quite
variable, which probably reflects the different molecular
assemblages formed in each sterol-containing membrane. We
have previously reported that AmB forms dense aggregates in
Cho-containing or sterol-free membrane, and the aggregates
were largely phase-separated from the lipid bilayer and did not
induce membrane permeabilization.”** Thus, the hypsochro-
mic absorption around 330 nm observed for sterol-free and
Cho-containing membranes is thought to be due to these dense
aggregates. Conversely, the sterols that induced stronger ion
flux-promoting activities gave rise to the absorption peak at
around 350 nm. These changes indicate that the distance
between neighboring heptaene moieties is increased by the
formation of similar channel assemblages as we suggested by
solid state NMR.*® Therefore, the absorption bands of the
sterol-containing membranes imply that a certain type of sterols
such as 1, 3, and § promote the insertion of AmB into a POPC
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membrane and the formation of AmB assemblies, some of
which may act as ion channels.

In contrast, the sterol-dependent lifetime of the AmB
complex in membrane (Supporting Information Figure S2) is
not correlated very well with the sterol’s effect on the AmB-
induced K" influx among sterols bearing different side chains. In
particular, Cho-type S possesses a significantly longer lifetime
than Erg-type 2 but shows much weaker effect on the AmB
activity than 2 (Figure 3). This inconsistency may be accounted
for by formation of AmB dense aggregates in the presence of
sterols S, 6, and 7 with a Cho-type side chain as discussed
above. The AmB aggregates in the membrane containing these
sterols, which may not show prominent K* influx activity,*
probably have a long lifetime.

CP-MAS Solid State NMR. In order to directly observe
AmB-Erg and AmB-Cho interactions in the membrane, we
measured solid state NMR spectra using hydrated POPC
liposomes containing 4-'>C-Erg and 4-"*C-Cho, the former of
which was newly synthesized as described in the Supporting
Information. Figure S shows the *C CP-MAS NMR spectra of

a) 4-13C-Erg b) 4-3C-Cho
AmB/ Sterol/ POPC
W 0/1/9 J
y
M 1119 ¢
}
1/05/9 Y
|....,....|... T
50 40 50 40 30 20
ppm ppm

Figure 5. CP-MAS *C NMR spectra of 4-"*C-Erg (a) and 4-"*C-Cho
(b) with the different concentrations of AmB in hydrated POPC
membranes at 30 °C. The membrane preparation contained AmB/
4-13C-sterol/POPC at the molar ratios of 0:1:9 (top), 1:1:9 (middle),
and 1:0.5:9 (bottom) in 10 mM HEPES/D,O (50 wt %) at pH 7.0.
Arrows indicated the 4-"*C signals of the sterols interacting with AmB.

the labeled sterols with the different concentrations of AmB. In
the absence of AmB, the C4 signals of labeled Erg 1 and Cho 6
appear as sharp peaks at 42.3 and 43.4 ppm, respectively, which
correspond to unbound sterols. In the case of the Erg-
containing membrane, upon the addition of AmB, a broad peak
appeared at 39.7 ppm (indicated by arrows in Figure 5), while
the signal intensity at 42.3 ppm decreased. It is reported that a
similar shifted signal was also observed for 26,27-*C-Erg.*!
This signal shift was caused by the close contact between Erg
and AmB, as described later, indicating the formation of stable
AmB-Erg complexes. For the Cho-containing membrane, a
broad signal appeared at 40.7 ppm by addition of AmB
(indicated by arrows in Figure S); however, the intensity of the
new peak was very small, indicating that Cho interacted with
AmB weakly in the membrane. These differences in NMR
spectra clearly demonstrate that the affinity of AmB to Erg is
much higher than that of AmB to Cho.

