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ABSTRACT Amphotericin B (AmpB) is an effective but toxic antifungal drug. Thus,
improving its activity/toxicity relationship is of interest. AmpB disrupts fungal mem-
branes by two proposed mechanisms: ergosterol sequestration from the membrane and
pore formation. Whether these two mechanisms operate in conjunction and how they
could be potentiated remains to be fully understood. Here, we report that gladiolin, a
polyketide antibiotic produced by Burkholderia gladioli, is a strong potentiator of AmpB
and acts synergistically against Cryptococcus and Candida species, including drug-resist-
ant C. auris. Gladiolin also synergizes with AmpB against drug-resistant fungal biofilms,
while exerting no mammalian cytotoxicity. To explain the mechanism of synergy, we
show that gladiolin interacts with membranes via a previously unreported binding
mode for polyketides. Moreover, gladiolin modulates lipid binding by AmpB and, in
combination, causes faster and more pronounced lipid rearrangements relative to AmpB
alone which include membrane thinning consistent with ergosterol extraction, areas
of thickening, pore formation, and increased membrane destruction. These biophysical
data provide evidence of a functional interaction between gladiolin and AmpB at the
membrane interface. The data further indicate that the two proposed AmpB mechanisms
(ergosterol sequestration and pore formation) act in conjunction to disrupt membranes,
and that gladiolin synergizes by enhancing both mechanisms. Collectively, our findings
shed light on AmpB’s mechanism of action and characterize gladiolin as an AmpB
potentiator, showing an antifungal mechanism distinct from its proposed antibiotic
activity. We shed light on the synergistic mechanism at the membrane, and provide
insights into potentiation strategies to improve AmpB’s activity/toxicity relationship.

IMPORTANCE Amphotericin B (AmpB) is one of the oldest antifungal drugs in clinical
use. It is an effective therapeutic, but it comes with toxicity issues due to the similar-
ities between its fungal target (the membrane lipid ergosterol) and its mammalian
counterpart (cholesterol). One strategy to improve its activity/toxicity relationship is by
combinatorial therapy with potentiators, which would enable a lower therapeutic dose
of AmpB. Here, we report on the discovery of the antibiotic gladiolin as a potentiator
of AmpB against several priority human fungal pathogens and fungal biofilms, with no
increased toxicity against mammalian cells. We show that gladiolin potentiates AmpB by
increasing and accelerating membrane damage. Our findings also provide insights into
the on-going debate about the mechanism of action of AmpB by indicating that both
proposed mechanisms, extraction of ergosterol from membranes and pore formation,
are potentiated by gladiolin.
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F ungal diseases are a global health threat with more than a billion infections and
a recent estimate by Denning of 2.5 million deaths per year (1). The patient
group is no longer restricted to immunocompromised individuals but is extending to
chronic conditions such as asthma, chronic obstructive pulmonary disease, cystic fibrosis,
diabetes, as well as fungal co-infections in respiratory diseases such as influenza and
COVID-19 (2, 3). Treatment options for fungal infections remain scarce, with only three
major groups of antifungals (azoles, polyenes, and echinocandins) currently prescribed
for invasive infection. Drug-resistant clinical isolates across fungal pathogen species,
such as those with acquired mutations in the ergosterol (azoles) and glucan synthase
(echinocandins) pathways or, in some cases, with intrinsic physiological resistance, are of
growing concern (4-6).

Antifungals of the polyene class were the first to be developed as therapeutics,
and the regulatory approval of amphotericin B (AmpB) 63 years ago revolutionized the
treatment and survival of patients with invasive fungal infections (7). Despite decades
of use as a broad-spectrum antifungal, fungi have acquired little AmpB resistance
(7, 8). The reason for this is AmpB’s mode-of-action (MOA), which does not interfere
with the activity of an enzyme but rather involves binding to ergosterol in fungal
membranes. Traditionally, AmpB’s MOA has been associated with pore formation. AmpB
binds ergosterol, causing 4-12 AmpB molecules to aggregate by forming ion channels,
which then permeabilize membranes and facilitate the leakage of cellular content (9, 10).
However, newer findings have questioned the pore formation mechanism, suggesting
that the binding and extraction of ergosterol from the lipid bilayer (i.e., working as
a “sterol sponge”) is AmpB’s key fungicidal mechanism (11, 12). The sponge model is
further supported by the MOA of natamycin, a polyene that is unable to form pores
but relies on ergosterol sequestration (13), although recent imaging of AmpB molecules
within the fungal membrane is consistent with pore formation (14). Collectively, these
studies show that a combination of these two mechanisms is likely important for AmpB'’s
antifungal activity, but this remains to be fully elucidated.

While AmpB shows broad-spectrum activity and high potency, it displays mammalian
toxicity due to the similar structures of fungal ergosterol and its mammalian counterpart
cholesterol, as well as other host-derived responses to the drug resulting in nephrotoxic-
ity and additional adverse effects during treatment (7, 15, 16). It is, therefore, challenging
to administer AmpB to the critically ill, the very patient group most susceptible to
fungal infections (16). Nevertheless, AmpB is the initial treatment choice for Cryptococcus
infections (4, 17). It is recommended for the treatment of Candida infections if echinocan-
din or azole therapy is not possible, for example, due to resistance or lack of commercial
availability (18). It is also prescribed for azole-resistant Aspergillus infections (19), as well
as other rarer and difficult to treat infections caused by fungi including Histoplasma and
Mucor (7). Moreover, AmpB is becoming increasingly important for treating infections
caused by Candida auris due to the worrying emergence of strains resistant to both
azoles and echinocandins (20). Lipid formulations of AmpB reduce toxicity, and recent
efforts have leveraged insights from the sterol sponge model to introduce structural
changes in the AmpB molecule that resulted in a less toxic compound with promise
against fungal infections in pre-clinical mouse infection studies (15). Notwithstanding
these recent advances, additional strategies are needed to improve the activity/toxicity
relationship for AmpB (7), and the 2022 WHO Fungal Priority Pathogens report called
not only for new drug development but also for insights into potentiation strategies
that could be used in combination with current drugs to improve health outcomes
(21). Various attempts to identify suitable potentiators of AmpB have been made, with
reduced AmpB aggregation being described for some potentiators and the mechanism
of potentiation remaining largely unknown for others (22-26).

