
Citation: Nicoletti, G.; White, K. The

Anti-Fungal Activity of

Nitropropenyl Benzodioxole (NPBD),

a Redox-Thiol Oxidant and Tyrosine

Phosphatase Inhibitor. Antibiotics

2022, 11, 1188. https://doi.org/

10.3390/antibiotics11091188

Academic Editor: Alessia Catalano

Received: 5 August 2022

Accepted: 30 August 2022

Published: 2 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

antibiotics

Article

The Anti-Fungal Activity of Nitropropenyl Benzodioxole
(NPBD), a Redox-Thiol Oxidant and Tyrosine
Phosphatase Inhibitor
Gina Nicoletti and Kylie White *

STEM College, RMIT University, Melbourne, VIC 3001, Australia
* Correspondence: kylie.white3@rmit.edu.au

Abstract: Phylogenetically diverse fungal species are an increasing cause of severe disease and
mortality. Identification of new targets and development of new fungicidal drugs are required to
augment the effectiveness of current chemotherapy and counter increasing resistance in pathogens.
Nitroalkenyl benzene derivatives are thiol oxidants and inhibitors of cysteine-based molecules, which
show broad biological activity against microorganisms. Nitropropenyl benzodioxole (NPBD), one
of the most active antimicrobial derivatives, shows high activity in MIC assays for phylogenetically
diverse saprophytic, commensal and parasitic fungi. NPBD was fungicidal to all species except the
dermatophytic fungi, with an activity profile comparable to that of Amphotericin B and Miconazole.
NPBD showed differing patterns of dynamic kill rates under different growth conditions for Candida
albicans and Aspergillus fumigatus and was rapidly fungicidal for non-replicating vegetative forms
and microconidia. It did not induce resistant or drug tolerant strains in major pathogens on long
term exposure. A literature review highlights the complexity and interactivity of fungal tyrosine
phosphate and redox signaling pathways, their differing metabolic effects in fungal species and
identifies some targets for inhibition. A comparison of the metabolic activities of Amphotericin B,
Miconazole and NPBD highlights the multiple cellular functions of these agents and the complemen-
tarity of many mechanisms. The activity profile of NPBD illustrates the functional diversity of fungal
tyrosine phosphatases and thiol-based redox active molecules and contributes to the validation of
tyrosine phosphatases and redox thiol molecules as related and complementary selective targets for
antimicrobial drug development. NPBD is a selective antifungal agent with low oral toxicity which
would be suitable for local treatment of skin and mucosal infections.

Keywords: nitroalkenyl benzenes; nitropropenyl benzodioxole; tyrosine phosphatase; redox-active
thiols; cysteine

1. Introduction

Post-translational protein phosphorylation and integrated, highly coordinated net-
works of phosphate signaling pathways control cell growth and development and the
cellular response to internal and external stimuli [1,2]. Transient, reversible oxidation
by redox-active molecules regulates kinases, phosphatases, thiol-containing functional
proteins and components of other interacting cellular pathways [3,4]. Microorganisms have
evolved complex and functionally divergent signaling and redox mechanisms to meet the
challenges of survival in diverse and rapidly changing environments [5,6].

Reversible phosphorylation of proteins on Ser, Thr and Tyr in fungi regulates the
complex and integrated signaling pathways involved in transcription, the cell cycle, mating,
vegetative growth and morphogenesis, maintenance of cell integrity and responses to
external stress [7,8]. Pathway activation by phosphorylation of proteins, and termination
by dephosphorylation, is achieved by the reciprocal actions of protein kinases and protein
phosphatases and the sensing phosphoproteins mediating downstream cellular activities.
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Kinases regulate the initiation and amplitude of phosphate signaling. Phosphatases regulate
the rate and duration of signaling by dephosphorylating kinase autophosphorylation or
tyrosine regulatory sites, or downstream phosphorylated proteins.

