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Abstract

Candida albicans, an opportunistic fungal pathogen, causes life-threatening infections in
immunocompromised patients. Current antifungals are limited by toxicity, drug-drug interactions,
and emerging resistance, underscoring the importance of identifying novel treatment approaches.
Here, we elucidate the impact of sinefungin, an analog of S-adenosyl methionine, on the
virulence of C. albicans strain SC5314 and clinical isolates. Our data indicate that sinefungin
impairs pathogenic traits of C. albicans including hyphal morphogenesis, biofilm formation,
adhesion to epithelial cells, and virulence towards Galleria mellonella, highlighting sinefungin

as an avenue for therapeutic intervention. We determine that sinefungin particularly disturbs N6-
methyladenosine (mBA) formation. Transcriptome analysis of C. albicans hyphae upon sinefungin
treatment reveals an increase in transcripts related to the yeast form and decrease in those
associated with hyphae formation and virulence. Collectively, our data propose sinefungin as

a potent molecule against C. albicans and emphasize further exploration of post-transcriptional
control mechanisms of pathogenicity for antifungal design.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you
modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.Reprints and permissions
information is available at http://www.nature.com/reprints

“Correspondence and requests for materials should be addressed to Sohail Khoshnevis. skhoshn@emory.edu.

Author contributions

S.K. and A.N. designed the study. A.N., S.K., A.K., A.C. and K.S. performed experiments and acquired the data. A.N., S.K., A.C.
and A.K. carried out data analysis and visualization. S.K., H.G., A.K. and A.N. interpreted the analysis. A.N. and S.K. drafted the
manuscript. H.G., S.K. and A.N. edited the manuscript. All authors critically reviewed the manuscript and approved the final version
of the manuscript.

Competing Interests

The authors declare no competing interests.

Supplementary information The online version contains supplementary material available at https://doi.org/10.1038/
$44259-024-00040-9.


https://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/reprints

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nayak et al.

Page 2

Candida albicans is a leading cause of nosocomial infectionl=3. As an opportunistic fungal
pathogen normally found on skin and mucosal surfaces, C. albicans is responsible for
common conditions like oral thrush* and vaginal yeast infections®, but can result in life-
threatening systemic infections in immunocompromised patients. These infections, called
candidiasis, are especially associated with high mortality rates in the ICU, where the most
severe forms of infection have mortality rates exceeding 70%3:. Due to rising resistance
to existing antifungals, the high incidence (~750,000 cases per year) and mortality rates of
candidiasis remain a major medical concern, highlighting the critical need to develop new
strategies for combating Candida spp. infection’8,

The ability of C. albicansto invade deep tissues and organs for systemic infection is
primarily attributed to the pathogen’s morphological transition from single budding yeast
cells to hyphal filaments in response to environmental stimuli®-11. This is the mechanism by
which C. albicans adheres to host tissues and forms invasive biofilms, which is an important
step in pathogenesis!213, The transcriptional regulatory networks that control the switching
from yeast to hyphae are well defined4-18, but the post-transcriptional regulators that
modulate this transition are less understood, and have largely been overlooked as therapeutic
targets.

S-Adenosyl methionine (SAM) is the methyl donor for most known methyltransferases
(MTases). Sinefungin, a natural nucleoside analog of SAM in which a sulfonium moiety
is replaced by an amine, functions as a pan-inhibitor against SAM-dependent MTases
(Fig. 1A)19-23_ First iso-lated from cultures of Streptomyces incarnatus and Streptomyces
griseolus, sinefungin has been shown to inhibit the development of various parasitic
species, including 7rypanosoma, Leishmania, and Cryptosporidium species, and has also
demonstrated antifungal activity19:24-27,

The antimicrobial properties of sinefungin can be attributed to its inhibition of
transmethylation reactions, with adenine MTases and other DNA MTases exhibiting a
particular sensitivity to sinefungin2927-29, Prior studies have shown that sinefungin also
inhibits MTases closely associated with post-transcriptional modification in S. cerevisiae,
including cap MTase Abdl and METTL3-14-WATP, a human ortholog of MRNA MTase
Ime430-32,

In the current study, we determine the impact of sinefungin-mediated inhibition of
transmethylation reactions on the virulence of C. albicans by evaluating treatment effects
on the cellular morphological transition, surface adhesion, and biofilm formation. Our
data indicated that sinefungin impairs pathogenic traits of C. albicans including hyphal
lengthening, long-term biofilm formation, and adhesion to the human epithelial cell lines,
without adversely affecting human cells. Furthermore, in vivo experiments showed that
sinefungin treatment suppresses virulence of C. albicansin Galleria mellonella, therefore
highlighting sinefungin as a potential avenue for therapeutic intervention in candidiasis.
Interestingly, other SAM analogs did not demonstrate such effects on C. albicans.
Comparing the methylation levels of proteins, metabolites, and nucleotides in the presence
and absence of sinefungin revealed that the formation of N6-methyladenosine (m®A)

is particularly sensitive even to low concentrations of sinefungin. Global transcriptional
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profiling of C. albicans hyphae upon treatment with sinefungin revealed that several
transcripts associated with the yeast form of C. albicans are up-regulated whereas

many virulence-associated genes are down-regulated. Together, our results underscore the
importance of exploring post-transcriptional control mechanisms of pathogenicity for design
of new antifungals.

Results

Sinefungin does not affect the growth of Candida albicans in the yeast form but inhibits
hyphal growth and colony morphology at low concentrations

Sinefungin was originally identified as an antifungal agent and later was shown to impair
the viability of multiple eukaryotic pathogens!9.20.24-27 T test the effect of sinefungin on
the growth of C. albicans in the planktonic form, we measured the growth rate of the strain
SC5314 in the presence of varying concentrations of sinefungin. There was no significant
change in the doubling time of the cells in the presence of sinefungin concentrations below 2
UM relative to no-drug condition (Fig. 1B). Cells exhibited slower growth in the presence of
higher concentrations of sinefungin.

