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Abstract

Nature furnishes bioactive compounds (natural products) with complex chemical
structures, yet with simple, sophisticated molecular mechanisms. When natural
products exhibit their activities in cells or bodies, they first have to bind or react with a
target molecule in/on the cell. The cell membrane is a major target for bioactive
compounds. Recently, our understanding of the molecular mechanism of interactions
between natural products and membrane lipids progressed with the aid of newly-
developed analytical methods. New technology reconnects old compounds with
membrane lipids, while new membrane-targeting molecules are being discovered
through the screening for antimicrobial potential of natural products. This review article
focuses on natural products that bind to eukaryotic membrane lipids, and includes
clinically important molecules and key research tools. The chemical diversity of
membrane-targeting natural products and the molecular basis of lipid recognition are
described. The history of how their mechanism was unveiled, and how these natural

products are used in research are also mentioned.
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1. Introduction

Natural products occupy wide parts of the chemical space and continue to open up
unbeknown chemistry spaces. They often show potent biological activities with high
specificity, unveiling molecular secrets of life and providing pharmacological benefits.[!"
31 Any bioactive compounds with characteristic biological effects have specific cellular
targets. Specific binding between natural products and cellular receptors is always
enabled by precisely designed molecular recognition. One representative are the
immunosuppressant molecules produced by microbes: FK506, cyclosporine and
rapamyecin. 5 They show different, complex chemical structures but target the same
cellular receptors with high specificity and affinity. In many cases, compounds derived
from natural products do not exceed the potency of the parent compound. Sophisticated
molecular recognition is not limited to protein binding compounds, and can be found in
compounds recognizing membrane lipids.

Amphiphilicity, the property of a chemical to have both polar and non-polar
moieties, is a common physical property of natural products. Bacteria produce
biosurfactants, for example, surfactin, a lipopeptide produced by Bacillus subtilis.!®
These surface-active agents disrupt membranes, causing antimicrobial and hemolytic
activities, while they increase the cell motility and influence cell differentiation of the
bacteria.l” Marine invertebrates and plants contain saponins, which often show high
sterol-binding activity, leading to antifungal and hemolytic activity.!81! Saponins are
generally considered to be defense compounds against predators. In the marine
environment, saponins of sea cucumbers were shown to work as kairomones that attract
a symbiotic crab.'2 Amphotericin B, produced by streptomycetes, exhibits potent
antifungal activity by binding ergosterol, and is a commonly used antifungal drug. It is
likely that membrane-binding compounds are widely spread in our living world. We can
expect that novel compounds with unique chemical structures and membrane-binding
properties remain hidden in the expanding chemical space of natural products.!!3!

In the past three decades, methods for identifying target proteins of biologically
active small molecules have been developed, mostly based on physical interactions.[1415]
In these methods, compounds are modified and binding proteins are fished from a cell
lysate, or pools of proteins displayed on phage.['®! However, compound profiling based on
chemical genetic interactions or pattern analysis of cell morphology or the proteome have
been developed for systematic analyses of modes of action of bioactive molecules whose
targets can be proteinous or non-proteinous.l!719 Non-proteinous molecules contain
nucleic acids, glycan, ions and lipids. In this century, newly-developed chemical genomic

methods have identified new classes of natural products targeting membrane lipids.[20-
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22]

In this article, we first present a general introduction of the lipid structure and
function, how we can investigate the lipid function, and druggability of membrane lipids.
Then we review natural products that have specific lipid targets. Here, we classify lipid-
targeting natural products into three groups: type A molecules recognize lipids through
vertical interactions; type B molecules bind to lipids through lateral interactions; type C
molecules are distributed to the lipid membrane owing to its amphiphilicity or
hydrophobicity but show little lipid specificity. This review focuses on natural products
that target the mammalian cell membrane and are categorized as type A or B. How their
target lipid was identified, how their binding modes were investigated, and how they
contribute to the scientific knowledge are included. Readers interested in learning more
about natural products being categorized into type C or targeting the bacterial cell

membrane are referred to previous reviews.[23-26]
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2. Structure and functional analysis of lipids in the cellular membrane

Major lipids in the eukaryotic cell membrane include glycerophospholipids, sphingolipids
and sterols (Fig. 1).2728 Lipids have a high structural diversity with an estimated
180,000 different species.l29 In the budding yeast Saccharomyces cerevisiae, one of the
simplest eukaryotic model organisms, the size of the lipidome was estimated to be
around 300.139 Minor structural variations contribute to the large number of lipid species,
e.g. position of unsaturation, methyl branching pattern, and sites of hydroxylation in
acyl/hydrocarbon chains. Lipidomics analysis based on mass spectrometry and newly
developed analytical methods are enabling researchers to grasp the whole view of lipid

species.[31-32]
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Fig. 1 Chemical structures of membrane lipids described in this article. Four
glycerophospholipids, including phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylserine (PS), and phosphatidylinositol (PI) are shown. The acyl groups
attached are palmitoyl and oleoyl (PO). Sphingomyelin and mannosyl-
diinositolphosphoceramide (M(IP),C) are major sphingolipids in human and yeast,
respectively. The position of the hydroxylation in the very long chain fatty acid of

M(P),C remains to be determined.[33 Three sterols are shown: cholesterol in humans,
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ergosterol in fungi, and epicholesterol that has a 3a stereochemistry and is often used in

sterol-binding experiments.

Lipids play multiple roles in the cell membrane: the lipid bilayer is a barrier
between the inside and outside of the cell and forms intracellular compartments; lipids
regulate physical properties of the membrane such as fluidity, curvature and surface
charge; lipids regulate the activity of membrane proteins; lipids provide storage for
carbon sources, energy and secondary messengers. Function of membrane lipids can be
investigated by observing the phenotype of mutant cells lacking lipid biosynthetic
genes.2” For example, in the budding yeast Saccharomyces cerevisiae, uptake of
tryptophan is reduced in an ergosterol mutant cells lacking the FRG6 gene. Erg6 protein
is a C'methyltransferase, converting zymosterol to fecosterol in the ergosterol
biosynthetic pathway (Fig. 2A). Umebayashi and Nakano demonstrated that Tat2, a
high affinity tryptophan permease, was not sorted to the plasma membrane correctly,
but missorted to the vacuole in the ergosterol mutant, thus showing a defect in
tryptophan uptake. This suggested that sterols regulate the protein sorting to the
plasma membrane through organizing lipid rafts.[34 The physiological and molecular
function of glycosyl inositol phosphorylceramides (GIPCs) in a plant Arabidopsis
thaliana was unveiled by classical genetics.[3536] mocal mutant plants, which were
identified as hypersensitive to salt stress, had a mutation in a gene encoding inositol
phosphorylceramide glucuronosyltransferase 1 (IPUT1). IPUT1 transfers a glucuronic
acid (GlcA) residue from UDP-GIcA to inositol phosphorylceramide (IPC), which is
followed by further glycosylation to synthesize GIPCs (Fig. 2B). Genetic analysis coupled
with in vitro physical analyses demonstrated that GIPCs on the cell surface senses Na*
ions in a high salt condition, which then regulates gating of Ca?" influx channels into

plant cells. 35!
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Fig. 2 Enzymes involved in lipid metabolism and their functions. (A) Erg6 is a C-methyl
transferase converting zymosterol to fecosterol. In yeast, cells lacking this enzyme confer
resistance to natural products targeting ergosterol. (B) Chemical structure of GIPC in
plants is shown. IPUT1 catalyzes transferring glucuronic acid to IPC. This reaction is

followed by further glycosylation to conjugate hexose at position 4 of glucuronic acid.[28
36]

One thing we have to consider when the function of a membrane lipid is
examined genetically is the metabolic enzymes in the downstream pathway. In the case
of yeast cells lacking the FRG6 gene, ergosterol is not synthesized but the substrate of
Erg6 enzyme, zymosterol, is metabolized by downstream sterol biosynthetic enzymes to
produce several species of sterols.3” To avoid such a complex situation, exogenous
molecules that directly bind to specific membrane lipids can be used. Methyl-B-
cyclodextrin is widely used to investigate the function of membrane cholesterol by
removing cholesterol.[®8) Bioactive natural products, such as cinnamycin and
theonellamide A, are also useful: changes in the cellular morphology by these molecules
can potentially unveil roles of specific lipids at specific subcellular localizations (see
section 5.3 and 5.5, respectively).

