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ABSTRACT: Amphotericin B (AmB) is one of the most 00
efficient antimycotic drugs used in clinical practice. AmB 3
interacts with membrane sterols increasing permeability of 5T
fungal membranes; however, it is still unclear how AmB %":" 0.08
selectively recognizes the fungal sterol, ergosterol (Erg), over €3
other sterols in cell membranes. In this study, we investigated & § 0.03
the effect of an Erg side chain on AmB activity by testing a 82
series of Erg analogues that shared the same alicyclic structure <

2 3 456

as Erg but varied in the side chain structure by using the K* 1
influx assay. The results clearly showed that the sterol side

chain is essential for AmB selectivity toward Erg and for the activity of AmB-sterol ion channels. In agreement with our previous
findings showing the direct interaction between the drug and Erg, these data suggested that AmB directly recognizes the sterol
side chain structure, consequently promoting the formation of ion channels by AmB. Furthermore, the C24 methyl group and
A22 double bond in the side chain of Erg are equally important for the interaction with AmB. Conformational analysis revealed
that the C24 methyl group contributes to the interaction by increasing the van der Waals (VDW) contact area of the side chain,
while the A22 double bond restricts the side chain conformation to maximize the VDW contact with the rigid AmB aglycone.

This study provides direct experimental evidence of the mechanism of AmB selectivity toward fungal Erg.

mphotericin B (AmB) is the most important representa-

tive of polyene macrolide antibiotics, and it has remained
the drug of choice for the treatment of life-threatening systemic
fungal infections despite its serious side effects."” It has long
been established that AmB forms ion-permeable channels in
fungal cell membranes in the presence of sterols,> which disrupt
membrane functions by causing cation flux across the
membrane eventually leading to cell death.* The selective
toxicity of AmB toward fungi is thought to be underlined by its
higher affinity to ergosterol (Erg)-containing fungal membranes
than to cholesterol(Cho)-containing mammalian mem-
branes.”® On the other hand, Burke’s groups has recently
suggested that the channel formation is a secondary mode of
action and that simply binding to Erg is the critical mechanism
of AmB antifungal activity, because AmB binding inhibits
essential Erg functions in yeast physiology, including vacuole
fusion, endocytosis, pheromone signaling, and the activity
control of membrane proteins.”® Further understanding of the
molecular mechanisms underlying AmB recognition of Erg
should help improve the efficacy and reduce the side effects of
AmB.

The molecular structure of Erg differs from that of
mammalian Cho by the presence of an additional methyl
group and a double bond in the side chain and another
unsaturated bond in the steroid nucleus. These minor structural
differences significantly increase Erg affinity to AmB compared
to that of Cho—this was confirmed by experimental and
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theoretical data, including UV/CD spectroscopy,” "> ion-flux
assays,''>'* and computational analysis.">~'® Although it has
been assumed that 7—7 electronic interactions between the two
extra double bonds in Erg and the heptaene moiety of AmB
stabilize the drug-Erg complex,'® the details of their mutual
recognition are largely unknown. In particular, the role of the
side chain has not been fully investigated experimentally,
although some theoretical studies have suggested that the A22
double bond significantly contributes to AmB—Erg interaction
by enhancing the rigidity and/or electron density of the side
chain, while the methyl group at the C24 position is less
important.'''® The lack of experimental data can be
attributed to the limited availability of structural derivatives of
Erg from commercial sources. Since AmB—sterol interactions
are known to depend heavily on membrane lipids,”>*" a choice
of phospholipid is important for examining the membrane
activity of AmB using liposomes; in the previous study, we have
demonstrated that 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC) is a suitable lipid to clearly observe the sterol
specificity of AmB, while 1,2-dimyristoyl-sn-glycero-3-phospho-
choline (DMPC) membrane obscures the selectivity.zo In this
study, we synthesized a series of Erg analogues, which share the
common alicyclic structure but differ in the side chain
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Figure 1. Chemical structures of amphotericin B and sterol analogues used in this study. Analogues 2—6 share the alicyclic structure with Erg 1,
whereas Cho and brassicasterol (bottom) have a different alicyclic structure.

composition (Figure 1). Except for commercially available Erg
and 7-dehydrocholesterol (7-DHC), the other Erg derivatives
were obtained using novel synthetic schemes. Then we
compared the capability of these sterols to promote AmB-
induced ion flux into POPC liposomes.

