www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Devising a Zfu2p targeted
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suppressing Candida albicans
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candidiasis
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Candida albicans is the leading cause of vulvovaginal candidiasis (VVC), a multifactorial disease of

the lower female reproductive tract. Despite numerous studies, the molecular-pathophysiology

during VVC and its commensal state within the host remains elusive. To address this, we performed

a comprehensive computational analysis by integrating RNA-Seq datasets from both host and
pathogen. Differentially expressed genes were identified and used to construct three network models:
within the pathogen, host, and host-pathogen interaction. Subsequent inter-network nodes mapping
enabled us to attain two distinct condition-specific fungal targeted networks in the host, during VVC
(466 nodes and 496 edges) and commensal state (162 nodes and 176 edges), which were validated

by condition-specificimmune response by gene ontology analysis. Intending to target pathogenesis
while preserving its commensal integrity, we identified an exclusive fungal protein Zfu2p that acts as

a master regulator in the gene regulatory network of the pathogen. It promotes pathogenic attributes
through its target gene RNR22 and interacts with the host protein UBC. Subsequently, the drug
repurposing strategy coupled with molecular dynamics analysis identified Ergotamine as a promising
candidate, which may disrupt biofilm formation while preserving commensal balance. This study offers
insights into VVC pathophysiology and suggests a targeted therapy, though experimental validation of
Ergotamine’s efficacy remains essential.
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PPIN Protein-Protein Interaction Network
GRN Gene Regulatory Network

RVVC Recurrent Vulvovaginal Candidiasis
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vPPIN vaginal specific PPIN

CTCPPIN  C. albicans targeted commensal PPIN
CTVPPIN  C. albicans targeted VVC specific PPIN
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Vulvovaginal candidiasis (VVC) is the most common fungal infection in women and is mainly caused by
Candida albicans (C. albicans). It is an opportunistic pathogen and carries a perplexing ability to adapt to
different host niches. C. albicans survives as a commensal in healthy individuals enriched with yeast form'.
Moreover, C. albicans shows its phenotypic switch ability and converts from yeast to hypha form, which could
be considered as a pathogenic attribute! depending on the host environment?, i.e., CO2 concentration, iron
and phosphate limitation, pH, temperature, oxidative stress, nitrosative stress, etc 34 Candida species, however,
can cause infections or turn asymptomatic colonizers. They are found in distinct niches of the human body
and cause superficial to systemic infection. Moreover, recurrent vulvovaginal candidiasis (RVVC) affects
around 138 million annually, and it has been predicted that it will reach the mark of 158 million cases per
year®. Additionally, in developing countries like India, the prevalence of RVVC is about 24.3 million®, which
depicts a perilously alarming situation, and suggests that the present treatment is not significant enough to
ameliorate the situation. VVC refers to symptomatic inflammation in the vagina region and is primarily caused
by a fungal infection, primarily due to C. albicans’. Additionally, secreted aspartyl proteins (SAPs) and the
HWPI1 gene of the C. albicans were upregulated during VVC and degrade E-Cadherin, complement pathway
components, and histatin in the host, allowing them to overcome host defence®®. Moreover, in response to
VVC infection, neutrophils and NLRP3 inflammasome are recruited by the host!°-!2, Additionally, neutrophils
and Th17 were the prime host response in the clearance of C. albicans in the vaginal region'*!'%. Consequently,
an earlier study had discerned that recruited neutrophils appear to be ineffective at diminishing fungal load
and invasion; as a result, they seem to aggravate the symptoms associated with vaginitis rather than providing
defence against the disease’. Therefore, the molecular mechanism behind the pathogenesis of vulvovaginal
candidiasis, host response, and its aetiology are still under wraps or delusional as it has perpetually evolved with
us. Most of the research has been carried out to investigate the pathogenic repertoire of C. albicans during VVC
and immunological response offered by the host!'#1>-17. Current antifungal drugs for VVC primarily target
pathogenicity, overlooking the beneficial commensal role of C. albicans within the host. It has been reported
earlier that it helps both systemic and mucosal-associated responses. Literature evidence divulged that it helps
in calibrating Th17 response, which protects from Clostridium difficile infection by upregulating IL17A during
C. albicans colonization'®, while colonization of C. albicans in neutropenic mice helps to impede Pseudomonas
aeruginosa infection by suppressing siderophores biosynthesis, i.e., Pyochelin and Pyoverdine!*?°. Interestingly,
this protection extends beyond disseminated candidiasis, as demonstrated by induced cross-protection against
unrelated pathogens like Staphylococcus aureus, and other systemic pathogens in the gut?!~%. Additionally, it
also helps to train host immunity?*?, which has been clearly accentuated in an earlier report that mice lacking
adaptive immunity due to a deficiency in T and B lymphocytes, but an initial exposure to C. albicans prevents
death and also offers defence against subsequent C. albicans infections®.

Therefore, we require a robust protocol to understand the tripartite or banal existence of C. albicans in the
microbiome and design an efficient drug to curb the infection. Presently, drug options available might not be
effective enough to eradicate the infection because one of the main reasons is that during the identification of a
target, we ignore the banal associates’ effects of C. albicans, which aid the host in numerous ways. Thus, antibiotic
or antifungal drugs we use to treat fungal infection cause dysbiosis in the distinct niches?”?%. Moreover, the
availability of antifungal options to treat C. albicans infections nowadays is already restricted due to the limited
types of drugs available, including azoles, polyenes, echinocandins, and pyrimidine analogs. Subsequently,
numerous in silico approaches, i.e., protein-protein interaction, drug repurposing, structure-based docking,
pharmacophore modelling, and quantitative structure activity relationship (QSAR) analysis for drug discovery,
have been developed to address thisissue?*-3!. Of these, protein-protein interaction network and drug repurposing
approach is a new branch of computational science that utilizes approved drugs for the treatment of different
diseases®®3!. Instances encompass food and drug administration (FDA) approved drugs “5 fluorouracil” used as
an anticancer, “tamoxifen” for breast cancer, “saquinavir” for HIV/AIDS, and “hydroxychloroquine” for malaria,
“disulfiram” utilized for alcohol dependence, all of which have been repurposed effectively as potent treatments
for infections caused by viruses, bacteria, fungi, and parasites’>-¥. This highlights that drug repurposing
holds significant promise as an emerging approach for rapidly identifying safe, approved, and readily available
compounds suitable for the effective treatment of infectious diseases, including candidiasis®.

In this present communication, we were intrigued to determine the proteins that were exclusively present in
pathogenic conditions and play a key role in pathogenesis, with minimal effect on commensal aid provided to
the host. Comparing the commensal and pathogenic sub-network of C. albicans in the host, we have revealed an
exclusive master regulator Zfu2p controlling transcriptional regulation of the pathogenic network. Moreover, we
have employed the drug repurposing strategy to devise promising antifungal drugs from FDA approved drugs.
The proposed drug Ergotamine could potentially provide an alternative means for controlling fungal infections
caused by other species as well, which are the leading cause of VVC.

Result

Reconstruction of the integrated gene regulatory network of C. albicans during pathogenic
conditions

C. albicans, having the potential to colonize the mucosal surfaces of the vaginal region or inanimate substances
like a catheter, leads to nosocomial infections and causes VVC. To delve into the molecular pathogenic
repertoire of C. albicans during VVC, we extracted DEGs of C. albicans from a supplementary of RNASeq data
analysis by Manczinger et al., GSE54694 *°. We made a list of 1541 pathogenic differentially expressed genes
(DEGs) (Supplementary Table 1) and reconstructed a pathogenic protein-protein interaction network (pPPIN),
consisting of 598 nodes and 2650 edges, applying the STRING database v11.5 (Supplementary Fig. 1A)%.
Afterwards, we performed biological, cellular, and molecular function enrichment analysis by utilizing ClueGO*!,
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a Cytoscape plugin v3.10.0, to validate their functional roles in the pPPIN network. We observed the enrichment
of several functions essential for pathogenicity in the host, i.e., “filamentous growth of a population of unicellular
organisms” (GO:0044182), “cellular response to nutrient levels” (GO:0031669), “P-type ion transporter activity”
(G0O:0015662), “cellular response to starvation” (GO:0009267), and so forth (Supplementary Fig. 2A).