Many hundreds to thousands of lipid species are distributed in the body, organs,
and cells in specific manners. Subcellular localization of lipids is also tightly regulated
and change with the cellular condition.[342! For example, phosphatidylserine (PS) is
usually localized at the inner leaflet of the cell membrane, but exposed to the cell surface
during apoptosis, which is recognized by phagocytes to be engulfed.[43! Abnormal
localization 1is often observed under disease conditions, e.g. cholesterol and

glycosphingolipids heavily accumulate in lysosomes of Niemann—Pick type C disease
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tissues.l4445] At a molecular level, lipid molecules and membrane proteins cluster with
each other to regulate their molecular functions, which is called lipid raft.[46-47]

To analyze the cellular localization of membrane lipids, we have to use
(hemi-)synthetic molecules and proteins: (A) labeled lipids; (B) lipid-binding proteins
fused with a tag sequence; and (C) lipid-targeting natural products, which are chemically
tagged (Fig. 3). To label glycerophospholipids, a reporter group, such as fluorescent
function or alkyne, is attached to the head group or the alkyl chain (Fig. 3A).148! In the
case of sterols, the 3B-hydroxy group can be conjugated with a reporter group, or a
fluorescent group can be attached to the side chain.[495U Intrinsic fluorescent sterols such
as cholestatrienol are also useful.’??! The disadvantage of these lipid tools is the possible
loss of the physical property of the original lipid. Careful analysis of their physical
properties is requisite. A small tag is usually preferred to avoid interference. Stable
isotope labeling observable in imaging MS and a diyne tag detectable by Raman imaging
were installed into sphingolipids to analyze lipid assemblages in cells and in vitro.15354
Next, lipid-binding protein toxins are useful lipid detectors. Some examples are
derivatives of perfringolysin O, a thiol-activated cytolysin produced by Clostridium
perfringens, which specifically binds to cholesterol, and lysenin, purified from coelomic
fluid of the earthworm Eisenia foetida, which binds to sphingomyelin (Fig. 3B).[49, 5557
Lipid binding domains found in membrane-localized proteins are also often used. These
protein tools can be expressed from plasmids or DNA sequences integrated into the
genomic DNA, by which intracellular distribution of the target lipids can be visualized.
This strategy is unique because lipid-detecting probes usually do not penetrate into cells
and only stain the cell surface in living cells. Finally, lipid-binding bioactive molecules
can be used after installing a reporter group, such as biotin or fluorescent functionalities
(Fig. 3C). Biotinylated cinnamycin is used for detecting PE, while fluorescently-labeled
thoenellamides are used for detecting sterols. These will be mentioned in sections 5.3
and 5.5, respectively. The most widely-used chemical probe might be filipin, which shows
intrinsic fluorescence when it binds to membrane sterols (for its chemical structure, see
section 5.1).58 However this compound induces membrane lysis after binding to
membrane sterols and its photostability is low, thus is not compatible for analyzing
cellular function of sterols.? The mechanism for the molecular recognition between

sterols and filipin is not known despite its routine use in the cell biology field.
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Fig. 3 Tools for visualizing membrane lipids. (A) Chemically labeled lipids can be used
to report their cellular localization. Reporter functionalities can be installed into either
the head group or the acyl group of the phospholipids (left two). In the case of sterols,
the 3B-hydroxy group or the side chain can be modified to be conjugated with reporter
groups (central two). Intrinsically fluorescent sterol derivatives such as cholestatrienol
are also useful (right). (B) Lipid-binding protein toxins or protein domains can be
chemically or genetically tagged to detect specific lipids. (C) Natural products, binding
to phospholipids or sterols, are modified to become fluorescent probes. These chemical
probes are smaller and biologically more stable than protein tools. Filipin, which shows
fluorescence when bound to sterols, has been used routinely (right), although where

filipin resides in the bilayer is not known.
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3. Membrane lipid as a drug target

The cell membrane is a major target of antimicrobial agents.[23) In the case of
antibacterial compounds, daptomycin is one of the latest agents to be clinically approved,
and is used to treat severe infections with Gram-positive bacteria (Fig. 4).169 This cyclic
lipopeptide is produced by a soil bacterium Streptomyces roseosporus. Daptomycin has
been shown to permeabilize bacterial membranes and its effect is correlated with the
level of phosphatidylglycerol (PG), although its molecular mode of action remains
incompletely understood.!6l Recently, a promising new antibiotic lysocin E was isolated
from the supernatant of Lysobacter sp. RH2180-5 using a silkworm infection mode].[62!
Lysocin E was shown to target menaquinone, an electron carrier important for aerobic
synthesis of ATP, with a stoichiometry of 1:1 (Fig. 4). This compound also binds to lipid
II, a major precursor of the bacterial cell wall, with an antibiotic-to-substrate binding

stoichiometry of 2:1.163]

daptomycin

lysocin E HNYN

Fig. 4 Chemical structures of membrane-targeting antibacterial natural products.

Eukaryotic membrane lipid is also the drug target. Ergosterol is targeted by

antifungal agents,645 and cholesterol biosynthesis is the target of drugs for treating

14
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hyperlipidemia.(®6! Azole and allylamine drugs inhibit biosynthesis of ergosterol in fungi,
while statins inhibit HMG-CoA reductase, thus reducing de novo synthesis of cholesterol.
Ergosterol is directly targeted by polyene antifungals, such as amphotericin B, nystatin,
and pimaricin (see Section 5.1).167 Holotoxin, a saponin from a sea cucumber Stichopus
Jjaponicus, is part of the formulation of a drug used to treat athlete’s foot (see Section
4).1681 Tn general, saponins are thought to target membrane sterols. In contrast to
targeting intracellular enzymes for inhibiting ergosterol biosynthesis, direct targeting of
ergosterol by amphotericin B rarely generates drug resistant strains clinically.69 AmB-
resistant mutants are hypersensitive to oxidative stress, elevated temperatures, and
killing by neutrophils. They also have defects in filamentation and tissue invasion, thus
being avirulent.[7071]

When a protein is a promising target for combatting or curing diseases, high
throughput screening for the protein ligand, based on the inhibitory activity of the
enzymatic activity (if that is an enzyme) or physical interactions, is performed. By using
the structural information obtained by NMR or X-ray crystallography, or by homology
modeling, in silico docking simulation would suggest candidates of ligands after
screening millions of compounds. However, screening for lipid-binding molecules is
limited, although lipids are also promising drug targets.[7273 In addition to sterols as
described in the previous paragraph, fungal sphingolipids have different chemical
structures from those of their human counterparts (Fig. 1).128! PS and PE are specifically
exposed on the tumor vascular endothelium."47¢! Novel screening methods will enable
identification of compounds that target these lipids.

It should be noted that natural products occupy diverse portions of the chemical
space, especially with regard to their mass distribution and have an advantage for such
screening because most membrane-binding compounds, including pharmaceutical drugs,
have a molecular weight of > 500 Da (Fig. 5). This is incompatible with the rule of 5,
which can be used to predict the drug absorption and permeation.!”” The recent finding
of lysocin E (molecular weight: 1618 Da) with potent antibacterial activity and a new
mechanism of action supports the idea that there are still large parts of the natural
products chemical space that have to be discovered, 62! and its biological potential largely

remains to be explored.
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Fig. 5 Molecular weight of the membrane-targeting natural products described in this
article. Compounds colored in red are used as clinical agents.

16

Page 16 of 68



Page 17 of 68

Natural Product Reports

4. Interaction mode between natural products and the lipid membrane

Chemical structures of membrane-targeting natural products are variable in regard to
their biosynthetic origin; they include polyketides, terpenes and peptides. In addition,
membrane-targeting natural products show variations in their molecular weight (Fig.
5). This could be due to their binding modes as depicted in Fig. 6. Type A: the polar head
group of the membrane lipid is recognized from outside the membrane. Type B: the
hydrophobic portion of the lipid is recognized through lateral interactions. Type C:
compounds reside on/in the membrane owing to their amphiphilic or hydrophobic nature.
Compounds categorized in type C usually do not require interactions with specific lipid

species for their membrane interaction.

Jrine

Fig. 6 Molecular modes for lipid recognition by natural products. (A) Type A molecule
recognizes lipids at a shallow area of the membrane through vertical interactions. In this
case, the head group of phospholipids or the 3-hydroxylated tetracyclic structure of the
sterols are recognized by natural products, such as cinnamycin or theonellamide,
respectively. (B) Type B molecules bind to lipids through lateral interactions, e.g.
heronamide (left) and amphotericin B (right). (C) Type C natural products that bind to
the lipid membrane with low lipid specificity are shown. A hydrophobic molecule can be
buried in the lipid bilayer (left). Lipopeptides, such as syringomycin E (middle) and helix-
forming peptides such as polytheonamide B (right), are included in type C. In all cases,
the consequence of the lipid—natural product interaction is not shown, such as lipid

extraction, membrane lysis or pore formation.

Molecules categorized in type A have to be large enough to form a cavity in
which the head group of the phospholipids or sterols are embedded (Fig. 6). This type

includes cinnamycin and duramycin, which recognize phosphatidylethanolamine

17
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(section 5.3.), and theonellamides, which binds to 3B-sterols (section 5.5.). Although the
interaction mode at an atomic resolution is not known, papuamide, which targets
phosphatidylserine, is likely a member of type A because this molecule does not recognize
phosphatidylcholine or phosphatidylethanolamine (section 5.4.). A type A molecule can
be larger than the above lantipeptides: kalata B1, a member of cyclotides, has a PE-
binding property (Fig. 3, section 5.3).[787]

Type B includes polyene macrolide amphotericin B and polyene macrolactam
heronamides. Amphotericin B recognizes fungal ergosterol, while heronamides favor
saturated hydrocarbon chains of phospholipids. Their binding mode is highly specific,
which induces drastic cellular phenotypes. In addition, amphotericin B is used as an
antifungal drug. The mechanism of action of type B molecules is described in the
following sections in detail (section 5.1 and 5.2). Several saponins are also expected to be
type B sterol binders, and their stoichiometry was assessed to be 1:1 for some plant
saponins.[11. 80821 Stichloroside, a sea cucumber-derived saponin was recently shown to
target membrane ergosterol by chemical genomic analysis (Fig. 7),29 while its related
metabolite holotoxin, also isolated from a sea cucumber, is used as a main constituent in
anti-athlete’s foot drugs.!68 The number of natural saponins is huge; e.g. more than 700
triterpene glycosides have been reported from sea cucumbers and more than 1000 from
marine organisms.811 Their minor structural differences may affect their molecular and
biological activities. We don’t include this group of metabolites because mechanisms are
not fully unraveled.