Microscopic fungi show lower conservation and greater diversity in phosphoproteins
compared to higher eukaryotes, with the functionally important phosphoproteins being
the more highly conserved [6–9]. Kinase and phosphatase orthologs are heterogeneously
distributed across fungal species and often show diversified functions depending on
habitats and activities [10–13]. Orthologs of protein tyrosine kinases of higher eukaryotes
are lacking in unicellular fungi [14]. The main burden of regulating growth, developmental
and stress resistance in fungi is undertaken by the serine/threonine kinases (STK), cyclin-
dependent kinases (CDK) and the mitogen-activated protein (MAP) kinases and their
associated phosphatases.

MAP kinases are highly conserved signaling molecules that act in modules which share
components, enabling pathway interactions [15,16]. The ‘effector’ kinase in the ‘MAPK’
module, is a dual specificity Tyr/Thr kinase, activated by phosphorylation on catalytic
Tyr and Thr residues by an upstream STK MAP kinase. The module ‘MAPK’ activates
downstream kinases, phosphatases and tyrosine phosphoproteins (PTyr), resulting in the
required signal responses. MAPK can be negatively regulated by serine, threonine and
tyrosine phosphatases and dual specificity MAPK-specific phosphatases (MAPKP) that
dephosphorylate either or both PTyr and PThr catalytic residues [17]. The Mpk1 ‘cell wall
integrity’ pathway, the ‘high osmolality glycerol’ (Hog1) stress response pathway and the
Fus3/Kss1 mating and filamentation pathways, independently and cooperatively, play
essential roles in fungal growth, development, virulence and adaptation to stress [15,16,18].
Fungal MAP kinases are generally highly conserved but show considerable functional
divergence in number of MAPK genes and in activation loop motifs [6,11,19].

Phosphatases important in fungal growth and pathogenicity comprise the major
Ser/Thr phosphatases, and cysteine-based tyrosine phosphatases (PTP) which share an
essential cysteine catalytic motif. Tyrosine phosphatases have evolved in structurally and
functionally diverse families, are more numerous, less conserved and with lower substrate
specificity than their cognate kinases. Structural and sequence differences in the catalytic
loop govern substrate specificity and enzyme function. PTP include tyrosine-specific (sPTP),
low molecular weight PTP (LMWPTP) and dual-specificity phosphatases (DSP) capable of
dephosphorylating Tyr, Ser and Thr. DSP have 3 catalytic motifs, a shallow catalytic site
to accommodate phosphotyrosine, phosphoserine and phosphothreonine. They are more
functionally diverse than sPTP, affect a wider variety of substrates and play a major role in
tyrosine phosphate signaling in fungi [2,7,9]. PTP are regulated by reversible oxidation of
the catalytic cysteine and undergo transient inactivation by low-level oxidants from normal
metabolism and reactivation by cell reductants, enabling efficient enzyme recycling [20].

Cysteine has many functional and regulatory roles in cells arising from the redox
activity of the electron-rich, nucleophilic sulfhydral group. Sulfur is highly susceptible to
sequential, reversible and irreversible oxidation by redox-active oxygen, nitrogen, metal
and electrophilic species generated from normal metabolism or from cell responses to
external stress stimuli [21,22]. The strong redox activity of cysteine enables it to have both
functional and regulatory roles as a catalytic nucleophile in many enzymes, particularly
PTP and the oxidoreductases, and in LMW thiols which regulate the maintenance of cytosol
redox homeostasis [21,23].

