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ABSTRACT

Amphidinol 3 (AM3) exhibits a potent membrane permeabilizing activity by forming pores in biological membranes. We examined the conformation
and location of AM3 using isotropic bicelles, a more natural membrane model than micelles. The results show that AM3 takes turn structures
at the two tetrahydropyran rings. Most of the hydrophilic region of the molecule is predominantly present in the surface, while the hydrophobic
polyolefin penetrates in the bicelle interior.

Amphidinols (AMs) have been isolated as potent antifungal
agents from the dinoflagellate Amphidinium klebsii. Several
congeners including those bearing closely related structures
with different names have been so far reported.1-10 Among
those, amphidinol 3 (AM3), whose absolute configuration
was determined by our group,7 has the most potent antifungal

and hemolytic activities. Their structures are characterized
by long carbon chains encompassing multiple hydroxyl
groups and polyolefins, which endow amphiphilic nature to
the molecules. AMs enhance the permeability of the biologi-
cal membrane by direct interaction with the membrane lipids,
which is thought to be responsible for their potent antifungal
activity.3,4,11-13 Our previous studies showed that in the
presence of sterol AMs induce the membrane permeabili-
zation by forming pores or lesions in phospholipid bilay-
ers.3,4,11-13 The size of the pore/lesion formed in the
erythrocyte membrane was estimated to be 2.0-2.9 nm in
diameter.12Morerecently,wehaveexaminedstructure-activity
relations using naturally occurring AMs and chemically
modified AM derivatives with structural variations in poly-
hydroxy and polyene moieties7 and found that the polyene
and polyhydroxy moieties play roles in binding to the lipid
bilayer membrane and in forming an ion-permeable pore/
lesion across the membrane, respectively. Besides, to gain
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insight into the membrane-bound structure of AM, confor-
mational analysis of AM3 was carried out using SDS
micelles as a membrane model12 and revealed that the central
region of AM3 takes a hairpin conformation while the
hydrophobic polyolefin region is immersed in the micelle
interior.

However, use of SDS micelles as a membrane model often
causes controversy because of the small radius of curvature,
the lack of planar bilayer structures, and the different polar-
head functionalities from those of phospholipids. Recently,
it was shown that phospholipid bicelles provide a more
natural membrane environment because of the presence of
planar lipid bilayer portions.14,15 Bicelles generally consist
of long- and short-chain phospholipids, and their size depends
on the ratio (q) of the long-chain phospholipids to the short-
chain ones. At q values less than 2.5, bicelles adopt a disk-
shaped morphology,16-21 where the planar bilayer region
formed by the long-chain lipid is surrounded by a rim
consisting of the short-chain lipid. Unlike the large bicelles
with q > 2.5 that are oriented parallel to the magnetic field,
small bicelles with q < 1 are known to undergo fast tumbling
in aqueous solutions while retaining the discoidal shape,18-21

thus facilitating high-resolution NMR measurements of
membrane-bound molecules. We have already used these
isotropic small bicelles for determining the membrane-bound
structure of erythromycin A, a widely prescribed macrolide
antibiotic, and salinomycin, a well-known ionophore anti-
biotic, and demonstrated the general utility of isotropic bicelle
media in determining the conformation and location of
membrane-associated nonpeptidic molecules.22,23 In the
present study, we applied the isotropic bicelles to the
conformation analysis of AM3 in a membrane environment.
In addition, the topological orientation of AM3 within
bicelles was also elucidated by monitoring the paramagnetic
relaxation of proton signals in the presence of Mn2+.

In this study, we used typical isotropic bicelles composed
of dimyristoylphosphatidylcholine (DMPC) and dihex-

anoylphosphatidylcholine (DHPC) at a ratio of 1:2 (q ) 0.5).
AM3 was incorporated into the isotropic bicelles at 25 mol
% of total phospholipids. The total lipid concentration was
set to 2.4% W/V in an aqueous solution. For measuring NMR
spectra of AM3 in isotropic bicelles, we used deuterated
phospholipids DMPC-d54 and DHPC-d22, in which hydrogen
atoms in acyl chains are replaced by deuteriums. A series
of DQF-COSY, TOCSY, and NOESY spectra were utilized
to fully assign the proton resonances (Table S1 in Supporting
Information).