Type C compounds show wider variations in their chemical structures compared
with the compounds of types A and B. Molecules of any size can be localized in lipid
bilayers if they have proper hydrophobic or amphiphilic properties. Small hydrophobic
molecules can reside in lipid membranes, for example, local anesthetics.[® Such
properties of natural products have not been investigated thoroughly. Middle-sized
molecules include lipopeptides such as syringomycin E (see Section 5.6) and linear, helix-
forming peptides like alamethicin.25! Polytheonamide B, a marine sponge-derived 48-
mer peptide, forms a helical structure in lipid membranes, thus working as an ion
channel.8487 In this article, we do not mention natural products categorized in type C,
which usually do not show interactions with specific lipids. We only briefly describe
syringomycin E, which shows lipid specificity in vivo, but no specificity in vitro (section
5.6).

18
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Fig. 7 Chemical structure of a marine-derived saponin, stichloroside C1.
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5. Mechanistic insight of membrane-targeting natural products

5.1. Polyene macrolides, targeting sterols.

Polyene macrolide antibiotics are a class of natural products that target fungal cell
membranes.[®® Polyene antibiotics have a ring structure in which a conjugated double
bond system is located opposite to a number of hydroxy functions. Often a mycosamine
group is present in combination with a carboxy moiety, rendering the molecule
amphoteric. These polyene antimycotics are typically obtained from some species of
Streptomyces bacteria. Several members of this class, such as amphotericin B (AmB),
nystatin, and pimaricin (natamycin) (Fig. 8), are important antifungal agents and have
been clinically used on the basis of their broad spectrum and relatively rare induction of
resistance.[®] Although filipin III is also a representative polyene macrolide, it is not used
clinically due to its toxicity (Fig. 8). Filipin III, usually used as a mixture of four filipins,
is widely used as a probe for sterols in biological membranes because of its
fluorescence.l*®] The common feature of AmB, nystatin, and pimaricin is the affinity
toward ergosterol (Fig. 1) existing in the fungal cell membrane, but their modes of action
differ from each other. The larger polyene antibiotics AmB and nystatin are believed to
form barrel-stave type transmembrane pores together with ergosterol in fungal cell
membranes and collapse vital ion gradients, thereby killing the fungal cells.[°0-91]
However, although pimaricin also specifically binds to ergosterol, it does not change the
permeability of the fungal plasma membrane.”?! Breukink et al. proposed that the
depletion of ergosterol by pimaricin inhibits ergosterol-dependent membrane proteins
such as glucose and amino-acid transporters, thus eliciting its fungicidal activity.[*3] A
similar model was recently proposed for AmB by Burke et al.;*%3] in the so-called sterol
sponge model, extramembranous aggregates of AmB physically extract ergosterol from
lipid bilayers and thereby kill fungi without them forming pores. In this way, controversy
still persists regarding the mechanisms of action of polyene antifungals; however, the
general consensus is that the compounds elicit their selective toxicity toward fungi
because of their ergosterol-binding properties. Among the above representative polyene
macrolides, AmB is the most widely used for the treatment of fungal infections, and its
mode of interaction with sterol has therefore been extensively studied. In this section, we

introduce the sterol binding mechanism of AmB provided by recent studies.

20
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Fig. 8 Chemical structures of representative polyene macrolides, amphotericin B (AmB),

nystatin, pimaricin (natamycin) and filipin III.

As mentioned above, although AmB is believed to form transmembrane ion
channels with sterols, thus leading to cell damage or cell death, Burke et al proposed a
different mechanism in which AmB aggregates extract sterols from cell membranes, like
a sponge, and suppresses the function of sterol, leading to cell damage or cell death.[94-93]
In any mechanism, AmB’s selective toxicity to fungi is attributed to its higher affinity to
ergosterol existing in fungal membranes than to cholesterol in mammalian membranes.
However, it is still unclear how AmB recognizes the minute structural difference between
cholesterol and ergosterol (Fig. 1). To unveil the mechanism underlying its sterol
selectivity, three strategies were adopted by Murata and colleagues. First, the solid-state
H NMR of deuterated cholesterol and ergosterol was measured to observe the change in
the sterol mobility depending on the presence and absence of AmB.[l Second, the
structure-activity relationship using synthesized ergosterol analogs was studied.[*7-%8]
Then, intermolecular distances between 3C-enriched ergosterol and '°F-labeled AmB
were measured using a solid-state NMR technique, REDOR (rotational echo double
resonance).[?9-100]

The solid-state 2H NMR signal of deuterated sterol represents its motional
property in the membrane. When deuterated sterol undergoes fast axial rotation in
membranes, the solid-state ZH NMR spectrum gives a narrow quadrupole splitting.
Meanwhile, when sterol’s rotation is decelerated or immobilized by interaction with AmB
and consequently its rotational time scale is reduced to be comparable to or less than the
H NMR time scale (us), the 2H NMR spectrum provides a broadened signal or the largest
quadrupole splitting. Based on such spectral features of 2H NMR, it is possible to detect

21



Natural Product Reports

the interaction of deuterated sterols with AmB. Fig. 9 shows 2H NMR spectra of 3-d-
cholesterol and ergosterol in the POPC membrane. The spectral feature of 3-d-cholesterol
was not changed by the presence of AmB, indicating that the fast rotation of cholesterol
was less affected by AmB. However, the signals of 3-d-ergosterol became broadened,
which suggests that the rotational motion of ergosterol in the membrane was hampered
by interacting with AmB. Some previous reports proposed that the higher activity of AmB
in ergosterol-containing membranes is attributed not to the direct molecular interaction
but to the change of membrane physico-chemical properties by the presence of
ergosterol;l1%1  however, this experiment unambiguously demonstrated the direct

molecular interaction between AmB and ergosterol in membranes.

3-d-Cho: AmB: POPC 3-d-Erg: AmB: POPC
1:0:18 1:0:18
1:1:18 1:1:18
1:2:18 1:2:18
' ' B 50 0 -50
# kﬂz 2 kHz

Fig. 9 Solid-state ZH NMR spectra of 3-d-cholesterol (left) and 3-d-ergosterol (right) in
POPC with increasing ratios of AmB. Aadapted with permission from ref. 96. Copyright
2009 American Chemical Society.

The structure-activity relationship (SAR) of sterol was investigated to gain
insight into the molecular recognition between AmB and ergosterol.[°7-%8] The structural
difference between ergosterol and cholesterol is in that ergosterol has two additional
double bonds in the B ring and the side chain and one additional methyl group on the side
chain (Fig. 1). To reveal which portion is responsible for the higher affinity of ergosterol
with AmB, ergosterol analogs were prepared and AmB’s membrane permeability of K*
ions was evaluated in the membranes containing those sterols (Fig. 10). In the K*
permeability assay, the liposomes have both pH and K* concentration gradients, and when
AmB channels enhance the influx of K" ions, H* efflux concomitantly occurs due to the
presence of a proton carrier to maintain the intraliposomal electrical neutrality. The

resultant intraliposomal pH rises were detected by a pH dependent fluorescent dye. Fig.
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10A shows the channel activity of AmB in the membranes containing ergosterol analogs

varying in the alicyclic double bonds.®®! Interestingly, the A7 derivative has a comparable

activity to ergosterol. Another intriguing result is that the A5,7,9 derivative, which has an

additional double bond, significantly reduced AmB channel activity. To interpret these

results, the conformations of these ergosterol analogues were investigated (Fig. 10A). The

conformation of the A5,7,9 derivative was found to be twisted, which should hamper

close contact with AmB. The conformations of the remaining three analogs appear similar,

but the major structural alteration between the low affinity analog (AS5) and the high

affinity sterols (AS,7 and A7) is in the presence or absence of the axial hydrogen atom at

C7 (H7ax). Therefore, the axial hydrogen likely prevent by sterical hindrance a close
contact with the AmB macrolide. Taken together, it is suggested that face-to-face VDW
interaction between this face of steroid and AmB is important for the molecular
interaction.

A similar experiment using ergosterol analogs varying in the side chain was also
conducted (Fig. 10B), which revealed that any alteration in the ergosterol side chain
significantly reduced AmB channel activity.[’’l This suggests that AmB directly
recognizes the ergosterol side chain structure. The conformational analysis further
showed that the C24-C25 double bond restricts the conformational alteration of the side
chain and the C26 methyl group increases the contact area with AmB, both of which
increase the van der Waals contact with AmB. The ergosterol derivative having
conjugated double bonds in the side chain, which at first we expected to have some
activity, exhibited a significantly reduced AmB channel activity. Its side chain
conformation was shown to be twisted (Fig. 10B), which would reduce the affinity with
AmB.

