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Abstract

Candida albicans is an opportunistic fungal pathogen capable life-threatening disseminated infections particularly in immunocompromised
patients. Resistance to many clinically used antifungal agents has created a need to identify and develop a new generation of
compounds for therapeutic use. A compound screen to identify potential antifungal natural products was undertaken, identifying 12
saponins, some of which have not been previously described. In the Caenorhabditis elegans model, some saponins conferred nematode
survival comparable to amphotericin B. Of the 12 antifungal saponins identified, two were selected for further analysis. C. albicans
isolates were inhibited by these compounds at relatively low concentrations (16 and 32 pg/mL) including isolates resistant to clinically
used antifungal agents. C. albicans hyphae and biofim formation were also disrupted in the presence of these natural products, and
studies demonstrate that fungal cells in the presence of saponins are more susceptible to salt induced osmotic stress. Although
saponins are known for their hemolytic activity, no hemolysis of erythrocytes was observed at three times the minimal inhibitory
concentration for C. albicans, suggesting the saponins may have a preference for binding to fungal ergosterol when compared to
cholesterol. Importantly, when used in combination with photosensitizer compounds, the fungus displayed increased susceptibility to
photodynamic inactivation due to the ability of the saponins to increase cell permeability facilitating penetration of the photosensitizers.
The large proportion of compounds identified as antifungal agents containing saponin structural features suggests it may be a suitable
chemical scaffold for a new generation of antifungal compounds.

Introduction

Fungal infections are a major cause of morbidity and mortality and there is an urgent need for the development of new antifungal
agents. Candidiasis is the most common fungal infection and Candida spp. have become the fourth leading cause of bloodstream
infections in the United States (1, 2). In addition to the morbidity and mortality associated with systemic candidiasis, localized infections
are also a significant health issue. Candida spp. are the second most common cause of urinary tract infection (3) and according to
different studies, approximately 70% of women experience vaginal infections caused by Candida spp., 20% of them suffer from
recurrent infections, and of these latter recurrent infections, about half of the patients have four or more episodes per year (4-6).

The success of Candida albicans as a human pathogen is a result of their diverse armamentarium of virulence factors. C. albicans
colonizes mucosal surfaces, such as the gastrointestinal tract (isolated from over half of the oral cavities of healthy adults) and vaginal
epithelium (4, 7, 8). Candida virulence is a result of its ability to form biofilms, switch between different forms, and produce filaments in
response to environmental conditions (9, 10). Candida biofilm formation has important clinical repercussions because of their increased
resistance to antifungal therapy and the ability of cells within biofilms to withstand host immune defenses, resulting in treatment failure
and the need to remove catheters and other biological materials (7, 11, 12).

There is an urgent need for the development of new antifungal agents [reviewed in (13)]. Traditionally, natural products have provided a
plethora of antimicrobial compounds. In particular, a current drug of choice for treatment of systemic candidiasis is the polyene
amphotericin B (Supplemental Figure 1, panel a) originally isolated from Streptomyces nodosus Trejo (14). Plants are also well known
to produce a diverse array of natural products which harbor antimicrobial activity (15), including phytoalexins and saponins. Saponins
have been identified in over one hundred plant families and can be an integral part of the plant’s defense mechanism. These natural
products are composed of sugar moieties connected to a hydrophobic aglycone backbone. Various side chains to both the aglycone
and the pendant sugar moieties create additional structural diversity. Saponins are able to form pores in lipid bilayers and are known to
increase cellular permeability allowing uptake of molecules that would otherwise be excluded. In this report we utilized the nematode
Caenorhabditis elegans as a heterologous host to screen a library of natural products (16, 17), ultimately identifying twelve saponins
which increased nematode survival. Some saponins were able to prolong nematode survival in a dose-dependent manner and further
characterization of the antifungal activity of members of the saponin family demonstrate they can impede C. albicans biofim formation
and dramatically potentiate photodynamic inactivation (PDI) when coupled with photosensitizers (PSs) and harmless visible light. These
compounds may eventually lead to the development of novel antifungal agents for clinical use either by themselves, or in conjunction
with currently used antifungal agents.
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Identification of antifungal compounds