Here, we report that gladiolin, a polyketide antibiotic produced by the opportunistic
bacterial pathogen Burkholderia gladioli (27), is a potentiator of AmpB against WHO
critical or high priority fungal pathogens C. albicans, C. neoformans, C. auris, and C.
glabrata. By studying gladiolin’s antifungal activity, we show a distinct MOA from
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that associated with its antibiotic activity and present a membrane-based mechanism
of AmpB potentiation. Our findings provide evidence for both pore formation and
structural membrane rearrangements by the synergistic combination of AmpB and
gladiolin, which together result in accelerated and increased membrane damage.

RESULTS
Gladiolin synergizes with AmpB against several priority fungal pathogens

The gladiolin-producing Burkholderia gladioli strain was isolated from a cystic fibrosis (CF)
lung (27), where Candida albicans can also be found (28). The absence of Candida spp. in
CF patients infected with Burkholderia species (29, 30) prompted us to perform a detailed
study of gladiolin’s potential antifungal activity. Minimum inhibitory concentration (MIC)
assays of gladiolin (structure shown in Fig. TA) were performed using the C. albicans
reference strain SC5314 as well as a panel of other clinical isolates (31). Fungal cultures
were grown in RPMI with 10 mM glucose in the presence of increasing concentrations of
gladiolin either under hyphal (RPMI, pH 7.0, 37°C) or yeast growth conditions (RPMI, pH
5.6, 30°C). On its own, gladiolin did not inhibit the growth of any of the 21 C. albicans
strains that we tested (Fig. STA and D) in contrast to a previous report (27). No effect
on growth was observed when non-glucose carbon sources were used (galactose or
mannose) or when we reduced the glucose concentration to mimic the low glucose
environment of the lung (Fig. S1E). Increased optical density (OD) of gladiolin-treated
cultures in hyphae-inducing conditions was seen for a number of clinical C. albicans
isolates that form substantial hyphae (such as SC5314, P87, and P76067) (Fig. STA and
D) and was due to gladiolin’s effect on C. albicans cell morphology. Gladiolin-treated
cultures were a homogenous, turbid cell suspension consistent with yeast morphology,
while control cultures appeared less turbid and showed hyphal aggregations (Fig. S1B).
Microscopy confirmed that gladiolin-treated cultures exhibited a larger proportion of
yeast cells relative to the hyphal controls (Fig. S1C).

Next, we investigated the activity of gladiolin in combination with representatives of
the three major classes of antifungals: the azole fluconazole (inhibits ergosterol biosyn-
thesis), the echinocandin caspofungin (inhibits glucan synthase), and the ergosterol-
binding polyene AmpB (causes membrane disruption). Checkerboard experiments of
compound combinations were performed, and the fractional inhibitory concentration
index (FICI) was calculated (32, 33). These experiments revealed that gladiolin displays
strong synergism with AmpB with FICls of 0.02-0.42 against all C. albicans clinical isolates
tested (Fig. 1B; Fig. S2A; Table S1). In contrast, gladiolin did not synergize with flucona-
zole (Fig. 1C) or caspofungin (Fig. 1D). Gladiolin also strongly synergized with AmpB
against C. neoformans, C. auris, and C. glabrata (Fig. 1E through G) and against strains
across clades I-1V of C. auris including an echinocandin-resistant isolate from clade | (Fig.
S2B).

Since the gladiolin-producing Burkholderia gladioli was isolated from a CF lung
infection (patient sputum culture), we investigated the activity of gladiolin under
conditions mimicking this environment. C. albicans does not cause pneumonia, but it is
found in the respiratory tract (34), and some evidence suggests that C. albicans may
impact the severity of diseases such as ventilator-associated bacterial pneumonia,
possibly through fungal-bacterial interactions that modulate bacterial virulence (34, 35).
We, therefore, tested the gladiolin/AmpB drug combination in our recently developed
model of ventilator-associated pneumonia (36), which uses complex synthetic ventilator
airway mucus (SVAM) medium to mimic host conditions. Gladiolin also synergized with
AmpB when applied to established drug-resistant fungal biofilms in this model (Fig. 2A
and B). This shows that gladiolin potentiates AmpB against a structurally complex, drug-
resistant fungal biofilm grown in a nutritional environment expected to be encountered
in host tissues. Similarly, gladiolin showed a trend toward potentiation of AmpB in the
Galleria infection model (Fig. 2C). The median larvae survival was extended from 4 days
for AmpB alone to 5.5 days for AmpB in combination with gladiolin.
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FIG 1 Gladiolin synergizes with AmpB against multiple priority fungal pathogens. (A) Chemical structure of gladiolin. Heatmaps of checkerboard assays of

gladiolin in combination with (B) amphotericin, (C) fluconazole, and (D) caspofungin. Shown here are the data for the reference strain SC5314, while an additional
20 clinical isolates are shown in Fig. S2A. (E) Heatmap of gladiolin/AmpB checkerboard assays for C. auris 470140 (clade I). Additional C. auris clades are shown
in Fig. S2B. (F) Heatmap of gladiolin/AmpB checkerboard assay for C. glabrata ATCC2001. (G) Heatmap of gladiolin/AmpB checkerboard assays for C. neoformans
H99. For all checkerboard experiments, fungal cultures were grown in RPMI, pH 7.0, and cell density at 600 nm was measured at 20 h of growth at 37°C for

all Candida species and at 48 h for Cryptococcus. The color scale shows the percentage of survival compared to untreated control. The fractional inhibitory

concentration index (FICI) is indicated as white numbers and is defined as <0.5 (synergistic), >0.5 to <1 (additive), 1-4 (indifferent), and >4 (antagonistic).