The SAR study of ergosterol showed that AmB recognizes both steroid rings and
the side chain of ergosterol. The study also revealed that AmB binds preferentially to
smooth and flat steroid rings (without distortion and axial H-7) as well as a rigid, extended,
and methylated side chain. From these findings, it is suggested that ergosterol should
interact with AmB in a face-to-face manner to maximize the van der Waals contact as

schematically shown in Fig. 10C.
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Fig. 10 Structure-activity relationship study of ergosterol analogs varying in the alicyclic
double bonds (A) and in the side chain (B). Structures in panel (B) are superposition of
conformations within 5 kJ mol-1 calculated by a conformational search algorithm. Panel
(C) represents a schematic model of AmB—ergosterol interaction proposed on the basis
of the SAR studies. Adapted with permission from refs. 97 and 98. Copyright 2014 and
2015 American Chemical Society.

In the third approach, intermolecular distance information was estimated by the
Rotational Echo DOuble Resonance (REDOR) method.[*>-1%1 The REDOR method is a
versatile solid-state NMR technique to measure heteronuclear dipole interactions, from
which internuclear distances can be evaluated.l'92] In the case of 3C-1F REDOR, it is
possible to measure distances between '*C and !°F atoms up to 1 nm. 14-F-AmB, a
fluorinated derivative of AmB,!'% and BC-ergosterol, in which '3C-labels were
biosynthetically incorporated in a skipped manner, were prepared and the 3C-°F
REDOR was measured in POPC bilayers (Fig. 11A).°° The REDOR spectrum showed
that the14-F atom is close not only to the C19 angular methyl group but also to the C26,27
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terminal dimethyl group, suggesting that the AmB—ergosterol interaction occurs not only
in a parallel manner but also in an anti-parallel orientation. This result was totally
unexpected as all the previous AmB-ergosterol interaction models only assumed parallel
alignments.[°! To confirm the presence of the anti-parallel interaction as well as to extract
the intermolecular distances more accurately and precisely, 26,27-13C,-erogsterol, 4-13C-
ergosterol, and 37-F-AmB were synthesized and 3C-'°F REDOR measurements were
conducted for the four combinations; 37-F-AmB/26,27-13C,-ergosterol, 14-F-
AmB/26,27-13C,-ergosterol,  14-F-AmB/4-13C-ergosterol, and 37-F-AmB/4-13C-
ergosterol.l'% These REDOR analyses revealed that parallel and anti-parallel orientations
coexist at the ratio of 7:3, and the precise intermolecular '*C-!°F distances are shown in
Fig. 11B. Based on the distance information, a geometry search for AmB—ergosterol
complexes was examined, which proposed the most likely geometries for the parallel and
anti-parallel orientations (Fig. 12), by taking account of the face-to-face interaction
between AmB and ergosterol that was suggested from the above SAR study. Thus the
answer to why the AmB—cholesterol interaction is weaker than that of AmB—ergosterol
is that the presence of H-7ax as well as the flexible and non-methylated side chain

weakens the van der Waals contact of cholesterol with AmB.
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Fig. 11 REDOR measurements of fluorinated AmB and 3C-labeled ergosterol. (A)
REDOR between 14-F-AmB and biosynthetically '3C-labeled ergosterol. Carbons
highlighted in yellow indicate *C-labeled positions. The bottom figure represents the
REDOR difference spectrum, which suggests that C19, 26, and 27 carbons are close to
the 14-F atom. (B) Combinations between fluorinated AmB and chemically synthesized
13C ergosterol for REDOR measurements, as well as the ratio between parallel and anti-
parallel orientations and internuclear distances. Adapted with permission from ref. 99.

Copyright 2012 American Chemical Society.

parallel anti-parallel

face-to-face
VDW contact

Fig. 12 Models for parallel and anti-parallel alignments of AmB-ergosterol interaction.
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5.2. Heronamides, targeting phospholipids with saturated hydrocarbon chains.

Another class of cyclic polyketide compounds that target the cell membrane are polyene
macrolactams, represented by heronamides (Figs. 13, 14). More than ten macrolactams
with varying sizes have been reported; cyclamenol has a 20-membered ring,
micromonosporin A has a 24-membered ring, and salinilactam A has a 26-membered
ring.l104110) The macrolactam ring is decorated by hydroxyl groups, methyl groups, and/or
hydrocarbon chains. Glycosylation of the hydroxyl group is not rare (Fig. 13B).l111-114]
Polyene macrolactams often show intramolecular cyclization yielding polycyclic
structures.['14116] Tn Figs. 13 and 14, we show only compounds with a monocyclic
structure. The compounds can be divided into three groups based on the starter unit of
their biosynthesis. First, cyclamenol, the aglycon of vicenistatin, and sceliphrolactam
have methyl substitutes at positions 18, 18 and 24, respectively; this type of compound
uses 3-methylasparatate as a starter unit.[114115. 117-118] Second, micromonosporin A and
the four 26-membered macrolactam compounds illustrated have methyl substitutes at
position 23 and 25, respectively; they seem to be synthesized using 3-aminobutyrate as
a starter unit.!106. 110, 1191 Finally, aureoverticillactam and 20-membered macrolactams
such as heronamides (Figs. 13, 14) have a hydrocarbon chain adjacent to the amide

group; this group uses a B-aminoacyl starter unit.[120-122]
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Fig. 13 Chemical structures of polyene macrolactams. Macrolactams without a sugar

appendage (A) and glycosylated macrolactams that appear in this article (B) are shown.

Starter units in the biosynthesis are colored: 3-methylasparatate (red), 3-aminobutyrate

(blue), B-aminoacyl (green).

The heronamide-class of macrolactams include BE-14106/GT32-A123! and the 8-

deoxy congener GT32-Bl24 ML409121 heronamide C25

and F0261 gnd 8-

deoxyheronamide C,[72 all of which were reported from Streptomyces species (Fig. 14).

These compounds are relatively unstable and intramolecular cyclization easily furnishes

tri- or tetra-cyclic compounds, such as heronamides A and B (Fig. 14).1125131)  In the 1H

NMR spectra of these compounds, olefinic protons give heavily overlapping signals,

hampering correct assignment of the stereochemistry of the compounds.['25) In contrast,

polycyclic compounds produced from the monocyclic compounds show relatively

dispersed olefinic protons, for example, heronamide A from heronamide C.[127 Taking

advantage of this conversion, the relative and absolute stereochemistry of heronamide C

was determined, which was confirmed by total synthesis.[72 128]
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Fig. 14 Chemical structures of BE-14106, heronamides and related metabolites. (A)
Metabolites with a mono cyclic structure are shown. Starter units in the biosynthesis are

green. (B) Chemical structures of heronamides A and B.

Various biological activities have been reported for polyene macrolactams:
antibacteriall’23124] antifungall™ 120, 123l antitumor activities(132L0111  inhibition of
leukocyte adhesion,[133] antiproliferative activity against mammalian cells[120. 124, 134
inhibitory activity against mixed lymphocyte reaction24, and reversible vacuolation in
HeLa cells'25]. Among polyene macrolactams, heronamide C and its 8-deoxy congener
show potent antifungal activities and tight membrane-binding activities!72!.

The clue for the cellular target of heronamide C and the 8-deoxy congener was
obtained by characteristic chemical genetic interactions: fission yeast cells lacking
ergosterol biosynthetic genes were tolerant to 8-deoxyheronamide C, which suggested
that these compounds target the cell membrane. Cells lacking ergosterol biosynthetic
genes are tolerant to membrane-binding compounds, such as polyene macrolides and
syringomycin E.[135136]

Physical interactions between lipid membranes and heronamides were
analyzed by surface plasmon resonance (SPR) experiments.’”? Liposomes were
immobilized on the sensor chip, and compounds were eluted as analytes. The
sensorgrams revealed that heronamides bind to liposomes consisting of phospholipids
with saturated hydrocarbon chains such as 1,2-dimyristoyl-sn-glycero-3-phosphocholine

(DMPC) and sphingomyelin (SM) (Fig. 15). This binding was irreversible as no release
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of analyte from the sensor chip was observed after stopping the elution of heronamides.
In contrast, heronamides showed only weak binding to liposomes consisting of 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) or 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) (Fig. 15). The membrane binding activity of heronamide C and
8-deoxyheronamide C was not affected by the presence of 20 mol% of ergosterol in the
liposome. These experiments were conducted at 30°C. At this temperature DMPC
membranes display a liquid disordered phase whereas DMPC membranes containing
cholesterol have a mixture of liquid disordered and ordered phases. SM membranes are
in a gel phase. This indicates that the membrane fluidity is unlikely to affect the affinity
of heronamides. Rather, heronamides seem to favor lipid molecules possessing saturated
hydrocarbon chains. The molecular size of heronamides suggests that they can act as
pseudo-sterols (Fig. 15). Cholesterol, for example, has a preference for interaction with
lipids that have fully saturated hydrocarbon chains when compared with lipids that have

unsaturated chains.[39 137-139]
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Fig. 15 Plausible model of the interactions between lipids and heronamides. (A) Chemical
structures of phospholipids are shown. The left two (SM and DPPC) showed a high
affinity to heronamides, and the right two (POPC and DOPC) showed weak affinity. (B)
A schematic for the interactions between phospholipids, cholesterol and heronamides.

Heronamides likely are buried in the lipid bilayer, in a similar fashion with cholesterol.