The ability of pathogenic fungi to overcome antifungal agents in clinical use has created a need to develop new antifungal compounds.
To facilitate drug discovery and overcome drug development hurdles, such as toxicity and solubility, a high-throughput whole animal
assay for the identification of compounds with antifungal efficacy has been developed using the nematode C. elegans as a heterologous
host (16, 17). This assay allows simultaneous assessment of a compound’s potential toxicity and the ability to promote the survival of
the nematode in the presence of C. albicans, including modes of action not traditionally considered in antifungal assays such as impeding
a fungal virulence factor or promoting host immune response. We performed a screen of 2,560 natural products representing a fraction
of the Analyiticon Discovery compound collection (www.ac-discovery.com) housed at the Broad Institute of Harvard and MIT
(Cambridge, MA). Through this screen we found that most of our hits, defined as conferring survival to at least 20% of the nematodes
after five days, were from the saponin family of natural compounds. These natural products identified in the primary screen were
retested and confirmed (Figure 1; Table 1). Of the twelve saponins identified, six of the compounds (A7, A8, A24, A20, A17, and A21)
had no precedent in the literature regarding their structure or biological activity, however in some cases related analogs have been
described. Moreover, although the antifungal effects of some of these saponins have been reported (18, 19), their efficacy against
Candida spp. has not been studied.
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Figure 1
Structures of the natural product saponins identified in the C. elegans-C. albicans antifungal drug discovery screen (all structural
representations were provided by Analyticon Discovery). For each of the compounds the maximum nematode survival (%) is indicated.

Minimal inhibitory concentrations (MIC) in vitro and effective concentration (EC50) in vivo of saponins identified in the C.elegans-C.
albicans screen.*

After confirmation of these hits, dose response experiments were conducted to determine the concentration that provided maximum
nematode survival. The compounds conferred a range of nematode survival from 27% (compound A6) to 93% (compounds A2, A7,
A24, and A25), however, with the exception of A6, all compounds conferred a nematode survival over 65% (Figure 1).

Several representative members of the saponin family of natural products (compounds A8, Al11, A16, A20, and A24; Figure 1) had
similar chemical structures and conferred a high degree of worm survival (Figure 1). Compounds A8 and A24 are closely related
analogs to the known antifungal natural product aginoside (A16) (18, 20). As shown in Figure 1, A8 is the C-2 des-hydroxy analog of
aginoside, and the similar activities of A8 and A16 suggests that the C-2 oxygenation state does not affect the overall antifungal
activity. The pentasaccacharide A24 differs from aginoside through the addition of the B-D-glucopyranose sidechain, and this additional
glycoside did confer an increase in protection from 67-93% (Figure 1). Similarly, compounds A1l and A20, which are both
characterized by oxygenation state differences at the C-6 position in the aglycone backbone as well as differences in the appended
sugar moieties when compared to A8, A16, and A24, also conferred protection to the worms (Figure 1). Clearly, a range of glycoside
substitutions is tolerated in this class of compounds and these differences do not appear to drive the overall activity. Notably, although
members of the aginoside family of saponins are well documented in literature, there was no description of the two new glycosylated
derivatives of aginoside, A8 and A24, or a report of their antifungal activity. It should be noted that there were several other structurally
related analogs composed primarily of the aglycone backbone that were negative in the screen (data not shown). Whether this is due
to specific differences in their fungicidal activity or simply a reflection of their different physicochemical properties (e.g. solubility) is
uncertain.

Six polyglycosylated saponins were identified in the screen (A2, A7, A17, A19, A21, and A25) that completely inhibited in vitro growth
of C. albicans and provided excellent protection to the worms (Figure 1, Table 1). Interestingly, several of these saponins were able to
confer a level of protection similar to that provided by amphotericin B (93%, Table 1) (17), the current clinical antifungal agent of choice
for systemic candidasis. Of particular interest, compound A7 was able to extend C. albicans-infected nematode survival to a similar level
as amphotericin B, however only half of the concentration of A7 was required (Figure 2, panel a). There were no previous reports in the
literature describing the structure of compound A7. Unfortunately, at high concentrations it appears that compound A7 is toxic to the
nematode (Figure 2, panel a), although there does appear to be a therapeutic window, and modification of the compound might reduce
its toxicity. Compound A2 is the known natural product sakurasosaponin, and its antifungal properties have been previously reported by
Ohtari et al. (19). Compounds Al17 and A21, which share a similar aglycone, are related to the maesabalide family of compounds;
however, there were no reports for these unique pentasaccarides that incorporate the distal furanose residue or reports of their
antifungal activity (21). Compounds A19 and A25 also demonstrated excellent in vitro activity completely inhibiting C. albicans growth
and providing excellent nematode protection (Figure 1; Figure 2, panel b; Table 1). These saponins share a similar aglycone core which
is related to the barrigenol family of natural products, however, there are scant reports for compounds displaying this arrangement of
polyglycosylation (22). There is one report in the literature for compounds closely related to A19 (23) and no references were found
for compound A25. While similar compounds have reported insect antifeedant properties (22), there was no description of their
antifungal properties and, based on the potent inhibition and excellent protective effects, we feel this class of compounds may offer
unique opportunities to discover novel compounds with improved activity or inhibit novel fungal biological pathways. Collectively, the
relatively “soft” structure activity relationship (SAR) demonstrated by most the saponins is encouraging, as these compounds retained
excellent antifungal potency even though there are a variety of aglycones, glycosides, and glycosidic linkages displayed between them.

