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Abstract: Amphidinol 3 (AM3) and theonellamide A (TNM-
A) are potent antifungal compounds produced by the
dinoflagellate Amphidinium klebsii and the sponge The-
onella spp., respectively. Both of these metabolites have
been demonstrated to interact with membrane lipids ulti-
mately resulting in a compromised bilayer integrity. In this
report, the activity of AM3 and TNM-A in ternary lipid mix-
tures composed of 1-palmitoyl-2-oleoyl-sn-glycerol-3-phos-
phocholine (POPC):brain sphingomyelin:cholesterol at a
mole ratio of 1:1:1 or 3:1:1 exhibiting lipid rafts coexistence
is presented. It was found that AM3 has a more extensive
membrane permeabilizing activity compared with TNM-A
in these membrane mimics, which was almost complete
at 15 uM. The extent of their activity nevertheless is simi-
lar to the previously reported binary system of POPC and
cholesterol, suggesting that phase separation has neither
beneficial nor detrimental effects in their ability to disrupt
the lipid bilayer.

Keywords: amphidinol 3; calcein leakage; lipid rafts;
theonellamide A.

1 Introduction

Marine organisms are among the most prolific, and yet still
underexplored, sources of novel compounds. The number
of new molecules being reported from these sources has
increased steadily over the years, to about a thousand each
year [1]. Owing to the distinctive environment where these
marine natural products are being biosynthesized, a con-
siderable proportion of these has unique structures and
properties, usually rendering them with promising bioac-
tivities [2]. In fact, several drug leads of marine origin have

3Present address: Department of Chemistry, De La Salle University,
2401 Taft Avenue, Manila 0922, Philippines

*Corresponding author: Rafael A. Espiritu, Department of
Chemistry, Graduate School of Science, Osaka University, Toyonaka,
Osaka 560-0043, Japan, E-mail: rafael.espiritu@dlsu.edu.ph

either been approved for the treatment of certain medical
conditions or are already in various stages of clinical trials
[3]. Among the many marine organisms, dinoflagellates
and sponges offer great potential to obtain new structures
largely because the former are implicated in algal blooms
common around the world, while the latter has been tradi-
tionally the dominant source of unique marine secondary
metabolites. For instance, a recent review of the 2014 lit-
erature showed that dinoflagellates and sponges account
for 22.5% of the 1378 new marine-derived bioactive com-
pounds reported during this period [1].

Amphidinols (AMs) are a class of polyhydroxy,
polyene, antifungal, and hemolytic metabolites first
reported in 1991 from the dinoflagellate Amphidinium
klebsii found in Japan. Currently, 19 AM homologs have
been reported from the same genus [4-12], in addition to
the numerous congeners of this bioactive molecule that
have also been isolated [13-17], including karlotoxins
from the harmful algal bloom-implicated dinoflagellate
Karlodinium sp. [18]. The defining characteristic of this
family of compounds is the presence of two tetrahydro-
pyran rings separating the polyol and polyene regions of
the molecule. The antifungal activity of AMs is believed
to arise from its ability to permeabilize the membrane,
and among the homologues, amphidinol 3 (AM3)
(Figure 1) has showed significantly greater antifungal
effect. Investigation into the dye leakage capabilities of
AM3 in binary lipid membrane mimics showed its abso-
lute dependence on the presence of sterol exhibiting the
correct 33-OH stereochemistry [19-21]. Furthermore, AM3
activity has been found to be independent of membrane
thickness, and coupled with results showing a hairpin
configuration of the molecule in the membrane with
the polyhydroxy region remaining on the surface while
the polyene part penetrating the membrane interior
[22], has led to a proposal on the formation of toroidal
pores by the compound. However, we have also recently
reported that AM3 does not disrupt phospholipid bilayer
packing, as what would be expected for toroidal pore
formers, so a barrel stave-like mechanism remains a dis-
tinct possibility [20].

Theonellamides (TNMs) are potent antifungal and
cytotoxic metabolites isolated from the marine sponge
Theonella spp. These are bicyclic dodecapeptides
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Figure 1: Chemical structures of amphidinol 3, theonellamide A, and lipids used in this study.
Octadecanoyl sphingomyelin is the predominant species of BSM from porcine.

bridged by a unique histidinoalanine residue, first
reported in 1989 with seven homologues known so far
[23-25]. It was previously reported that TNMs specifi-
cally recognize 3B-OH sterols ultimately resulting in
membrane damage via a mechanism different from the
other common antifungal agents [26]. Moreover, these
peptides preferentially partition into the liquid disor-
dered domains as well as result in phase separation in
biomembrane mimics [27]. Recently, we have also dem-
onstrated the existence of a direct interaction between
sterols in membranes and theonellamide A (TNM-A)
(Figure 1), where it recognizes the hydroxyl moiety in the

shallow region of the membrane [28]. However, unlike
AM3, TNM-A does not seem to form pore structures in
membranes composed of binary lipid mixtures, appar-
ent from the very weak dye leakage observed, although
the peptide induces disruption of the tight packing of
the lipid bilayer [29].