Since the transcriptional circuit governs gene expression and regulation in response to distinct environmental
cues, to determine the transcription factors (TFs) responsible for regulating the 598 nodes, which considered
as target genes (TG) within the pPPIN, we constructed the gene regulatory network (GRN), which consists of
three types of interactions: TF-TG, TE-TE and TG-TG. We looked for the TFs that regulate gene expression
during biofilm formation and various stress circumstances by using the Pathoyeastract database because it has
been demonstrated that biofilm development and different stress conditions are critical for vaginal candidiasis®.
Finally, we built a pathogenic gene regulatory network (pGRN) in which 61 pathogenic transcription factors
(pTFs) control the expression of 537 pathogenic target genes (pTGs) (Fig. 1A). Moreover, GO biological, cellular,
and molecular functional enrichment analysis of pGRN showed that “biofilm formation” (GO:0042710),
“cellular response to metal ion” (GO:0071248), “cellular response to stress” (GO:0033554), “copper ion
binding” (GO:0005507), “methionine metabolic process” (GO:0006555), “regulation of phenotypic switching”
(G0O:1900239) etc. (Supplementary Fig. 2B). These functional enrichment analyses clearly depicted that the
proteins involved in the pPPIN and pGRN of C. albicans play a key role in biofilm formation, which helps to
establish pathogenic repertoire in the vaginal region, leading to VVC*2. Additionally, methionine metabolism
was observed to play a vital role in the virulence of C. albicans*®, phenotypic plasticity, and stress-induced
pathogenesis in earlier studies?, and has also been implicated in the development of vulvovaginal candidiasis.

Next, we were interested in identifying the master regulator (MR) in the pGRN transcriptional orchestra. To
create pyramid-shaped hierarchical structures, we have constructed the network with three different types of
interactions- TF-TE TF-TG, and TG-TG, and determined the hierarchy index (v) of the TFs involved (Fig. 1A).
According to their rank of v, the structures were designed so that the majority of TFs remain at the lower
level, and just a few master TFs are at the top. We have identified 8 pathogenic master regulators (pMR), i.e.,
Znclp, Cphlp, Hap5p, Mrrlp, Sfplp, Zcf2p, Zcf29p, and Zfu2p, in the regulatory network of the pGRN.

Reconstruction of the integrated gene regulatory network of C. albicans during
commensalism

The commensalistic lifestyle and molecular mechanism of C. albicans in the vaginal region are yet to be visualized
and elucidated clearly. Therefore, to decipher the commensalistic molecular repertoire of C. albicans in the vaginal
region, we extracted DEGs of C. albicans from a supplementary of a RNASeq data analysis by Manczinger et al.,
GSE54694%. We retrieved a list of 1547 commensal DEGs, which help to study the adhesion and colonization
of C. albicans (Supplementary Table 1), and consequently, constructed a commensalism specific protein-protein
interaction network (cPPIN) consisting of 824 nodes, which considered as commensal target genes (cTGs)
and 5856 edges, using the STRING database v11.5 (Supplementary Fig. 1B)*°. Furthermore, we performed
GO biological, cellular and molecular function analysis of cPPIN to establish the role of proteins involved in
this network and we discerned that “regulation of growth” (GO:0040008), “DNA-binding transcription factor
activity” (GO:0003700), “yeast-form cell wall” (GO:0030445), “development of symbiont in host” (GO:0044114),
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Fig. 1. Gene regulatory networks of C. albicans in the vaginal niche during VVC and commensal conditions:
(A) The pathogen gene regulatory network (pGRN) consists of 598 nodes and 4285 edges, including 61
transcription factors (TFs) and 537 target genes (TGs). (B) The commensal gene regulatory network (cGRN)
includes 793 nodes and 7331 edges, with 71 transcription factors and 722 target genes.
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“carbohydrate homeostasis” (G0O:0033500), “glucose homeostasis” (GO:0042593), “DNA strand elongation”
(G0:0022616) and so forth, functions were enriched (Supplementary Fig. 2C).

Afterward, we also constructed the commensalism specific regulatory network (cGRN), following a
similar way described in the previous section. We looked for the commensal transcription factors (cTFs) that
regulate gene expression during commensal circumstances (i.e., log phase growth) by using the Pathoyeastract
database. Finally, we reconstructed a commensal gene regulatory network (cGRN), with 793 nodes and 7331
edges in which 71 TFs control the expression of 722 TGs (Fig. 1B). Furthermore, GO biological, cellular and
molecular function enrichment of cGRN showed the preponderance of “(1->3)-beta-D-glucan biosynthetic
process” (GO:0006075), “replication fork protection complex” (GO:0031298), “DNA binding” (GO:0003677),
“cell cycle process” (GO:0022402), “quorum sensing” (GO:0009372), “development of symbiont in host”
(GO:0044114), “intracellular iron ion homeostasis” (GO:0006879), “chlamydospore formation” (GO:0001410)
etc. (Supplementary Fig. 2D). These function enrichment analyses strongly divulged that the proteins involved
in the cPPIN and cGRN of C. albicans play a key role in normal growth, homeostasis between the macro and
micro molecules. Additionally, quorum sensing helps to inhibit the hyphal formation of C. albicans*, and it is
well acknowledged that hyphal formation is a pathogenic attribute during VVC infection*>.

Next, we were intrigued to identify MRs in the commensal gene regulatory network (cGRN) in a similar
way to that applied for pGRN (Fig. 1B). We have identified 12 commensal master regulators (cMR), i.e.,
Hap3p, Ctadp, Cwtlp, Efhlp, Hap5p, Pprlp, Replp, Rfx2p, Skolp, Stb5p, Zcf29p, and Hap31p in the regulatory
network of the cGRN.

Identification of potential C. albicans targets in the human proteome

We have retrieved 317 C. albicans homologs that interacted with 119 human proteins, consisting of 432 PPIs
by applying interolog approach, from our previous study?’. In the following stage of the in-silico workflow,
we attempted to isolate those C. albicans proteins from the interologs that might be involved in mediating the
vulvovaginal candidiasis and establishing commensal conditions reported in the previous section. To pursue, we
mapped 317 C. albicans interologs with 598 pGRN and 793 cGRN proteins of C. albicans, which have been linked
to VVC and commensal circumstances, respectively. We have identified a set of 49 proteins that are involved in
pathogenic conditions and 89 proteins that are associated with commensal conditions. These proteins belong to
distinct pools and play significant roles in their respective contexts. Thus, it could be stated that these 49 proteins
might help C. albicans to establish a pathogenic repertoire in the vagina region of the host, which leads to VVC.
Similarly, 89 proteins help in establishing a commensal state in the vaginal region. To acquire corresponding
human proteins, we mapped these C. albicans proteins to their interologs. In the meantime, we observed that 13
human proteins directly interact with 49 pathogenic C. albicans proteins, and 27 human proteins that interact
with 89 commensal C. albicans proteins. These interactions contribute to a total of 58 and 100 protein-protein
interactions (PPIs) in the vaginal region during VVC and commensal conditions, respectively (Figs. 2 and 3).
Consequently, it is highly intriguing to explore and investigate the molecular interactions between the 13 human
proteins and the 49 pathogenic C. albicans proteins, as well as the interactions between the 27 human proteins
and the 89 commensal C. albicans proteins.
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Fig. 2. Target network (CTVPPIN) of C. albicansduring VVC in the host. (A) Yellow circular nodes depict
pathogen transcription factors (pTFs) and a yellow triangle represents pathogenic target genes (pTGs) of the
pathogen, present in pathogen interolog nodes. (B) Teal color nodes represent host nodes. The central network
is the VVC state target network, i.e., CTVPPIN, which consists of 466 nodes and 496 edges. 7 rhombus shaped
teal color host nodes interolog nodes, that are direct interactors of pathogen proteins, facilitating host and
pathogen interaction during the VVC niche. (C) Hexagon represented by sub-vPPIN nodes.
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Fig. 3. Target network (CTCPPIN) of C. albicans during commensal condition in the host. (A) Yellow circular
nodes depict commensal transcription factors (cTFs) and yellow triangle-shaped nodes represent commensal
target genes (cTGs) of the pathogen, present in the pathogen interolog node. (B) Green color nodes represent
host nodes. In the middle, a commensal state target network, i.e., CTCPPIN, comprising 162 nodes and 176
edges. 14 green color rhombus nodes are host interolog nodes, directly interacting with commensal pathogen
proteins, facilitating host and pathogen interaction during the commensal condition niche. (C) Hexagon
represents sub-cPPIN nodes.