E

Figure 2

Dose response of select compounds identified in the C. elegans-C. albicans assay. (A) Two saponins (A7 and A20) were as effective as
amphotericin B in promoting C. elegans survival. The decrease in nematode survival for A7 at the highest concentration tested suggests
the saponin maybe toxic to the nematode (B) Dose response of two saponin compounds (A16 and A19) used in further studies.

The dose response experiments also allow the estimation of the in vitro efficacy of these compounds against C. albicans and the
effective dose that resulted in 50% survival of the nematodes (EC50) was determined for these 12 natural products (Table 1).
Comparison of the concentrations of both the minimal inhibitory concentration (MIC) and EC50 can provide insight into possible actions
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the compound may have on the fungus. Compounds with a lower or equal EC50 when compared to the MIC suggest the compounds
have higher efficacy during the infection process. This could result from several factors including 1) immunomodulatory effects from the
compounds, 2) inhibition of virulence factors, or 3) desirable solubility and/or permeability properties of the saponins resulting in the
compounds reaching the target site effectively. Of note is that previous studies showed the nematode EC50 concentrations of known
antifungal compounds are higher than the concentrations needed for in vitro efficacy (for example the MIC for several azoles in clinical
use and amphotericin B were half the concentration required to confer 50% nematode survival (Table 1; (17)). However, the saponins
had identical EC50 and MIC concentrations, with the exception of compounds A2 and A8 (Table 1), suggesting their in vivo antifungal
activity may also be derived by alternative mechanisms.

One explanation for the similarity in the EC50 and MIC concentrations is that the saponins may possibly alter the nematode immune
response. Previous studies have demonstrated that saponins have a stimulatory affect on the Thl immune response and production of
cytotoxic T-lymphocytes, which has lead to their use as adjuvants in vaccines (24). It is unclear how saponins alter this immune
response, although a correlation between the length of the sugar side chain and the increase in immune stimulating ability has been
observed, where the longer the sugar moiety, the greater IgG antibody response (24). It should be noted that eleven of the twelve
saponins identified in the screen have at least three sugars attached (Figure 1). Although C. elegans does not have an adaptive immune
response and it is currently unclear if the immune response of the nematode is altered in the presence of these compounds, other
studies have shown saponins induce innate immune responses; production of cytokines, such as interleukins and interferons, is
increased by saponins which may lead to stimulation of the immune system (25).

Further characterization of two identified natural products

Two of these identified natural products (one from each group), A16 (aginoside) and A19, were selected for further studies based on
the following considerations: (1) none of the concentrations used in the dose response experiment showed signs of toxicity to the
worms (Figure 2, panel b); (2) the compounds showed a high percentage of protection to the worms (67% and 80% respectively)
and related structural analogs from each class conferred the highest protection observed, 93% (A24 and A25) (Figure 1); and (3) the
compounds were readily available from the vendor (Analyticon Discovery, Germany). Dose response experiments for A16 and A19
demonstrated dose-dependent nematode survival to C. albicans infection up to the maximum concentration tested for the compounds
(94 pg/mL for A16 and 106 pg/mL for A19; Figure 2, panel b). Using the standard Clinical and Laboratory Standards Institute (CLSI)
procedure, the in vitro MIC of these two compounds was determined on the following C. albicans strains: DAY185 (the standard strain
used throughout the screen), two fluconazole-resistant strains of C. albicans, and an echinocandin-resistant strain of C. albicans (Table
2). Compounds A16 and A19 had identical MIC values for the C. albicans isolates tested, regardless of resistance mechanisms to
clinically used antifungal agents. These findings indicate that the molecular mechanisms of C. albicans which confer resistance to
antifungal agents in current clinical use do not provide cross-resistance to the natural products identified in this screen in agreement with
other studies (26). Importantly, the natural products are likely to have a different mode of action than members of the triazole and
echinocandin family, and may be effective in treatment for isolates resistant to conventional antifungal compounds.

