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For over 30 years, the polyene antibiotic amphotericin B (AmB,
1) has been used for the treatment of systemic fungal infections.
Its antifungal action is generally accounted for by the formation of
an ion-permeable channel across the lipid bilayer, where the drug
has a higher affinity for ergosterol, an abundant sterol in fungal
membranes, than for cholesterol, a major constituent of mammalian
plasma membranes. Despite extensive investigations by UV/CD
spectroscopic methods1 and by molecular dynamics calculations,2

details of the molecular architecture of the ion-permeable channel
are not fully understood; a generally accepted model is a barrel-
stave assemblage comprising around eight pairs of AmB/sterol.3

The mechanism of bimolecular recognition by AmB/AmB or by
AmB/sterol is essential for the better understanding of the drug’s
action, which may lead to a reduction of serious side effects in
mammals. However, the molecular assemblage is thought to reach
a dissociation/association equilibrium, resulting in an exchange
between conducting and nonconducting states of the channel,
hampering spectroscopic observation of the active assemblage. As
suggested for channel-forming peptides,4 if dimers, instead of
monomers, participate in this process, the equilibrium should shift
to the associated state, thus stabilizing the assemblage long enough
for NMR measurements (Figure 1). We therefore attempted to
prepare covalently linked conjugates of AmB/AmB and AmB/sterol.
In this communication we report preparation of AmB dimers with
channel-forming ability that can be utilized in investigating some
of the details underlying bimolecular recognition.

AmB dimers2 and3 were prepared by linking each amino group
of AmB with dicarboxylic acid. These dimers bearing anN-acyl
substitutent at their amino groups showed no significant bioactivity,5

as suggested by previous reports.6 We next prepared dimers that
retained amine functionality.7 After several trials, bioactive con-
jugates, which had anN-aminoalkylamide linkage via dicarboxylic
acid, were successfully furnished (Scheme 1). Among other dimers,
4, 5, and6 exhibited the prominent hemolytic activity, exceeding
that of AmB.5 Although the extremely low solubility of these dimers

in most solvents hampered product recovery during purification,
the coupling reaction itself proceeded in moderate yield of ca. 20%
for 4 and5.

It has been reported that cation current across a liposome
membrane can be monitored by pH-dependent changes in the31P
NMR chemical shift of phosphate.8 In spectrac and d of AmB
and dimer5 (Figure 2), new signals appearing atδ 3.1 were derived
from phosphate entrapped in liposomes on which AmB or dimer5
formed ion-permeable channels and H+ leaked out at the expense
of K+ influx. This pH rise caused a downfield shift of a phosphate

signal. AmB and dimer5 elicited an all-or-none ion flux9 in
ergosterol-containing lipid membranes, where the conductance of
their channels was so large that, once the channel was formed, K+/
H+ exchange instantly reached equilibrium, thus leaving only two
kinds of liposomes. One kind, which was free of the channels,
retained an initial pH (δ 1.2), and the other, which had been
permeabilized, showed a higher pH (δ 3.1).8a The spectra in the
absence of sterol or in the presence of cholesterol (spectraa andb
in Figure 2) showed markedly different features from those in the
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Figure 1. Possible equilibrium shift in formation of molecular assemblages
by covalently linked dimers.

Scheme 1
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presence of ergosterol, indicating that ion conductance of these
channels was not high enough to induce the all-or-none flux
although reductions in the intensity of signals atδ 1.2 suggested
that liposome membranes were partly permeabilized by AmB or
dimer5. These spectral characteristics of5, particularly ergosterol-
dependent all-or-none type flux, are essentially similar to those of
AmB although the efficacy of the dimer was more or less reduced.
Dimers4 and6 also revealed a typical NMR change of the all-or-
none type flux in ergosterol-containing liposomes (see Supporting
Information), whereas the directly linked dimers2 and3 were found
to lack ion-conducting activity. Assemblage formation by dimer5
was further examined by CD spectra. In ergosterol-containing
phospholipid liposomes,5 showed a larger split Cotton effect than
that of AmB (Figure 3).10 This spectral difference appears to reflect
close vicinity of heptaene chromophores of the dimers in a
molecular assemblage.10

These findings suggest that dimers4, 5, and6 form a molecular
assemblage that is functionally similar to that of AmB. With
bioactive dimers in hand, regio-specific labeling with NMR nuclei
for each monomer part could facilitate the determination of an
interatomic distance even in highly symmetrical structures proposed
for AmB channels. For this purpose, we are trying to synthesize
dimers that are labeled with13C and19F nuclei for use in structure
studies based on solid-state NMR.
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Figure 2. 31P NMR spectra of liposome-entrapped phosphate for AmB
and Dimer5. The peak aroundδ 1.2 corresponds to H2PO4

- at pH 5.5 of
intact liposomes, and that aroundδ 3.1 corresponds to HPO4

2- at pH 7.5 of
the buffer. (a) No sterol was present in liposome membrane,R ) 10-3 (R:
sample/lipid molar ratio). (b) Phosphatidylcholine (PC)-cholesterol,R )
10-3. (c) PC-ergosterol,R ) 10-3. (d) PC-ergosterol,R ) 10-4. Control,
where no AmB or dimer was added, depicted the intensity of the peak at
δ 1.2 when liposomes stayed intact. *AmB atR ) 10-3 showed an
unexpected pattern, where the intensity of a phosphate signal due to
permeabilized liposomes was smaller than that in traced (AmB, R) 10-4).
This can be explained by disruption action of higher concentrations of AmB,
which should result in not only influx of K+ but efflux of phosphate.

Figure 3. CD spectra of dimer5 and AmB in phospholipid-ergosterol
liposomes and in buffer without liposomes. CD spectra of dimer5 were
measured in MeOH, in buffer and in liposomesR) 0.5× 10-2 (R: sample/
lipid molar ratio), and a trace for AmB was obtained in the same conditions
exceptR) 10-2 (the same concentration as monomer AmB). The liposomes
were prepared in the same manner as that for31P NMR measurements except
for addition of FCCP.8 Concentrations of dimer5 and AmB were kept at
2.5 and 5µM, respectively.∆ε was normalized to the concentration of the
monomer part for dimer5.
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