Lipid rafts are ordered membrane microdomains
believed to play a critical role in the segregation, lateral
separation, and order in cell membranes [30, 31]. These
structures are enriched in sphingolipids with saturated
acyl chains and cholesterol, brought about by the prefer-
ential interaction between these two lipids, as well certain
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proteins that convey upon rafts important biological
functions.

In this short communication, the membrane disrupt-
ing capabilities of AM3 and TNM-A in raft-forming ternary
lipid mixtures containing 1-palmitoyl-2-oleoyl-sn-glycerol-
3-phosphocholine (POPC), brain sphingomyelin (BSM),
and cholesterol is reported, and compared with the previ-
ously published data on activity in membranes that do not
exhibit phase separation.

2 Materials and methods

2.1 Materials

AM3 was isolated as reported previously [20] while
TNM-A was a kind gift from Dr. Shinichi Nishimura of
Kyoto University. POPC and BSM were purchased from
Avanti Polar Lipids (Alabaster, AL, USA). Cholesterol
was obtained from Nacalai Tesque (Kyoto, Japan), while
calcein was from Dojindo Laboratories (Kumamoto,
Japan). Lipids were used as received and all other chemi-
cals and reagents were standard and analytical quality
reagents.

2.2 Preparation of calcein-entrapped
liposomes

Large unilamellar vesicles (LUV) exhibiting phase separa-
tion were prepared as follows [20]: POPC (5.2 or 7.7 mg),
BSM (5 or 2.5 mg), and cholesterol (2.6 or 1.3 mg) were
mixed in a round bottom flask with chloroform to prepare
mixtures of POPC:BSM:cholesterol at mole ratio of 1:1:1
or 3:1:1. The solution was vigorously mixed, after which
the solvent was removed in vacuo to afford a thin lipid
film, which was further dried overnight under vacuum.
The dried lipid film was then rehydrated with 1 mL of
60 mM calcein (in 10 mM Tris-HCI buffer, pH 7.4, con-
taining 1 mM EDTA and 150 mM NaCl). It was then sub-
jected to two cycles of vortexing (1 min) and warming up
(65°C), followed by five cycles of freezing (-20°C) and
thawing (65°C) to obtain a suspension of multilamellar
vesicles. Afterwards, the suspension was passed through
a polycarbonate membrane filter (pore size, 200 nm) 19
times using a Liposofast extruder (Avestin Inc., Ottawa,
Canada) to afford LUVs. Unencapsulated calcein was sep-
arated from the LUVs by passing the suspension through
a Sepharose 4B column equilibrated and eluted with the
same Tris—HCl buffer. The phospholipid concentration in

Espiritu: Membrane permeabilizing action of amphidinol 3 and theonellamide A =—— 45

the suspension was determined using the Phospholipid
C-Test Wako (Wako Pure Chemical Industries Ltd., Osaka,
Japan) following the manufacturer’s protocol. Resulting
stock solution was stored at 4°C.

2.3 Calcein leakage measurement

Fluorescence measurements of the released calcein were
carried out in a JASCO FP 6500 spectrofluorometer (JASCO
Corp., Tokyo, Japan) using 490 and 517 nm as the excita-
tion and emission wavelengths, respectively. Briefly, 20 uL
of the LUV suspension was mixed with 960 uL of Tris—HCl
buffer, then 20 pL of either AM3 or TNM-A was added to
obtain the desired metabolite concentration. Fluorescence
recordings were measured at 25°C and observed for a total
of 5 min. Final lipid concentration in all measurements
was 27 uM. To obtain the condition of 100% leakage,
20 uL of 10% Triton X-100 (v/v) in the same Tris—HCI buffer
was added to the suspension.

3 Results and discussion

AM3 and TNM-A are two unique marine natural products
that have been shown previously to act via a mechanism
that involves direct interaction with membrane lipids
resulting to a loss of membrane integrity [19-22, 26-29].
AM3 shows an absolute dependence in the presence of
sterols in order to permeabilize the membrane, which most
likely involves the formation of pores. On the other hand,
TNM-A does not seem to form distinct membrane pores,
although it disrupts the tight packing of the phospholipid
bilayer. In these previous investigations of the membrane
permeabilizing action by these compounds, only binary
lipid mixtures of phospholipids and cholesterol were used.
Furthermore, under the conditions where these experi-
ments were performed, such binary lipid mixtures would
result in membranes with no phase separation, i.e. it will
be only in the liquid-disordered (I,) phase [32].