A key factor of C. albicans pathogenicity is its ability to switch from yeast to hyphae in
response to environmental cues. To test if sinefungin inhibits transmethylation reactions
required for the regulation of this transition, we evaluated the effect of sinefungin on hyphal
morphogenesis. Sinefungin concentrations as low as 0.25 uM inhibited hyphae growth (Fig.
2A), with relative hyphae lengths significantly reduced (p < 0.0001) compared to the no
drug group, 2 h after hyphal induction with FBS in nutrient-poor RPMI-1640 (Fig. 2B).

We next measured the effect of sinefungin on long-term hyphae formation. Wild-type C.
albicans grown on solid spider media displayed a filamentous colony margin, representative
of the yeast to hyphae transition. This phenotype was not present on plates with sinefungin
concentrations of 0.5, 1 and 2 uM (Fig. 2C). Together, these data suggest that sinefungin
inhibits both short-term and long-term hyphal growth in response to induction with serum
and nutrient-poor conditions. This inhibitory effect is present at concentrations as low as
0.25 pM, despite sinefungin not influencing yeast growth rate until concentrations exceeded
2 UM.

Sinefungin inhibits C. albicans surface adhesion to polystyrene

Another component of C. albicans infection is surface adhesion, as planktonic yeast cells
must adhere to surfaces before initiating tissue invasion and ultimately biofilm formation33-
35, To analyze the effect of sinefungin on the initial stages of biofilm formation, we
measured the adhesion of C. albicansto a polystyrene surface in the presence of varying
concentrations of sinefungin. Our data show that C. albicans grown in the presence of 0.25
UM sinefungin in 96-well polystyrene plates have significantly impaired surface adhesion
within 1 h (p< 0.01, Fig. 3A). The difference between treated and untreated cells becomes
more prominent at 2 h (p < 0.001, Fig. 3A). These results indicate that cells grown in the
presence of sinefungin are impaired in their ability to adhere to polystyrene in the early
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stages of biofilm formation. Increasing the concentration of sinefungin above 0.5 uM did not
increase its inhibitory effect on surface adhesion.

Next, we asked if long-term incubation with sinefungin could reverse the adhesion of
pre-formed biofilms on polystyrene. C. albicans biofilms were grown in the absence of

drug for 1.5 h, and then incubated with sinefungin for 18 h. We observed a clear reversal

of adhesion, with 1 uM of sinefungin resulting in ~50% decrease in biofilm biomass (p <
0.0001, Fig. 3B). Furthermore, representative images of cells after 18 h of growth in the
presence of sinefungin reveal that sinefungin successfully reverses adhesion to polystyrene
after long-term periods of growth (Fig. 3B, C). This activity against adhered cells may prove
useful in a clinical setting.

Sinefungin significantly reduces the adhesion of C. albicans to human epithelial cell lines
without affecting epithelial cell viability

Because sinefungin could inhibit C. albicans adhesion to a polystyrene surface, we sought to
study the impact of sinefungin on adhesion of C. albicansto two human epithelial cell lines
that serve as effective substrates for cell adhesion: HEK293 (kidney) and H1299 (lung). In
the presence of 0.5 pM sinefungin, the relative adhesion of C. albicansto both cell lines was
reduced (Fig. 4A, B). Furthermore, increasing sinefungin concentration above 0.5 uM did
not significantly strengthen this inhibitory effect.

Sinefungin’s demonstrated capacity to suppress the morphological transition of C. albicans
makes it a promising candidate for potential clinical application. To establish a range of
sinefungin concentrations that retained antifungal properties against C. albicans without
impacting human cell viability, we measured the metabolic activity and cell death of

H1299 and HEK?293T in the presence of varying concentrations of sinefungin. All tested
concentrations of sinefungin had no noticeable effect on metabolic activity for both cell
lines, indicating that low concentrations of sinefungin do not impact human epithelial

cell proliferation (Fig. 5A, B). Sinefungin is also not cytotoxic against both cell lines at
concentrations below 4 uM (Fig. 5C, D). Thus, though sinefungin is an MTase pan-inhibitor,
it does not affect the viability of human epithelial cells at concentrations that inhibit the
hyphal morphogenesis of C. albicans. These data suggest that there may be an MTase crucial
to the cell-switching process for C. albicansthat is highly sensitive to sinefungin compared
to human SAM-dependent MTases.

Sinefungin impairs surface adhesion and adhesion to human epithelial cells in
representative C. albicans clinical isolates

Because sinefungin shows a clear inhibitory effect on C. albicans reference strain SC5314,
we evaluated the impact of sinefungin treatment on hyphal growth, adhesion, and biofilm
formation of representative C. albicans clinical isolate stains. For isolates P76055 and
P76067, which have been experimentally shown to be capable of forming hyphae under
short-term growth conditions36-38, a sinefungin concentration of 0.5 uM is sufficient to
reduce surface adhesion to polystyrene 2 h after hyphal induction (p < 0.0001, Fig. 6A, B).
Additionally, the isolates demonstrate decreased adhesion to human epithelial cell lines in
the presence of 1 pM sinefungin after 2 h of incubation (p < 0.001, Fig. 6C, D). Again,
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this inhibitory effect does not increase with increasing concentrations of sinefungin. We

also tested if sinefungin could reverse the adhesion of preformed biofilms aftera long-term
periodof growth for several C. albicans clinical isolates, P75010, P75016, P76055, P76067,
and GC75, that vary in their abilities to form short-term hyphae and pseudohyphae36-38,
After incubating preformed biofilms with sinefungin for 18 h, all five strains demonstrated

a clear reversal of adhesion with significantly reduced biofilm biomass in treated groups
relative to controls (0 < 0.01, Fig. 6E). Together, these data confirm that the inhibitory
effects of sinefungin on traits that mediate C. albicans pathogenicity are demonstrated across
multiple strains of C. albicans, further implicating its unexplored therapeutic value.