Reconstruction of the C. albicans targeted network in the host in a pathogenic condition

It is generally acknowledged that vaginal candidiasis is caused by C. albicans infection in the vaginal area. With
respect to other species, the risk is considerably high and is marked by surface tissue penetration, mediated
by hyphae and fungal overgrowth. To delve into the pathophysiology triggered by the C. albicans targeted 13
human proteins, it is necessary to gather information about their interaction with vagina specific PPIN. Thus,
we reconstructed the vagina-specific protein-protein interaction network (vPPIN) in the host comprising
5879 nodes and 80,386 edges following the protocol described in the Materials and Methods Section (2.5).
Next, to validate and screen the host protein expression in vPPIN nodes during VVC, we utilized an RNASeq
dataset GSE207081, in which a monolayer of A-431 vaginal epithelial cells was challenged with a VVC strain
(CA01887)%. Subsequently, we mapped 5879 nodes of vPPIN with 2213 DEGs procured from the RNAseq
dataset (Supplementary Table 2). We obtained 4848 nodes and 25,729 edges from vPPIN (Fig. 2C), in which
either of the interacting nodes was a DEGs, and we considered it as a sub-vPPIN. Afterwards, we mapped
4848 nodes with 13 proteins of the host that directly interact with 49 C. albicans proteins (Fig. 2A) during
pathogenesis. Finally, we acquired 7 out of 13 interolog host proteins that directly interact with a C. albicans
targeted VVC specific PPIN (CTVPPIN), in which either of the connecting nodes interacts with C. albicans
target proteins CTVPPIN, comprising 466 nodes and 498 edges, is vagina specific; thus, it could be inferred that
this protein interactome might be implicated during vaginal candidiasis (Fig. 2B).

We performed GO biological, cellular, and molecular function enrichment analysis of host as well as fungal
proteins participating in CTVPPIN by using Enrichr®® and ClueGO*., respectively (Fig. 4A), and clearly
demonstrating that the CTVPPIN is enriched with several crucial immunological functions like “cellular response
and signaling mediated by interleukin 67, “NF-kappaB Signaling”, “Cytokine-Mediated Signaling Pathway”, which
confer the status of host proteins during the pathogen infection®. Subsequently, we observed that pathogenic
proteins are involved in primary biofilm maintenance and regulation of different stress conditions (Fig. 4B).

Reconstruction of the C. albicans potential commensal condition targeted network in the
host

It is generally acknowledged that the commensal lifestyle of C. albicans in the vaginal area is marked by adhesion
and colonization, with an abundance of yeast-shaped cells, so that the host immune response can distinguish
between yeast and hyphal morphology. To explicate the commensal association (primarily C. albicans adhesion
and colonization, which not harming host) between host and C. albicans, we followed a similar methodology
to construct a target network in pathogenic conditions. After constructing a vagina-specific network, we
attempted to extract those nodes from vagina specific PPIN that were expressed in vaginal cells during adhesion
and colonization of C. albicans in the commensal state. For that, we extracted 2144 DEGs from an RNAseq
dataset GSE207081, in which a monolayer of A-431 vaginal epithelial cells challenged with a colonizing strain
(CA14314)*(Supplementary Table 2). Then, we mapped those DEGs with either of the nodes of vagina specific
PPIN, consisting of 5879 nodes, and procured 4550 nodes and 23,093 edges from vagina specific PPIN, and
we considered it as a commensal specific VPPIN nodes because they were expressed during the colonizing
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Fig. 4. Dot plot of gene ontology analysis of target networks CTVPPIN and CTCPPIN. (A) For CTVPPIN
(Host Axis). (B) For CTVPPIN (Pathogen Axis). (C) For CTCPPIN (Host axis). (D) For CTCPPIN

(Commensal Axis). The count is represented by the size of the circle, which represents the number of genes
that encode that particular function, and the color shade represents the level of significance of the function
term. Here, BP- Biological Process, CP- Cellular Process, and MF- Molecular Function.

stain infection (Fig. 3C). Next, to identify the target network of C. albicans proteins that help in adhesion and
colonization, we mapped 4550 nodes with 27 proteins of the host that directly interact with 89 C. albicans proteins
(Fig. 3A) in the commensal state mentioned in the previous Section (2.4), which might help in adhesion and
colonization. We acquired 14 out of 27 interolog host proteins that directly interact with a C. albicans targeted
commensal PPIN (CTCPPIN), comprising 162 nodes and 176 edges (Fig. 3B).

Afterwards, GO biological, cellular, and molecular function enrichment analysis of host proteins by
using Enrichr*(Fig. 4C) clearly depicted that the CTCPPIN is enriched with several crucial immunological
functions like “Activation of Protein Kinase Activity” (GO:0032147), “Regulation of Innate Immune Response”
(GO:0045088). Moreover, “positive regulation of MAP Kinase activity” (GO:0043406), which carries the
ability to identify the yeast form with the help of c-Jun®!. This confers the potentiality of the host to distinguish
phenotypic plasticity and maintain homeostasis with the opportunistic pathogen. From the aforementioned
result, it could be confirmed that the protein helps in establishing commensal repertoire in the vagina, and
the gene ontology analysis also clearly indicates the immunological response from the host, which helps in
tolerating the C. albicans commensal form. Furthermore, the functional enrichment analysis of C. albicans
proteins involved in CTCPPIN showed enrichment for primary yeast cell formation and negative regulation of
the filamentation process (Fig. 4D).
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Explicating the molecular link between the host and opportunistic pathogen during both
conditions
Now, deciphering the molecular crosstalk between C. albicans pathogenic and commensal genes with human
genes would provide a holistic view to know the exact scenario that transpires during VVC and commensalistic
lifestyle in the vaginal region. We received a C. albicans target network during pathogenic condition i.e.,
CTVPPIN, which consists of 466 nodes and 496 edges, and exhibits some crucial immunological functions
to impede the fungal infection as observed by GO functional analysis. Meanwhile, out of 466 nodes, 7 nodes
(MCM7, OPTN, PRRCI, TORI1A, UBC, UBE2K, WBP2) of this network were found to be directly interacting
with 48 C. albicans genes or pTGs. Interestingly, analysing the pGRN of the pathogen, we found that 48 pTGs
were controlled by 40 pTFs. Furthermore, we observed that 48 pTGs were significantly upregulated in the DEG
extracted from supplementary of RNAseq data analysis by Manczinger et al., GSE54694, and among 40 pTFs, 8
and 2 were upregulated and downregulated, respectively. In the midst of these 8 upregulated pTFs, Zfu2p was
found to be upregulated and exhibited in the pMRs of the transcriptional cascade implicated for pathogenesis.
Similarly, we retrieved a C. albicans target network during commensal condition ie., CTCPPIN, which
consists of 162 nodes and 172 edges. Furthermore, gene ontology analysis has shown several pivotal cellular
functions that help to set up a commensal repertoire in the vaginal region (Fig. 3). Meanwhile, we observed
that among 162 nodes, 14 nodes (CALM1, CDK7, DRGI1, DVL2, DVL3, GOPC, KEAP1, LAMB1, MCMBP,
MDFI, PRRCI1, SRRM2, UBC, and WBP4) were directly interacting with 81 genes of C. albicans. Among these
81 genes of C. albicans or cTGs, 69 genes were upregulated and 11 were downregulated. Investigating cGRN,
we revealed that expression of these 81 cTGs was controlled by 58 cTFs, among which 22 and 1 cTFs were
up- and downregulated, respectively, in the DEGs extracted from the supplementary of RNAseq data analysis
by Manczinger et al., GSE54694. Interestingly, among these 22 upregulated cTFs, 7 (Cwtlp, Hap31p, Hap3p,
Hap5p, Pprlp, Skolp, and Zcf29p) were included in the cMR list, which indicates their key role in governing the
downstream gene during commensal lifestyle in the vaginal niche.