Table 2

The MIC results of clinically relevant compounds and two identified natural products on C. albicans.*

Because of the significance of biofilm in human disease (for example, biofilm formation on medical devices is associated with increased
resistance to antifungal agents (7, 11, 27)) we studied the effects of saponins on Candida biofilms. Both A16 and A19 were able to
inhibit biofilm formation at concentrations below the MIC (10 and 20 pg/mL for A16 and A19, respectively) to a level comparable with
the echinocandin caspofungin (Figure 3). With the exception of the echinocandidns, most currently used antifungal agents are unable to
inhibit biofilm formation to a significant degree.

Figure 3

Biofilm formation for two saponin family members identified in the screen compared to untreated silicone pads and caspofungin, a
compound able to inhibit C. albicans biofilm formation. Standard deviations are depicted and based on 5-11 silicone pad
measurements.

C. albicans biofims are composed of hyphae, pseudohyphae, yeast cells, and an extracellular matrix, where the hyphae play an integral
role within this complex. In order to address the reduction in biofilm formation in the presence of saponins, we tested the ability of
compound A16 to inhibit hyphae formation at various concentrations in RPMI. Untreated C. albicans is able to form extensive hyphal
networks, however when C. albicans is incubated with A16 at 2 pg/mL there are very few hyphae formed and are much smaller in size
(~5 7 cells in length). When treated with 1 ug/mL of A16 there is a visible reduction in the number of hyphae, and the culture primarily
consists of pseudohyphae and yeast cells (data not shown).

Hemolysis studies

Representatives of the saponins family are able to disrupt cellular membranes and the lytic activity on erythrocytes has been used as an
assay for some saponins (25). This property is derived from the affinity of some saponins for binding cholesterol forming insoluble
pores composed of the sterol and saponins (28, 29). Although the hemolytic properties of saponins have been well documented,
several saponins are now known to have little or no hemolytic activity (24, 25). The dose-response experiments previously used to
determine the EC50 and approximate the MIC can also indicate if the saponins maybe toxic to C. elegans and potentially to mammalian
cells. The compound may potentially be toxic to the nematode if a decrease in C. elegans survival is observed despite an increase in the
concentration of the compound. Of the 12 saponins conferring an increase in C. elegans survival, only A7 and A24 displayed a decrease
in nematode survival when tested at higher concentrations (Figure 2, panel a; data not shown). This trend suggests the saponins could
be toxic at high concentrations, although both were able to confer 93% nematode survival at a lower concentration. The in vivo nature
of this antifungal discovery assay may have limited the number of toxic saponins identified in the screen, as they may have been toxic
to the nematode during the screening process. Importantly, hemolysis experiments using sheep erythrocytes and the two purchased
saponins (A16 and A19) demonstrated no hemolytic activity at 100 pg/mL, a concentration which is at least three times the MIC for C.
albicans DAY185.

The aglycone backbone of saponins is believed to play a role in hemolysis as this core has an affinity for cholesterol (29). The saponin
aglycone structure can be divided into the triterpenoid and steroidal structural subclasses (30), where steroidal saponins have higher
hemolytic activity and hemolysis occurs at a faster rate when compared to triterpenoid saponins (31). All 12 compounds identified in
the assay were triterpenoid based saponins and may explain why only two compounds displayed potential toxicity in C. elegans. Other
studies have suggested the hemolytic properties of saponins could be due to several factors including the types of side chains and the
number of appended glycosides and polar functional groups present in the aglycone (25). Compound A24 was the only compound in
this group that showed evidence of toxicity to the worms at concentrations >27 pg/mL, suggesting that while the antifungal activity is
relatively conserved with a range of glycoside substitution patterns, toxicity may be related to the differences in pendant sugar moieties
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rather than the core triterpenoid aglycone.

