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Amphotericin B is the archetype for small molecules that form
transmembrane ion channels. However, despite extensive study
for more than five decades, even the most basic features of this
channel structure and its contributions to the antifungal activities
of this natural product have remained unclear. We herein report
that a powerful series of functional group-deficient probes have
revealed many key underpinnings of the ion channel and anti-
fungal activities of amphotericin B. Specifically, in stark contrast
to two leading models, polar interactions between mycosamine
and carboxylic acid appendages on neighboring amphotericin B
molecules are not required for ion channel formation, nor are these
functional groups required for binding to phospholipid bilayers.
Alternatively, consistent with a previously unconfirmed third hy-
pothesis, the mycosamine sugar is strictly required for promoting
a direct binding interaction between amphotericin B and ergos-
terol. The same is true for cholesterol. Synthetically deleting this
appendage also completely abolishes ion channel and antifungal
activities. All of these results are consistent with the conclusion
that a mycosamine-mediated direct binding interaction between
amphotericin B and ergosterol is required for both forming ion
channels and killing yeast cells. The enhanced understanding of
amphotericin B function derived from these synthesis-enabled
studies has helped set the stage for the more effective harnessing
of the remarkable ion channel-forming capacity of this prototypical
small molecule natural product.

Transmembrane ion conductance is a higher-order function
most often performed by proteins. There are, however, sev-

eral naturally occurring (1) and a growing number of unnatural
(2) small molecules that demonstrate a similar capacity. The ex-
istence of these prototypes suggests that the potential for small
molecules to perform ion channel-like functions in the context
of living systems may extend far beyond that which is currently
understood or utilized (3). The paradigmatic example is the poly-
ene macrolide amphotericin B (AmB, Fig. 1 A and B), a very
powerful but also highly toxic antifungal agent with remarkably
low rates of microbial resistance despite widespread clinical
utilization since the 1960s (4). Despite more than half a century
of intensive study, however, the mechanism of action of AmB
is poorly understood. Even the most basic components of the
leading model remain unclear, including the structure/function
relationships that underlie channel self-assembly (5–19), the
importance of AmB/phospholipid interactions (12, 13, 15–19),
the role of membrane sterols in forming ion channels (5–13, 15,
20–40), and even whether channel formation is causitively linked
to antifungal activity (41–43).

AmB is named for its amphoteric nature, which arises from
two post-PKS tailoring enzyme modifications of the polyene
macrolide skeleton, namely the installation of a carboxylic acid
at C41 and an amine-containing mycosamine at C19. Importantly,
three different hypotheses predict specific roles for these conspic-
uous functional groups in the mechanism of action of AmB
(Fig. 1 C–E).

First, in the now classic “barrel-stave” ion channel model (5–7,
11–13) (Fig. 1B), these appendages are predicted to form a cri-
tical ring of stabilizing polar interactions between neighboring
molecules of AmB (Fig. 1C) (8, 11–14). Second, one or both
of these functional groups are proposed to form critical polar
interactions with phospholipid headgroups either to “anchor”
AmB to the membrane (12, 13) and/or to promote channel
formation (15–19) (Fig. 1D). Third, both the C41 carboxylate
and mycosamine appendages are hypothesized to promote the
direct binding of membrane-embedded sterols (Fig. 1E) (11–
13, 30–37). An often invoked alternative model states that indir-
ect effects on global membrane properties, rather than any direct
binding interactions, are responsible for the impacts of mem-
brane sterols on the biological activity of AmB (21–29).

Designing and executing definitive experiments that illuminate
the underpinnings of AmB function has proven to be extremely
challenging. For example, many computational (11–13, 29, 36,
37) and spectroscopic (9, 10, 15, 34, 39, 40) studies have been
reported, but the membrane-localized, dynamic, and multimole-
cular nature of this small-molecule-based channel assemblage
challenges the current limitations of these techniques. In addi-
tion, many studies have been performed with AmB derivatives
having covalent modifications of the C41 carboxylic acid and/
or C(3′) amine (14, 19, 31–35, 44–46). However, relative to many
proteins and large peptides, the self-assembly of small molecules
can be exquisitely sensitive to steric effects that result from
even very minor covalent modifications (47, 48). Thus, the impor-
tance of all three of these putative interactions (Fig. 1 C–E) has
remained unclear.