Identification of Zfu2p protein as a potential target that retrogrades the pathogenic property
of C. albicans

Being an opportunistic pathogen, it becomes challenging to find a potential target for C. albicans. We thus
planned to select such a target that is exclusive for its pathogenicity but not at all involved in commensalistic
association in the vagina. For this, we compared between pGRN and cGRN. Since the master regulator holds the
highest position in a transcriptional orchestra, we were interested to find out such an exclusive master regulator
that is present in pGRN and also does not act as a TF in ¢cGRN. In this way, we have identified 3 unique pMR
(Zfu2p, Znclp, and Zcf2p). Afterward, we checked their expression in the pathogenic repertoire, and divulged
that only Zfu2p upregulated significantly. Therefore, targeting Zfu2p as an antifungal drug target might help
to diminish the pathogenic property of C. albicans during VVC without affecting its commensal properties.
Subsequently, searching for a transcription factor as a drug target could be more beneficial since a single target
could manipulate the expression of its downstream genes.

From our further investigation and literature survey, we found that the functional domain of the Zfu2p
protein has a particular region of a 9-44 amino acid stretch®>%*. Next, we were also interested in delving into
the homologous proteins of Zfu2p, if present in other fungal pathogenic species, which can cause VVC. From
the Candida genome database (CGD), we found that Zfu2p has homologs in 6 non-albicans and 1 aspergillus
species [Candida dubliniensis CD36 (Cd36_87120), Candida parapsilosis CDC317 (CPAR2_602060), Candida
famata (DEHA2D18810), Candida guilliermondii (PGUG_05199), Candida glabrata CBS138 (CAGL0K11902),
Candida auris (B9J08_000794), and Aspergillus nidulans (AN5924)]. Multiple sequence alignment of the
functional domain of Zfu2p with these homologous species showed considerable conservation among them
(Supplementary Fig. 3), which increases the efficacy of prioritizing Zfu2p as a potential drug target. Additionally,
it is worth mentioning that no homologs of Zfu2p were found to be present in humans as the domain contain

Zn2Cys6 domain which specific to fungi®>>*.

Structure prediction and validation of Zfu2p protein

In the absence of an experimentally determined 3D structure, the priority for limiting the proper functioning
of the aforementioned proteins is in-silico modelling of targets. Thus, we generated the 3D model by applying
AlphaFold3*. Nowadays, AlphaFold structures have been well established, which revolutionized protein
structure prediction and can be used as a template for 3D model building®. The generated model was also
employed in GalaxyWeb®’ for structural refinement, and we prioritized the best refined model for further
analysis. Next, we applied several online tools to validate our 3D generated model. PROCHECK (Supplementary
Fig. 4A) and SWISS Model Server were used to examine the Ramachandran plot, which implies the accuracy of
model prediction (Supplementary Fig. 4B). Subsequently, the suitable Z-score value was obtained from ProSA-
web evaluation (Supplementary Fig. 4C), which is in the range of X-ray and NMR structure®® and QMEAN
Z-Score from SWISS Model Server (Supplementary Fig. 4D) revealed that the 3D model is well fitted within
the range of its authentic crystal structure conformation with the range validated structure®, indicating a very
good agreement between the experimental and modelled structure. Furthermore, the overall energy of the
model was discovered to be negative, which corresponds to proper and reliable regions (Supplementary Fig. 4E).
Successively, the Levitt-Gerstein (LG) score and expected MaxSub of the Zfu2p model were investigated by the
ProQ tool®®°!. The LG score of >5 (10.255) denotes that the predicted structure is of very good quality®®°!. The
similar conclusions were reached by utilizing the ERRAT plot, where the total quality factor is 91.3%, indicating
that more than 91% of residues were detected under the error cutoff of 95%* (Supplementary Fig. 4F).
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Virtual screening, drug likeness, inhibitory constant, and ligand-protein interactions analysis
Zfu2p contains two functional binding regions within amino acids 9-44, comprising a DNA-binding domain
and a conserved zinc-binding site®>>3. The conservation of this region suggests that it may serve as a potential
ligand-binding site, making it a promising target for structure-based drug design and virtual screening studies.
Afterward, we extracted 1614 FDA approved drugs from ZINCI5 database®® and went for LIPINSKI rule
screening by applying ADMETIab 3.0%%. After that we performed virtual screening against Zfu2p as a target
and it was performed using AutoDock Vina in PyRx 0.8% by toggling the amino acids (9-44) in prioritized
stretch of target (Grid Box: centre_x= -12.48,centre_y= —18.63, centre_z= —14.13, size_x=30.42, size_y=34.46,
size_z=29.51), the grid box was set to cover the ligand-binding site which coincides the DNA and Zn?* binding
site. Based on Lipinski’s rule and inhibitory constant (Ki) ranking®, the top five repurposed drug candidates
exhibited strong binding affinities in the nanomolar range. Ergotamine (ZINC000052955754) showed the highest
affinity, with a binding energy of —10.0 kcal/mol corresponding to a Ki of 4.67 x10™® M (46.7 nM). Irinotecan
(ZINC000001612996) followed with a binding energy of —9.9 kcal/mol and a Ki of 5.51x107® M (55.1 nM).
Nilotinib (ZINC000006716957) demonstrated a binding energy of —9.5 kcal/mol, yielding a Ki of 1.08x 107
M (108 nM), while Fosaprepitant (ZINC000003939013) exhibited a binding energy of —9.2 kcal/mol with a Ki
of 2.1x 1077 M (213 nM). Eltrombopag (ZINC000011679756) also displayed favorable binding, with a binding
energy of —9.1 kcal/mol with 2.12x 1077 M (212 nM), supporting its potential inhibitory activity. Collectively,
these findings highlight the identification of repurposable drug candidates with predicted nanomolar-scale
inhibitory potency. Furthermore, we utilized Biovia Discovery Studio to visualize and determine the interacting
residues profile of Zfu2p with highest binding affinity drug and deduced that 4 hydrogen, hydrophobic and 3
electrostatic bonds were enriched (Fig. 5 and Supplementary Table 3).

Molecular dynamics study

To assess the stability and conformational behaviour of Zfu2p in the presence and absence of Ergotamine,
molecular dynamics simulations were carried out for 1000 ns, and this time considered to be adequate and
applied to study dimeric protein complex®”. The Root Mean Square Deviation (RMSD) analysis revealed distinct
stability patterns between the apo and holo systems. The apo Zfu2p exhibited higher structural deviations with
an average RMSD of 0.51 nm, indicating larger conformational drift during the trajectory. In contrast, the
Zfu2p-Ergotamine complex displayed a significantly reduced average RMSD of 0.24 nm, demonstrating that
ligand binding stabilized the protein and restricted large-scale conformational rearrangements. This suggests
that Ergotamine induces a rigid conformation through strong and stable interactions within the binding pocket
(Fig. 6A).