Sinefungin has significant antifungal activity within in vivo G. mellonella- C. albicans
infection model at biologically non-toxic concentrations

To assess the capacity of sinefungin to suppress virulence traits in vivo, we used the in vivo
G. mellonella infection model. One hour after inoculation with C. albicans, G. mellonella
was administered various concentrations of sinefungin via injection. Mortality counts were
recorded daily. We found that for sinefungin concentrations 0.15 mg/kg, 0.76 mg/kg, and
3.81 mg/kg, over 60-80% of the larvae survived until the end of a 5-day observation period
(p<0.0001,Fig. 7A). Concentrations lower than 0.15 mg/kg likely do not have as high of

an inhibitory effect on infection, resulting in higher mortality of G. mellonella. Notably, at
sinefungin concentrations less than or equal to 0.76 mg/kg, we did not observe statistically
significant toxicity to G. mellonella, indicatingthat sinefungin iseffective against C. albicans
infection at concentrations lower than biologically non-toxic levels (Fig. 7B). Together, these
data show that sinefungin is able to mitigate virulence in the G. mellonella infection model
through its attenuation of pathogenic traits, highlighting its potential clinical applications.

Methylthioadenosine and adenosine dialdehyde, two other SAM analogs, do not affect
surface adhesion in C. albicans

Methylation
C. albicans

To test if the observed defects in the pathogenic traits of C. albicans in the presence

of sinefungin are due to a general methyltransferase inhibition mechanism, we tested the
effect of two other pan-methyltransferase inhibitors on biofilm formation by C. albicans.
Adenosine dialdehyde (ADA) and 5’ -methylthioadenosine (DMTA) are often used as
cell permeable, global methyltransferase inhibitors3. Our analysis showed that unlike
sinefungin, ADA and DMTA do not demonstrate the same inhibition of surface adhesion
to polystyrene, suggesting that the antifungal activity of sinefungin is specific (Fig. 8).

profiling identifies m®A mRNA modification as a major target of sinefungin in

Sinefungin’s strong inhibition of pathogenic traits of C. albicans at low concentrations
without affecting yeast growth rate and human epithelial cell viability indicates that

there may be an MTase that regulates the yeast-to-hyphae transition in C. albicans that

is particularly sensitive to sinefungin. We hypothesize that despite being a known pan-
MTase inhibitor, at concentrations below 2 pM, sinefungin specifically targets a form of
methylation that is integral to hyphal morphogenesis without greatly affecting methylation
patterns involved in other aspects of cellular growth and survival.
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The major types of methylation in biological molecules involve protein methylation (mostly
in the form of arginine or lysine methylation), nucleotide modifications (with m6A and m®C
being the dominant methylated species in RNA and DNA, respectively), or the methylation
of lipidsoluble metabolites. To explore which methylated moiety is the most sensitive to
sinefungin, we profiled methylation levels in DNA, RNA, protein, and metabolites in C.
albicans grown in the absence or presence of 0.5 and 1 uM of sinefungin in the hyphal
form. Since the primary method for quantitative analysis of protein methylation is through
enrichment by antibody°, we probed arginine and lysine methylation with respective
panmethyl antibodies. We did not observe a detectable change in the relative amounts of the
most abundant methylated proteins in the cells treated with sinefungin relative to the control
cells using Western Blot (Fig. 9A, B and Fig. S1). However, because this approach does

not allow for quantification of low abundance proteins that may have been affected by the
presence of sinefungin, further exploration of sinefungin’s potential impact on the protein
methylome is needed. Mass spectrometry-assisted analyses of the methylatedmetabolites

in the presence or absence of sinefungin in hyphae cells did not reveal a significant

change (Fig. 9C and Supplementary Data 1). While we did not observe any changes in

the levels of m>C in the presence of sinefungin (data not shown), we noticed that méA
(N6-methyladenosine) levels in RNA were significantly reduced in groups treated with 0.5
UM and 1 pM of sinefungin (Fig. 9D). Together, these data suggest that m6A levels in C.
albicans RNAs are sensitive to sinefungin treatment.

RNA-sequencing of C. albicans treated with sinefungin reveals small pool of
transcriptomic changes in genes related to hyphal growth and surface adhesion

To evaluate sinefungin’s broader impact on signaling pathways that govern hyphal growth,
cell adhesion, and biofilm formation, we analyzed overall transcriptomic changes in C.
albicans after 2 h of hyphal growth with 1 pM sinefungin through mRNA sequencing. Out
of over 10,000 transcripts screened (including two alleles for most genes), we identified 110
upregulated and 94 downregulated genes in the presence of sinefungin after comparison with
a no drug control (Fig. 10A). GO term analysis of the affected cellular processes did not
reveal a particularly vulnerable process, although many of the affected transcripts are linked
to transport (Fig. 10B).

Among the downregulated pool, we found decreased expression of several genes associated
with filamentation and pathogenetic traits of C. albicans including SAP5, ECE1, DCK1,
IHD1 and HYRI1 (Supplementary Data 2). Hyrl and Ihd1 are two GPI-anchored proteins of
hyphal cell wall required for virulence?1-43. Notably, the transcript levels of several other
GPl-anchored proteins are also reduced, including PGA26, PGA63 and PGAG. Transcript
level of Ahrl, a transcription factor involved in regulation of several virulence genes
including Hsp90444°, was reduced as well. The transcript levels of several molecular
chaperones, including Hsp90, Hsp104, and Ssal were also reduced. These molecular
chaperones are very important for hyphal morphogenesis, biofilm formation, and host-cell
invasion in response to temperature cues, and their inhibition leads to significantly reduced
fungal virulence46-50,
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We identified several sinefungin-upregulated genes that decrease pathogenic traits when
expressed in C. albicans, such as YWPI, IFD6, CRZ2and HMXI (Supplementary Data

2). GPl-anchored glycoprotein Ywpl is present primarily in the yeast form of C. albicans
and produces an antiadhesive effect, leading to markedly reduced biofilm adhesion when
upregulated during hyphal growth conditions®152, Alcohol dehydrogenase 1fd6 has been
shown to inhibit biofilm matrix production processes closely related to biofilm formation®3.
Crz2 is a transcription factor that modulates the expression of many genes encoding
mannosyltransferases and cell-wall proteins®*. CRZ2 overexpression confers resistance

to acidic pH, alters cell-wall phosphomannan abundance, and interferes with pathways
involved in protein glycosylation®*. Hmx1 is a heme oxygenase which is induced by Hap1 in
the presence of extracellular hemin and breaks down excess cytoplasmic heme®°¢. Another
Hap1 regulated gene, FRP1, encoding a ferric reductase-like proteins Frpl necessary for
heme utilization, is also overexpressed in the presence of sinefungin®:>7. Together, these
results suggest that sinefungin has an effect on the steady-state pool of several transcripts
that are important for the pathogenicity of C. albicans.