REDOR Experiments. To further confirm the differences in
the intermolecular interactions between AmB/Erg and AmB/
Cho, we attempted to estimate their intermolecular distance by

DOI: 10.1021/bi5012942
Biochemistry 2015, 54, 303—312


http://dx.doi.org/10.1021/bi5012942

Biochemistry

BC{F}JREDOR, which was often used to obtain the structural
information on AmB—AmB and AmB-lipid complexes in
membranes.>®*' In this experiment, we focused on the
intermolecular interaction between the AmB macrolide ring
and the steroid core using a combination of 14-F-AmB (Figure
1) and 4-"*C-sterol for "“C{’F}REDOR. To exclude the
motional averaging of dipolar coupling due to lateral diffusion
of sterol, the REDOR spectra were recorded at —30 °C. Figure
6 shows the aliphatic region of nonirradiated (black trace for

a) 4-13C-Erg b) 4-13C-Cho
l
!
1 71
50 40 30
ppm
— T T T T T T [ T T ] T T T T
80 60 40 20 0 80 60 40 20 0
ppm ppm

Figure 6. “C{"’F}REDOR spectra for 14-F-AmB/4-"*C-Erg/POPC
(a) and 14-F-AmB/4-'3C-Cho/POPC (b) at the ratio of 1:1:9 in 10
mM HEPES/D,0 (50 wt %) at pH 7.0. Nonirradiated (full-echo) (S,)
spectra and "F-irradiated spectra (S) were expressed as black and red
traces, respectively. Data were obtained after a '°F dephasing period of
32 rotor cycles (6.4 ms) at —30 °C with (a) 25208 and (b) 100 865
scans. The arrows depict the C4 signals of bound sterols. Expanded
spectra around the C4 signal of Cho are inset.

So) and '“F-irradiated (red line for S) spectra, where 14-F
AmB/4-3C-Erg (a) and 14-F-AmB/4-"*C-Cho (b) were mixed
at a 1:1 ratio in hydrated POPC bilayers. Compared to the CP-
MAS spectra measured at 30 °C (Figure S), the intensity of the
signal from unbound sterols was significantly decreased,
whereas the peaks assigned to AmB-bound sterol (indicated
by the arrows in Figure 6) were greatly enhanced. These
changes in peak intensity were caused by a loss of mobility of
the unbound sterols, as generally observed for bulk lipids in the
gel phase.’>*® The magnitudes of the REDOR dephasing
effects were approximately 40% and 30% for 4-"*C-Erg and
4-3C-Cho, respectively. This result demonstrated that the
distance between the AmB macrolide and the A-ring of Erg was
significantly shorter than that the corresponding distance to

that of Cho; their accurate distances could not be determined
from the REDOR data mainly due to the overlapping of the
signal of free 4-"*C-Cho with the weak signal of bound Cho.
These solid state NMR experiments suggest that small
differences in the structure of Erg and Cho greatly influence
the stability of the AmB—sterol complex and the nature of the
AmB—sterol interaction, and also imply that Erg forms more
stable complexes with AmB. The further REDOR experiments
for determining the interatomic distance between Erg and AmB
are now underway and will be published in due course.
Conformation Analysis. In order to examine the
interaction between AmB and alicyclic sterol structures in
more detail, we investigated the conformational preference of
sterol analogues by DFT calculations (Figure 7). Notably, the
A-ring of AS,7,9-triene alicyclic compounds 4 and 8 becomes
grossly out-of-plane as compared with that of the other sterols.
This uneven tetracyclic face probably inhibits close contact
between the sterol core and the macrolide of AmB (Figure 8B),

B)
/
3

AmB-Erg1 AmB-Ergostatetraene 4

A)

AmB-Bras 2

Figure 8. Putative illustration of schemes accounting for the high
affinity of Erg 1 and the low affinity of 4 and 2 with AmB (yellow box).
(A) Erg can closely interact with the macrolide of AmB due to its flat
alicyclic structure. (B) Protruded A-ring of ergostatetraene hinders
face-to-face contact with AmB. (C) Steric hindrance between the C7
axial hydrogen (H7,,) of the sterol and the heptaene hydrogen of AmB
inhibit face-to-face contact.

consequently reducing their VDW interaction. Other sterols
showed similar alicyclic conformations with suitable planarity
for interacting with AmB. A small distortion of the B-ring was
observed for AS sterols 2 and 6 as described by Langlet et al.*®

Figure 7. Preferable conformations of steroid cores for analogues 1—9 generated by DFT calculations. The side chains are omitted for clarity. The
yellow arrows indicate the axial hydrogen atom at C7. The entire structures of sterol analogues were shown in Supporting Information Figure SS.
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However, these AS sterols and the fully saturated sterol 9
showed the significantly weaker activity than the activity of
AS,7 and A7 sterols (Figures 2 and 3).