For example, N-acylation of the mycosamine appendage
causes a dramatic reduction in antifungal and yeast permeabiliz-
ing activities (30), which has been used to support the prediction
that a ring of polar interactions between neighboring molecules
of AmB is critical (Fig. 1C) (12). However, steric clashing, rather
than loss of a polar interaction, could alternatively underlie
such effects (47–49). A variety of C41 esters have been found
to retain yeast permeabilizing and antifungal activities (30). How-
ever, these covalently modified AmB derivatives retain a polar
carbonyl group and thereby still possess the capacity to form
charge-dipole interactions with the mycosamine appendage
and perhaps thereby stabilize channel self-assembly (32). An
attempt to probe this putative polar interaction via covalent
tethering of two molecules of AmB through these two functional
groups resulted in derivatives with little to no antifungal activity,
but it was unclear if this was due to a lack of suitable flexibility
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of the covalent linker (14). Thus, the covalent modifications-
based approach has yet to clarify the importance of the predicted
ring of channel-stabilizing polar interactions between the myco-
samine sugar and the C41 carboxylic acid.

To probe the proposal that polar interactions between AmB
and the phospholipid headgroups of lipid molecules are impor-
tant (Fig. 1D), a phospholipid was also covalently tethered to the
mycosamine of AmB. However, this derivative also lacked anti-
fungal activity (19), and the importance of putative interactions
between the functional groups at C41 and C19 and phospholipids
have also remained unclear.

The precise role of sterols in the mechanism of action of AmB
has also remained ambiguous, although the importance of sterols
was recognized as early as 1958 (20) and has been supported
by many subsequent studies (4–13, 15, 20–40). For example,
the presence of sterols is typically required for AmB to form ion
channels (1, 5–7), and, albeit very rare, strains of yeast that are
resistant to AmB usually have substantially modified membrane
sterol content (4, 41). Two competing hypotheses have been
advanced to account for these findings.

The first hypothesis states that indirect differential preorgani-
zation of membranes caused by different sterols is responsible
(21–29). This model has been invoked to rationalize observations
that, although AmB is typically most potent in membranes that
contain sterols, increasing quantities of cholesterol (21, 22) or
ergosterol (23) can actually decrease the capacity for AmB to
promote membrane permeabilization. Further supporting this
model, AmB can permeabilize some artificial membranes in
the absence of sterols (24–28).

The competing hypothesis states that direct binding of AmB
to sterols in the lipid bilayer is critical (5–13). Specifically, the
C41 carboxylate and/or mycosamine appendages of AmB are
proposed to form key polar interactions with the 3-β-hydroxyl
group of a sterol. Combined with favorable hydrophobic interac-
tions between the polyene and sterol cores, these polar interac-
tions are predicted to stabilize a direct AmB/sterol complex
(30–37). Studies designed to probe this putative interaction in
solution or in liposomes have traditionally relied primarily on
UV/Vis and/or CD spectroscopy (10). However, it has been
theorized that differences in these spectra may reflect changes
in AmB aggregation states rather than an AmB/sterol binding
interaction (9, 34). AmB forms channels with different electro-

physiological properties in membranes containing cholesterol
or enantiomeric cholesterol, consistent with diastereomeric
AmB/cholesterol complexes (38). It is challenging, however, to
perform this same experiment in a yeast cell membrane to deter-
mine if this type of direct binding interaction is functionally
relevant in vivo. More recently, solid-state NMR studies employ-
ing deuterated derivatives of AmB and cholesterol (39, 40) sug-
gested little or no binding between these two molecules because
their mobilities were dissimilar (40). Analogous experiments
with AmB and ergosterol were interpreted as being alternatively
consistent with similar mobilities and thus supportive of a direct
binding interaction between these two molecules (40). However,
in other solid-state NMR studies, through-space dephasing ex-
pected for a direct binding interaction was not observed between
nonconjugated 13C-labeled AmB and 6-fluoroergosterol (34).
Moreover, a covalently tethered dimer of AmB and ergosterol
lacked antifungal activity (33, 34). Thus, despite extensive inves-
tigations, the question of whether AmB directly interacts with
membrane-bound sterols, the structure/function relationships
underlying this putative interaction, and, most importantly, the
role of this putative interaction in ion channel-forming and anti-
fungal activities in vivo have all remained unclear.