Many physiological processes in cells are rapidly altered in response to changes
in cellular redox conditions. The cysteine SH group functions as a major sensor and
regulator of redox-active molecules by cycling between the oxidized and reduced states.
Transient reversible oxidation of the sulfhydral group to sulfenic acid and formation of
a disulfide bridge is the most common redox modification in bacteria interacting with
oxidant or reductant molecules. Cysteine-based molecular switches act as major binary
on/off switches in the regulation of enzyme function, the activation of transcription factors
and the structure and function of cysteine-containing proteins [24,25].
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Fungi are continuously exposed to changing oxidative and chemical stresses. Complex
antioxidant enzyme systems, redox sensors, LMW redox buffers and thiol-containing pro-
teins, maintain cells in a chemically reduced state. Redox species and antioxidant enzyme
systems differ across phylogenetic groups and play diverse roles in growth and differentiation,
parasitism, plant pathogenicity and rapid responses to oxidative stress [26–29]. In fungi, the
cysteine-containing tripeptide, glutathione is the major small molecule redox buffer along with
free cysteine and redox-active thiol residues in proteins and low levels of free cysteine. Fungal
antioxidant enzyme families, include the cysteine-based glutaredoxin, and the thioredoxin
and peroxiredoxin systems [27,30].

Nitroalkene benzenes (NAB) are strong electrophiles and oxidants. The nitroethenyl
and nitropropenyl substituents are acceptors of Michael addition to the electrophilic carbonyl
group from nucleophilic cysteine thiolate and other thiols [31–33]. NABs can thus potentially
target the thiolate group in cysteine-based enzymes, redox-active thiol-containing molecules
in anti-oxidative defence systems and redox proteins in metabolic pathways [34–37].

The nitroethenyl and nitropropenyl moieties of NAB are responsible for their antibac-
terial and antifungal activity [38,39]. In human cells NAB derivatives have been shown to
inhibit human telomerase [40], platelet aggregation and SH2 domain Tyr phosphorylation-
activated kinases Src and Syk [41], induce apoptosis in rat tumour cells [42] and inhibit
human tumour cell lines [43]. NAB derivatives reversibly inhibit the enzymic activity of
PTP1B, Shp1, bacterial YopH and CDC45 by oxidation of the catalytic cysteinyl residue.
Enzymic activity is increased with increasing electrophilicity and reversed in the pres-
ence of mercaptoethanol [38,44–48] (Supplementary Information S1). Substituents on the
benzene ring modify enzymatic activity, antimicrobial and anti-tumour activity [38,49,50].
Nitropropenyl benzenes have greater antibacterial and antifungal activity than the corre-
sponding nitroethenyl compounds [38,44,49]. Antibacterial activity positively correlates
with the greater negative redox potential of the propenyl compared with ethenyl side chain,
but not with lipophilicity [49].

Nitropropenyl benzodioxole (NPBD) (Figure 1, Supplementary Information S2) is the
most broadly active of 30 NAB derivatives [38,50]. NPBD is a lipophilic, cell permeable,
neutral tyrosine mimetic which competitively inhibits the enzymic activity of tyrosine
phosphatases [39]. NPBD inhibits the enzymic activity of PTPB1 and YOP and to a lesser
extent CDC45 [47,49]. It binds to Cys215 in the catalytic site of PTP1B [44]. NPBD an-
tibacterial activity against representative bacterial species, measured by MIC and MBC,
is competitively reversed in the presence of dithiothreitol and to a lesser extent, excess
cysteine [39].
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Figure 1. Structures of the active pharmacophores of the nitroalkenyl benzenes: (a) NEB
([(E)-2-nitroethenyl]benzene) and (b) NPB ((2-nitroprop-1-enylbenzene) and (c) NPBD ((5-[(E)-2-
nitroprop-1-enyl]-1,3-benzodioxole) an active antimicrobial mimetic of (d) tyrosine (2-amino-3-(4-
hydroxyphenyl)propanoic acid).

NPBD activity against a broad range of bacterial species shows considerable variation,
reflecting the diversity of cysteine-based enzymes and redox active thiol molecules across
bacterial species and indicative of selectivity of action [39]. NPBD antibacterial activity
is significantly reversed in the presence of dithiothreitol and to a lesser extent, excess
cysteine [39]. The heterogeneity of distribution, structure and function of cysteine-based
enzymes, redox-thiol signaling molecules and cysteine-containing proteins indicates that
possible NPBD targets would vary in type, number and susceptibility across fungal species.
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Such targets are in constant flux, produced transiently, in low concentrations and the
identification of specific targets in susceptible species would therefore require complex
investigations. Few cysteine-based enzymes and redox-active molecules have been char-
acterised in fungi [26,27,51,52]. Involvement of such targets in physiological functions
is usually identified by modification or loss of a physiological effect in null mutants or
inhibition by inhibitors, supported by many references in this paper.