Structure-activity relationships found in heronamide congeners seem to support
the pseudo-cholesterol model of heronamides (Fig. 16); the hydrophobic ring and tail are
inserted into the lipid membranes, whereas hydroxyl groups are located in the shallow
area of the membranes. The presence of hydroxyl groups might stabilize the lateral
interaction between heronamides and phospholipids, probably by hydrogen bonding with

lipid head groups, which can explain the difference in the potency of heronamide C and
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8-deoxyheronamide C. Heronamide C showed about 10 times higher membrane binding
activity than 8-deoxyheronamide C. In addition, heronamide C, whose anti-yeast activity
was comparable to that of amphotericin B, showed 20—40 times more potent anti-yeast
activity than 8-deoxyheronamide C (Fig. 16). When hydroxyl groups in heronamide C
were acetylated, the compound lost membrane affinity and anti-yeast activity. The
importance of the intact macrolactam ring was shown by the significant loss of biological
activities of heronamide A and heronamide B.["? In addition, 8 Z,9.5heronamide C, a
synthetic congener, was 80 times less active than heronamide C.[128 1401 This synthetic
analog showed opposite Cotton effects in the CD spectrum comparable with natural
heronamide C, which suggests that the conformation of the macrolactam ring is
important for these molecules to be embedded in the membrane. Otherwise, the direction
of the hydroxyl groups in the 8£,95heronamide C was not in a proper position for
exhibiting potent membrane affinity. The structure of the tail is correlated with
antifungal activity. BE-14107, which has a shorter hydrocarbon tail by one acetate unit,
showed four times less potent activity. The strength of the hydrophobic interaction
between the tail of heronamides and the saturated hydrocarbon chain of the

phospholipid could be easily regulated by the structure/length of the tail.

compound MIC (uM)
heronamide C 0.13-0.28
synthetic heronamide C 0.13
BE-14106 0.50
8-deoxyheronamide C 5.8
8S,9R-heronamide C 10
heronamide B 50
heronamide A N.A. at 40 uM
heronamide C diacetate N.A. at 40 uM
amphotericin B 0.27

Fig. 16 Structure-activity relationships of heronamides. Growth inhibitory activity of

heronamides against wild-type fission yeast cells is compared.[72 128, 141 N A : not active.

Capon and colleagues reported that heronamide C induces vacuolation of HeLa
cells without toxicity.[125] This drastic morphological change was reversible; after
washing out the compound, cells showed normal shape. Although the molecular basis for
this unique phenomena has not been reported, SM is the candidate target molecule
because heronamide C showed tight binding to liposomes consisting of SM or SM and 20
mol% cholesterol.!”?

Heronamides induced drastic morphological changes also in the fission yeast:
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accumulations of cell wall material at both cell tips and septa were observed (Fig. 17).
This material might be 1,3-B-glucan because genetic perturbation of Bgsl and Rhol
counteracted this phenotype. Bgsl is one of four 1,3-B-glucan synthases in this
organism, 142 while Rhol is an essential protein for activating 1,3-B-glucan synthase.[143!
A similar phenotype was reported by perturbation of sphingolipid metabolism. cssi
temperature-sensitive mutant cells display similar morphological changes when placed
under restriction temperature; the cssI gene encodes sphingolipid-phospholipase C.[144]
Glycerophospholipids of fission yeast contain primarily 18:1 fatty acyls145l. In contrast,
the predominant type of sphingolipid was reported to be t18:0/26:0, consisting of
phytosphingosine and a long saturated fatty acid. Curiously, a similar phenomenon was
observed when cells were treated with theonellamide, whose cellular target is ergosterol
(see section 5.5).211 All these data suggest that the cell wall biosynthesis machinery is
regulated by a so-called lipid raft, a membrane micro-domain consisting of sphingolipids,
sterols, and/or proteins (Fig. 17).46] In fact, Bgsl is a membrane protein containing
multiple transmembrane helices and was shown to be insoluble in non-ionic
detergents!14¢l one characteristic of lipid-raft proteins. Detailed cellular and biochemical
analyses underlying the abnormal cell wall biosynthesis induced by two classes of

natural products would unveil the novel function of membrane lipids.

heronamides
css1 mutation theonellamides

ot
. .
-------

Q lipids with saturated alkyl chains ? : sterols

Fig. 17 Model for abnormal cell wall accumulation by heronamides and theonellamides
in fission yeast. Heronamides and theonellamides bind to membrane lipids, then induce
cells to synthesize a thick cell wall. This phenotype is attenuated in rhol or bgsl mutant
cells. Similar phenomena were reported by a mutant of cssi gene, encoding sphingolipid

phospholipase C.
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So far cellular targets responsible for the biological activities of polyene
macrolactams other than heronamides are missing. Recently, vicenistatin and
auroramycin, both of which have a sugar decoration, were reported to modulate
membrane-related events in mammalian and yeast cells.[147148] Ag they can have non-
proteinous cellular targets like the heronamides do, non-targeted methods for target

identification are preferred for the studying biological activity of polyene macrolactams.
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5.8. Cinnamycin, duramycin and cyclotides, targeting PE.

Cinnamycin (Ro 09-0198) and duramycin are tetracyclic peptides consisting of 19 amino
acids (Fig. 18), which are produced by Streptomyces species and Streptoverticillium
cinnamoneus, respectively.1499150) They are members of the lantibiotics family
compounds, which are ribosomally synthesized peptides that are post-translationally
modified to possess thioether cross-linked amino acids lanthionine and
methyllanthionine. Cinnamycin and duramycin have one more unusual bridge,
lysinoalanine. They differ from each other by a single amino acid: arginine for
cinnamycin and lysine for duramycin. These two lantibiotic peptides specifically bind to

phosphatidylethanolamine (PE) and the best characterized compounds targeting PE.[151]

HOOC_ ,OH AlaS)-14 Q Q
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cinnamycin: R = }{\/\NJ\NHZ
H

duramycin: R= &~ _~_NHz
Fig. 18 Chemical structures of cinnamycin and duramycin. One lanthionine and two
methyllanthionine residues are shown in blue. The structural difference between
cinnamycin and duramyecin is one amino acid residue (red). Free amino groups (Cys-1 for
both compounds, and Lys-2 for duramycin) can be chemically modified for installing

reporter groups without losing PE-binding activity.

Cinnamycin and duramycin are globular molecules. Both compounds
specifically bind to ethanolamine phospholipids such as diacyl PE, plasmalogen PE and
lyso-PE (Fig. 19A).052] The binding constant K, of cinnamycin and duramycin towards
PE in POPC:POPE liposomes is 6 x 107 M'! and 2.1 x 108 M}, respectively.!152153] Thege
peptides form a 1:1 complex with PE.[153154] The gsolution structure of cinnamycin
complexed with lyso-PE was deduced in DMSO by 'H NMR (Fig. 19B).[154155] The peptide
had a hydrophobic pocket surrounded by residues Phe-7 through Ala(S)-14 to bind to the

head group of the ligand. This pocket is supported by four intramolecular bridges: one
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lanthionine residue, two methyllanthionine residues and one lysinoalanine residue.
Intermolecular contacts were observed between ethanolamine CH;N methylene and Gly-
8 methylene, glycerol C3 methylene and Val-13 methyl, glycerol C3 methylene and Pro-
9 Cs methylene, and glycerol C2 methine and Val-13 methyl. In addition to these
hydrophobic interactions, the complex is also stabilized by an ionic interaction between

the carboxylate group of HO-Asp-15 and the ammonium group of lysoPE.
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Fig. 19 Structures of ethanolamine phospholipids and cinnamycin complexed with
lysophosphatidylethanolamine. (A) Chemical structures of phosphoethanolamine-
containing lipids. DOPE: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; lyso-PE: 1-
oleoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine; plasm-PE: 1-O0-1-(2)-octadecenyl-
2-oleoyl-sn-glycero-3-phosphoethanolamine. (B, C) Structures of cinnamycin complexed
with lysophosphatidylethanolamine, which was deduced by 'H NMR analysis (PDB:
2DDE). Structures were illustrated by Jmol, an open source Java viewer for chemical

structures in 3D: http://www.jmol.org.

Cinnamycin and duramycin recognize PE in vitro. However, PE preferentially

distributes in the cytoplasmic leaflet of the plasma membrane. For example, 99.8% or
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97.7% of PE was located in the inner leaflet of the plasma membrane of human
erythrocytes and nucleated cells such as skin fibroblasts, respectively.[15¢] This
contradiction was elegantly elucidated by Kobayashi and co-workers.[152 157 They
showed that cinnamycin and duramycin induced the transbilayer movement of
phospholipids such as PC and PE, in cell and model membranes. The flip-flop was
dependent upon the amount of PE in the liposome membrane, with as little as 1% PE
being effective. At the same time, the shape of the liposomes were drastically altered by
inducing membrane tabulation.[152 157 On the other hand, cinnamycin and duramycin
favored small vesicles with high membrane curvatures.[152l Taken together, these
peptides may catch a small amount of PE on the outer leaflet of the plasma membrane,
then the lipids are turned out to the outer leaflet (Fig. 20). During binding of the peptides
to the surface of the membrane, the membrane’s shape transforms a high curvature,

which these peptides favor.