B MATERIALS AND METHODS

Materials. Erg analogues 22-dihydroergosterol (2), 24-
demethylergosterol (3), 24-dehydroergosterol (4), and desCS-
ergosterol (6) were synthesized from Erg (the detailed
synthesis protocol is provided as Supporting Information).
AmB, Cho, carbonyl cyanide-p-trifluoro-methoxy-phenyl hydra-
zine (FCCP), 2’,7'-bis(carboxyethyl)-4(5)-carboxyfluorescein
(BCECF), and valinomycin were purchased from Nacalai
Tesque (Kyoto, Japan). Erg was obtained from Tokyo Kasei
(Tokyo, Japan), 7-DHC was obtained from MP Biomedicals
Inc. (California, USA), and POPC was obtained from NOF
corp. (Tokyo, Japan). All other chemicals were obtained from
standard vendors and were of analytical grade.

K* Flux Assays Using BCECF. K* influx induced by AmB is
directly associated with H*-efflux from the liposomes and can
be monitored as pH change inside the liposomes by
fluorescence intensity of the liposome-entrapped gH sensitive
dye BCECEF, as described in our previous report.” POPC and
sterols, Erg 1, 22-dihydroergosterol 2, 24-demethylergosterol 3,
24-dehydroergosterol 4, 7-DHC 5, desCS-ergosterol 6, were
dissolved in CHCIl;, and the solvent was evaporated to form
lipid films in a round-bottom flask, which was then left under a
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vacuum for over 6 h to completely remove the solvent. Lipid
films thus obtained were hydrated with phosphate buffer (0.15
M potassium phosphate and 0.76 uM BCECF, pH 5.8) by
sonication and vortexing. The resultant suspension was frozen
at —20 °C and thawed at 60 °C five times to form large vesicles.
After the sizing of the liposomes by stepwise extrusion (19
times) through a polycarbonate filter (200 nm pore size) using
a syringe extruder Liposofast (AVESTIN Inc., Ottawa,
Canada), the resultant BCECF-entrapping liposomes yielding
mostly large unilamellar vesicles (LUVs) were separated from
the remaining BCECF by gel filtration using Sepharose 4B
(Sigma-Aldrich, St. Louis, MO) and 0.15 M potassium
phosphate buffer (pH 5.8). Lipid concentration in the
liposomes was determined by phospholipids C (Wako Pure
Chemical Industries, Ltd., Japan), and the liposome suspension
was diluted with the same buffer to 0.5 mM lipid concentration.
To monitor the potassium—proton exchange, a 50 yL aliquot of
1 mM FCCP was added to 5 mL of liposome suspension stored
at 6 °C. The suspension (200 uL) was added to a cuvette
containing 1.8 mL of K,HPO, (0.15 M), which was positioned
in a fluorescence spectrometer (FP-6600, JASCO, Tokyo,
Japan). After addition of 10 uL of 32 yuM AmB in DMSO (a
final concentration of AmB was 0.16 M), the time-dependent
change in the liposomal pH was monitored by the increase in
the fluorescence intensity (excitation, S00 nm and emission,
535 nm) at 6 °C. The initial pH values of the liposome
suspension and liposome lumen were 7.8 and $.8, respectively.
Valinomycin in aqueous solution (S mM, 10 uL) was added to
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Scheme 1. Reagents and Conditions”