Heatmaps and FICIs were derived from mean values of 3-4 biological repeats.

While C. albicans does not utilize macrophages as a replication niche, it escapes from
them and kills them by several mechanisms, reviewed in reference (37). In combination
with AmpB, gladiolin slowed the escape of C. albicans hyphae from macrophages (Fig.
2D), and the addition of just 0.03 pg/mL AmpB together with 16 ug/mL gladiolin delayed
the time to reach 50% macrophage cell death by 2 h (Fig. 2E), showing that the combina-
tion slows fungal growth. This delay is entirely attributed to the compounds acting in
combination since neither gladiolin nor 0.03 pg/mL AmpB on their own showed any
difference in the timing of macrophage cell death compared to the negative control.
Increasing the AmpB concentration to 0.125 ug/mL extended the delay in macrophage
cell death to 4.5 h, but this was not further enhanced by gladiolin (Fig. 2E). Neither
gladiolin nor AmpB alone or in combination caused a reduction of metabolic activity in
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FIG 2 Combinatorial effects of gladiolin with AmpB against drug-resistant fungal biofilms, and during immune cell and
animal infections. (A) C. albicans biofilms were grown in synthetic ventilator airway mucus (SVAM) medium on endotracheal
tubes cuttings for 48 h (37°C and 5% CO,). Biofilms were treated for 24 h as indicated before being photographed.
(B) Experiment as in panel A. Biofilms were dislodged after drug treatment and plated for CFUs. Data were generated from
three biological repeats with three technical repeats each. Synergistic interactions were evaluated by using the Response-
Additivity model as described in the Materials and Methods (“indif” is indifferent and “syn” is synergistic). (C) Larvae of Galleria
mellonella were infected with C. albicans and treated with 50 pg/mL AmpB, 32 pg/mL gladiolin, or the combination of both.
Larvae were monitored for survival over 7 days. Data were derived from four independent experiments with four larvae per
condition and statistically analyzed using the log-rank Mantel-Cox test with P-values at days 3 and 7 shown underneath. The
numbers in parenthesis represent the median survival in days. (D) The filamentation of C. albicans during the challenge of
mouse bone marrow-derived macrophages (BMDMs) at 6 h post infection. In control conditions, abundant escaped hyphae
are visible in the medium surrounding macrophages. There is a small reduction in visible escaped hyphae in the presence
of gladiolin and an additional reduction in the gladiolin/AmpB combination. Images are stills taken from live cell imaging
(Continued on next page)
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Fig 2 (Continued)

movies used to generate data in panel E. Shown is the overlay of bright field and Draq7-stained nuclei of macrophages that
were lysed by the growing fungal hyphae. Images were cropped and adjusted for brightness. The scale bar shows 100 um.
(E) Macrophage death of C. albicans-infected BMDMs (MOI 3:1) with combinations of gladiolin and AmpB treatment was
determined by Draq7 staining. A minimum of 900 macrophages were counted per experiment for each of the conditions.
The half-maximal macrophage death of two independent experiments with two technical repeats each was determined using
4-parameter analysis and statistically evaluated using a one-way ANOVA with Dunnett’s multiple comparison test (**P < 0.01,
***%p < 0.0001). (F) Metabolic activity of uninfected BMDM:s treated for 24 h with single or drug combinations was measured

using resazurin metabolic assay, and the error bars indicate SEM with n = 3.

primary mouse bone marrow-derived macrophages (BMDMs) (Fig. 2F). This result shows
that, despite synergizing with AmpB against fungi, gladiolin does not exacerbate the
cytotoxic effects of AmpB on mammalian cells.

Potentiation of AmpB by gladiolin relies on membrane permeabilization but
not on direct physical association in solution

The classical model of AmpB’s MOA involves ergosterol binding and pore formation (14).
A similar MOA has been predicted for nystatin, but the much shorter polyene natamycin
is unable to form ion channels (7, 13). Therefore, to obtain a better understanding of
the synergistic MOA of gladiolin and AmpB, we tested if nystatin and natamycin could
also interact synergistically with gladiolin. While nystatin showed synergistic effects at
0.75 pg/mL and additive effects at 0.5 and 1 pg/mL, no potentiation could be observed
for natamycin at all concentrations tested (Fig. 3A through C). These results suggest
that pore formation by AmpB and nystatin is involved in the synergistic MOA. Next,
we tested if a reduction in AmpB concentration in combination with gladiolin would
result in fungicidal killing. Cultures treated with 0.125 pg/mL AmpB, a concentration
that causes a 10% reduction in colony-forming units (CFUs) compared to control, were
further inhibited by the addition of gladiolin to near 3-log reduction (99.5%) of the initial
inoculum (Fig. 3D). AmpB at 1 pg/mL proved to be fungicidal with a 3-log reduction
(99.9%), while gladiolin on its own did not show inhibition in CFUs confirming previous
MIC experiments. The subtoxic effect of 1 ug/mL nystatin could be enhanced by gladiolin
to the same level as the fungistatic drug fluconazole at its MIC (Fig. 3D).