More broadly, even the question of whether channel formation
is causitively linked to antifungal activity has remained a matter
of substantial debate (41–43). It is frequently invoked that
autooxidation of the polyene motif may alternatively underlie
the antifungal effects of AmB (10, 42, 43).

Given the aforementioned complications and resulting lack
of clarity associated with covalent modifications, we pursued
an alternative experimental strategy involving the synthesis-
enabled deletion of protic functional groups appended to the
polyene macrolide skeleton, verifying retention of macrolide
conformation, and determining the biological and biophysical
consequences of these functional group deletions (49). Albeit
much more synthetically challenging, deleting functional groups
(50–52) circumvents the inherent complications associated with
the exquisite sensitivity of small-molecule self-assembly to steric
effects (47, 48). In addition and very importantly, the same probe
reagents can be employed both in vitro and in vivo. Thus, in con-
trast to experiments based on perturbing membrane components,
this strategy can directly link structure/function relationships

A

B C D E

Fig. 1. Synthesis-enabled functional group
deletions to probe predicted intermolecular
interactions involving the C41 carboxylic
acid and/or the C19 mycosamine appen-
dages of AmB. (A) An efficient and flexible
degradative synthesis pathway that trans-
forms the natural product AmB into three
functional group-deficient derivatives:
MeAmB, AmdeB, and MeAmdeB (49). See
SI Appendix (Schemes S1–S4) for detailed
synthesis schemes and a glossary of all
reagent abbreviations. (B) Bird’s eye view of
the leading barrel-stave model of the AmB
ion channel. Polar interactions between (C)
neighboring molecules of AmB, (D) AmB
and a phospholipid, and/or (E) AmB and
ergosterol are predicted to be critical for
AmB function.
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determined via specific biophysical studies to the consequences of
perturbing such functions in living cells.

Due to the very complex structure of polyene macrolides, their
poor solubility in most organic solvents and water, and their
sensitivity to light, oxygen, acid, and many other reagents, synthe-
sizing functional group-deficient derivatives of these natural
products is challenging. Nevertheless, we developed a very effi-
cient and flexible degradative synthesis pathway (Fig. 1A) that
can access three AmB derivatives, MeAmB (53, 54), AmdeB (55),
and MeAmdeB, representing the systematic deletion of either or
both of the post-PKS modifications predicted to be involved
in each of the intermolecular interactions shown in Fig. 1 C–E.
Utilizing AmB as starting material, this strategy relies on the pre-
paration of a suitably protected common intermediate that is
much more soluble and stable than the natural product. This
common intermediate is then funneled into different degradative
reaction sequences to access all three of our targeted functional
group-deficient derivatives. Importantly, a suite of multidimen-
sional NMR studies demonstrated that these functional group
deletions have no impact on the three-dimensional shape of the
polyene macrolide skeleton, thus facilitating the interpretation of
biological and biophysical studies with these probe reagents (49).

In preliminary experiments (49) we found that both derivatives
lacking the mycosamine unit (AmdeB and MeAmdeB) showed
no antifungal activity at concentrations five- to 10-fold higher
than the MICs of AmB, suggesting a potentially critical role for
this sugar appendage. However, in contrast to prior studies that
reported MeAmB to be fourfold less active than AmB (53) or
were conducted with a mixture of polyenes (54), MeAmB was
equipotent to AmB against Candida albicans. Similar results were
observed with Saccharomyces cerevisiae. This discovery suggested
that oxidation at C41 may not be required for channel formation
(Fig. 1C) and/or channel formation may not be required for
antifungal activity. It also remained unclear if these two groups
are required to bind to phospholipid membranes (Fig. 1D) and/or
ergosterol (Fig. 1E) and how these putative interactions might be
related to channel-forming and antifungal activities. We herein
report the clarification of all of these long-standing issues via
harnessing the efficiency and flexibility of our degradative synth-
esis pathway on much larger scale and subjecting the resulting
functional group-deficient probes to a systematic series of biolo-
gical and biophysical studies.