Osmotic stress and potentiation of photodynamic inactivation in C. albicans by A16

Some saponins are capable of forming pores in Saccharomyces cerevisiae membranes by binding to the fungal sterol ergosterol causing
cellular leakage (32). To investigate if these saponins increase cellular leakage and permeability, the potential of compoundA16 to
increase the susceptibility of the fungus to osmotic stress and enhance photodynamic inactivation (PDI) was assessed.

The C. albicans cell wall and membrane are important for osmoregulation to maintain proper physiological conditions to carryout
enzymatic reactions. Since saponins are able to disrupt the fungal cell membrane, external osmotic stress should also have detrimental
effects on the fungal cell. C. albicans was grown in the presence of 2 pyg/mL of compound A16 under various salt concentrations to
assess the effect the saponin has on salt induced osmotic stress. The fungus incubated with A16 was unable to grow at a high salt
concentration when compared to the untreated control (0.5 M for the A16 treated versus 1.25 M for the untreated control)
demonstrating an increased sensitivity to NaCl induced osmotic stress (data not shown).

Photodynamic inactivation utilizes a non-toxic dye, or photosensitizer (PS), which is able to generate reactive oxygen species, such as
singlet oxygen and hydroxyl radical, in the presence of oxygen and low-intensity light of the correct wavelength to be absorbed by the
PS ultimately producing toxic effects in microbial cells (33). The application of PDI and photodynamic therapy (PDT) as an antimicrobial
treatment is a developing area of photobiology and has been investigated as a highly promising potential treatment for localized
infections (34, 35). Three different PSs molecules were used for studies with compound A16: two were anionic, rose bengal (RB),
chlorin(e6) (ce6), while the third was a polycationic conjugate of ce6 and polyethyleneimine (PEI-ce6). Both RB and ce6 are not taken
up easily by yeast cells and at the concentrations used they had no statistically significant PDI effect (33, 36). However, PEI-ce6 is more
potent at lower concentrations than the other PS compounds against C. albicans and C. neoformans (33, 36), due to its increased
ability to disrupt and pass through the cell wall. The survival fraction and uptake (molecules/cell) of C. albicans was determined for PDI
mediated by the 3 different PSs with or without A16 pre-incubation for various time periods ranging between 1-24 hours. C. albicans
was incubated with 100 uM RB, 100 uM ce6, or 10 uM PEI-ce6 for 30 min in either the presenceor absence of a sub-inhibitory
concentration (4 pg/mL) of A16. The light-dependent kiling of C. albicans in the presence of A16 was 2 to 5 logs greater than the
killingat the same fluence in the absence of A16 for both RB and ce6 (Figure 4, panels a,b). There was virtually noeffect on the yeast
cells eitherin the presence or absence of light (data not shown). Kilingby PEI-ce6 mediated PDI does not change dramatically after
pre-incubation with the compound (Figure 4, panel c). This observationis consistent with the fact that PEI-ce6, due to its polycationic
charge, is self sufficient in bypassing the cell permeability barrier.
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Figure 4

Phototoxicity in C. albicans DAY185 after incubation with or without 4 pg/ml A16 and (A) 100 uM RB, (B) 100 pM ce6, and (C) 10uM
PEI- ce6. Fungal cells were incubated with the PS for 30 min, washed and then illuminated and survival fractions were determined as
described in the methods. Values are means of three separate experiments and bars are SEM. *** P<0.001 compared to PS alone

In order to confirm that the increase in phototoxicity observed by combiningthe different PS with A16 is actually due to an increase of
cellular uptake of the PS by the cells and to document that the antifungal efficacy of saponins against C. albicans is associated with
increased permeability, the amount of dye within the cell was measured by fluorescence spectrofluorimetry. The cellular uptake of
dyecan be expressed as molecules per cell by correlation of theextracted PS concentration with the number of C. albicans cells present.
In each case the addition of compound A16 dramatically increased the uptake of PS by the cells, and these differences were statistically
significant (Table 3).

Table 3

Uptake assessment of photosensitizers in the presence of the natural product A16.

The influx of the PS ce6 into C. albicans cells was further examined and confirmed by confocal laser scanning microscopy. Alone, ce6
demonstrated no apparent internalization into either yeast or pseudohyphae C. albicans cells after one hour incubation (Figure 5, panel
a). However, when ce6 and A16 are incubated together for one hour, internalization of ce6 is visible (Figure 5, panel b). Consistent with
the PDI assays, after a 24 hour incubation period there was a dramatic increase in the concentration of ce6 inside the fungal cells in
both yeast form (Figure 5, panel c) and, in particular, pseudohyphae (Figure 5, panel c), further confirming the ability of A16 to increase
cell permeability.