. 17.2 nm
duramycin 1 >

AM A A =
; X
63y 3% zé%
—> —> >

flip flop more peptide binding deformation

Fig. 20 Schematic for the binding of cinnamycin and duramycin to lipid membranes. PE
is recognized by the lantibiotics, followed by a flip-flop of phospholipids (black arrows).
In the eukaryotic cell membrane, most of the PE is localized in the inner leaflet. The flip-
flop moves the PE from the inner to outer leaflet, thus the binding of the peptides to the
membrane continues. Finally, liposomes are deformed to tubular structures that favor

the PE on the curvature membrane, which has been increased by the lantibiotics.

Biotinylated cinnamycin has been used to visualize PE in cells and model
membranes.53 Their characteristic phenotype, i.e., the arrest of cytokinesis, revealed
the importance of the regulation of cellular localization, while analysis of mutant cells
resistant to these lantibiotics unveiled new lipid transport systems.[1581601 These tool
molecules can also be used to detect PE in vivo. The technetium-99m-labeled duramycin

was used to detect the appearance of PE in the infarct after acute myocardial
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infarction.'81! In vitro and in vivo imaging using biotinylated and near-infrared
fluorophore-tagged duramycin showed that, PE is exposed on the tumor vascular
endothelium.™ The outer leaflet PE could be used as a biomarker for the tumor
vasculature. Based on the established molecular mechanism of PE binding by
cinnamycin and duramycin, more applications could be developed.

Cyclotides are found in plants from the Violaceae, Rubiaceae, and
Cucurbitaceae families.[162'163] They have six Cys residues forming three disulfide bonds
in their ~30 amino acid sequence, while the N- and C-terminus amino acids are
conjugated to form another ring (Fig. 21). Cyclotides belonging to subfamilies, termed
the brancelet and Mébium subfamilies, generally show affinity to PE.[164] Their rigid
structure with a cyclic cystine knot topology, coupled with conserved Glu and Arg/Lys
residues, enable their selective binding to PE.[" Cyclotides exhibit a variety of biological
activities including uterotonic, anti-HIV, antitumor, antimicrobial and insecticidal
activities, which are thought to depend on their PE-binding activity.[” The molecular
consequence of the binding of cyclotides to PE in the plasma membrane remains to be
clarified; however, it has been reported that cinnamycin exhibits somewhat similar
activities, such as the transbilayer movement of lipids that was induced by
cinnamycin.[” Other reviews are covering the structural and biological diversity of

cyclotides, and their membrane binding abilities.[151. 163164l

GLPVCGETCVGGTCNTPGCTCSWPVCTRN -
| | | | ‘

Fig. 21 Structure of kalata B1, a member of the cyclotide family compounds. Cysteine
residues and disulfide bonds are shown in red. The blue dotted line shows the amide

bond between N and C-terminus.

37



Natural Product Reports

5.4. Papuamides, targeting phosphatidylserine.

Papuamide A and B were isolated from Papua New Guinea collections of the sponges
Theonella mirabilis and Theonella swinhoei!'®® These molecules have a cyclic
depsipeptide ring consisting of seven amino acids, to which a linear tetrapeptide is
conjugated through an amide bond (Fig. 22). Several amino acids are nonproteinogenic.
The Mterminus of the tetrapeptide chain was capped by a polyketide chain, 2,3-
dihydroxy-2,6,8-trimethyldeca-(4Z6 E)-dienoic acid. Stereochemical assignments of the
amino acids were made by chemical degradation and derivatization of the resulting
products, which was followed by chromatographic comparisons of the derivatives with
synthetically prepared or commercially available standards. 165167 Finally, total
synthesis by Ma and colleagues established the stereochemistry of these

cyclodepsipeptides.!168!

\O S
OsNH

O“NH |, O OH
H(N\)LN\\\
O ° R OH

papuamide A: R = Me
papuamide B:R =H

Fig. 22 Chemical structures of papuamide A and B.
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Fig. 23. Schematic of the cellular localization of PS. Papuamide B binds to PS on the cell
surface. In genetic screening, a null mutant of the chol gene encoding PS synthase
showed tolerance to papuamide B, while cells lacking aminophospholipid translocase
conferred hypersensitivity to the peptide because much more of PE is present on the cell

surface. DAG-CDP: 1,2-diacyl-sn-glycero-3-cytidine-5'-diphosphate.

Papuamides exhibit strong inhibitory effects on the infection of human T-
lymphoblastoid cells by HIV-1 RF in vitro, with an ECsq value of about 3.6 ng/mL. The
mechanism of this anti-HIV activity was shown to be through inhibition of virus entry
by directly interacting with the virus.[69) Both compounds showed potent cytotoxicity
against human cancer cells with ICsy values of less than 74 ng/mL. A screening panel of
human cancer cell lines revealed a relative sensitivity of multi-drug-resistant cell lines
and a relative resistance of leukemia cell lines to papuamide A. The target molecule in
the anti-HIV activity and cytotoxicity remains to be determined.

Papuamide A and B show growth inhibitory effects against yeast
Saccharomyces cerevisiae and Candida albicans.?2 17 The target molecule of
papuamides in yeast was revealed to be phosphatidylserine (PS) by employing a budding
yeast chemical genomic analysis coupled with a traditional genetic strategy.22! Parsons
et al. collected chemical genetic interactions by cross testing 82 compounds and crude
natural product extracts with ~4800 haploid deletion mutants 22, This approach enabled
efficient identification of genes whose products buffer the cells from defects in the target
pathway of the compound. Papuamide B exhibited more than 300 chemical genetic

interactions, which were enriched for genes with certain gene ontology annotations, 171
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including vesicle-mediated transport, cell wall organization and biogenesis, and protein
modification. This suggested that this compound may affect intracellular transport or
perturb some targets on the cell surface. In addition, the papuamide B chemical-genetic
screen was compared to a set of 132 genome-wide genetic interaction screens!!7? by
hierarchical clustering, which revealed that papuamide B treatment and cell-surface
mutants have similar cellular defects.

The direct clue for the cellular target of papuamides in yeast was obtained
through the analysis of drug-resistant mutants. Papuamide B-resistant mutants were
obtained by spotting wild-type cells on rich medium containing high concentrations of
papuamide B. Genetic analysis confirmed that the resistance was associated with a
single complementation group, while a gene associated with resistance was cloned by
using a plasmid-based genomic library. The gene that was cloned was CHQOI, and the
drug-resistant strain was a chol null mutant. The CHOI gene is a nonessential gene,
encoding for phosphatidylserine synthase and the null mutant lacks the ability to
synthesize PS (Fig. 23).173175] Because the chemical genomic analysis suggested that
papuamide B targets cell surface molecules, the compound was expected to recognize PS
directly.

In the eukaryotic plasma membrane, PS and PE are mainly located in the inner
leaflet.[156] This asymmetry is established by aminophospholipid translocases that flip
PS and PE from the outer leaflet to the inner leaflet. Yeast mutant cells lacking
aminophospholipid translocases, such as Drs2, Dnfl, and Dnf2, expose more PS on the
outer leaflet of the cell membrane than wild-type cells (Fig. 23).[176177 These mutants
became super-sensitive to papuamide B.[22l In a marker release experiment using
liposomes, papuamide B was about 100-fold more potent against PC liposomes with 10%
PS than PC liposomes with 10% PE or pure PC liposomes. These lines of evidence
support a mechanism of action for papuamide B, in which it compromises the yeast cell
membrane integrity through a direct interaction with PS.

After it was clarified that PS is recognized by papuamide B, this natural product
became a unique research tool: the amount of PS in the outer leaflet of the plasma
membrane of living cells can be assessed by testing cellular sensitivity to papuamides.
This strategy allowed biologists to investigate the cellular function of aminophospholipid
translocases!178179 and to explore new factors involved in the regulation of phospholipid
asymmetry.[180181 Tn another study, papuamide A was used in a high-throughput
phenotypic drug screening that targeted fungal phosphatidylserine (PS) synthase.[170
Compounds that antagonize the growth inhibitory activity of papuamide A against fungi

are expected to be drug candidates because PS synthase is essential for virulence in

40

Page 40 of 68



Page 41 of 68

Natural Product Reports

Candida albicans.!'8?

Papuamide B is a rare molecule that recognizes a membrane
glycerophospholipid with high specificity. It is noted that there is no information
regarding the recognition mechanism of PS by pauamide B. A structure—activity
relationship study using synthetic analogs and natural congeners, together with
structural analysis of the lipid-compound complex by NMR and X-ray crystallography
would help to elucidate the molecular recognition at an atomic level and help unravel
the pharmacophore. In addition, the target molecule in the anti-HIV activity is also of
interest as it was reported that the activity of papuamides was not due to its PS

recognition abilities.[169)
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5.5. Theonellamide, targeting 3B-sterols.