Discussion

A strong link between hyphal morphogenesis and fungal pathogenesis has been
highlighted in previous studies, with mutants lacking the ability to form hyphae
demonstrating a severely impaired ability to form biofilms that are a key feature of C.
albicans virulencel911.58 Here, we show that MTase inhibitor sinefungin blocks hyphal
morphogenesis in C. albicans at low concentrations without affecting yeast cell growth
rate (Fig. 1). This observation suggests that the MTases which are mostly affected by
sinefungin are not those critically active in the planktonic form of C. albicans, such as

the MRNA-cap MTase ABD1. Therefore, to identify the targets of sinefungin, we focused
our attention on the hyphae form. In addition to hyphal growth, sinefungin effectively
prevented surface adhesion during early biofilm formation, reversed surface adhesion after
biofilm formation, and reduced adhesion to human epithelial cells in C. albicans (Figs.
2-4, 6). Furthermore, sinefungin treatment at low, non-toxic concentrations dramatically
improved survival of G. mellonellainfected with C. albicans, showing strong potential for
further exploration in therapeutic contexts (Fig. 7). Interestingly, methylation profiling of
cells treated with sinefungin concentrations as low as 0.5 uM revealed that m8A levels in
RNA decrease in response to drug treatment, with all other evaluated forms of methylation
showing little to no change in methylation levels at micromolar drug concentrations

(Fig. 9). Though screens of transcription factor mutant networks have yielded extensive
information about gene expression networks regarding the yeast-to-hyphae transition and
eventual pathogenesis of C. albicanst*-18, the epigenetic mechanisms of control over cell
plasticity are relatively unexplored®8:59, DNA methylation in C. albicansis linked with
phenotypic switching and transcriptional repression, with a two-fold difference in m>C
levels between hyphal and yeast forms observed in prior studies, suggesting that dynamic
DNA methylation of structural genes may regulate transcriptional pathways that contribute
to morphological plasicity89-61. In the context of post-transcriptional regulation, C. albicans
hyphal morphogenesis has been linked to hyphal mRNA transport by SR-like RNA
binding protein (SlIrl), which is a serine-arginine rich protein that requires specific arginine
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methylation patterns for effective intracellular localization82. Currently, post-transcriptional
mechanisms of RNA methylation remains an underexplored area of the epigenetic networks
that regulate hyphal morphogenesis. In other eukaryaotic cell types, mRNA methylations,
including m8A modification, have been identified as key factors for various forms of cell
differentiation®3-68. Several reports on the function of m6A show that it targets transcripts
for degradation, facilitated by binding to YTH-domain containing proteins that deliver the
transcripts to P bodies8%.70. In S. cerevisiae, m®A has mostly been studied in the context of
meiosis’}72. In C. albicans, nRNA decay has been implicated as a major factor controlling
hyphal morphogenesis, as mutations in cytoplasmic mMRNA decay pathways have been
shown to impair hyphal formation61:73.74,

Given the sinefungin-mediated upregulation of certain hyphalsuppressed genes and
downregulation of genes crucial for virulence and hyphal morphogenesis, sinefungin’s
antifungal activity may, in part, be due to inhibition of mMRNA methylation processes

that control hyphal gene expression (Fig. 10). Therefore, it is tempting to speculate that

one of sinefungin’s mechanisms of action may involve inhibition of posttranscriptional
mRNA méA modifications. This is plausible given that adenine-specific MTases have been
shown to be particularly sensitive to sinefungin-mediated inhibition3%-32, mbA is the most
prevalent posttranscriptional modification of MRNA, related to mRNA stability, export,

and decay89:75.76_ As such, sinefungin’s activity at sub-micromolar concentrations may

be associated with targeted inhibition of an MTase which controls m8A deposition in C.
albicans, possibly the homolog of S. cerevisae Ime4”":78 to in turn alter turnover of key
mMRNA transcripts involved in the yeast-to-hyphae transition. Sinefungin-mediated inhibition
of this process can lead to upregulation of genes that are normally suppressed during hyphal
growth and downregulation of genes that confer virulence traits to C. albicans. In line with
this hypothesis, sinefungin treatment decreased the bulk m8A levels in C. albicans hyphal
RNAs (Fig. 9). However, sinefungin is a known pan-inhibitor of SAM-dependent MTases
with many previously identified targets?1=23, so it is likely that sinefungin has multiple
targets for inhibition which contribute to suppression of C. albicans virulence, though they
have yet to be determined. Further investigation is underway to better elucidate specific
targets of sinefungin in C. albicans at biologically relevant concentrations.