Then, we determined the conformation of AM3 associated
with isotropic bicelles on the basis of the NOEs and 3JHH

values obtained from the NOESY and DQF-COSY experi-
ments, respectively. NOESY cross-peaks were categorized
into three groups with upper distance limits of 3.0, 4.0, and
5.0 Å (Table S1, Supporting Information) according to NOE
intensities. However, conformationally relevant NOEs were
not observed for the C1-C20 or the polyene portion, and
therefore conformation analysis was carried out for the
C20-C54 portion of AM3. We also utilized 3JHH values to
restrain the dihedral angles in the C31-C35, C43-C45, and
C49-C50 bonds of AM3 (Table 1). Other 3JHH values were

not obtained due to signal overlapping and low signal
intensity in the DQF-COSY spectrum. The typical large and
small values of the vicinal coupling constants, as listed in
Table 1, indicate that rotational averaging rarely takes place
for these bonds in major conformers except for the C38-C39
bond where no rotational constraint was applied due to the
intermediate coupling value. The total numbers of interproton
distances and dihedral restraints derived from the NMR data
were 76 and 7, respectively. Since there were no NOEs
between the C20-C54 and the other portions, it is unlikely
that the conformation of the C20-C54 is affected by the
other moieties. Upon calculation, we applied a continuum
solvation model for water using a generalized Born-surface
area (GB/SA) method,24 because most of the AM3 molecule
except for the polyene is likely in the water-accessible region
of bicelles as estimated below. Under these conditions, 3000
random conformers were generated by using a systematic
Monte Carlo conformation search algorithm,25 and each
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Table 1. 3JHH values of AM3 in Isotropic Bicellesa

coupled protons 3JHH (Hz) coupled protons 3JHH (Hz)

H-31/H-32 8 H-43/H-44 9
H-32/H-33 <3 H-44/H-45 <3
H-33/H-34 10 H-49/H-50 10
H-38/H-39 7 H-50/H-51 <3

a Data were extracted from the DQF-COSY spectrum (see Supporting
Information).
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conformer was subjected to energy minimization by the
conjugate gradient method using the MMFF force field.26

Figure 1 shows the lowest-energy conformations of the

C20-C54 portion AM3 in isotropic bicelles. The second
lowest-energy conformation is energetically unstable by 1.5
kcal/mol, whose contribution can be neglected because its
population is estimated to be less than 1/10. Therefore, we
focused on the lowest-energy conformation. As can be seen
in this figure, AM3 appears to have turn structures at the
two tetrahydropyran rings.

Paramagnetic agents enhance the relaxation of NMR nuclei
in their vicinity, and the relaxation induced by Mn2+ has
been frequently used to estimate molecular segments that
are exposed to the aqueous exterior of membranes. The
paramagnetic contribution to spin-lattice relaxation is
represented by T1M

T1M ) T1P · T1
0 ⁄ (T1

0 - T1P)

where T1
0 and T1P are the spin-lattice relaxation times in

the absence and presence of the paramagnetic agent, respec-
tively.27 The paramagnetic relaxation time T1M has explicit
r6 distance dependency, thus making it possible to evaluate
semiquantitatively the depth of membrane-bound entities.

We measured the T1M values of AM3 protons in bicelles
containing Mn2+ (Figure 2), though only a limited number
of T1M values were available because of overlapping signals
on one-dimensional NMR. As shown in Figure 2, H-66 and
H-67, the terminal protons, have larger T1M values because
they are less affected by Mn2+, suggesting the deeper
immersion of the terminal diene into the hydrophobic region.

Meanwhile, other protons in Figure 2 are significantly
affected by Mn2+ as is clear from smaller T1M values,
indicating the distribution in the membrane/water interface.

On the basis of current findings using isotropic bicelles,
we propose a model of structure and position of AM3 in
membranes (Figure 3). The deeper immersion of the terminal

diene into the membrane interior, as revealed by the Mn2+

relaxation experiment, suggests the predominance of ex-
tended conformation for the hydrophobic polyene portion.
Although the conformation of C1-C20 remains unelucidated
due to the high flexibility, AM3 is likely to take an umbrella-
like or a T-shaped structure in the membrane, comprised of
a bent polyol portion with a large cross-section area and the
extended polyene chain with a smaller cross-section.