The Root Mean Square Fluctuation (RMSF) profiles further supported this observation. Apo Zfu2p showed
an average fluctuation of 0.60 nm, with pronounced peaks at loop regions, reflecting flexible residues stretch.
Upon Ergotamine binding, the average RMSF decreased to 0.16 nm, particularly around the active-site residues,
confirming reduced local flexibility and enhanced conformational stability of the holo complex (Fig. 6B).

The radius of gyration (Rg) was analyzed to evaluate the overall compactness of the protein structure during
the simulation. The apo Zfu2p exhibited an average Rg of 2.46 nm, whereas the Zfu2p-Ergotamine complex
showed a slightly lower Rg of 2.42 nm, suggesting a marginal increase in structural compactness upon ligand
binding, while maintaining a stable structure after the 200 ns simulation.

This consistency indicates that Ergotamine binding preserved the protein’s tertiary structure without major
unfolding events (Fig. 6C). Taken together, the MD simulation results demonstrate that Ergotamine significantly
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Fig. 5. Molecular docking of (A) Ergotamine (Green), with homodimer subunit of Zfu2p (Yelllow and violet),
with 4Zn?* molecules (blue). (B) Magnified view of interaction site (C) 2D interaction visualization in ligand-
binding site on Zfu2p.

Scientific Reports |

(2026) 16:19341 | https://doi.org/10.1038/s41598-026-46848-5 nature portfolio



www.nature.com/scientificreports/

RMSD (am)

RMSF
=
T P
—
-

RMSD

Ztu2p_Ergotamine RMSF Radius of Gyration

Zfulp_Ergotamine ZIu2p Ergotamine

T 20 T v T T T T ] T T T T

‘, 7w

Zfu2p_Ergotamine

Ziuzp
Zfu2p_Ergotamine

)
—

Radius (nm)

TEm AR\

Fig. 6. RMSD analysis of Zfu2p and Zfu2p-Ergotamine complex. (A) RMSD profile over 1000 ns illustrates
structural stability of apo Zfu2p (black) and holo Zfu2p-Ergotamine complex (red). (B) RMSF analysis

of Zfu2p and Zfu2p-Ergotamine complex. RMSF plots show residue-level flexibility of apo Zfu2p (black)
compared with holo Zfu2p Ergotamine (red). (C) Rg analysis of Zfu2p and Zfu2p-Ergotamine complex. The
Rg values reflect the overall compactness of the protein during the 1000 ns simulation.

stabilizes Zfu2p by lowering both global (RMSD) and local (RMSF) fluctuations while maintaining overall
compactness (Rg). This ligand-induced rigidification likely disrupts the native biological flexibility required for
Zfu2p’s functional activity. Hence, Ergotamine binding may effectively inactivate Zfu2p, thereby impeding its
contribution to VVC progression.

Discussion

Vulvovaginal candidiasis is the paramount concern in the field of female health. The understanding till now is
not adequate to tackle these opportunistic pathogens because of the perplexing ability to transform yeast form in
commensalism to hyphal form in pathogenic conditions, and its evolution to impede drugs that we applied for
treatment. The molecular pathophysiology of C. albicans and the host, during VVC and commensal lifestyle, is
very intricate. We aim to dissect the molecules participating during both conditions to explore the scenario and
to demarcate a regulatory molecule exclusively present in the pathogenic condition through a network biology
approach, and generate a transcription factor based antifungal drug to circumvent the VVC.

We structured our study into four modules. First, we reconstructed condition-specific PPINs and GRNs
using DEGs from disease (VVC) and healthy vaginal states. Second, we built host-pathogen interaction networks
and mapped direct C. albicans interactors to generate pathogen-targeted networks, identifying key regulatory
molecules. Third, functional enrichment analysis and literature validation were performed to elucidate the
molecular mechanisms. Finally, we repurposed FDA-approved drugs against candidate pathogenic proteins and
performed molecular dynamics analysis.

The reconstructed PPINs (Supplementary Fig. 1A and 1B) highlighted context specific molecular players
associated with commensal and pathogenic states, enabling downstream GRN construction (Fig. 1A and
1B) respectively. Gene ontology analysis revealed that the pPPIN and pGRN was enriched in phenotypic
switching and biofilm formation (Supplementary Fig. 2A and 2B), whereas the cPPIN and cGRN was enriched
in iron homeostasis and symbiont-associated processes (Supplementary Fig. 2C and 2D), confirming network
specificity.

We then generated two sub-networks: CTVPPIN (VVC state) and CTCPPIN (commensal state). CTVPPIN
of host axis showed enrichment of pro-inflammatory pathways, including Th17 responses and adaptive immune
signaling (Fig. 4A), while genes in pathogen axis show the enrichment of biofilm formation and its regulation,
flocculation, regulation of phenotypic switching, host defence response, and ubiquitin-like protein binding
function (Fig. 4B). In contrast, CTCPPIN highlighted innate immune functions maintaining host-microbe
balance, including MAPK pathway components (Fig. 4C), while in the commensal axis of CTCPPIN, we
observed that cytokinesis, regulation of growth, yeast-form cell wall, negative regulation of filamentous form,
catabolite repression, and induction of host defence response by symbiont (Fig. 4D). It is worthwhile to mention
that we did not receive significant pro-inflammatory response related functions in the pool of genes associated
with commensalistic interactions, which provides us a pivotal clue to commensal environment establishment
between host and opportunistic pathogen. Next, we analyzed pathogenic proteins from CTVPPIN within the
PGRN and commensal proteins from CTCPPIN within the cGRN to trace their regulatory roles. Comparative
analysis revealed Zfu2p as an exclusive master regulator in the pGRN, along with its associated transcription
factors, all absent in the cGRN.

Subsequently, from the interaction cascade of the Zfu2p in the pGRN network, we received some fascinating
results. It was found to control 4 pTFs- Ronlp, Snf5p, Sfl2p, and Roblp (Fig. 7). Literary evidence suggested that
N-acetylglucosamine (GalNAC) is a triggering source for C. albicans to change its phenotypic structure from
commensal to pathogenic form®. GalNAC is internalized by the transporter called Ngtl, which we observed
to be upregulated in our analysis in pathogenic conditions (log2FC =3.69). Afterwards, with the aid of Ronlp,
GalNAC is catabolised and facilitates the interaction of Ronlp with Efglp and Ume6p to form hyphae®.
Eventually, Ume6p was also found to be upregulated in pathogenic conditions (log2FC=2.47), which clearly
suggests a crucial role of Ronlp in the establishment of their pathogenicity. Similarly, Snf5p is a chromatin
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Fig. 7. Diagrammatic representation of the Zfu2p pathogenic master regulator’s downstream cascade during
VVC condition. Green color proteins represent upregulation, and red color protein represents downregulation
during VVC. Black color bold protein represents pTFs.

remodeling factor that controls Ace2p (log2FC =3.22), which in turn represses hyphae to yeast transformation®.
Moreover, it was evidenced that SfI2 gets activated by sensing the temperature and binds to the promoter region
of Brglp to repress it, which in turn activates the hypha specific gene Hyr37°. Accordingly, we also found the
downregulation of Brglp (log2FC=-2.08) and upregulation of Hyr3 (log2FC=2.3) in the pathogenic condition.
Additionally, it was proven that Rob1p interacts with Egflp and Berlp to induce biofilm formation”!. Therefore,
our results clearly demonstrated that the four downstream TFs of Zfu2p, i.e., Ronlp, Snf5p, Sfl2p, and Roblp,
play imperative roles in hyphal formation through their interaction with other proteins (Fig. 7). Thus, it is
reasonable to target the master regulator Zfu2p for controlling the expression of these TFs.