Theonellamides (TNMs) are bicyclic peptides isolated from marine sponges of Theonella
swinhoei (Fig. 24).1183186] Theonegramide, theopalauamide and isotheopalauamide are
related compounds with minor modifications at specific amino acid side chains, which
were also isolated from marine sponges of Theonella swinhoei.'87188 These compounds
have a characteristic bicyclic structure bridged by a histidinoalanine residue. A
subfamily of compounds contains a sugar group on the imidazole ring at the center of the
molecule. The bacterial origin of theopalauamide was first inferred by cell fractionation
analysis.[189190  Recently, metagenomics analysis unveiled that the uncultivated
Entotheonella sponge symbionts produce theonellamides.9) The reported biological
activities of these compounds, such as their potent antifungal activity, and moderate
cytotoxicity, were not dependent on the presence of the sugar group,[183188, 192194]
suggesting that the characteristic bicyclic peptide framework is responsible for their

specific biological actions.

theonellamide A R; = OH; R, = Me; R3 = Br; R4 = H; Rs = OH; Rg = B-p-Gal
theonellamide B R4 = OH; R, = Me; Rz = Br; R4 = Br; Rs = OH; Rg = H
theonellamide C Ry =H; R, =H; R3=H; Ry =Br; Rs = OH; Rg = H
theonellamide D Rq = H; Ry = H; R3 = Br; R4 = Br; Rs = OH; Rg = p-_-Ara
theonellamide E Ry = H; Ry = H; Ry = Br; R4 = Br; Rs = OH; Rg = B-p-Gal
theonellamide F Ry =H; R, =H; R3=Br; R4 =Br; Rs=0OH; Rg = H
theonellamide G Ry = OH; Ry = H; R3 = Br; R4 = H; Rs = H; Rg = B-p-Gal
theonellamide | Ry = OH; Ry = H; R3 = Br; Ry = H; Rs = H; Rg = p--Ara
theonegramide Rq = OH; Ry = Me; R3 = Br; Ry = H; Rs = H; Rg = a-p-Ara
theopalauamide Rq = OH; R, = Me; R3 = Br; Ry = H; Rs = H; Rg = p-p-Gal

Fig. 24 Chemical structures of marine-derived theonellamides.

The cellular target of TNMs responsible for antifungal activity was revealed to
be ergosterol by yeast chemical genomic analyses in 2009 and 2010. Boone and colleagues
employed a budding yeast system,2! while Yoshida and colleagues developed a fission
yeast system.2!) In the budding yeast omics study, a molecular barcoded yeast open
reading frame (MoBY-ORF) library, in which each gene is cloned into a centromere-based
vector along with two unique oligonucleotide barcodes, was used to identify genes that,

when mutated, confer drug resistance. In a previous study by the same research group,
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theopalauamide was suggested to have a common molecular target with stichloroside
(see Fig. 7), a marine-derived saponin: two metabolites showed similar chemical genetic
profiles, and isolated mutant cells resistant to stichloroside were also resistant to
theopalauamide despite their different chemical structures.’?2! Using the MoBY-ORF
complementation assay, the common resistant mutant was shown to have a mutation in
MVDI1, which encodes mevalonate pyrophosphate decarboxylase. This is an essential
enzyme involved in an early step of the ergosterol biosynthesis pathway. The strategy of
Yoshida and colleagues was based on the ORFeome overexpression strain collections, in
which each ORF can be expressed in fission yeast cells.[19519] They tested the sensitivity
of ORFeome strains to TNM to obtain a chemical genomic profile. By comparing the
chemical genomic profiles of TNM and reference compounds with known mechanisms of
action, TNM was suggested to have a common target molecule with polyene macrolides,
amphotericin B and nystatin. Lipid binding experiments using fluorescently-labeled
TNMs (fTNMs, Fig. 25), disruption of liposomes by compounds, and yeast genetic

analysis, were conducted to prove that TNMs target ergosterol in yeast.
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Fig. 25 Chemical structures of fluorescently labeled TNMs.

The mode of interaction of TNM with sterols at the molecular level was analyzed
by surface plasmon resonance (SPR) experiments and 2H NMR measurements, the latter
of which was used for the AmB-sterol interaction analysis as described above. In the SPR
experiments,197 POPC liposomes containing cholesterol, ergosterol, or epicholesterol
(3a-cholesterol) were immobilized on the SPR sensor chip, and the affinity of TNM-A to
the liposomes was evaluated (Fig. 26). The results showed that TNM-A had strong
affinity to both cholesterol- and ergosterol-containing membranes, whereas
epicholesterol, which has a different 3-OH stereochemistry, did not enhance the
membrane affinity of TNM-A (Fig. 26). These experiments confirmed that the peptide
strictly recognizes the stereochemistry of the 3B-hydroxy group. The kinetic analyses
revealed that the 3B-sterols markedly promote the initial binding of TNM-A to the

membrane surfaces. The direct interaction between TNM-A and sterols was investigated

44

Page 44 of 68



Page 45 of 68

Natural Product Reports

by solid-state 2H NMR experiments, as with AmB.[197 As a result, 3-d-cholesterol and
ergosterol gave broadened signals in the presence of TNM-A, while the doublet signal of
3-d-epicholesterol was not significantly affected by its presence. This demonstrated that
TNM-A directly interacts with cholesterol and ergosterol in membranes, but has a much
weaker interaction with epicholesterol. Unlike AmB, which recognizes and distinguishes
the minute structural difference between ergosterol and cholesterol, TNM-A showed a
small difference in affinity between both sterols. This suggested that TNM-A does not
strictly distinguish the steroid skeleton or side chain structure, but mostly recognizes
the 368-OH moieties of sterols. Based on the results of SPR and solid state NMR
experiments, TNM-A was suggested to recognize sterols in a shallow area of the lipid
bilayer. In fact, TNM-A is assumed to have a hydrophobic cavity that can accommodate
the sterol alicyclic part, including the 38-OH group (Fig. 26).[198

After binding to membrane sterols, TNM changes the membrane curvature
and/or membrane fluidity. 3'P NMR experiments, dynamic light scattering (DLS)
measurements, and confocal micrographs (Fig. 27) showed that TNM induces dynamical
morphological change in membranes.[19 Taking into account that TNM-A does not form
distinct pores in membranes, 197 a possible scenario of TNM’s membrane activity is that
it binds to the membrane surface and accumulates there through direct interaction with
the 368-OH moiety of sterols and consequently modifies the local membrane curvature.
This results in dramatic membrane morphological changes and perturbations of
membrane integrity (Fig. 27),[1982001 wwhich ignites some biological events associated with
the TNM-A activities. However, the fluidity of the membrane was shown to be important
for the binding of TNM.20U TNMs recognize cholesterol-containing liquid-disordered
domains. In addition, phase separation was demonstrated by TNM-A in model lipid
membranes (Fig. 27). Modulation of the membrane order was also observed in living cells
following treatment with TNM-A, in which cells shrank considerably in a cholesterol-,
cytoskeleton-, and energy-dependent manner. A mode of action study of TNM-A argued
the importance of the membrane order, which is maintained by cholesterol, for proper

cell morphogenesis.
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Fig. 26. Sterol binding of TNM-A. (A) SPR sensorgrams between TMN-A and sterol-
containing POPC membranes. A total of 10 mol% of sterols were included in the POPC
liposomes. (B) A hypothetical 3D structure of TNM-A that possesses a hydrophobic

binding pocket or a cavity. The structure was generated from a conformational search

using distance and dihedral angle constraints derived from experimental NOEs and 3.F

coupling data. Adapted with permission from refs. 197 and 198. Copyright 2017
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Fig. 27. Effect of TNM on the membrane structure. (A) Time-lapse confocal fluorescent
microscopy images of sterol-free POPC GUVs (A-C) and cholesterol-containing POPC
GUVs (D-F) after addition of 9:1 mol% TNM-A:TNM-DCCH to a final concentration of
20 pM. The arrows in the bottom images indicate the membrane protrusion induced by
the peptide. (B) A possible mechanism of TNM-A-induced membrane morphological
alteration. (C) Phase separation of lipid membranes by TNM-A. GUVs
(DOPC/SM/Chol/Rh-DOPE, 24:25:50:1) were incubated with 1 pM TNM-A for 20 min,
and confocal sections in the equatorial plane of GUVs are shown. Scale bar, 10 um.

Adapted from refs. 198, 199 and 201 with permission from the publisher.

TNMs induce ectopic accumulation of cell wall material in the fission yeast
Schizosaccharomyces pombe. This was first inferred by chemical genomic analysis; GO
analysis suggested that the mechanism of action partially overlaps with FK463, a 1,3-3-
glucan synthase inhibitor.2!) In contrast to FK463, TNM induced overproduction of cell
wall material, which counteracted FK463. Furthermore, a similar cell wall defect was
observed after treatment of cells with heronamides.[”? The current understanding of cell
wall overproduction is described in Section 5.2 and illustrated in Fig. 17.

fTNMs have been used as sterol markers in eukaryotic model organisms,
budding yeast and fission yeast.[2021. 2021 Cholesterol in cultured mammalian cells and
tissues can also be visualized under fluorescence microscopy.[293-206] It is noted that TNM-
BF, a BODIPY-conjugated fTNM, is compatible for detecting cholesterol under electron
microscopy.207 Proteinous probes, such as perfringolysin O derivatives, can also detect
sterols under electron microscopy.®2 57 Comparative analysis using fTNMs and
proteinous probes would identify novel sterol function because they show different
membrane-binding properties.!52!

Currently, marine sponges are the sole source for theonellamide. Taking
advantage of the abundance of the peptides isolated from marine sponges, biological and
biophysical studies have been carried out. For further elucidation, such as studying
molecular interactions between TNM and sterols at an atomic resolution, total synthesis
of TNM:s is required. TNM-inspired synthetic compounds with specific binding to fungal
ergosterol would be promising candidates for drug development. However, the molecular
mechanism underlying unique biological phenomena induced by TNMs have only been
partially clarified. Deeper and comprehensive analysis will likely unveil other functions

of membrane sterols.
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5.6. Syringomycin E, forming an ion channel in lipid membranes.