To investigate whether direct interaction between gladiolin and AmpB is responsible
for the observed synergism, we used NMR diffusion-ordered spectroscopy (DOSY) (Fig.
S3A and B). These and all subsequent biophysical experiments were performed with
AmpB-deoxycholate (fungizone) due to its higher solubility which allowed us to reduce
the volume of DMSO used as the solvent, resulting in a less intense protiated signal. The
log values of the measured diffusion coefficients for AmpB and gladiolin are —9.48 and
—9.69, respectively. The same values were measured for a mixture of the two compounds,
indicating that they are well-separated entities that do not physically associate in
solution (see the supplemental material, '"H and DOSY NMR results). We also compared
the ability of AmpB and AmpB-deoxycholate (fungizone) to synergize with gladiolin and
found no difference between the two formulations (Fig. S3C). Moreover, deoxycholate at
12.5 pg/mL did not synergize with gladiolin even though slight growth inhibition was
observed at this concentration (Fig. S3D). Collectively, these results indicate that gladiolin
does not act simply as a detergent to solubilize AmpB to cause enhanced membrane
interactions and antifungal efficacy.

Gladiolin interacts with model membranes and modulates membrane
interactions of AmpB

Next, we took AmpB’s MOA into account and considered the possibility that synergism
could be due to gladiolin interacting with lipids, thereby potentiating the ability of AmpB
to disrupt membrane integrity. As a first approach to test this hypothesis, we studied
efflux rates of C. albicans cultures treated with gladiolin, AmpB, or their combination
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FIG 3 Gladiolin acts synergistically with AmpB and nystatin but not with natamycin. Heatmaps of checkerboard assays of gladiolin in combination with

(A) AmpB, (B) nystatin, and (C) natamycin. C. albicans cultures were grown in RPMI, pH 7.0, and ODggo was measured after 20 h of growth at 37°C. The color scale

shows the percentage of survival compared to the untreated control. The fractional inhibitory concentration index (FICI) is indicated as white numbers and is

defined as <0.5 (synergistic), >0.5 to <1 (additive), 1-4 (indifferent), and >4 (antagonistic). Heatmaps and FICls were derived from mean values of four biological

repeats. The heatmap for AmpB in A is the same as in Fig. 1 and is shown here again for direct comparison with the other two polyenes. (D) C. albicans cultures

were grown as described above. After 20 h of incubation, aliquots were diluted appropriately and plated onto YPD plates. CFUs were counted after 2 days of

incubation at 30°C. Error bars indicate SEM (n = 3), and the dashed lines indicate the initial inoculum and its 3-log reduction, respectively. (E) Efflux of rhodamine

6G (R6G). C. albicans cells were loaded with R6G for 1 h and subsequently resuspended in dye-free PBS. The efflux was measured by the increase of absorbance at

520 nm over time. The error bars indicate SEM (n = 3).

by measuring the release of the dye rhodamine 6G (R6G) from yeast cells (Fig. 3E).
The efflux of R6G was enhanced by the addition of gladiolin, in particular for the
subtoxic concentration of AmpB (0.0625 pg/mL) over the entire time course, suggesting
a combinatorial effect of gladiolin on membrane integrity. To further investigate this,
we studied the binding of gladiolin to phosphatidylcholine (POPC) lipid membranes
with different quantities of ergosterol (0%-20%) using surface plasmon resonance (SPR)
(Fig. 4). Gladiolin and AmpB were applied to model lipid membranes either alone or
as a mixture. In accordance with previous findings (38-40), AmpB showed high affinity
for model lipid membranes displaying a dose-dependent increase in response units
(RUs), and fast association and dissociation rates (Fig. 4A). Elevating ergosterol content
increased the amount of binding of AmpB compared to ergosterol-free, 100% POPC
membranes. The role of ergosterol in enhanced AmpB binding was further confirmed
by slower dissociation rates for AmpB from POPC membranes containing 10% and 20%
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FIG 4 Gladiolin interacts with model membranes and modulates membrane binding by AmpB. Dose-response analysis of (A) AmpB or (B) gladiolin binding to
model lipids. Sensorgrams were obtained from POPC or POPC:ergosterol model lipids with ratios of either 90:10 or 80:20. The drugs were injected in twofold

dilution series ranging from 0 to 16 pg/mL. (C) SPR using concentrations of AmpB from 0.5 to 16 pg/mL with a fixed concentration of 2 pug/mL gladiolin.

(D) Same as panel C, but here, gladiolin concentrations varied from 0.5 to 16 ug/mL with a fixed concentration of 2 pg/mL AmpB. The sensorgrams shown are a

representative example of three independent replicates.

ergosterol in comparison to POPC alone. The binding of AmpB to the lipid membranes
did not reach saturation in the concentration range tested (0.5-16 pg/mL).

Gladiolin also interacted with the model membranes (Fig. 4B). However, its binding
kinetics are biphasic, showing rapid initial association (potentially an interaction phase)
followed by a slower association (potentially an insertion phase). Gladiolin’s binding to
model lipids occurs in a dose-dependent manner. However, unlike AmpB, no enhanced
gladiolin binding was observed for the ergosterol-POPC membranes. Instead, the highest
RUs were seen for POPC membranes without ergosterol. The dissociation of gladiolin
from model lipids was biphasic and partially irreversible.

In combination experiments, AmpB binding was enhanced by the addition of
2 pg/mL gladiolin as indicated by higher RUs (Fig. 4C). For AmpB concentrations between
0.5 and 8 pg/mL, the binding kinetics in the presence of gladiolin were similar to those of
AmpB on its own (fast association followed by fast dissociation). The highest concentra-
tion of AmpB tested (16 pug/mL) in combination with gladiolin showed a biphasic SPR
profile similar to that of gladiolin alone with a fast initial and a slower subsequent
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association phase. In addition, the dissociation was slower than observed for AmpB on its
own. We also performed the opposite experiment, combining a constant concentration
of AmpB (2 pg/mL) with increasing concentrations of gladiolin (Fig. 4D). In this case, the
previously observed biphasic SPR profile for gladiolin was no longer detectable. Instead,
the association/dissociation curve was similar to that of AmpB alone and may suggest
that the action of AmpB overpowers that of gladiolin in this scenario. Collectively, these
data show that gladiolin interacts with model membranes, enhances the ability of AmpB
to associate with membranes, and changes the AmpB binding profile.