Most current antifungals target cell membrane and cell wall integrity (e.g., azoles interfere
with ergosterol synthesis), but identifying new molecular therapy targets is becoming
increasingly important with rise of antifungal drug resistance, which is why more work

is needed to establish potential post-transcriptional targets for antifungals that block hyphal
morphogenesis’®-81, These data point to post-transcriptional modifications of mMRNA as

a possible component of sinefungin’s antifungal mechanism, which is an avenue to be
explored further. A compelling future investigation may involve elucidating the role of
mOA in hyphal morphogenesis in tandem with the results of this study. Biochemical and
molecular genetics experiments are underway to better understand the relationship between
sinefungin, m8A, and hyphal development.
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Methods

Effect of sinefungin on C. albicans yeast form growth

Sinefungin’s activity against planktonic cells of SC5314 strain of C. albicans was tested
by a broth microdilution method. Serially doublediluted concentrations of sinefungin were
prepared in YPD medium, and 200 pL of each dilution was dispensed into the well

of a presterilized, flat-bottomed 96-well microtiter plate (Thermo Scientific). SC5314
pre-cultures were grown overnight at 30 °C in YPD medium until stationary phase, and
subsequently diluted to make day cultures. After growing to exponential phase, planktonic
cells from the day cultures were dispensed in all experimental wells to reach a density of
1.2 x 108 cells/mL (equivalent to 0.1 ODgg) in a 200 pL working volume. For every tested
concentration of sinefungin, four biological replicates were measured in microtiter plates
incubated at 30 °C for 24 h in a microplate reader (BioTek). Optical density measurements
were recorded on 20-min intervals to create a growth curve, from which doubling time for
each treatment group was calculated using GraphPad Prism.

Effect of sinefungin on C. albicans hyphae length and surface adhesion to polystyrene

To test the impact of sinefungin on C. albicans growth in hyphal form, serially double-
diluted concentrations of sinefungin were prepared in RPMI-1640 medium (Corning), and
200 pL of each dilution was dispensed into a 96 well polystyrene microtiter plate. Either
SC5314 or clinical isolate strains P76055 and P76067 of C. albicans grown to exponential
phase at 30 °C in YPD medium were dispensed in experimental wells to reach a density of
2.5 x 10° cells/mL (equivalent to 0.2 ODgqp) for SC5314 or 1.3 x 106 cells/mL (equivalent
to 0.1 ODgqg) for the clinical isolates in a 200 uL working volume. Four biological replicates
were measured for all concentrations tested. To examine cell growth at multiple timepoints
during the early stages of biofilm formation, plates were incubated at 37 °C for either 1 hr
or 2 h. For both respective timepoints, medium was aspirated from the wells at the end of
incubation, and nonadherent cells were removed by washing twice with 200 pL sterile 1X
phosphate buffered saline (PBS, Corning). Adherent cells were immobilized with 100 pL of
methanol and dried at 37 °C for 10 min. Immobilized cells were stained with 1% crystal
violet and imaged on a plate reader. Hyphal length was quantified using ImageJ software.
Following imaging, 150 pL of 33% acetic acid was added to each well, and absorbance
readings were recorded at 540 nm using a microplate reader to determine early biofilm
biomass of each treated group.

Colony morphology assay on solid Spider media

Spider agar plates (1% Peptone, 1% D-Mannitol, and 0.2% K,HPQO,) were prepared with no
drug, 0.5 pM, or 1 pM sinefungin. SC5314 cells pre-grown overnight in YPD were serially
diluted into YPD to a final concentration of 100 cells/mL, and 200 uL of cell suspension was
spread onto the plates. Plates were incubated at 37 °C to induce hyphal growth for 5 days.
Images of colony edges were obtained using the Leica M125 microscope.
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Effect of sinefungin on long-term surface adhesion and biofilm reversal of C. albicans

To determine whether sinefungin reverses surface adhesion and inhibits biofilm formation
over a long-term growth period, SC5314 or clinical isolate strains P75010, P75016, P76055,
P76067, and GC75 grown overnight at 30 °C in YPD medium were diluted in Spider media
to a density of 1.2 x 108 cells/mL. Biofilms were grown at 37 °C for 1.5 h in a polystyrene
plate. At the end of incubation, the media was replaced with Spider media containing
various concentrations of sinefungin, prepared through a serial double dilution method. Cells
were then incubated for 18 h at 37 °C for long-term biofilm growth. Nonadherent cells were
removed by washing twice with 200 pL sterile 1X PBS. The biofilm biomass of each treated
group was measured using crystal violet as discussed before.

Infection capacity of sinefungin treated C. albicans against human epithelial cell lines

Two epithelial human cell lines, H1299 and HEK293, were cultured in RPMI-1640 and
DMEM (Corning), respectively, with penicillinstreptomycin and 10% fetal bovine serum
(FBS, Corning) in 24-well plates with ~100,000 cells/well. For H1299, serially double
diluted concentrations of sinefungin were prepared in RPMI-1640, and SC5314 or clinical
isolate strains P76055 and P76067, grown to exponential phase at 30 °C in YPD medium,
were added to each dilution to create a cell density of about 108 cells/mL of C. albicans

in the treated mediums right before incubation with the epithelial cells. For HEK293,
sinefungin and C. albicans strains were prepared as previously described in DMEM. Once
human cells reached 80-90% confluency, standard media was aspirated and replaced with
500 uL of their respective yeast and drug containing mediums. Plates were then incubated
at 37 °C with 5% CO, and gentle shaking for 2 h. At the end of the incubation, media

was aspired and each well was washed three times with 200 pL sterile PBS to remove
nonadherent yeast from the wells. All remaining human and C. albicans cells were detached
from wells with 0.25% Trypsin-EDTA (Gibco), placed in microcentrifuge tubes and spun
down for 10 s at max speed. Cell pellets were resuspended in 1 mL of YPD medium. 100
uL of cell suspension was dispensed into a 96-well microtiter plate, with three technical
replicates for each experimental group. The plate was incubated at 30 °C overnight while
shaking in a microplate reader to record optical density on 20-min intervals. Optical density
values after 6-8 h of growth were used to quantify the amount of invading SC5314 cells at
each drug concentration and normalized to no drug condition to calculate relative infection
rate.