“(a) Pd—C, AcOEt, room temperature (rt), S h; (b) LiAlH,, THF, reflux, 2 h; (c) TBAF, rt, overnight, then HPLC purification, 10% from 7; (d) O,
pyridine, CH,Cl,, —78 °C, then Me,S, 86%; (e) S-(isopentylsulfonyl)-1-phenyl-1H-tetrazole, KHMDS, THF, —78 °C — rt, overnight, 44% (E/Z =
6/1); (f) LiAlH,, THF, reflux, 2 h; (e) TBAF, THF, rt, overnight, then HPLC purification, 69% from 10; (h) LiAlH,, THF, reflux, 2 h, 56%; (i)
SO;—Py, Et;N, DMSO, CH,Cl,tt, 2 h, 93%; (j) 3-methyl-2-oxo-butylphosphonate, +-BuOK, THF, 0 °C — reflux, 96%; (k) CH;PPh,Br, t-BuOK,
THF, 0 °C — reflux, 91%; (j) TBAF, THEF, rt, overnight, 85%; (m) CH;PPh;Br, +-BuOK, THF, 0 °C — rt, overnight, 96%; (n) LiAlH,, THF, reflux,

1.5 h; (o) TBAF, THF, rt, overnight, 71% for 2 steps.

obtain the fluorescence intensity corresponding to 100%
exchange (F,,.,); the following changes in fluorescence intensity
were normalized to F, ..

For the preincubation experiment, 200 uL of liposome
suspension was mixed with 10 yL of 32 yM AmB in DMSO
and 2.0 L of 1 mM FCCP in EtOH and incubated for 3 h at 6
°C. The suspension was added to the cuvette containing 1.8
mL of K,HPO, (0.15 M) positioned in the fluorescent
spectrometer. After the addition of liposome suspension, the
time course of pH change in the liposomes was monitored and
expressed as the percentage to that of F,,, as described above.

Surface Plasmon Resonance (SPR). The experiments
were performed as described in our previous report.”® Briefly,
the liposome solution was prepared with POPC (4 pmol) and
sterols (1 ymol) mixed in CHCl;. After removal of the solvent,
the film was hydrated with PBS buffer, vortexed, and sonicated,
yielding multilamellar vesicles. The suspension was subjected to
several cycles of freezing, thawing, and vortexing to obtain
LUVs, which were passed through a 100 nm polycarbonate
filter and diluted to the final lipid concentration of 0.25 mM.
SPR measurements were carried out at 25 °C using the CMS
sensor chip mounted in a BIAcore T200 analytical system
(BIAcore AB, Uppsala, Sweden). The experimental details are
provided as Supporting Information.

Molecular Modeling of the Sterol Side Chain. The
conformational search and multiple minimizations were carried
out using the Macromodel software version 9.3.5 installed in
the Windows 7 operating system. Sampling of the conforma-
tional space was performed with a mixed torsional/low-mode
sampling (MCMM/LMCS).** The OPLS 2005 force field*
implemented in the Macromodel program was used for the
conformational searches in 5000 steps. Energy minimization
was carried out by using the Polak-Ribiere conjugate gradient
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(PRCG) method with 7000 maximum iterations. The resultant
structures were then minimized, and redundant conformers
were eliminated. Energy minimization was carried out by using
the truncated newton conjugate gradient (TNCG) method
with 7000 maximum iterations.

B RESULTS

Synthesis of Sterol Analogues. Erg analogues 2, 3, 4, and
6 were synthesized via common intermediate 7°° (Scheme 1).
The synthesis of 22-dihydroergosterol 2 commenced with the
direct hydrogenation of 7 to provide an inseparable mixture of
the products carrying the unsaturated (8) and saturated 6,7-
bond. Deprotection of the diene group and removal of tert-
butyldimethylsilyl (TBS) group gave a mixture of 22-
dihydroergosterol 2 and the saturated azo-adduct without
TBS, which could be readily separated by silica gel column
chromatography. The other analogues were successfully
synthesized from aldehyde 9 by the introduction of the
corresponding side chains. Julia-Kocienski coupling between
aldehyde 9 and $-(isopentylsulfonyl)-1-phenyl-1H-tetrazole™”
afforded 10 as an inseparable mixture of E/Z = 6/1. After
deprotection, HPLC purification yielded 24-demethylergosterol
3 as a single isomer. For the synthesis of 24-dehydroergosterol
4, although the Horner—Wadsworth—Emmons reaction
between aldehyde 9 and 3-methyl-2-oxo-butylphosphonate®®
was unsuccessful, it occurred smoothly between phosphonate
and deprotected aldehyde 11 to produce the desired ketone 12
with good yield. Subsequent Wittig methylenation of ketone
12, followed by removal of the TBS group, yielded 24-
dehydroergosterol 4. DesCs-ergostrol 6 was synthesized by the
direct methylenation of aldehyde 9 and subsequent depro-
tection of the diene and hydroxy groups.