Gladiolin accelerates membrane damage caused by AmpB

The effects of AmpB and gladiolin on the structure of membranes were assessed by
examining topographic changes of POPC:ergosterol (80:20) supported lipid bilayers
(SLBs) using atomic force microscopy (AFM) in a peak force quantitative nanomechanical
mode. POPC-ergosterol formed a homogenous layer on mica disks with a thickness
of 4.2 nm. The effects of various treatments on SLBs were observed for 120 min, and
the SLBs remained stable for the entire time period using DMSO as a negative control
condition (Movie S1). No change in the structure of the SLBs was observed during a
120 min period in the presence of 20 pug/mL gladiolin (Fig. 5A, top panel; Movie S2).
Upon incubation of the SLBs with 20 ug/mL AmpB, no change in the bilayer structure
was observed for the first 60 min (Fig. 5A, middle panel; Movie S3). After 60 min,
AmpB induced several small pits with 0.5-0.6 nm indents into the SLBs (marked with
red arrows). These pits are consistent with the thinning of the membrane, which has
previously been reported to result from ergosterol extraction by AmpB (41). The size and
number of these pits in the SLBs continued to increase over time. Several areas of the
bilayer with an increased thickness of 1-1.6 nm appeared toward the end of the time
course revealing holes with diameters of 5-20 nm in these thickened regions (Movie S3).
No holes were observed in the pitted bilayers.

The formation of pitted structures in POPC:ergosterol 80:20 SLBs was accelerated and
more drastic when AmpB was combined with gladiolin (Fig. 5A, bottom panel; Movie
S4). Pits (marked with red arrows) appeared within 8-10 min of adding the compound
combination and were greater than 10 nm in diameter and 0.5-0.6 nm in depth. The size
and number of bilayer pits increased over time and gradually merged into large patches.
In contrast to the small size of bilayer pits observed for the AmpB alone, the size of the
bilayer pits induced by the AmpB/gladiolin mixture was larger and merged into large
patches at a much faster rate. Several areas of bilayer with increased thickness of up to
1.3 nm (marked with blue arrows) were observed at the same time as the formation of
pits (Fig. 5B through E). These areas of increased thickness showed irregular surfaces with
holes of 5-20 nm in diameter and depths of up to 4 nm, indicating destruction of the
POPC:ergosterol bilayer (Fig. S4A).

To examine the specificity of the gladiolin/AmpB interactions in membranes, we
similarly investigated natamycin, the shorter polyene that does not synergize with
gladiolin (Fig. 3C). Natamycin was unable to induce structural changes on its own or in
combination with gladiolin (Fig. S4B; Movies S5 and S6) supporting the lack of synergism.
Collectively, the AFM imaging shows that the synergistic effect of gladiolin stems from its
ability to accelerate and enhance membrane destruction caused by AmpB.

DISCUSSION

Our study characterizes the antifungal activity of gladiolin, a recently discovered natural
product that has promising activity against Mycobacterium tuberculosis (27). We report
that gladiolin synergizes with AmpB against several important human pathogens (C.
albicans, C. neoformans, C. auris, and C. glabrata), including against C. albicans biofilms
and in host infection models. Synergistic antifungal activity of natural products with
AmpB has recently been reported; however, their underlying MOAs remain to be directly
characterized (42, 43). Interestingly, like gladiolin, these other natural products synergize
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FIG 5 Gladiolin accelerates and exacerbates membrane damage by AmpB. Images show liposome-deposited mica disks
composed of POPC:ergosterol (80:20). Black spots indicate areas where supported lipid bilayers (SLBs) have not been formed.
(A) Time course of the topographical changes of SLBs treated with gladiolin, AmpB, or their combination. SLBs were observed
over a time course of 120 min in the presence of 20 pg/mL single drug or a 10 pg/mL each gladiolin/AmpB combination.
Images are stills taken from the supplemental movies. Pits with a decreased membrane depth are labeled with red arrows and
thickened sections with blue arrows. (B) Topographic structure of SLBs with the addition of AmpB (10 pg/mL) and gladiolin
(10 pg/mL) mixture imaged at 58-62 min post-addition. (C) Zoomed-in topographical profile of white inset box in panel B. The
color scale shows the depth of the SLBs with pits appearing in darker colors and areas with increased depth shown in yellow.
Green arrows indicate holes of various diameter and depth inside raised structures. (D and E) 3D presentation of images B and
C, respectively, showing pitted area of lower (in brown) and raised structures with increased height (in yellow).

with AmpB but not with azoles or echinocandins. Our MOA studies using biophysical
methods revealed that the synergism of gladiolin with AmpB results from the ability of
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gladiolin to associate with lipid bilayers and a functional interaction between the two
compounds in the membrane. This MOA is distinct from the mechanism associated with
the antibacterial activity of gladiolin and structurally related compounds, which results
from inhibition of RNA polymerase (27, 44).

We show that gladiolin interacts with model membranes on its own, with biphasic
kinetics and in a partially irreversible manner. This is reminiscent of some antimicrobial
peptides and toxins (45-48) but, to the best of our knowledge, such an interaction mode
has never been reported for a polyketide. Our interpretation of the biphasic binding
observed for gladiolin is that it undergoes fast and reversible initial association with
the outer leaflet of the membrane and then slowly and irreversibly inserts into the
lipid bilayer. Despite interacting with membranes, gladiolin on its own did not cause
membrane rearrangements or damage in our AFM experiments (Fig. 5). This is consistent
with its inability to inhibit fungal growth or reduce metabolic activity of mammalian cells
when applied on its own.