Cytotoxicity of sinefungin against human epithelial cell lines

H1299 and HEK293 were cultured in RPMI-1640 and DMEM, respectively, with penicillin-
streptomycin and 10% FBS in 24-well plates. Serially double diluted concentrations of
sinefungin were prepared in RPMI-1640 for the H1299 assay, or DMEM for the HEK293
assay. Once cells reached 80-90% confluency, media was aspirated and replaced with 500
uL of prepared media containing varying concentrations of sinefungin. Cells were incubated
for 24 h at 37 °C and cell death was measured through a lactate dehydrogenase (LDH)

assay using the CytoTox 96 kit (Promega). For each experiment, full lysis was obtained from
treating cells with lysis buffer for 30 min prior to the LDH assay. Lysed cells were used as a
reference for 100% cytotoxicity, to which all values were normalized.
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Metabolic activity of human epithelial cells in the presence of sinefungin

H1299 and HEK293 were cultured in RPMI-1640 and DMEM, respectively, with penicillin-
streptomycin and 10% FBS in 24-well plates. Serially double diluted concentrations of
sinefungin were prepared in RPMI-1640 for the H1299 assay, or DMEM for the HEK293
assay. Once cells reached 80-90% confluency, standard media was aspirated and replicated
with 500 uL of prepared media containing varying concentrations of sinefungin. Cells were
incubated for 24 h at 37 °C and their metabolic activity was measured through a cell
proliferation (CCK-8) assay (Dojindo).

Protein methylation profiling for C. albicans after sinefungin treatment

SC5314 cells were grown for 2 h at 37 °C in RPMI-1640 with 10% FBS to form fhyphae
in the presence of varying concentrations of sinefungin. Total protein was extracted from
harvested cells by resuspending cells in a solution of SUMEB sample buffer (1% SDS, 8
M urea, 10 mM MOPS pH 6.8, 10 mM EDTA, 0.01% bromophenol blue) containing 15%
[B-mercaptoethanol, 1% pepstatin, 1 mM E-64, and 1 mM phenylmethylfsulfonyl fluoride
(PMSF). Cells were then vortexed thrice with silica disruption beads (RPI), with 1 min of
vortexing at 4 °C and then 1 min of rest on ice. Proteins were resolved on 12% SDS-PAGE
gels, transferred to nitrocellulose, and immunoblotted using antibodies against mono- and
dimethyl arginine or mono-, di-, and tri-methy! lysine (Abclonal). Anti-GAPDH-HRP was
used to measure even loading.

DNA methylation profiling for C. albicans after sinefungin treatment

For DNA analysis, cells were grown as before and the total gDNA was extracted using
phenol:chloroform:isoamyl alcohol (25:24:1). The DNA-containing aqueous phase was
separated from the organic phase by centrifugation. DNA was precipitated by addition of
ethanol followed by centrifugation. Pelleted DNA was resuspended in Tris-EDTA (TE)
buffer and incubated with RNase A for 15 min at 42 °C before storage at =20 °C. 5 ug
total DNA was spotted on HiBond Nylon membrane using a dot-blot apparatus. DNA was
crosslinked to the membrane at 256 nM using a crosslinker (Stratalinker). The membrane
was blocked with 3% milk solution in TBS-T. m>C was probed using an anti-m°C primary
antibody (Abclonal) and anti-rabbit HRP-conjugated secondary antibody.

RNA methylation profiling after sinefungin treatment

For RNA m8A content analysis, total RNA was extracted using hot phenol method followed
by precipitation with ethanol and sodium acetate overnight at —20 °C. The precipitated
RNA was collected by centrifugation. DNA was digested using DNase | (NEB), and the
digested DNA and the DNase | were further removed using an RNA purification kit (Zymo
Research). 5 g total RNA was denatured at 65 °C and spotted on HiBond Nylon membrane
using a dot-blot apparatus. After UV-crosslinking and blocking with 3% milk solution in
TBS-T, m8A was probed using an anti m6A primary antibody (Active Motif) and anti-rabbit
HRP-conjugated secondary antibody.
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Metabolite methylation profiling after sinefungin treatment

Sample preparation: The cell pellet, containing 5 million cells, was homogenized in 200
uL PBS using a Bead Ruptor (Omni international, Kennesaw, GA). Metabolites were
extracted from the homogenized sample with 4 times the volume (800 pL) of 1:1 mixture
of Acetonitrile:Methanol (ACN:MeOH). Samples were subsequently vortexed for 3 s and
incubated on ice for 30 min. The samples were then centrifuged at 20,000 x g for 10 min
to pellet precipitated protein. Finally, the supernatant was filtered through a 0.2 pm filter
and dried under nitrogen gas and then reconstituted in 200 pL water: Acetonitrile (1:4),
vortexed, and centrifuged for 2 min at 13,000 rpm prior to LC-MS analysis. A quality
control (QC) sample was prepared by pooling an aliquot of each sample and prepped in the
same manner as the samples, as were sample blanks (ACN:MeOH). The external standard
consisted of leucine and Isoleucine (Sigma-Aldrich, St. Louis, MO)and was prepared at a
final concentration in the range 0.0078 pg/mL-1 pg/mL.

Metabolomics data were acquired using an Agilent Infinity 11/6495 LC-MS/MS fitted with
an InfinityLab Poroshell 120 HILIC-Z column (Agilent, 2.1 x 150 mm, 2.7 Micron).

The mass spectrometer was operated in both positive and negative ion modes using
polarity switching. The mobile phase was 100% water with 20 mM ammonium acetate,

5 UM Medronic acid (mobile phase A), and 100% Acetonitrile (mobile phase B). The
chromatographic method used the gradient program depicted in Supplementary Data 3.
The column temperature was set to 15 °C, and the injection volume was 2 pL. For mass
spectrometry analysis, the gas temperature for the source was operated at 200 °C, the gas
flow was 14 L/min, with nebulizer of 50 psi sheath gas temperature was 375 °C, sheath gas
flow was 12 L/min. The capillary for the positive ion mode was set to 3000 V, and 2500 V
for the negative ion mode. The pressure RF for the iFunnel was set with range of 60 V to
150 V for both positive and positive ion mode.

Skyline (version 22.2) was used to process all raw LC-MS data. Leucine and Isoleucine
were used as the external standard curve. All concentration point should be linear portion
of the curve with an R-squared value no less than 0.9. Additionally, the data is normalized
by using SERRF, a QC-based sample normalization method which uses Random Forest
algorithm to correct the systematical error such as batch effect, day-to-day variation, etc.
coefficient of variation of QCs was also generated to evaluate the performance.