Results
To access ≥12 mg of each of our targeted functional group-
deficient derivatives of AmB, we prepared more than 24 g of
our common intermediate and selectively degraded this material
according to Fig. 1A. With larger quantities of each synthetic de-
rivative in hand, we repeatedMIC assays against both S. cerevisiae
and C. albicans using the lowest recommended density of yeast
cells (56) and the highest concentrations of AmB derivatives
permitted by solubility. Even in this much more sensitive experi-
ment, MeAmB was equipotent to AmB against both S. cerevisiae
and C. albicans, whereas AmdeB and MeAmdeB were comple-
tely inactive, even at concentrations 100- to 200-fold higher
than the MIC of AmB (Fig. 2A). These results confirmed that
the mycosamine appendage, but not oxidation at C41, is strictly
required for antifungal activity.

To test whether the predicted ring of polar interactions
between the C41 carboxylic acid and mycosamine appendages
is required for ion channel formation (Fig. 1C) (8, 11–14), we
initially performed potassium efflux studies with S. cerevisiae
as described in the SI Appendix (57). As shown in Fig. 2B, a rapid
and robust efflux of potassium ions was caused by both AmB
and MeAmB, whereas no efflux was observed for the two deri-
vatives lacking a mycosamine appendage. To probe whether these
differences in ion efflux can be attributed to effects directly on the
bilayer membrane, as described in the SI Appendix we performed

the same studies on egg phosphatidylcholine (PC) large unila-
mellar vesicles (LUVs) containing 10% ergosterol, the main
sterol found in yeast. As shown in Fig. 2C, AmB and MeAmB
similarly demonstrated rapid permeabilization in this cell-free
system whereas AmdeB and MeAmdeB were inactive.

To clarify whether these observed differences in potassium
efflux were attributable to the formation of discrete ion channels
versus nonspecific disruption of membrane integrity, we per-
formed single channel recording experiments using a voltage
clamp planar lipid bilayer system (1, 8). As shown with the repre-
sentative traces in Fig. 2D, we routinely observed single channel
activity for both AmB and MeAmB. Collectively, these findings
demonstrate that the predicted ring of intermolecular polar
interactions (Fig. 1C) is not required for ion channel formation.
In stark contrast, channel formation was never observed with
either of the derivatives lacking mycosamine (Fig. 2D). Thus,
the mycosamine appendage plays an alternative and vital role
in forming the AmB ion channel.

One simple hypothesis to explain these findings is that the de-
rivatives lacking mycosamine cannot readily bind to lipid bilayers.
This would be consistent with the proposal that specific interac-
tions between the charged functional groups of AmB and the zwit-
terionic PC headgroups (Fig. 1D) (15–19) help anchor AmB to
the membrane (12, 13). To test this proposal, we first determined
the relative binding of AmB and its derivatives to yeast cells (58).
As shown in Fig. 3A, both MeAmB and AmdeB bound at least as
readily as AmB. To specifically probe membrane binding in the
absence of potentially complicating cell wall and/or active trans-
port systems, we also determined the binding of each compound
to egg PC/ergosterol LUVs via size-exclusion chromatography
(59). As shown in Fig. 3B, AmB and all three of its functional
group-deficient derivatives readily bound to these cell-free mem-
branes. Thus, neither the C41 carboxylate nor the mycosamine
appendage is required for the binding of AmB to a lipid bilayer.

The third hypothesis predicts that the C41 carboxylic acid and/
or mycosamine appendages promote a direct binding interaction
between AmB and membrane-embedded ergosterol (Fig. 1E).