Although gladiolin alone does not damage the membrane, it dramatically increa-
ses membrane damage in combination with AmpB. Membrane lipid rearrangements
included thinning and formation of membrane pits, as well as thickening and the
formation of pores leading to the destruction of the membrane. The areas of lipid
rearrangement were bigger, and the changes occurred faster with the gladiolin/AmpB
combination (within 10 minutes) compared with AmpB alone (within 60 min). We further
show that another polyene antifungal, natamycin does not synergize with gladiolin (Fig.
3A through C) and does not cause increased membrane damage in combination with
gladiolin (Fig. S4B). Together, these results support a mechanism of antifungal synergism
between gladiolin and AmpB that results from increased membrane damage with the
compound combination.

We found no evidence of gladiolin and AmpB interacting with each other in solution
(Fig. S3A and B) and increasing the solubility of AmpB in the deoxycholate formula-
tion (i.e., fungizone) did not elevate the degree of synergism with gladiolin (Fig. S3C).
Together, these data argue that gladiolin does not simply solubilize AmpB. However,
it remains possible that gladiolin and AmpB interact within membranes. Indeed, our
SPR experiments show that gladiolin binds to membranes and changes the membrane-
binding profile of AmpB to be biphasic and partially irreversible. While gladiolin on its
own does not detectably damage the membrane in AFM experiments, the change in
AmpB’s interaction with the membrane in the presence of gladiolin increases its ability to
damage membranes, explaining the synergism between these two compounds.

Our study further provides insight into the MOAs of AmpB and how gladiolin
potentiates these. Pore formation has been widely accepted as a mechanism respon-
sible for the antifungal activity of AmpB. However, more recent work called this into
question by showing that AmpB sequesters ergosterol as a “sponge” on the surface of
the membrane rather than inserting into it to form pores (11, 12). In contrast, recent
advanced imaging experiments using polarization-sensitive simulated Raman scattering
are consistent with AmpB assembling into pores (14). Using AFM, we observed that
AmpB causes both membrane thinning (pits), which, as shown before by others using
neutron reflectometry, is caused by ergosterol extraction (41, 49). We further observed
pore formation within areas of thickened lipid bilayers. The ability of gladiolin to enhance
ergosterol extraction by AmpB is supported by the fact that, in AFM experiments,
the areas of membrane thinning appeared faster in combination with gladiolin and
the patches were larger (Fig. 5). With AFM, we also detected faster pore formation
with gladiolin/AmpB combinations relative to AmpB alone. On a biophysical level, the
two proposed MOAs for AmpB are not mutually exclusive, and our data support the
notion that both mechanisms occur dynamically in fungal cell membranes and can
be potentiated by compounds such as gladiolin. The finding that natamycin, which
is unable to form membrane pores (13), does not synergize with gladiolin (Fig. 3C)
supports the proposition that synergism of polyene compounds with gladiolin requires
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an enhancement of both MOAs (pore formation and ergosterol extraction), as observed
for AmpB.

In conclusion, gladiolin exemplifies how natural products can be used as tools to
understand the MOA and synergistically enhance the activity of current antifungal
drugs. The ability of gladiolin to exacerbate membrane damage and synergistically
reduce fungal growth without increasing the toxicity of AmpB against mammalian cells
provides insights into how the activity/toxicity relationship of AmpB could be improved.
This kind of potentiation strategies complement other efforts to reduce host toxicity
and bioavailability, including but not limited to AmpB lipid and nanoparticle-based
formulations and the synthesis of AmpB analogs with reduced binding to mammalian
cholesterol (7, 15, 50). Given the scarcity of antifungal treatments, the growing resist-
ance to both azoles and echinocandins, and the relatively small number of antifungal
compounds in the development pipeline (51), it is important to take a multi-pronged
approach to improve therapeutic options. Our study contributes to these efforts by
characterizing a potentiator of AmpB.

MATERIALS AND METHODS
Fungal strains and media

All Candida and Cryptococcus strains are listed in Table S2 and were maintained on YPD
plates (1% yeast extract, 2% peptone, 2% glucose, and 2% agar). For Candida precultures,
single colonies were picked from YPD plates, inoculated into liquid YPD medium, and
grown at 30°C overnight. All experiments were carried out in RPMI-1640 medium (R6504,
Sigma) buffered with 3.5% MOPS and adjusted to pH 7.0 (hyphal growth) or pH 5.6 (yeast
growth). For alternative C-sources, RPMI-1640 medium (R1383, Sigma) with 3.5% MOPS
adjusted to pH7.0 was used.

MIC, CFU, checkerboard, and filamentation experiments

Gladiolin was purified as described previously (27) and dissolved in 100% DMSO to
achieve a stock concentration of 5 mg/mL. Gladiolin stocks were diluted in RPMI-1640
medium to twofold (MIC, CFU and filamentation experiments) or fourfold concentrated
(checkerboard experiments). Fungal inocula were prepared as described in CLSI-M27.
In brief, five colonies of fungal cultures were suspended in PBS and adjusted to an
optical density (ODggg) of 0.08 to 0.1. A volume of 100 pL of cell suspension was added
to 9.9 mL RPMI-1640 medium to make the work solution. Fifty microliters of gladiolin
(final concentration 0.25-16 pg/mL) and 50 pL of work solution were added into flat
bottom 96-well plates (Nunc Microwell 167008, Thermo Scientific) and incubated at
either 30°C or 37°C for 20 h. For CFU experiments, aliquots of the MIC assay were diluted
appropriately, and 100 pL of cell suspension was plated onto YPD plates. After 2 days of
incubation at 30°C, CFUs were counted. For synergism experiments, 25 uL of gladiolin
concentrations, 25 pL of antifungal drugs (caspofungin, fluconazole, and amphotericin
B), and 50 uL of work solution were mixed and incubated at 37°C for 20 or 48 h for
Cryptococcus. Cell density at 600 nm was measured using a plate reader (Tecan, Spark
10M), or images were taken with an Olympus BX60 microscope at 40x magnification.
Synergistic effects were evaluated using the fractional inhibitory concentration index
(FICI) method, whereby MICp and MICg are defined as the minimal inhibitory concentra-
tions of each drug alone and MICac and MICg¢ are the corresponding MICs of both drugs
in combination:

FICL = e, + Mic,

Drug interactions with FICI values of <0.5, >0.5 to <1, 1-4, or >4 are categorized as
synergistic, additive, indifferent, and antagonistic, respectively (32, 33).
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Macrophage infection and live cell imaging experiments

Bone marrow-derived macrophages (BMDMs) were isolated and differentiated as we
have previously described using femur and tibia bones of 6- to 8-week-old C57BL/6
mice (52). The medium for differentiation was RPMI-1640 medium supplemented with
12.5 mM HEPES, 20% L-cell conditioned medium, 15% fetal bovine serum, and 100 U/mL
penicillin-streptomycin. Differentiation lasted for 6-8 days at 37°C and 5% CO,. Seeding
of BMDMs was at 1 x 10° cells/well in a 96-well plate, followed by incubation at 37°C
and 5% CO, overnight. After this step, macrophages were stained for 30 min with 1
MM CellTracker Green CMFDA (ThermofFisher) and then co-incubated with C. albicans
strain SC5314 (MOI 3 yeast:1 macrophage). The phagocytosis step proceeded for 1 h,
after which the remaining yeast cells were removed and warm BMDM medium with
or without 16 pg/mL gladiolin or gladiolin/AmpB combinations was replenished. For
imaging in the C. albicans experiments, 0.6 uM DRAQ7 (Abcam) was added as well,
followed by the 96-well plate being put into an incubation chamber and time-lapse
images acquired with a Leica AF6000 LX epifluorescence microscope every 30 min for
up to 24 h using a Leica DMi8 Live Cell Imaging System and HC PL FLUOTAR L 20x/0.40
Dry PH1 CORR objective with bright field, GFP, and Y5 filters. For data analysis, the
CellProfiler 2.1.1 software was used as we have previously described (53). DRAQ7 positive
events were plotted using Prism 9 (Graphpad) software. For statistical analysis, a one-way
ANOVA with Dunnett’s multiple comparisons test was used.

Resazurin viability assay

BMDMs were seeded at 5 x 10* cells/well in a 96-well plate in BMDM medium and
incubated at 37°C and 5% CO5 overnight. The next day, 100 pL of twofold dilutions of
gladiolin in BMDM medium was added to the cells and incubated at 37°C and 5% CO,
for 20 h followed by the addition of 10 uL 10x resazurin. Cells were further incubated at
37°C and 5% CO, until reduction of resazurin was visible (2-4 h). Fluorescence (Ex./Em.
535/585) was measured using a plate reader (Tecan, Spark 10M).

Galleria mellonella infection model

Before infection Galleria mellonella larvae (UK Waxworm Ltd) were decontaminated with
70% ethanol. Colonies of C. albicans were collected from YPD plates, resuspended in PBS,
and adjusted to a cell density of 1 x 107 cells/mL. Individual larvae were infected by
injection of 10 pL of Candida suspension in the rear proleg with or without drug using
an insulin syringe (BD Ultra-Fine). Larvae injected with 10 pyL PBS served as uninfected
control. Larvae were placed individually in wells of a 24-well plate, incubated at 37°C, and
monitored for movement and discoloration over 7 days.

Ventilator-associated pneumonia biofilm model

Biofilms were established on endotracheal tubes (ETT) (siliconized PVC, cuffed, 8 mm
internal diameter, manufactured and supplied by IMS Euro) as described here (36). C.
albicans precultures were grown in YPD at 37°C overnight. Cultures were adjusted to an
OD of 0.05 in SVAM medium (36), and 0.5 mL of fungal suspension was added to ETT
cuttings placed into 24-well plates. Plates were incubated for 48 h at 37°C and 5% CO,
before ETT cuttings were transferred to a fresh 24-well plate containing 0.5 mL SVAM
medium with drug treatment. The plate was incubated for a further 24 h as before. The
biofilm was dislodged in a sonicating water bath (Grant XUBA1) at 50 Hz for 15 min,
resuspended and plated onto YPD plates for CFU counting. Synergistic drug interactions
were verified as previously described (54) using the response-additivity model (55, 56).

Rhodamine 6G efflux assay

Overnight cultures grown in YPD medium at 30°C were washed in PBS and adjusted to a
cell density of 1 x 10° cells/mL. Cells were incubated with 10 ug/mL R6G at 37°C for 1 h.
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Dye-loaded Candida cells were harvested and resuspended in PBS to 1 x 10° cells/mL.
Aliquots of 4 mL cell suspensions were treated with gladiolin and/or AmpB as indicated.
Five-hundred microliters of aliquots were taken every 30 min for 2 h and centrifuged to
remove the cells. The efflux of the dye into the supernatant was measured as absorbance
at 520 nm using a plate reader (Tecan, Spark T0M).

Liposome preparation

Ergosterol (Sigma-Aldrich) and 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC)
(Avanti Polar Lipids) were dissolved in chloroform at 2 uM. Dried lipid films were
prepared by adding each lipid solutions to the bottom of clean, dried glass test tubes
at a final volume of 500 pL at molar ratio of POPC (100%); POPC:ergosterol (90:10)
and POPC:ergosterol (80:20). The organic solvent was evaporated with a gentle stream
of dry Ny at 40°C. The residual organic solvent in dried lipid films was completely
removed under high vacuum for 16 h. The dried lipid films were flushed with argon
gas, sealed, and kept at —78°C until use. For the liposome preparation, 800 uL 10 mM
HEPES, 150 mM NaCl, pH 7.2 (HBS), was added to each tube to hydrate the lipid films and
vortex at high speed for 5 min. The resulting liposome suspensions about 1 mg/mL were
incubated at 37°C for 1 h while shaking at 120 rpm/min, followed by bath-sonication for
30 min until full transparency. The clear liposome-HBS solutions were passed through
a polycarbonate membrane (ATA scientific, Lucas Heights, Australia) with 100 nm pore
diameter 31 times with AVESTIN Liposofast extruder (Avestin, Canada). The liposome size
was analyzed by the Zetasizer NanoZS (Malvern Panalytical Ltd, UK).