Zfu2p was found to interact with the host polyubiquitin C (UBC) protein in CTVPPIN, facilitated by
the stress-induced RNR22 (log2FC=2.58) of the ribonucleotide reductase (Fig. 7) complex, which mitigates
iron limitation imposed by the host (RNR1/RNR3 large subunits; RNR21/RNR22 small subunits)®®. During
pathogenic conditions, host iron-binding proteins such as lipocalin, lactoferrin, and calprotectin restrict
pathogen growth®, generating oxidative stress’’. RNR proteins counter this by arresting the cell cycle at G1/57}
and scavenging iron®. Iron stress also triggers ubiquitin-mediated proteolysis and autophagy’>. In our analysis,
RNR22 directly interacts with UBC, which connects with 422 of 466 proteins in CTVPPIN, and UBC itself is
upregulated under VVC (log2FC = 1.34). This direct interaction of pathogenic protein RNR22 and host protein
UBC might indicate a host mechanism to withhold pathogenesis during VVC.

Furthermore, mutational studies on Zfu2p conferred the evidence that mutation would make C. albicans
unable to form biofilm®®72, Another mutational study of Zfu2p in the G. mellonella model had shown significantly
low fungal burden’?. Therefore, it could be stated that drug targeting against Zfu2p would be able to hamper the
crucial pathogenic pathways, i.e., hyphal, biofilm formation, and iron scavenging process of C. albicans during
VVC. Interestingly, earlier study by Boehm et al. demonstrated that Zfu2p acts as a repressor of filamentation
in murine models, thereby promoting commensal colonization in specific host niches. However, commensal
behavior observed in murine environments, such as the gastrointestinal tract, cannot be directly extrapolated to
humans due to fundamental interspecies differences in immune architecture, epithelial signaling, microbiome
composition, and metabolic landscapes that shape host-fungal interactions’®. Notably, fungal pathogens
elicit species-specific immune responses, with human immune cells exhibiting distinct patterns of antigen
presentation, cytokine signaling, and pattern-recognition receptor regulation compared with murine systems”*.
Accordingly, whether Zfu2p plays a similar commensal regulatory role in the human gut remains unexplored.
Hence, our findings suggest that targeting Zfu2p may attenuate fungal virulence without disrupting commensal
behavior in the human vaginal niche.

Next, we have also performed multiple sequence alignment of Zfu2p (region: —9-44) of C. albicans with
other pathogens ortholog proteins, which is one of the primary causes of VVC and revealed that this region is
also conserved in other pathogen as well (Supplementary Fig. 3), which strongly supports that targeting this
region of Zfu2p protein could help to counter other pathogenic fungi which causes VVC.

Though it is a known fact that transcription factors have long been ignored as drug targets due to an
inappropriately defined ligand binding site and considered as undruggable’®, but TFs have a crucial function in
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binding to DNA and controlling the expression of target genes, playing vital roles in regulating various biological
functions, which we also find in our study. Since numerous signalling pathways ultimately intersect at TFs, aiming
treatments at these TFs might offer greater precision and fewer adverse effects compared to targeting the initial
standard targets within these pathways. Therefore, considering all of these attributes collectively, TFs possess
substantial promise and exceptional specificity as targets for therapeutic drugs. Nowadays, TFs are used and
identified as a target for the treatment of cancer, protozoan parasites, and pharmacological manipulation”®7°.

C. albicans is a member of the normal human microbiota, and it is also a causative agent of VVC in healthy
women as well. The antifungal drugs that we were using to treat VVC or fungal infection are limited, toxic,
and have a narrow spectrum of activity. One of the main reasons is prolonged use, which makes the pathogen
adopt the resistant mechanism to that drug, and the second one is that it creates dysbiosis in microflora, which
provokes imbalance in their commensal lifestyle, which aids VVC to a more severe condition. Candida infections
are strongly linked to increasing rates of VVC and RVVC in pregnant and healthy women. Consequently, there
is an urgent demand for new antifungal medications. Hence, we were able to establish an antifungal drug target
through our meticulous protocol, which is exclusively present in pathogenic condition, i.e., Zfu2p. Therefore,
in this study, we employed the drug repurposing method of FDA-approved drugs extracted from the ZINC15
database against Zfu2p for treatment during vulvovaginal candidiasis. We performed docking analysis, and
LIPNSKI rule of five screening, which delivered the top five drugs. Ergotamine (ZINC000052955754) showed
the highest affinity, with a binding energy of —10.0 kcal/mol corresponding to a Ki of 4.67 x 10™° M (46.7 nM).
Thus, we prioritized Ergotamine as a highly effective drug repurposing against C. albicans. Subsequently, we
proceed with MDS studies with the top-most drug, i.e., Ergotamine, targeting Zfu2p as a target in VVC. From
our analysis, it was observed that the structural stability of the bound protein with the drug is rigid and stable
compared to the apo form, which divulged the inhibition of Zfu2p functions.

Ergotamine has long been documented as an effective therapeutic agent for the treatment of migraine
attacks®®. However, despite its clinical efficacy, ergotamine is associated with significant adverse effects and
contraindications. Its use is restricted in patients with peripheral vascular disease, severe or uncontrolled
hypertension, ischemic heart disease, angina pectoris, sepsis, peptic ulcer disease, renal or hepatic impairment,
porphyria, uterine contraction risk, overdose susceptibility, or known hypersensitivity to ergot alkaloids®".
Management of ergotamine toxicity has been reported to involve vasodilatory agents such as sodium nitroprusside,
which can mitigate vasospastic complications®’. Importantly, concomitant administration of ergotamine with
azole antifungals (e.g., itraconazole, posaconazole, and voriconazole) is contraindicated due to potent CYP3A4
inhibition. Since CYP3A4 is primarily responsible for ergotamine metabolism, its inhibition markedly increases
systemic ergotamine levels, predisposing patients to ergotism®*. Recent advances in analytical chemistry and
biotechnology have enabled the characterization and development of ergot alkaloid analogs, including dihydro-
ergot derivatives, which demonstrate reduced vasospastic and toxic effects compared to parent ergotamine®>86
In, thereby reducing the risk of pharmacokinetic interactions. Thus, with appropriate care and monitoring,
ergotamine and its derivate can be an efficacious, safe, and cost-effective treatment.

Although we have successfully established the prominent molecular cross-talks during pathogenesis and
commensal condition of C. albicans and identified a drug against the candidate protein. However, there are
limitations to this approach, including dependence on homology and the inability to predict strain or lineage-
specific protein interactions. Furthermore, the prevalent reliance on the SC5314 reference strain, which
possesses unique characteristics limiting its representativeness®’~%, further restricts broad biological insights.
In contrast to laboratory wild-type strains, clinical isolates of C. albicans exhibit distinct phenotypic adaptations;
including enhanced filamentation, stress tolerance, metabolic flexibility, and antifungal resistance-that reflect
host-driven selective pressures encountered during infection. Thus, future studies incorporating transcriptional
data from diverse clinical isolates derived from asymptomatic carriers and VVC patients will be essential to
validate the generalizability of our observations. Additionally, as reported by Valentine et al. 2025 existing in
vitro models cannot accurately recapitulate the transition from commensalism to pathogenicity or effectively
model neutrophil dysfunction observed in vulvovaginal candidiasis*®*, resulting in a paucity of comprehensive
omics data that capture these dynamic and context-dependent phenomena. Lactic acid tolerance differs among
C. albicans strains, with SC5314 remaining resilient while other isolates are negatively impacted depending
in the growth condition®*2. This underscores the need for more diverse isolates and complex experimental
systems that combine vaginal epithelium and immune components to generate robust omics datasets for further
analysis. Subsequently, the molecular target identified in this study was computationally predicted and would
require additional experimental validation.