dx.doi.org/10.1021/bi500122c | Biochemistry 2014, 53, 3088—3094
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Figure 2. Effect of Erg analogues on AmB-induced K* influx. Fluorescence intensity (F/F,,,,) was monitored with the pH-sensitive dye BCECF. The
liposomes were prepared from POPC mixed with S mol % Erg (1) @, 22-dihydroergosterol (2) #, 24-demethylergosterol (3) O, 24-
dehydroergosterol (4) A, 7-DHC (5) ¢, and desCs-ergosterol (6) A. The results are presented at R(am/lipia) = 3-16 X 1073, A: at 0 s, AmB in
DMSO (final DMSO concentration below 1%) was added to the liposomes. C: AmB was preincubated with the liposomes for 3 h before the
fluorescence recording, and then the pH gradient was formed by raising the pH of the liposome suspension. B and D: K*/H* exchange rate (r)
obtained from the experiments A and C, respectively, and calculated by fitting to the exponential curve (F = A(1—exp(—t/T)); r immediately after
adding AmB was presented as AF = A/T (t = 0). The initial fluorescence values for 60 and 20 s were used for the fitting analysis of A and C data,
respectively. *The initial rate of the fluorescence change for Erg in panel D was too fast to obtain accurate values.

K* Influx Assays. For evaluating the membrane-permeabi-
lizing activity of AmB, usual fluorescence assays such as dye-
leakage from liposomes cannot be used because the pore
formed by membrane-bound AmB and sterol is too small to
pass a dye molecule. We have devised a new fluorescence
method to measure K* flux into liposomes by monitoring pH
change with a pH-dependent fluorescent dye, BCECF.** In the
present study, we carried out this K* influx measurement in two
different ways to investigate the effect of the sterol side chain
on the activity—one focused on the early stage of AmB—sterol
complex formation (Figure 2A,B) and the other on the steady
state after 3 h incubation (Figure 2C,D). As shown in Figure
2A,C, any changes in the side chain structure significantly
reduced the K" influx activity of AmB, clearly indicating that the
side chain in Erg (1) afforded the highest level of AmB-induced
membrane permeabilization among the tested sterols (Figure
2A,C). As seen in the results of the same flux assays with the
sterol content of 10 mol % in Supporting Information, the
relative potency of the sterol analogues in stimulating AmB-
induced K* flux was not significantly changed at higher sterol
content in liposomes.

In the early stage experiments, K*/H" exchange rates were
calculated from the changes in fluorescence intensity
immediately after AmB addition by curve fitting (Figure 2B).
It was found that 3 and 4, which lacked the 24-methyl group
and A22-double bond, respectively, showed significantly
reduced K*/H" exchange compared to Erg (1). Consistently,
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further reduction of K influx was observed for the liposomes
containing S5, which lacked both the 24-methyl group and the
A22-double bond. Interestingly, the replacement of the 24-
methyl group with exomethylene (4), which was expected to
enhance 77— electronic interaction with AmB, rather reduced
the activity to the level comparable to that of the 24-demethyl
derivative. In both experiments presented in Figure 2, almost
no K*/H" exchange was observed for the membrane containing
desC5-ergosterol 6 that lacked a large part of the side chain
structure 1.