Surface plasmon resonance analysis

SPR experiments were carried out with a Biacore T100 analytical system on L1 sensor
chip (S-series, Biacore, Uppsala, Sweden). Prior to the experiment, an L1 chip was docked
and system was primed with 10 mM HEPES, 150 mM NaCl, pH 7.2 (HBS). The chip
surface was pre-cleaned twice with 10 pL of 40 mM CHAPS at 5 uL/min followed by
10 pL of isopropanol containing 50 mM NaOH (vol:vol = 3:2) at 5 pL/min through all
four flow cells. The chip surface was equilibrated in HBS running buffer at 10 puL/min
for 20 min until no baseline drift. The liposome solution for SPR analysis was diluted
to 0.2 mg/mL with HBS, and a solution of 100 mM CaCl,-HBS was added to reach a
final concentration of 2 mM CaCl,-HBS. The diluted liposome solutions of each lipid
composition in 2 mM CaCly-HBS were then injected at 2 uL/min for 60 min. At the end of
the liposome injection, the deposited lipid surfaces were pulse-rinsed twice with 30 mM
EDTA-HBS at 30 pL/min for 1 min to remove Ca** and multi-lamellar structures from the
lipid surface and to stabilize the baseline. The responses for all lipid compositions were
4,600-5,400RU. The interaction of gladiolin with each model lipid bilayers was examined
at concentrations 0.5, 1, 2, 4, 8, and 16 pg/mL, where the 0.5, 1, and 2 pug/mL gladiolin
in HBS contains 0.2% DMSO, and the 4, 8, and 16 pg/mL gladiolin were prepared in
0.4% DMSO-HBS. All binding experiments were carried out at 25°C. Each concentration
of gladiolin, AmpB, or gladiolin + AmpB was injected at 30 pL/min with a total injection
time of 200 s followed by a dissociation time of 400 s to give the sensorgrams shown in
Fig. 4. The surface of L1 chip was regenerated by injecting twice with 10 pL of 40 mM
CHAPS at 5 pL/min followed by 10 uL of isopropanol containing 50 mM NaOH (vol:vol
= 3:2) at 5 uL/min. The sensorgrams for lipid deposition and each polyketide-membrane
interaction were analyzed with BIA evaluation 4.0 software (Biacore, GE Health). Fitting
the binding curves with two-state model for the kinetics resulted in poor fitting, and
no kinetic constants can be obtained with confidence. Each of the binding curves
was exported and plotted with SigmaPlot version 14.5 to illustrate the overall binding
responses.

Supported lipid bilayer formation

The supported lipid bilayers (SLBs) were prepared ex situ with vesicle adsorption-fusion
methods. Liposome solution (1 mg/mL, 100 nm diameter) was diluted with HBS to
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0.4 mg/mL, and 100 mM CaCl,-HBS was added to reach a final concentration of 4 mM
Ca”". Two hundred microliters of the liposome solution with 4 mM Ca*" was added onto
the surface of freshly cleaved muscovite mica (grade V-1, 12 mm diam) (Ted Pella Inc,
CA, USA) glued to a parafilm-coated metal disk. The samples were placed in saturated
humidity chambers and incubated at 30°C for 2-3 h in a programmable incubator. The
SLBs were carefully and thoroughly rinsed with Ca**-free HBS. The final SLBs on mica
were kept under aqueous environment by adding 200 uL HBS to the surface and allowed
to equilibrate to room temperature before imaging.

Atomic force microscopy

The topography of the SLBs was characterized on FastScan Bio AFM (Bruker AXS, CA,
USA) using PeakForce Mapping in Fluid in Nanomechanical Mapping. The instrument
was controlled by NanoScope 9.1 software. A triangular ScanAsyst-Fluid+ probe (Bruker,
CA, USA) with a nominal tip radius of 2 nm and a nominal spring constant of 0.7 N/m
was used for imaging in fluid condition. The deflection sensitivity of the probe was
calibrated on a sapphire reference sample in PeakForce QNM sample kit (Bruker, CA,
USA). A mean deflection sensitivity of 23.5 nm/V obtained from three measurements was
entered manually. The spring constant of 0.75 N/m was determined using thermal tuning
on simple harmonic oscillator model in fluid. The tip radius was calibrated on a RS Ti
roughness sample using Tip Qualification function in NanoScope Analysis software. The
SLB samples were loaded to the scanner with a droplet method where the probe loaded
onto the scanner was pre-wet with 30 uL HBS followed by engaging the sample. The
SLBs were scanned with force setpoint manually maintained at 750 pN with the feedback
gain automatically adjusted by software. The amplitude and frequency of peak force
were set at 100 nm and 2 kHz, respectively. Prior to the addition of AmpB, natamycin,
gladiolin, and mixtures, the POPC/ergosterol (80:20) SLBs were scanned at 1 kHz with
512 line-resolution at discrete area of 3 x 3, 5 X 5, and 10 X 10 um in size, and the
SLBs remain stable for at least 40 min during constant scanning. The real-time changes
in the topography of POPC:ergosterol (80:20) induced by each drug and mixtures were
tracked at a scan rate of 2 kHz for 120 min. The imaging size was 5 X 5 um and with
a line resolution of 256 and zoom-in images of varying dimensions were scanned at a
line resolution of 512. The topographic images were analyzed with NanoScope Analysis
software and processed in Gwyddion 2.51 software.
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