Conclusion

In conclusion, our analysis of the integrated networks in VVC and the commensal state of both the host and
pathogen underscores the critical role of Zfu2p in pathogenic attributes, which contributes to VVC. Targeting
Zfu2p as an antifungal drug target presents a promising strategy for treating VVC, which may offer therapeutic
benefits without disrupting the commensal balance of the vaginal microbiome. Moreover, after drug repurposing
and MDS analysis, we proposed Ergotamine as a preferred treatment for VVC, supported by its LIPINSKI rule
of 5, strong binding affinity, Ki value, and interaction analysis with drug. This approach holds potential for more
effective management of VVC.
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Materials and methods

Identification of differentially expressed genes of C. albicans and human during vulvovaginal
candidiasis and commensal repertoire

Pathogenic genes linked to VVC were extracted from a supplementary of RNASeq data analysis by Manczinger
et al., GSE54694%, where immortalized vaginal epithelial cells were interacted with live, yeast-like C. albicans.
Meanwhile, it is a well-known fact that hyphal and biofilm forming genes of C. albicans are denoted as a symbol
of establishing pathogenic repertoire?>*», and the prevalence of yeast form, adherence, and colonization in
healthy asymptomatic humans represents a symbiotic or commensal lifestyle of C. albicans with the host!. So,
after perusal of the condition, DEGs expressed during the development of C. albicans hyphae in the vicinity of
vaginal epithelial cell line (PK E6/E7) from 0 to 3 hours’ time duration, were regarded as a state of pathogenicity.
To investigate the commensal phase, we considered studying the commensalism stages, i.e., adhesion and
colonization, which are paramount for C. albicans to sustain a commensal lifestyle in the vaginal repertoire.
Since serum free complete keratinocyte medium (CKM) is a nutrient rich medium, designed to support the
growth and maintenance of keratinocytes cells, including vaginal epithelial cells and utilized for analyzing
adhesion and forces required for adhesion®>, CKM is formulated to support both the growth of C. albicans and
keratinocyte cells, enabling studies of fungal-host interactions under conditions that better replicate the natural
environment on host epithelial surfaces. We retrieved commensal DEGs between the 0 h to 3 h time points of
C. albicans grown in CKM. Since experimental datasets explicitly capturing the commensal phase are scarce,
this comparison was used as a proxy mimicking the commensal gene expression state relevant to adhesion and
colonization, but not to active infection or pathogenicity. This approach leverages the fact that CKM medium,
optimized for keratinocyte culture, provides an environmental background simulating early fungal colonization
dynamics essential for commensalism in the vaginal epithelium. We had screened C. albicans DEGs in both
pathogenic and commensal repertoire by considering log2FC>|1| and adj. P value <0.05 (Supplementary Table
1).

For human DEGs, we stipulated a RNASeq dataset GSE207081*% in which monolayer of A-431 vaginal
epithelial cells challenged with two distinct strains of C. albicans, VVC strain (CA01887) and colonizing strain
(CA14314). After carefully deducing the experimental design and condition of the dataset, we determined that
the pathogenic strain (CA01887) helps in establishing themselves in the vaginal region and we expected that
proteins expressed in this event related to immune response by host to impede VVC infection while colonizing
strain (CA14314) encouraged in establishing commensal repertoire in the vaginal region and we expected that
proteins expressed in this event related to immune response by host was non-inflammatory, able to distinguish
between the yeast and pathogenic form of C. albicans and able to tolerate the yeast cell growth. Using DESeq2
package in R programme v4.2.2, we analysed raw read counts. DESeq2 calculates DEGs by using negative
binomial distribution®®. The DEGs from RNASeq datasets for human were screened by applying log2FC>|1| and
adj. P value <0.05 (Supplementary Table 2).

Reconstruction of the pathogen and commensal condition integrated gene regulatory
network of C. albicans

We employed STRING v11.5% to build protein-protein interaction networks (PPIN) with DEGs of C. albicans in
pathogenic and commensal conditions (pPPIN- pathogenic condition PPIN and cPPIN- commensal condition
PPIN, respectively) (Supplementary Fig. 1A and Supplementary Fig. 1B). These networks contain only physical
interactions with a cut-off of interaction confidence score > 0.4%. We have utilized Cytoscape v3.10.0°7 to visualize
these networks. Furthermore, we also harnessed the Pathoyeastract database”® for predicting TF-TG interactions
of 598 TGs of pPPIN in “biofilm-forming and numerous stress conditions”. For the commensal environment,
we employ the “log phase growth” condition for predicting TF-TG interaction for 824 TGs. Pathoyeastract
database contains experimentally validated (RNA-seq - WT vs. TF mutant, Microarray WT vs. TF mutant, chip
on chip, ChIP), TF-TG association data®. For the extraction of pathogenic and commensal TF-TF interaction,
we employed the Pathoyeastract database®® in biofilm-forming, other pathogen-promoting conditions, and log
phase conditions, respectively. For TG-TG interaction for both conditions, we used STRINGv11.5% with a cut-
off of interaction confidence score >0.4.

Calculation of the master regulator in transcriptional networks

We have constructed a hierarchical network of pPGRN and cGRN by calculating the in-degree and out-degree
of the intricate web of interactions (TF-TE TF-TG, TG-TG) in the two transcriptional cascades by utilizing
“Network Analyzer,” a Cytoscape v3.10.0 plugin®’, and afterward we applied the previously devised protocol to
obtain master regulators!®1%1, Then the hierarchy index (v), which ranges between —1 and 1 for all the nodes,
was calculated by the following formula.

_ (out degree — in degree)

" (out degree + in degree) W

Discerning host-pathogen interaction based on the interologs approach

We have used HPIDB3.0'* for predicting host-pathogen interolog. For the prediction of Human-C. albicans
PPIs, we only considered those PPIs that were inferred from experiments such as Y2H, co-immunoprecipitation,
and other experimentally robust protocols as templates. We have taken the interologs list of 119 host proteins and
317 C. albicans proteins, constituting 432 interactions, which was accomplished by screening with a minimum
percentage identity of 50%, a minimum query coverage of 90%, and an E value threshold of <107!° for the blast
homology search and GO function similarity from our previous research article?’.
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Constructing vagina specific pathogen-targeted network of humans in both conditions

To construct vagina specific pathogen-targeted network, we followed a 3-step methodology. First, we took 6938
genes expressed in the vaginal tissue with a TPM value of > 11 from Protein Atlas'®* and reconstructed a vagina
specific PPIN network (vPPIN) in stringApp in Cytoscape plugin v3.10.0'% by taking physical interaction and a
cut-off score of interaction confidence score>0.4. Then, DEGs of both pathogenic and commensal conditions
(established by VVC (CA01887) and colonizing (CA14314) strain, respectively), were extracted from the
GSE207081 dataset and mapped distinctly in vPPIN to procure the condition-specific sub-vPPIN network.
Finally, we mapped the interolog interactions of the host protein pool that directly interacted with pathogen
protein with condition-specific sub-vPPIN, for procuring condition-specific C. albicans target networks
(CTVPPIN- C. albicans targeted VVC specific PPIN and CTCPPIN- C. albicans targeted commensal PPIN).

Ontology analysis of inferred networks

We performed GO ontology enrichment analyses of pPPIN, cPPIN, pGRN, cGRN, CTVPPIN, and CTCPPIN of
C. albicans using ClueGO database?!, a Cytoscape plug-in v3.10.0”. Whereas, GO ontology enrichment analyses
for host proteins (the target network of C. albicans in humans) were performed by using Enrichr®®. ClueGO is
a Cytoscape plugin, and Enrichr is a web-based enrichment analysis tool that offers an extensive selection of
biological functional annotations to help researchers understand the biological significance of vast gene lists*"#.
We considered only those GO biological, cellular, and molecular enrichment terms having an adj. P value <0.05.