Syringomycin E is a phytotoxin produced by the bacterium Pseudomonas syringae pv.
syringae isolated from plants (Fig. 28).1208209 The 3-Hydroxyacyl chain is conjugated
through an amide bond in the serine residue, while this serine closes the depsipeptide
ring by forming an ester bond. In this lipodepsipeptide, three positively charged amino
acids, two hydrophobic amino acids and three hydroxylated amino acids are
clustered.219) This charge distribution may contribute to the molecular recognition
between syringomycin E molecules for oligomerization, and between syringomycin E and
lipid molecules for residing in the membrane. This molecule forms an asymmetric,
voltage-dependent channel in lipid membranes.2!) The radii of the cis- and trans-
openings were estimated to be 0.25-0.35 nm and 0.5-0.9 nm, respectively. This channel
was proposed to be formed by at least six syringomycin E molecules,212! and not to be
constructed with cholesterol.213! Sterols and sphingolipids were suggested to affect the
formation of syringomycin E channels through changes in membrane environments. 214
As a consequence of the membrane binding of syringomycin E, efflux and influx of a
series of monovalent and divalent cations and changes in membrane potential occurs. 21!
The efficacy of this compound toward cells is altered by a mutation in ergosterol and
sphingolipid biosynthesis, at least in yeast cells. Tolerance to syringomycin E has been
reported in mutants defective in the C-5 desaturase of sterol,l26/ hydroxylation of
sphingolipids (Fig. 1),217218] gynthesis of very long-chain fatty acids incorporated into
sphingolipids,[219 or modification of the head group of the sphingolipids.[219 In addition,
increasing the amount of sphingolipids conferred resistance to syringomycin E.[220
Despite the accumulating reports on chemical genetic interactions between
syringomycin E and sphingolipids and ergosterol, the functional relationship between

these membrane lipids and the syringomycin E channel is still not fully understood.
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Fig. 28 Chemical structure of syringomycin E.
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5.7. Amphidinol 3, favoring the 3B-sterol-containing membrane.

Amphidinols (AMs) are a class of polyhydroxyl polyene compounds isolated from
dinoflagellates Amphidinium spp. Since the first member of this family was reported as a
potent antifungal agent in 1991,122!] more than 20 amphidinols??2-232] and many related
congeners, including certeraols,[233] lingshuiols,[234-233] karatungiols,>3¢]
symbiopolyol,?371  luteophanols,[>3®] and amdigenol,!>] were isolated from the
dinoflagellates. These compounds share a common structure with two tetrahydropyran
rings linked by a carbon chain with a exomethylene group. Among amphidinols and their
congeners, amphidinol 3 (AM3, Fig. 29) has the strongest hemolytic and antifungal
activities. The stereochemistry of AM3 was first reported in 1999,124% but revised several
times. Only very recently did the revisions settled on the definite structure shown in Fig.
29.2411 AM3 forms membrane pores in a sterol-dependent manner,!**?] which is thought
to be responsible for its antifungal and hemolytic activities. However, its mode of
interaction with sterol, as well as its mechanism of pore formation, are still not fully

understood.
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Fig. 29. Structures of amphidinol 3 (AM3). Chemical structure of AM3 (A) and a model
of the AM3 barrel-stave channel, which incorporates cholesterol (B), are shown. Adapted
with permission from ref. 243. Copyright 2014 American Chemical Society.

The specific interaction of AM3 with sterols was investigated by observing
calcein dye leakage from liposomes containing cholesterol, ergosterol, and
epicholesterol.?¥] AM3 showed a strong dye leakage activity in ergosterol- or
cholesterol-containing liposomes, while epicholesterol did not promote AM3-induced
dye leakage at all. The SPR and solid-state ’H NMR measurements, which were also used
for AmB and TNM-A, as described above, clearly showed that AM3 directly interacts
with cholesterol and ergosterol in membranes, but has much weaker interaction with
epicholesterol.?#3] These experiments demonstrated that AM3 strictly recognizes the
stereochemistry of the 3-OH group and exerts its pore forming activity. Although the
sterol selectivity of AM3 between ergosterol and cholesterol was less clear in the dye
leakage and the SPR experiments, recent channel-current recording experiments showed
a significantly larger activity of AM3 in an ergosterol-containing membrane,?**l which
may suggest that the polyene portion of AM3 recognizes the sterol hydrophobic region
to some extent.

Although AM3 forms distinct membrane pores in a sterol-dependent manner, it
is still controversial whether the pore is a toroidal or barrel-stave type. In previous reports,
membrane permeabilization of AM3 was assumed to follow a toroidal pore model in
which the lipid monolayer bends continuously from the outer to the inner leaflets of
membrane because the membrane permeabilizing activity of AM3 was less sensitive to
the membrane thickness. [24% 243-246] However, although toroidal pore formation should
give isotropic signals in solid-state 3'P NMR spectra, no spectral changes were observed
in cholesterol- or ergosterol-containing POPC liposomes, even in the presence of a high
AM3 molar ratio.?*3] This suggests that the mechanism of AM3 action may be accounted
for by a transmembrane barrel-stave pore. It was previously reported that AM3 takes a
hairpin-like conformation with a relatively rigid turn structure at the middle region,
including the two tetrahydropyran rings.[?43-24¢] Assuming that the turned region, which
is conserved among other amphidinols, recognizes the 33-OH group of sterols via
hydrogen bonds, a hypothetical barrel-stave model was proposed to explain the
membrane permeabilization activity of AM3 interacting with sterol molecules (Fig.
29).2%1 In this model, the AM3 polyol chain penetrates the membrane and forms the
hydrophilic inner pore, while the polyene part is lined with the steroidal skeleton and may

be responsible for the ability to discern cholesterol from ergosterol. In a recent channel-
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recording experiment,?*4l however, AM3 was shown to form both barrel-stave type
transmembrane channels and toroidal-like pores in a concentration dependent manner; at
a lower concentration of AM3, a barrel-stave pore is formed, while at a higher
concentration, toroidal pore formation prevails. Although the interaction model proposed
for the barrel-stave pore formation of AM3 may partly hold true for the toroidal pore, the
AM3 polyol chain does not likely penetrate the membrane but exists on the membrane
surface and increases the membrane local curvature to facilitate the toroidal pore

formation.[244]
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6. Conclusion and future directions

Lipids are the major components of the cell membrane, and the number of lipid species
is large, being estimated around 180,000.129 Lipidomics analyses using LCMS have
enabled quantitative and comprehensive examination of lipids,3132) thus there is a
saturation of structural information, i.e. new lipids with unexpected chemical structures
are rarely discovered. In contrast, it is functional analysis that now requires new
methods and instruments. Natural products have and will directly contribute to this field
as many unique compounds are able to recognize lipids with high affinity and specificity.
In fact some are used as drugs and research tools already.

We have reviewed a representative but not exhaustive part of the research on
natural products that target eukaryotic membrane lipids. The number of compounds
that target lipids is likely much larger than currently known. For example, more than
1000 saponins have been reported, only some of which have been examined in their sterol
binding ability. Curiously, their sterol specificity is affected by minor structural
differences of the aglycon and the sugar portion.’82 In the case of cyclotides, more than
9000 species were estimated in the family of Violaceae.247 Such a structural variety may
display unique modes of lipid recognition and novel biological activities.

Ergosterol is the traditional drug target because this molecule is specifically
distributed in fungi and essential for their growth. Polyene antibiotics are used as
pharmaceutical agents, although they have limitations in their use owing to side effects.
A current interaction model (Fig. 12) should be used to design new molecules with higher
efficacy and pharmacokinetic properties, and lower toxicity. To achieve this goal, novel
methods for synthesizing complex natural products are required: chemical synthesis,
biosynthesis, and hybrids of these two; even in silico simulation methods can be used. In
addition to ergosterol, sphingolipids unique to fungi and PE on the surface of the tumor
vascular endothelium are drug target candidates.28 4 New molecules targeting these
lipids await discovery in the ever expanding chemical space covered by natural products.

In this article, we classified the membrane-targeting natural products into three
(types A—C), based on their lipid-binding modes (Fig. 6). However, in addition to
molecules belonging to types A—C, which exhibit their biological activity at the
membrane, there is a significant number of membrane-residing molecules. These include
lipidated amphiphilic molecules, such as mycobactin produced by Mycobacterium
tuberculosis, 248249 and small lipophilic molecules, such as 5aTHQs produced by
Streptomyces nigrescens when cultured with Z7sukamurella pulmonisinT3. 250-251]
Further exploration will provide discoveries of novel natural products that show unique

biological functions by residing in/on the membrane.
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A central question is why membrane-targeting molecules are widely distributed
in the natural world. Chemists know that amphiphilic nature becomes troublesome in
test tubes in the laboratory. Amphiphilic molecules exhibit bumping during evaporation,
separating minor congeners based on the variation of the acyl chain is difficult, and
aggregation gives poor signals in the NMR spectra. How do organisms, who produce such
molecules, recognize, regulate and use these troublesome natural products?
Understanding the physiological roles of natural products that target or reside in/on the
membrane should be fun, and be beneficial for controlling organisms such as pathogen

and weeds, and human diseases.
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