Effect of alternative SAM analogs on SC5314 surface adhesion to polystyrene

To observe the effect of alternative SAM analogs on C. albicans growth in hyphal form,
serially double-diluted concentrations of adenosine dialdehyde (ADA) and 5’-deoxy-5’-
methylthioadenosine (DMTA) in 1% DMSO were prepared in RPMI-1640 medium, and

200 uL of each dilution was dispensed into a 96 well microtiter plate. SC5314 grown to
mid-log phase at 30 °C in YPD medium was dispensed in experimental wells to reach a
density of 1.2 x 108 cells/mL in a 200 pL working volume. Plates were incubated at 37 °C
for 3 h. Medium was aspirated from the wells at the end of incubation, and nonadherent cells
were removed by washing twice with 200 pL sterile 1X phosphate buffered saline (PBS).
The biofilm biomass of each treated group was measured using crystal violet as discussed
before.
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Effect of sinefungin on SC5314 virulence towards G. mellonella

Twenty healthy G. mellonella larvae during their final larval stage were specifically selected
to have uniform size, approximately 0.2 g, and ensured to lack any gray markings. SC5314
grown to exponential phase at 30 °C in YPD medium were collected, washed with PBS,

and then used to create inoculums of 10° CFU/larva. C. albicanswas administered to G.
mellonellain volumes of 10 uL, with a control group receiving an equal volume of water
(sinefungin solvent). One hour after inoculation, sinefungin at various concentrations was
administered via injection into the last right pro-leg. Following the injection, the larvae were
placed in plastic petri dishes and kept at 37 °C, and daily mortality counts were recorded.

Toxicity of sinefungin against G. mellonella

Sinefungin was administered to G. mellonella at concentrations of 0.006, 0.03, 0.15, 0.76,
3.81, 19 and 95.34 mg/kg in water, with a control group receiving an equal volume of
water. Following the injection, the larvae were placed in plastic petri dishes and kept at a
temperature of 37 °C, and daily mortality counts were recorded.

MRNA-Seq of C. albicans after sinefungin treatment during hyphal growth

SC5314 cells were grown in hyphae form (37 °C, RPMI-1640 with 10% FBS) for 2

h in the presence or absence of 1 uM sinefungin. Total RNA was extracted using hot
phenol method followed by precipitation with ethanol and sodium acetate overnight at

—20 °C. The precipitated RNA was collected by centrifugation. DNA was digested using
DNase | (NEB), and the digested DNA and the DNase | were further removed using an
RNA purification kit (Zymo Research). mRNA was purified from total RNA using poly-T
oligo-attached magnetic beads. After fragmentation, the first strand cDNA was synthesized
using random hexamer primers, followed by the second strand cDNA synthesis (Novogene).
Sequencing reads were aligned to C. albicans reference (Assembly 22) using Hisat2
v2.0.582, Differential expression analysis of two conditions (three biological replicates per
condition) was performed using the DESeq2R package version 1.20.083. Gene Ontology
(GO) enrichment analysis was carried out using the GO Term Finder and GO Slim Mapper
tools from the Candida Genome Database (CGD)84:85. Raw sequencing reads (RNA-seq)
from this study have been submitted to the NCBI sequence read archive (SRA) under
BioProject accession number PRINA1114783.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. Sinefungin does not inhibit 30 °C yeast growth at low concentrations.
A Structure of S-adenosylmethionine (SAM) alongside sinefungin, a SAM analog inhibitor

of MTases. B Comparing the doubling time of SC5314 strain of C. albicans grown in YPD
media with varying concentrations of sinefungin showed that sinefungin concentrations
lower than 2 pM have no effect on the growth rate of C. albicans. Cells were incubated with
the drug in a microplate reader at 30 °C for 24 h, with OD measured every 20 min. Doubling
time was obtained from growth curve and normalized to no drug (0 uM) for relative growth
rate. Error bars represent standard deviation (SD). ns: non-significant, *£< 0.05 and **P<

0.01.
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Fig. 2 |. Sinefungin inhibits morphological transition in C. albicans at concentrations that do not
affect the growth of the yeast form.

A Representative images of data in 2B. B Hyphal morphogenesis. SC5314 was grown in
RPMI-1640 at 37 °C + 10% FBS to induce hyphae formation with various sinefungin
concentrations. After 2 h, cells were imaged on a plate reader and hyphae length was
quantified using Image J software and normalized to no drug (V= 250). C Sinefungin
inhibits long-term hyphae formation in C. albicans. SC5314 cells were plated onto solid
Spider media agar plates containing various concentrations of sinefungin and incubated at 37
°C for 5 days before imaging. ****/£< 0.0001.
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Fig. 3 |. Sinefungin impairs surface adhesion to polystyrene, hindering biofilm formation.
A Sinefungin impairs the short-term biofilm adhesion of C. albicans. SC5314 in RPMI-1640

was grown in a 96-well polystyrene plate with various concentrations of sinefungin. Plates
were incubated at 37 °C with gentle shaking. At specific timepoints, plates were removed,
and each well was washed with PBS to remove non-adherent cells. Adherent cells were
immobilized with methanol and stained with crystal violet. Absorbance readings from a
microplate reader were used to quantify early biofilm biomass, and biomass values were
normalized to the no drug (0O pM) to determine relative adhesion of each treated group.
Timepoints shown are 1 h and 2 h. B Sinefungin causes biofilm reversal and impaired
surface adhesion after long-term biofilm formation by C. albicans. C. albicans biofilm was
formed at 37 °C for 1.5 h in a 96-well polystyrene plate in Spider medium then treated
with various concentrations of sinefungin for an 18-h incubation period at 37°C. Biofilm
biomass was quantified using crystal violet and normalized to no drug for relative adhesion.
C Representative images of data in 3B. Error bars represent SD. ns: non-significant, *P <
0.05, **P<0.01, and ***P< 0.001.
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Fig. 4 |. C. albicans treated with low concentrations of sinefungin show reduced adhesion to

human epithelial cell lines.