Figure 2D shows the K'-flux activity in the liposomes after 3
h incubation with AmB, which was similar to the results in
Figure 2B for all the derivatives (2—6), implying that the side
chain played roles both in the binding to AmB-containing
membrane and in the stabilization of the AmB—sterol complex
in the membrane; the former is clearly illustrated by the
exchange rates presented in Figure 2A,B, while the latter can be
better evaluated after longer incubation times, as shown in
Figure 2CD. The detailed comparison, however, revealed
certain dissimilarity between A/B and C/D. The differences
between the flux-promoting activity of Erg and other sterols
were more pronounced after 3 h incubation compared to that
without incubation, suggesting that the side chain structure
contributed to the stabilization of the AmB—sterol complex
rather than to the binding of AmB to the membrane.

SPR-Based Affinity Assays. To further evaluate the impact

of the side chain on AmB-sterol interaction in comparison, we

dx.doi.org/10.1021/bi500122c | Biochemistry 2014, 53, 3088—3094
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carried out SPR experiments for Erg (1), its analogues 2, 3, S,
and brassicasterol and Cho (Figure 1) using a sensor chip
coated with the sterol-containing POPC membranes. Since the
kinetic parameters in the association step of AmB such as the
association rate constant k,; are known to be significantly
influenced by the experimental conditions, particularly the
concentration of AmB and the amount of membrane lipids
immobilized on the sensor chip,23’29 we examined the lifetime
of the AmB-sterol complex using the dissociation time constant
Ty, (Figure 3). The results appeared to be similar to those

2000

1500 -

1000 -

time const. (s)

500 -

1 2 3 5 Bras Cho

Figure 3. Lifetime of the AmB—sterol complexes evaluated by the time
constant of dissociation Ty, (experimental details and sensorgrams are
provided as Supporting Information). Bras (brassicasterol) and Cho
have a difference structure in their alicyclic portion from that of Erg.

obtained in the K" influx assays (Figure 2B,D). Interestingly,
brassicasterol, which has the same side chain as Erg and the
same alicyclic structure as Cho showed weak affinity to AmB,
similar to that of 7-DHC (5), which has the opposite structural
relationships. Thus, their comparable lifetimes may indicate
that the higher affinity to AmB of Erg compared to Cho is
underlined by the additional unsaturated bond in the ring B as
well as by the difference in the side-chain structure. The data on
the K* flux activity of brassicasterol and other sterol analogues
with different cyclic structures will be published elsewhere.

B DISCUSSION

In order to investigate the effect of the sterol side chain on the
membrane-permeabilizing activity of AmB, we synthesized a
series of Erg derivatives with different side chain structures,
incorporated them in the liposomes, and analyzed them in the
K* influx assay. The results clearly demonstrated that AmB-
induced ion-channel formation depended on the structure of
the sterol side chain. Given our previous data obtained by solid
state. NMR showing that Erg directly bound to AmB in
hydrated lipid bilayers,®®*° it is reasonable to deduce that the
sterol side chain is directly involved in the interaction between
sterols and AmB, which consequently influences membrane
permeabilization by AmB.

The dependency of AmB binding affinity on the structure of
the sterol side chain indicates that upon the binding to the
membrane, AmB recognizes the sterol side chain residing deep
in the hydrophobic interior of the membrane bilayer. This is in
sharp contrast to the mode of action of other sterol-binding
natural products such as theonellamides and amphidinol 3,
which largely interact with the shallowly embedded 3-OH
group of the sterol A-ring and therefore show less dependency
on the side chain structure.*>*' A possible explanation for AmB
recognition of the side chain during the membrane binding is
that the drug enters into the membrane interior to interact with
the sterol side chain rather than shallowly embedded on the
membrane surface as revealed by our solid-state NMR
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experiments;>® this stable interaction between the sterol side
chain and the hydrophobic portion of AmB is plausibly caused
by their contact with larger areas of the molecular surface as
discussed below.

The ordering effect induced by sterols is another important
factor to influence the binding affinity of AmB to lipid bilayers.
Hsueh et al. measured the first moment of quadrupolar splitting
of POPC-d;; to evaluate the ordering of an acyl chain in
membrane containing 10% Cho, 7-DHC or Erg®” and reported
that these three sterols gave rise to a similar effect while Cho is
slightly higher than 7-DHC (5) or Erg, which was opposite to
that of AmB-affinity shown in Figure 3. AmB is known to have
higher affinity to ordered membrane,**** thus implying that the
affinity of AmB to sterol-containing membranes is due not to
membrane ordering but largely to AmB—sterol interaction.