Fig. 2. Mycosamine, but not an oxidized functional group at C41, is required
for antifungal and ion channel activities. (A) The minimum inhibitory concen-
trations (MIC) for AmB and its derivatives. (B) Potassium efflux from S. cer-
evisiae cells after treatment with polyene macrolides (3 μM). (C) Potassium
efflux from 10% ergosterol-containing LUVs after treatment with polyene
macrolides (1 μM). (D) Voltage clamp recordings in ergosterol-containing pla-
nar lipid bilayers in the presence of 150 mV of applied potential following
addition of AmB (10 nM), MeAmB (75 nM), AmdeB (100 nM), MeAmdeB
(50 nM; planar lipid bilayers were unstable in the presence of MeAmdeB
at 100 nM). All recordings are representative of at least three experiments.
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Testing this hypothesis in a definitive manner has proven to be
very challenging, but we recognized that our functional group-
deficient derivatives might clarify this long-standing issue. Toward
this end, as described in the SI Appendix we adapted an isother-
mal titration calorimetry (ITC)-based assay recently developed
to probe the binding of sterols to the natural product natamycin
(60). To determine whether AmB directly binds membrane-
embedded ergosterol, we first titrated a solution of AmB with
sterol-free LUVs and observed a small net exotherm (Fig. 4A).
We then repeated the same ITC experiment using LUVs contain-
ing 10% ergosterol, and a substantially larger net exotherm was
observed (Fig. 4A).

To determine whether this increase in exotherm was due to a
direct binding interaction between AmB and ergosterol or alter-
natively to indirect sterol-mediated changes in global membrane
properties (21–29), we repeated the same titrations using POPC
LUVs containing no sterol, 10% ergosterol, or 10% lanosterol
(Fig. 4B). Importantly, extensive solid-state NMR studies have
demonstrated that the incorporation of either ergosterol or
lanosterol into POPC liposomes causes very similar changes in
global membrane properties (61–63). In the event, titrating AmB
with sterol-free and then 10% ergosterol-containing POPC LUVs
again caused a substantial increase in the observed net exotherm.
In stark contrast, no increase in exotherm was observed when
switching from sterol-free to 10% lanosterol-containing POPC
LUVs (Fig. 4B). Collectively, these data establish that AmB
directly binds membrane-embedded ergosterol.

We next tested the activity of MeAmB, AmdeB, and
MeAmdeB in the same ITC-based assay to determine whether
the functional groups at C41 and/or C19 are required for this
small molecule–small molecule interaction. Titration of MeAmB
with sterol-free followed by 10% ergosterol-containing egg
PC LUVs resulted in an increase in exotherm very similar to
that observed with AmB (Fig. 4C). Thus, oxidation at C41 is
not required for AmB to bind ergosterol. Strikingly, however,
very different results were obtained when this same pair of

experiments was repeated with the two AmB derivatives lacking
a mycosamine appendage (Fig. 4C). Specifically, the titration
of AmdeB or MeAmdeB with sterol-free followed by 10% ergos-
terol-containing LUVs yielded no net increase in the observed
exotherm. Thus, the mycosamine appendage is required for pro-
moting a direct binding interaction between AmB and ergosterol.
Importantly, as shown in the SI Appendix (Fig. S5), similar ITC
experiments revealed that AmB also directly binds membrane-
embedded cholesterol in a mycosamine-dependent fashion.

Finally, because synthetic deletion of the mycosamine appen-
dage also causes a complete loss of the capacity to form ion
channels and kill yeast cells (Fig. 2), these results are consistent
with the conclusion that a direct AmB/sterol binding interaction
is required for both the channel-forming and antifungal activities
of AmB.