The adhesion of SC5314 strain of C. albicansto H1299 (A) and HEK293T (B) was
measured in the presence of varying concentrations of sinefungin. Error bars represent SD.

ns: non-significant, *~< 0.05, **£< 0.01, and ***P< 0.001.
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Fig. 5. Low concentrations of sinefungin have no effect on human epithelial cell viability.
A The metabolic activity of human epithelial cell lines H1299 (A) and HEK293T (B) was

measured in presence of varying concentrations of sinefungin using a cell proliferation
assay Kit. Toxicity of different concentrations of sinefungin towards human cell lines H1299
(C) and HEK293T (D) was measured through an LDH assay. Lysed cells were used as a
reference for 100% cytotoxicity, which all values were normalized to. Error bars represent
SD. ns: non-significant, *~< 0.05 and ****/~< 0.0001.
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Fig. 6 |. Sinefungin impairs C. albicans clinical isolate hyphal growth, short-term and long-term
surface adhesion, and adhesion to human epithelial cells.

A Sinefungin impairs the short-term biofilm adhesion of C. albicans clinical isolates. Two
strains, P76055 and P76067, in RPMI-1640 were grown in 96-well polystyrene plates with
various concentrations of sinefungin. Plates were incubated at 37 °C for 2 h with gentle
shaking. At specific timepoints, plates were removed, and each well was washed with PBS
to remove non-adherent cells. Adherent cells were immobilized with methanol and stained
with crystal violet. Absorbance readings from a microplate reader were used to quantify
early biofilm biomass, and biomass values were normalized to no drug (0 uM) to determine
relative adhesion of each treated group. B Representative images of data in Fig. 6A. C,

D Sinefungin inhibits adhesion of C. albicans clinical isolates to human epithelial cells.

The adhesion of two C. albicans clinical isolates, P76055 and P76067, to H1299 (C) and
HEK?293 (D) was measured in the presence of varying concentrations of sinefungin. E
Sinefungin causes biofilm reversal and impaired surface adhesion after long-term biofilm
formation by C. albicans clinical isolates. Biofilms of five strains, P75010, P75016, P76055,
P76067, and GC75, were formed at 37 °C for 1.5 h in 96-well polystyrene plates in Spider
medium then treated with various concentrations of sinefungin for an 18-h incubation period
at 37 °C. Biofilm biomass was quantified using crystal violet and normalized to no drug for
relative adhesion. Error bars represent SD. **P< 0.01, ***P< 0.001 and ****P < 0.0001.
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Fig. 7 |. Sinefungin inhibits virulence of C. albicansin G. mellonella infection model at
biologically non-toxic concentrations.

A Sinefungin suppresses C. albicans infection in G. mellonella at concentrations between
0.15 and 3.81 mg/kg. Healthy G. mellonellalarvae were inoculated with 1 x 10° CFU/
larva of SC5314 cells, with a control group receiving 10 uL of PBS, and 1 h after
inoculation, various concentrations of sinefungin were administered via injection. Daily
mortality rates were recorded over a 5-day observation period. B Sinefungin has no toxic
effects against G. mellonella at concentrations of 0.76 mg/kg or lower. G. mellonella larvae
were administered various concentrations of sinefungin, with a control group receiving 10
pL of PBS. Daily mortality rates were recorded over a 5-day observation period. Survival
curves were compared with the Log-rank (Mantel-Cox) test. ns: non-significant, *£< 0.05,
**P<0.01, and ***P< 0.001.
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Fig. 8. Alternative SAM-analog MTase inhibitors have no consistent effect on surface adhesion

and early biofilm formation on polystyrene.

SC5314 strain C. albicans cells were incubated for 3 h at 37 °C in RPMI-1640
with (A) adenosine dialdehyde (ADA) and (B) 5’-deoxy-5’-methylthioadenosine (DMTA)
concentrations diluted in 1% DMSO before measuring the biofilm mass using crystal violet.

Error bars represent SD. ns: non-significant, *~< 0.05.
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Fig. 9 |. m8A modifications in RNA are significantly reduced in C. albicans exposed to 1 uM or
less of sinefungin.

A Representative images of data in Fig. 9B. Bands are numbered according to corresponding
quantification data in Fig. 9B (i.e., Band 1 corresponds to M-K (1) on graph). B The

major methylated proteins in the hyphae form of C. albicans are unaffected by sinefungin.
SC5314 cells were grown in hyphae form in the presence of varying concentrations of
sinefungin. Cells were lysed, and total protein was extracted for western blot. Lysine

and arginine methylation levels were probed with respective pan-methyl antibodies and
quantified in ImageLab. Quantification data was normalized to both loading control and zero
drug. C Hyphal metabolite methylation levels are unaffected by sinefungin. SC5314 cells
were grown in hyphae form in the presence of no drug, 0.5 UM and 1 pM of sinefungin.
Metabolite methylation levels were analyzed using LC-MS/MS. D RNA mSA levels are
reduced in the presence of sinefungin. SC5314 cells were grown in hyphae form with
varying concentrations of sinefungin. The m®A levels were measured using dot blot using an
anti-m®A antibody. The equal loading of the RNA was assessed using methylene blue (MB).
Error bars represent SD. ns: nonsignificant, *~< 0.05 and ***P< 0.001.
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Fig. 10 |. Overall transcriptomic changes of C. albicans grown under hyphae-inducing conditions
in response to sinefungin treatment.

A SC5314 cells were grown in hyphae form in the presence or absence of 1 pM

sinefungin and total RNA was extracted and sequenced. Significantly downregulated (red)
and upregulated (green) genes in samples treated with sinefungin are shown on a volcano
plot. A cutoff absolute value of log, fold change >1 (2-fold change) was used. Adjusted P<
0.05. Several examples of genes associated with pathogenicity of C. albicans are marked on
the plot. B Bar graph representation of significantly overrepresented Gene Ontology terms
for biological processes with up- or down-regulated genes in response to treatment with 1
UM sinefungin.
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