These results agree with the suggestion by Clejan and
Bittman that the A7-double bond is essential for the sterol/
AmB interaction.”® The major structural alteration between 2
and 3, which showed the significantly different K*-flux activities
(Figure 3B), occurs in the C6—C7 portion, more specifically,
the presence or absence of the axial hydrogen atom at C7
(H7,,) (Figure 7, yellow arrows). This C7 hydrogen may cause
steric hindrance with the AmB macrolide by inhibiting VDW
interaction. This effect of H7,, is also supported by the similar
affinities of 7-keto-cholesterol and Erg for AmB, as described by
Charbonneau et al.>* The results of the solid state NMR
experiments further reinforce this notion by demonstrating that
the A-ring of Erg comes closer to the macrolide of AmB than
Cho does. Both of the protrusion of ring A and the axial
hydrogen atom at C7 are directed to the opposite side of the
angular methyl group (a-face), indicating that the a-face of the
sterol tetracyclic core interacts with AmB and consequently
strengthens their VDW contact. Because the hydrophobic
region of the drug interacts with sterol,¥”%7 it is likely that the
steric repulsion between the axial proton at C7 of the sterol and
olefinic protons of AmB inhibits the face-to-face contact
between these molecules (Figure 8C). Similar sterol recog-
nition has been reported for other polyene macrolides such as
natamycin, which requires the A7-double bond to interact with
sterol, whereas the AS-double bond is not essential.>®
Therefore, it is reasonable to assume that such face-to-face
contact is a common mechanism for sterol recognition of
polyene macrolides that show selective binding with Erg.

In addition to these hydrophobic interactions, hydrogen
bonding between AmB and sterols also has been a subject of
research.’>*7°7% Previous experiments®”®® and calcula-
tions®"** implied that the 2’-OH group of the mycosamine
moiety plays an important role in intermolecular hydrogen
bonding between sterols and AmB. Alternatively, a very recent
report by Wilcock et al. revealed that the C2'OH is required for
binding Cho but not Erg,é3 demonstrating that much remains
to be understood about the AmB—sterol binding interactions.
Since the effect of unsaturation in the B-ring on the AmB—
sterol interactions, including hydrogen bonds, is a crucial issue
for elucidating the atomistic mechanism of the sterol selectivity
by AmB, further investigation on structure—activity relationship
coupled with structural information on their complexes is
essential.

In this study, we examined the ion-flux activity of AmB using
sterol analogues with diverse alicyclic structures, and our results
showed that the position of the double bond on the sterol core
significantly affected the activity of AmB. Additionally, the UV
spectra and SPR measurements of membrane-bound AmB
revealed that the double bond profile of sterols greatly
influences the stabilization of the AmB—sterol complex. As
described above, it is generally considered that the conju§ated
double bonds of Erg facilitate VDW surface contact>**>37*
and/or 7—7 electronic interactions>*® with AmB, and
consequently AmB shows higher affinity to Erg than Cho.
Our results, however, revealed that AS,7,9-sterols (4, 8) had
significantly weaker efficacy than those of other less unsaturated
sterols, indicating that 7—7 electronic interaction may not be
the primary factor for the drug’s sterol-selectivity. The solid
state NMR and conformational analysis suggested that the axial
hydrogen atom at C7 reduces the binding affinity of the sterol
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with AmB by inhibiting their close face-to-face contact. These
results also provide new insight into the manner of AmB—sterol
interaction: the flat a-face of the sterol alicycle interacts with
the macrolide of AmB. In addition, the alicyclic steroid
backbone and the sterol side chain contribute to their affinity
for AmB in a relatively independent manner. These findings
may help us develop a more efficacious and less toxic antifungal
drug.
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