Ternary mixture of phospholipids, sphingomyelin (or
a mixture of saturated and unsaturated phospholipids),
and cholesterol has been the canonical model systems to
mimic lipid rafts, and has been used extensively to inves-
tigate the membrane-disrupting mechanism of action of
small molecules, such as antimicrobial peptides [32-34].
In this study, the mole ratio of POPC:BSM:cholesterol used
(1:1:1 and 3:1:1) was previously shown to exhibit the coex-
istence of both the liquid-orderd (I ) and liquid-disordered
(1,) domains [32].
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Corresponding liposomes were prepared with an
encapsulated calcein, at a dye concentration of 60 mM.
At this concentration, calcein fluorescence is quenched,
and upon its leakage into the extracellular mileu, for
instance, after pore formation, an increase in fluores-
cence will be observed. Figure 2 shows the % leakage
activity of AM3 and TNM-A in raft-forming membrane
mimics. AM3 permeabilizing activity is comparable in
both lipid systems tested and was almost complete at
the highest concentration used (15 uM). This extent of
membrane damage is very similar to its activity in binary
lipid mixtures consisting of POPC and cholesterol or
ergosterol, as we have reported earlier [20]. These results
imply that the presence of | -, phase separation has
neither detrimental nor beneficial effect on the mem-
brane disrupting capabilities of AM3. These findings
are different from those observed with other membrane-
active compounds such as antimicrobial peptides, whose
membrane-disrupting effect is greatly increased in raft-
forming membrane due to the preferential accumulation
of the peptide in the I, phase leading to more drastic per-
turbation and subsequent dye leakage [33, 34], although
there is no way from the current data to infer on which
phase AM3 is colocalized. In addition, the presence of
phase separation in membranes necessitates the exist-
ence of innate defects found along the interface of such
phases, and these have been implicated in better binding
and activity observed for certain pore-forming toxins
[35]. In contrast, AM3 activity seems unaffected by these
packing defects. Nevertheless, since AM3 action is pri-
marily dependent on the presence of sterol, it is possi-
ble that the compound is able to recognize cholesterol
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in both phases, even though it is found deeper in raft
domains [36], leading to pore formation. This ability to
bind to raft domains has been reported earlier for certain
pore-forming protein toxins, where depletion of mem-
brane cholesterol significantly reduced raft binding and
pore formation [37].

On the other hand, TNM-A shows a very weak dye
leakage potential at all concentrations tested, and these
activities were comparable to the previous report using
binary lipid mixtures of POPC and cholesterol [28]. These
data appear to be consistent with our proposal that TNM-A
indeed does not form distinct membrane pores [29]. It
has been reported earlier that TNM-A recognizes choles-
terol in and preferentially partitions into the I, domain
[27], which intuitively should result in faster membrane
accumulation compared with lipid mixtures exhibiting
no phase separation. In addition, we have demonstrated
before, through surface plasmon resonance experiments
that rate constants for TNM-A binding to ergosterol- or
cholesterol-containing POPC membranes were about
10 times larger than in sterol free ones, which results
in faster and greater accumulation in the former [28].
However, considering that the TNM-A activity is compa-
rable on both types of lipid bilayers [28] and observed
on the same time course suggests that the rate of peptide
accumulation may not be significantly enhanced by
domain formation.

Even though no significant difference was observed
in the activity of AM3 in the two raft-forming membrane
mimics, a closer look at the time course fluorescence in
these systems may provide additional insights into initial
association rates of the compound. Figure 3 shows the
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Figure 2: Calcein leakage from POPC:BSM:cholesterol liposomes after the addition of various concentration of AM3 (circles) or TNM-A

(square).

Mole ratio of POPC:BSM:cholesterol used were 1:1:1 (green) and 3:1:1 (pink). Error bars represent standard deviation of three independent

trials.
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Figure 3: Time course plots of calcein fluorescence within 10 s after
the addition of AM3 to POPC:BSM:cholesterol liposomes.
Concentration of AM3 used were 15 uM (yellow), 10 uM (black),

5 uM (pink), and 1 uM (green). Mole ratio of POPC:BSM:cholesterol
used were 1:1:1 (dashed lines) and 3:1:1 (solid lines). Lines show the
average of three independent trials.

average time course plots of calcein fluorescence (three
independent trials) within 10 s after AM3 addition. In
all concentration tested, dye fluorescence was stronger
in the 3:1:1 ternary lipid mixture. Since dye fluorescence
is directly related to amount of released dye, a higher
fluorescence indicates a more substantial disruption of
the bilayer integrity. It is therefore reasonable to suggest
that more AM3 are membrane bound during the first few
moments of contact between AM3 and the 3:1:1 membrane,
and concomitantly a relatively faster rate of accumulation
in this system. A possible explanation for this is that since
the I phase predominates in the 1:1:1 system [33], AM3 will
have an easier time interacting with cholesterol in the 3:1:1
membrane mixture due the greater area of [, phase, which
is loosely packed, present in this system.

4 Conclusions

To summarize, AM3 showed a significantly greater dye
leakage activity in ternary lipid mixtures exhibiting phase
separation than TNM-A, which was comparable to the
compounds’ previously reported activity in binary mix-
tures without I -1, segregation [20, 28]. This demonstrates
that for AM3, at least, its membrane permeabilizing capa-
bility is not dependent on whether lipid rafts form or not.
It also appears that AM3 has a better initial interaction
with ternary lipid mixtures where I does not predomi-
nate. Notwithstanding, further experiments will have to
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be performed to analyze the interaction of both AM3 and
TNM-A in raft-forming lipid bilayers, such as the kinetics
involved in the binding of the compounds to these systems
as well as whether or not cholesterol is also recognized in
these kinds of membrane mimics.
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