4 de 8 13/10/2011 10:48



ca-0896.pdf http://www.medicinacomplementar.com.br/convertido/ca-0896.htm

Figure 5

Confocal laser scanning microscopy of C. albicans cells after incubation with (A) 100uM ce6 and in combination with 4 pug/ml A16 for
(B) 1hr and (C) 24hrs. Scale bar = 20 ym for (A) and (B) and 14 pm for (C).

The pore-forming characteristic of saponins makes them ideally suited for use with conventional antifungal therapy. Compound A16 was
able to increase uptake of PS enabling increased PDI of the fungus. Here we show that saponins in conjunction with PDT may be used
for treatment of C. albicans infections. This study is the first to demonstrate that RB and ce6 in the presence with a saponin have a
dramatic PDI effect to fungal cells (Figure 4, panels a-c; Figure 5, panels a-c; Table 3). Furthermore, the dramatic increase in
permeability of pseudohyphae (Figure 5, panel c), when compared to C. albicans cells in the yeast morphology (Figure 5, panel c),
suggests the previously observed decrease in biofilm formation in the presence of the saponin (Figure 3) is due to an increase in
permeability of pseudohyphae and hyphae.

Interaction between A16 and fluconazole

Since compound A16 was able to facilitate uptake of PS compounds, we investigated their ability to increase uptake to the commonly
used antifungal agent fluconazole. As indicated above, fluconazole and saponins have different target sites, although they both function
by altering the fungal cell membrane. Interestingly, when we exposed fungi to different concentrations of fluconazole and A16, we found
that a subinhibitory concentration of compound A16 (4 pg/mL) was able to decrease the MIC of C. albicans isolate DAY185 from 2
pg/mL for fluconazole alone to 1 pg/mL for a combination of the two compounds. Despite less growth in the well resulting in a
“speckled” pattern, the two C. albicans isolates with increased resistance to fluconazole showed no increase in sensitivity to fluconazole
treatment in the presence of A16. One of the molecular mechanisms responsible for increased resistance to fluconazole for isolate
98-145 is a homozygous V4371 point mutation in the ERG11 gene (37). This suggests that the alteration of the fluconazole target site
still renders the fungus resistant despite a potential increase in influx of fluconazole caused by addition of compound A16.

The saponins were able to inhibit growth of several C. albicans isolates, including isolates which were resistant to fluconazole and
echinocandins (Table 2). Whether or not C. albicans can develop resistance to saponins is not known. Since saponins are synthesized
mostly by plants, plant pathogenic fungi have developed resistance mechanisms to these natural products (38). There are several
mechanisms in which phytopathogenic fungi evade saponin toxicity, ranging from avoidance to enzymatic degradation (38). Studies
using S. cerevisiae and the saponin a-tomatine from tomato have shown that the fungus has greater inhibition to a degradation
product, tomatidine, than to the complete a-tomatine saponin (32), suggesting that if C. albicans gains/evolves the ability to detoxify
saponins, it may still be inhibited by the degradation products.

The abundance of saponin derived natural products and the lack of overt cellular toxicity displayed by the majority of compounds in this
study suggests saponins may provide a promising source of new antifungal agents. These compounds represent an opportunity to
expand the current classes of antifungal agents in use and to improve available antifungal drugs by exploiting these new chemical
scaffolds. Future studies will focus on defining the minimal structural components required to retain full inhibitory and protective effects
against C. albicans.
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C. elegans-C. albicans assay

The procedure for the co-inoculation antifungal compound screen were conducted as previously described (17, 39), using the C.
albicans strain DAY185 (40) and the C. elegans glp-4;sek-1 double mutant. Determination of the EC50 and MIC during the assay was
conducted as previously described in Okoli et al (17).

Hemolysis assay

The cytotoxicity for the identified compounds was confirmed as previously described (16, 41). Hemolysis of sheep erythrocytes
(Rockland Immunochemicals) was monitored on a spectrophotometer at A540 with the two natural products A16 and A19 (100
pg/mL) in 2% DMSO. Triton X-100 and DMSO were used as controls.