The present results also clearly demonstrate that both methyl
groups at C24 and the double bond between C22 and C23 in
Erg are important for the affinity to AmB. Previous studies,
including the recent one by Neumann et al,*® have suggested
that van der Waals (VDW) forces are essential for the
interaction of AmB with membrane st<erols;l4_18’36’37 therefore
the weak channel activity and low AmB affinity of demethyl
analogue 3 can be explained by a loss of the VDW contact area
in the side chain. However, the difference in the VDW force
alone seems insufficient to explain the lower activity of 2 and 4,
which have the same bulky side chains as Erg. Baginski’s group
has reported that Cho has higher conformational flexibility of
the side chain compared to Erg;38 therefore, it is not far-fetched
to assume that the conformation of the side chain is partially
responsible for the lower Cho affinity to AmB and less favored
VDW interaction with the rigid AmB aglycone. We compared
the conformational preferences of each sterol analogue. Figure
4 shows the superposition of sterol derivatives in a window of 5
kJ mol™" calculated by a conformational search algorithm (see
Methods). The major difference resides in the C17—C20—

b) 22-dihydroergosterol 2

a) ergosterol

¢) 24-demethylergosterol 3

d) 24-dehydroergosterol 4

e) 7-dehydrocholesterol 5

Figure 4. Structure superposition of sterol derivatives within a window
of 5 kJ mol™" from the ground minimum (generated by conforma-
tional search followed by multiple minimization) (a—e). A total of 185,
27, 18, 7, and 30 conformers for 1, 2, 3, 4, and S were generated, and
each model was superposed for the minimum RMSD at the steroid
ring. (f) X-ray crystal structure of AmB.>
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C22—C23 dihedral angle of the sterols bearing the C22—C23
unsaturated bond (Figure 4, 1, 3, and 4), which is around
—120°, while that of the saturated sterols (2 and §) is around
60°. Due to this conformational difference, the saturated side
chains of 2 and § tend to have perpendicular orientation to the
plane of the steroid rings, which would decrease their affinity
for the rigid AmB aglycone (Figure 3).

Meanwhile, the lower activity of 4 may contradict the
previous data on the significance of 7—r electronic interaction
between the AmB polyene chromophore and the sterol side
chain."® The conformation in Figure 4 may provide an
explanation to its low activity; the conjugated diene moiety
forces s-trans conformation of the C23—C24 bond, and the
resultant orientation of the terminal portion, which is different
from that of 1, would hinder the VDW contact with AmB.
These results confirm that the VDW interaction between the
rigid AmB aglycone and the sterol side chain is critical for the
formation of functional AmB—sterol ion channels. The C24
methyl group contributes to the VDW contact of the side chain
with AmB, whereas the A22 double bond restricts the side
chain in the conformation suitable for interaction with AmB.

B CONCLUSIONS

In this study, we performed ion-flux assays and SPR
measurements using Erg derivatives with various structures of
the side chain and showed that the 24-methyl group and the
A22 double bond in the side chain are required for the affinity
to AmB and the formation and functional activity of the sterol-
AmB ion channels. The present data imply that AmB directly
recognizes the sterol side chain, consequently promoting the
formation of ion channels with AmB. We also show that both
the C24 methyl group and the A22 double bond independently
influence AmB—sterol interaction. Conformational analysis of
different side chain structures suggests that the C24 methyl
group functions to increase the VDW contact area of the side
chain, and the A22 double bond restricts the side chain to the
conformation suitable for the VDW contact with AmB. The
findings of this study provide important insight for a better
understanding of bimolecular interaction between AmB and
sterols.

B ASSOCIATED CONTENT

© Supporting Information

Experimental details of synthesis of Erg analogues and SPR
experiments. This material is available free of charge via the
Internet at http://pubs.acs.org.
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