Multiple sequence alignment and identification of potential ligand-binding sites

The Zfu2p protein of C. albicans and the protein sequence of 7 pathogenic species that are Candida dubliniensis
CD36 (Cd36_87120), Candida parapsilosis CDC317 (CPAR2_602060), Candida famata (DEHA2D18810p),
Candida  guilliermondii (PGUG_05199), Candida glabrata CBS138 (CAGLO0K11902g), Candida auris
(B9J08_000794), and Aspergillus nidulans (AN5924) were procured from NCBI'® and are known to be the
leading cause of VVC. The pairwise alignment and homology analysis were conducted by Clustal Omega'®,
and visualization was done using Esprit 3.0'%”. Furthermore, based on our network analysis, we determined
that the Zfu2p protein was uniquely present in the pathogenic (VVC) condition, instigating a transcriptional
cascade. Subsequently, we made a thorough analysis of the NCBI database and literature survey about Zfu2p,
where we found that a specific region (9 to 44 amino acid residues) is responsible for its biological function®.
Additionally, 6 cysteine residues in the above-mentioned region were conserved and not found in higher
eukaryotes like humans as well. Furthermore, this specific region also contains two binding sites, i.e., DNA and
Zn** binding sites™. These potential attributes strongly suggested that a stretch of 9-44 amino acid residues
might be considered as a ligand binding site.

Homology modelling and structure validation

Applying the Alpha Fold3 server, a three-dimensional homodimer structure with 4 Zn?* ions was constructed
of a prioritized protein sequence, i.e., Zfu2p. Afterward, it was employed in the GalaxyWeb®” for structural
refinement. To substantiate the refined 3D structure of Zfu2p, we utilized a distinct set of online tools. Firstly,
PROCHECK, which unravels the stereochemical characteristics (torsional angles-phi [¢] and psi [y]) with the
help of the Ramachandran plot. We uploaded the Zfu2p refined structure file to the web servers to validate the
model. The outputs include a number of charts in post script format as well as a thorough listing of each residue.
The model was validated by analysing the Ramachandran plot in PROCHECK!%. We again cross validated the
result in the SWISS-Model server to validate the structure by Ramachandran plot®. Furthermore, we applied
tools for quality and the least potential protein folding energy of the refined model through ProSA web (Protein
Structure Analysis) and QMEAN in the Swiss Model server, respectively™1%. ProSA and QMEAN of the Swiss
Model server calculate an overall quality score for a specific input structure and a composite scoring function
assessing the major geometrical aspects of protein structures, respectively. After uploading the refined Zfu2p
structure in pdb format, the Z-score value, and a plot of the residues’ energy as an output were procured from
ProSA, and a QMEAN score and a plot were received from the Swiss Model Server after QMEAN analysis.
Further, the ERRAT server, a program for confirming protein structures derived from crystallographic research
and substantiating the structure based on patterns of nonbonded atomic interactions, was used to confirm the
3D conformation of the refined model. Error values are shown graphically as functions of a sliding nine-residue
window’s position. The error function is calculated based on the statistics of nonbonded atom-atom interactions
in the reported structure®. For a high-quality model, the accepted range is greater than 50%!'°. In addition, we
utilized the ProQ tool, which employs a neural network incorporating various structural characteristics, to aid
in evaluating the quality of a protein model based on either the LGscore or MaxSub criteria. Acceptable models
should have an LGscore > 1.5 and a MaxSub value > 0.1°%,

Drug screening, docking and molecular dynamics simulation

The utilization of virtual screening techniques allows for the efficient filtering of molecules in the process
of drug discovery. To accomplish this, we utilized PyRx 0.8, a software tool specifically designed for virtual
screening tasks®. 1615 FDA approved drug compounds were obtained in 3D from the ZINC15 database and
saved in a single file in SDF format. Subsequently, we also applied LIPINSKI rule of 5 for screening the drugs,
by utilizing ADMETlab 3.0%%. Subsequently, the SDF files were imported into PyRx’s Open Babel, and all the
drugs underwent energy minimization using the “uff” force field (universal force field) and 200 minimization
steps in PyRx, employing the conjugate gradient optimization algorithm. The drugs were then converted into
AutoDock PDBQT format. Additionally, these compounds were subjected to docking using AutoDock Vina!!!
in PyRx 0.8, against the prioritized target protein that had been prepared. To encompass the ligand-binding
site that corresponds to the functional domain of the target protein (specifically, the DNA and Zn?* binding
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Fig. 8. Methodology work flow.

site of Zfu2p), by toggling 9 to 44 amino acid residues in the macromolecule structure and subsequently, we
defined a grid box (Grid Box Dimension: - Centre_x=-12.42, Centre_y= -5.56, Centre_z= -43.51, Size_x=36.51,
Size_y=34.53, Size_z=30.33). We identified the top therapeutic compounds based on their therapeutic uses,
considering their binding energies. Subsequently, we also determined inhibitory constant (K,), which is a specific
type of equilibrium dissociation constant that quantifies the binding affinity between an inhibitor and its target
enzyme or receptor®. It represents the concentration of inhibitor required to occupy half of the active sites
of the enzyme in the absence of any competing ligands. A lower K, value indicates a stronger binding affinity
and therefore a more potent inhibitor. The docking scores obtained from the repurposed drugs with the target
protein were converted into inhibitory constant (Ki) values using the established thermodynamic equation by
Van ’t Hoff equation!!%.

Ki= eAG‘/RT (2)

AG is the binding free energy in kcal/mol (negative value), R is universal gas constant=1.987*10~2 kcal/molK,
T is absolute temperature in Kelvin (usually 298.15 K), Ki is inhibitory constant in molar concentration (M).

For further analysis of the interaction profile, we utilized a cutting-edge tool called Biovia Discovery Studio.
This tool designed to automatically detect and visualize relevant protein-ligand interactions in 3D structures. To
gain insights, we focused on examining the interaction profiles of the top five hits using this tool.

Following molecular docking, molecular dynamics simulation is employed to assess the stability and
behaviour of drugs in a dynamic biological environment. This step is evaluated for the flexibility and interactions
of the drug within the biological system!!%, confirming its potential therapeutic efficacy for VVC and validating
the stability of the drug protein complex. MDS was conducted using Gromacs version 2025.0 to assess the
stability of the protein during the simulation. We performed MDS for both the apo and holo form of Zfu2p and
the complex with Ergotamine. The Charmm36 force field was utilized, and the protein’s topology was generated
via the CGenFF web server. Solvation was achieved with the protein centred in a dodecahedral box with a 1.0 nm
minimum solute box distance and solvated with TIP3P water. The system was neutralized and brought to 0.1 M
NaCl by replacing water molecules with Na* and CI” ions, with the final ion counts determined by neutrality at
the target concentration. The system was subjected to an energy minimization process with the steepest descent
algorithm for 50,000 steps, followed by equilibration under NVT (number of molecules, volume, temperature)
Ins and NPT (number of molecules, pressure, temperature) 2ns and ensembles at 300 K and 1 bar pressure.
Production MD was run for 1000 ns in the NPT ensemble at 300 K and 1 bar, using the leap-frog integrator
with dt=2 fs (nsteps=50000000; 2 * 500000000 = 1000000 ps (1000ns or 1ps)). The simulation trajectory was
calculated and analysed using RMSD, RMSE, Rg, and visualized in Graphing Advanced Computation and
Exploration (XMGRACE).

The whole in-silico workflow has been portrayed in Fig. 8.

Data availability
Data utilized in this study, extracted from the NCBI GEO dataset, which is publicly available- GSE207081,
GSE54694.
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