Discussion
Despite extensive studies for more than half a century, the under-
pinnings of the archetypal AmB ion channel have remained un-
clear. This is largely because the membrane-localized, dynamic,
and multimolecular nature of the AmB channel assemblage
challenges start-of-the-art spectroscopic and computational
techniques, and readily accessible covalent modifications of the
natural product are inherently linked to potentially confounding
steric effects. Moreover, in vitro experiments that involve mod-
ifying the constitution of lipid bilayers are challenging to translate
into living yeast cells. Overcoming these limitations, we have de-
monstrated an experimental strategy based on the synthesis-
enabled deletion of functional groups from the polyene macro-
lide skeleton and determination of the biological and biophysical
consequences (49, 64). In this report, we have harnessed a highly
efficient and flexible degradative synthesis pathway to prepare
large quantities of three functional group-deficient derivatives
of AmB. Scalable access to these powerful probes has enabled
us to systematically test three leading hypotheses for the role(s)
of the carboxylic acid and mycosamine appendages of AmB and
thereby substantially advance the fundamental understanding of
this ion channel-forming natural product.

First, because MeAmB completely lacks oxygenation at C41
yet is fully competent at forming ion channels in planar lipid
bilayers, LUVs, and yeast cells, a predicted ring of intermolecular
polar interactions between the oppositely charged functional
groups of AmB is in fact not required for channel formation. In-
terestingly, we did observe differences in the electrophysiological
properties of ion channels formed from AmB and MeAmB, the
origins of which will be the subject of a future study. Importantly,
while some peptide-based ion channels may require specific in-
termolecular polar interactions for self-assembly (65), in many
cases more general physical phenomena are alternatively pro-
posed to drive this process (66). Thus, although other predicted
specific intermolecular interaction(s) between AmB subunits

Fig. 3. Neither the C41 carboxylic acid nor the mycosamine appendage is
required for binding to phospholipid bilayers. (A) Binding to S. cerevisiae
via centrifugation. (B) Binding to 10% ergosterol-containing LUVs via size-
exclusion chromatography. All values represent the mean of at least three
experiments.

Fig. 4. AmB directly binds to membrane-embedded ergosterol in a mycosamine-dependent fashion. (A) ITC thermograms for solutions of AmB titrated
with sterol-free or 10% ergosterol-containing egg PC LUVs. (B) ITC thermograms for solutions of AmB titrated with sterol-free, 10% ergosterol-
containing, and 10% lanosterol-containing POPC LUVs. (C) Differences in net exotherms for AmB, MeAmB, AmdeB, and MeAmdeB titrated with sterol-free
followed by 10% ergosterol-containing egg PC LUVs. All values represent the mean of at least three experiments.

6736 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1015023108 Palacios et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015023108/-/DCSupplemental/Appendix.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015023108/-/DCSupplemental/Appendix.pdf


(12, 13) may prove to be contributory, it is likely that the same
general physical phenomena responsible for the self-assembly
of channel-forming amphipathic peptides are also important
for self-assembly of this small-molecule-based ion channel.

Second, because derivatives lacking the carboxylic acid and/or
mycosamine appendage readily bind to LUVs and yeast cells,
these two functional groups are not required to anchor AmB to
the membrane. Interestingly, interactions with sterols are also
frequently invoked as a requirement for membrane anchoring
of AmB (7, 46). However, the aglycones AmdeB and MeAmdeB,
which lack the capacity to bind ergosterol (Fig. 4C), bind very
well to LUVs and yeast cells (Fig. 3). Similar to many detergents
and amphipathic peptides, the membrane partitioning of AmB
may alternatively be driven primarily by the classic hydrophobic
effect (67, 68). Moreover, because AmdeB and MeAmdeB both
contain the same putatively redox active polyene motif found in
AmB and readily bind to LUVs and yeast cells (Fig. 3) yet are
completely devoid of antifungal activity (Fig. 2A), polyene auto-
oxidation is unlikely to play a primary role in the antifungal ac-
tivity of AmB (42, 43). Our results do not rule out the possibility
that specific interactions between AmB and phospholipids might
play a constructive role in channel formation.

Third, the ITC results presented herein demonstrate that AmB
directly binds membrane-embedded ergosterol and cholesterol.
Moreover, deletion of the mycosamine appendage abolishes the
capacity to bind both sterols; form ion channels in planar lipid bi-
layers, LUVs, and yeast cells; and exert antifungal activity. These
results strongly support the conclusion that mycosamine-mediated
direct sterol binding is strictly required for both the physiologically
relevant channel-forming and antifungal activities of AmB.