We reported that AM3 in SDS micelles takes a hairpin
conformation in the central region (C20-C52 moiety). The
hydrophilic region of AM3 is predominantly present in the
surface, while the hydrophobic polyolefin region penetrates
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Figure 1. Lowest-energy conformation for the C20-C54 portion
of AM3 in isotropic bicelles (q ) 0.5). The second lowest-energy
conformation is unstable by 1.5 kcal/mol. Calculation was per-
formed with a systematic Monte Carlo method constrained by NOE
and 3JHH data. Hydrogen atoms are omitted for clarity.

Figure 2. Effects of Mn2+ on proton relaxation times of AM3 in
isotropic bicelles. The figure depicts the T1M (s) in the presence of
10 µM Mn2+. Larger T1M values are indicative of longer distances
from the membrane surface.

Figure 3. Hypothetical model of the membrane-bound structure
of AM3.
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in the interior of SDS micelles.12 Accordingly, the conforma-
tion and position of AM3 turn out to be less variable in SDS
micelles and in bicelles, which suggests that the structural
and positional preference of AM3 is essentially unaffected
by media used. In addition, the polyol portion of AM3 was
shown to reside in a hydrophilic water-accessible region,
where hydrogen bonding is weakened in comparison with
that in the hydrophobic environment. Therefore, we consider
that hydrogen bonding does not play a major role in
regulating the conformation of AM3 in membrane environ-
ments.

Recently, we observed that AM-induced membrane per-
meabilization is hardly influenced by membrane hydrocarbon
thickness.13 This findings support the toroidal pore formation
by AM3 rather than the barrel-stave pore because the stability
of the barrel-stave pore generally depends on the membrane
thickness; the hydrophobic mismatch between the length of
the transmembrane domain of the pore and the bilayer
hydrocarbon region hampers formation of the barrel-stave
assembly.28 On the other hand, the toroidal pore-formers are
always associated with the lipid headgroups even when they
are perpendicularly inserted in the lipid bilayer. In such a
pore, the lipid monolayer curves continuously from the outer
leaflet to the inner in the fashion of a toroidal hole, so that
the pore is lined by both the pore-formers and the lipid
headgroups. From this viewpoint, the structure of AM3
shown in Figure 3 seems suitable for toroidal pore formation:
(1) the disproportionally large hydrophilic portion of AM3
as compared with the hydrophobic polyene chain can induce
a positive curvature strain to the membrane surface, (2) the
long and hairpin-shaped polyhydroxy chain of AM3 is likely
to effectively capture the polar headgroups of lipids, and (3)
the resultant association between the hydrophilic chain of
AM3 and the lipid head groups may be able to form the
inner lining of the toroidal pore. The high curvature of the
AM3-bound membrane is evidenced by our previous finding

that AM3 takes a similar hairpin conformation and is
immersed to a similar extent in SDS micelles where the small
globular shape induces intrinsic curvature.

In conclusion we have determined the structure and
location of AM3 in a membrane environment using isotropic
bicelles. The results show that AM3 takes turn structures at
the two tetrahydropyran rings. Most of the hydrophilic region
of the molecule is predominantly present in the surface, while
the hydrophobic polyolefin penetrates in the bicelle interior.
This conformational and positional preference of AM3 is
considered to play a crucial role for toroidal pore formation
in biological membranes. In addition, this study demonstrates
the general applicability of the bicelle system to conforma-
tional analyses of membrane-bound natural products with
molecular weights larger than 1000 Da.

In the previous report,13 we have shown that cholesterol
potentiates the membrane-permeabilizing activity of AM3
even at 0.5% (wt/wt) to the lipid, which ruled out the
possibility that alteration of the membrane physical properties
induced by cholesterol was chiefly responsible for this
cholesterol effect. This suggests that cholesterol directly
interacts with AM3 and is involved in the pore complex.
The detailed evaluation of the interaction between AM3 and
cholesterol is now in progress using the bicelle system and
other methods.
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