C. albicans phenotypes in presence of identified antifungal compounds

The MIC was determined for strains DAY185, 98-145, 95-120 (37), and A15-10 (42) spectrophotometricially using RPMI 1640 media
(Mediatech, Inc.) following the standard CLSI microdilution protocol M27-A (43). Biofilm assays using identified compounds were
conducted as previously described (44). The biofim dry mass was determined by drying the silicone squares in a chemical hood, and
weighing the resulting biofilm mass subtracting the previously weighed mass of the silicone square. Biofilm pictures were captured using
a confocal laser microscope (TCS NT, Leica Microsystems). Caspofungin (Merck) served as a known antifungal compound control. In
vitro hyphal inhibition was assessed by incubation of DAY185 in RPMI 1640 media at 37°C. After 48 hours the cultures were visually
inspected for hyphal formation by microscopy. The ability of the antifungal compound A16, at either 2 or 4 pg/mL, to induce osmotic
stress was assessed using DAY185 grown in a 96 well microtiter plate containing RPMI 1640 media and NaCl, ranging in concentrations
from 0-2 M in 0.25 M increments. The growth of the fungus was measured spectrophotometricially after 48 hours of growth at 35°C.
Photosensitizers and light sources

The PS used were RB (Sigma-Aldrich) and ce6 (Frontier Scientific). PEI-ce6 was synthesized as a covalent conjugate between
polyethylenimine (MW range 10,000-25,000, an average of one ce6 per chain) and ce6 as described previously (45). A noncoherent
light sourcewith interchangeable fiber bundles (LC122; LumaCare) was employed. Thirty-nanometer-band-pass filtersat ranges of 540
+ 15 nm for RB, and 660 + 15 nm for ce6 and PEI-ce6 were used. The total power output from the fiber bundle ranged from 300 to
600 mW. The spot wasarranged to give an irradiance of 100 mW cm-2.

Incubation with A16 and PDI assay

Fungal suspensions in PBS (initialconcentration, 108 CFU ml-1) were pre-incubated with A16 for 1 and 24 hrs in combination with the
appropriate PS in the dark at room temperature for 30 min at concentrations varying from 10-100 pM for the PS and 4 pg/ml for A16.
The PDI study including CFU determination was conducted as previously described (45) with the exception that the fluences ranged
from 0 to 80 J cm—2. Two types of control conditions were used: illumination in the absence of PS or A16 and incubation with PS and
A16 in the dark.

Uptake assays

Cell suspensions (108 cells/mL) were incubated in the dark using the same concentrations as for the PDI assays measured as M PS
equivalent (final concentration in incubation medium). Uptake was determined by measurement of fluorescence in black 96-well
flat-bottomplates (Costar) in a final volume of 200 pL using a Spectramax Gemini spectrofluorimeter (Molecular Devices)at 400 nmex /
580-700 nmem for ce6, PEI-ce6 and 552 nmex / 555-620 nmem for RB. Uptake values were obtained as previously described (36,
45).

Statistical analysis

The statistical values for the PDI experiments were calculated as previously described using an unpaired two-tailed Student t test where
a P value of lessthan 0.05 indicated statistical significance (33).

Confocal Microscopy

Cells were grown at 30°C, exposed to PS for 30 min, and then washed with PBS. Cells were observed for PS localization by confocal
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laser microscopy (TCS; NT Leica) as described previously (33).

Supplementary Material

fig 1: Supplementary Figure 1

Structure of two clinically relevant antifungal agents. (A) amphotericin B and (B) caspofungin.

Click here to view.(6.8M, tif)
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Table 1

Minimal inhibitory concentrations (MIC) in vitro and effective concentration (EC50) in vivo of saponins identified in the C.elegans-C.
albicans screen.*

Saponin natural products MIC in vitro (pg/mL) EC50in vivo (pg/mL)

Amphotericin B 1.0 2.0
A2  Sakurasosaponin 27.5 55.1
A8 5.8 23.1
A16 Aginoside 47.0 47.0
A24 13.3 13.3
All 38.9 38.9
A20 4.8 4.8
A7 3.1 3.1
A19 26.5 26.5
A25 28.7 28.7
Al7 31.0 31.0
A21 16.5 16.5

*Compound A6 (Arvensoside B) was unable to provide a MIC or EC50 due to the limited antifungal activity of the compound.
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