Interestingly, there are two possible interpretations of these
findings with respect to the mechanism(s) by which AmB kills
yeast cells: Either channel formation is necessary for antifungal
activity or, alternatively, sterol binding is necessary for antifungal
activity and channel formation is only one of multiple sterol-bind-
ing-dependent mechanisms of action. For the following reasons,
we strongly favor the latter interpretation.

Based on the results described herein and the fact that myco-
samine has only been found in polyene macrolide natural pro-
ducts, this glycoside in combination with a polyene may serve
as a general sterol-binding motif. Importantly, however, some
natural products that contain this combination of substructures
demonstrate antifungal activities but do not cause substantial
membrane permeabilization (7, 60, 69). For example, the myco-
samine-containing tetraene macrolide natamycin, which is sub-
stantially shorter in length than AmB, was recently reported
to bind ergosterol and exert antifungal activity without permea-
bilizing yeast cells (60). Based on these findings, it was proposed
that natamycin alternatively exerts its antifungal effects via bind-
ing and sequestering sterols and thereby precluding their parti-
cipation in vital cellular functions (60). It is also interesting to
note, however, that natamycin is a less potent antifungal agent
than AmB (69, 70). As shown in the SI Appendix (Figs. S6, S7,
and S8), we have confirmed all of these findings. In addition,
in some clinical isolates the membrane-permeabilizing and anti-
fungal effects of mycosamine-bearing polyene macrolides are
disconnected (41). In the light of our results, all of these findings
can now be rationalized with a new model in which AmB exerts
its antifungal effects via two distinct and complementary me-
chanisms of action: sterol-sequestration and membrane permea-
bilization, both of which strictly require mycosamine-mediated
sterol binding (Fig. 5). This two-mechanism model may explain
the antifungal activities of many if not all mycosamine-containing
polyene macrolide natural products. Remarkably, an analogous

pair of killing mechanisms has recently been demonstrated to
underlie the antibacterial activity of the peptide nisin, which di-
rectly binds lipid II and forms ion channels in a lipid II binding
dependent fashion (71). Thus, this dual killing mechanism may
represent a common strategy convergently evolved in both pep-
tide and small molecule antimicrobials. More recent studies with
natamycin were accompanied by similar speculations (72).

The results of this study stand to have several important
impacts. First, this clarified picture of the archetypal AmB ion
channel helps build the foundation for developing small mole-
cules with the potential to replicate the functions of deficient
protein ion channels that underlie human diseases. In addition,
the conclusion that direct sterol binding is critical for the resis-
tance-refractory antifungal activity of AmB may help guide the
development of new antifungal agents. Moreover, the demon-
stration of direct binding of AmB to both ergosterol and choles-
terol, the discovery that both of these binding interactions are
mycosamine-dependent, and the connection of this direct sterol
binding to ion channel and antifungal activities will help focus
efforts toward the rational optimization of the therapeutic index
of this clinically vital but also highly toxic antimycotic. Further-
more, to the best of our knowledge, the capacity to promote a
small molecule–small molecule interaction represents a pre-
viously undescribed function for a glycosidic residue appended
to a natural product (73), which may prove to be more generally
operative. Finally, these studies vividly demonstrate the power of
synthesis-enabled functional group deletions to illuminate highly
elusive fundamental underpinnings of small molecule function.

Experimental Methods
Voltage Clamp Single Channel Recordings. Experiments were per-
formed using a Warner Instruments planar lipid bilayer worksta-
tion. Similar to prior studies (1), planar lipid membranes were
formed from PC:phosphatidylethanolamine:ergosterol 40∶20∶1
over a 100–150 μm hole in a Teflon® sheet. The bathing solution
was 2.5 M KCl 10 mM potassium phosphate (pH 7.0). Small
molecules in DMSO were added, and the resulting solutions
were stirred for 10 min with zero applied potential. Then, 150 mV
of potential was applied across the membrane and channel
formation was monitored.
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