Severe, invasive, often intractable mycoses are an increasing cause of disease and
mortality, the fungal pathogens varying phylogenetically and in global geographic distribu-
tion [53]. Chemotherapy for severe infections, largely based on azoles, echinocandins and
polyenes, is limited in availability, of varying therapeutic success and has high mortality
rates [54]. Identification of new targets and development of new fungicidal drugs is re-
quired to augment the effectiveness of current chemotherapy, resistance in major pathogens
and drug toxicity.

We report here on phenotypic effects of NPBD across phylogenetically diverse sapro-
phytic, commensal and parasitic fungal species. The data illustrate the heterogeneous dis-
tribution of cysteine-based enzymes and redox-active thiol molecules, identify pathogens
of interest and useful attributes for an antifungal drug candidate. NPBD in vitro activity
is evaluated against Amphotericin B (AMB) and Miconazole (MCZ) which have a similar
antifungal spectrum. The shared metabolic activities of NPBD, AMB and MCZ are com-
pared by a brief literature review. The proposal that PTP and redox thiols can be selective
targets in fungi is supported by a literature review of tyrosine phosphate and redox sig-
naling in fungal species. The data presented supports the proposal that NPBD would be
a suitable candidate for development as an agent to treat mucocutaneous opportunistic
fungal infections.

2. Results and Discussion
2.1. NPBD Shows Broad-Spectrum, Rapid Fungicidal Activity

The activity of NPBD, AMB and MCZ was measured by Minimum Inhibitory Con-
centration (MIC) assay using vegetative cell inocula and performed concurrently in the
same laboratory, permitting an internally controlled evaluation of comparative activity.
Reproducibility across assays was high, indicated by low standard deviations. Hyphae may
give higher MIC and Minimum Fungicidal Concentration (MFC) titres than microconidial
inocula, the differences varying with drug and species [55,56]. The AMB MIC (Table 1)
are within, or close to CLSI Performance Standards MIC ranges (mg/L) for type strains of
A. flavus (0.5–8), A. fumigatus (0.5–4), S. apiospermum (1–16), T. rubrum (0.5–2) and Candida
parapsilosis (0.5–4) [57].

Table 1. Antifungal activity (MIC and MFC) a of NPBD, Amphotericin B and Miconazole.

PHYLUM NPBD Amphotericin B Miconazole

Fungal group description
Order, Family b

Species MIC MFC MIC MFC MIC MFC

ASCOMYCOTA
Saprophytic filamentous species
Eurotiales, Aspergillaceae

Aspergillus flavus RMIT 312 16 32 8 8 ND ND
A. niger RMIT 582 8 16 2 2 ND ND
A. fumigatus RMIT 702/1-1 6.2 ± 4 16 ± 12 1 8 0.3 2.0
Penicillium chrysogenum 1.3 ± 0.6 2.0 ND ND ND ND

Eurotiales, Thermoascaceae
Paecilomyces variotii c 1 2 1 1 ND ND

Hypocreales, Nectriaceae
Fusarium graminearum RMIT 790/1 2.8 ± 1 5.2 ± 2 5.2 ± 2 12 ± 2 1 8
Fusarium chlamydosporum RMIT 603 8 8 2 8
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Table 1. Cont.

PHYLUM NPBD Amphotericin B Miconazole

Dimorphic filamentous species
Chaetothyriales, Herpotrichiellaceae

Fonsecaea pedrosoi 2.8 ± 3 3.4 ± 7 5.7 ± 3 9.5 ± 7 ND ND
Phialophora verrucosa RMIT 142 16 32 2 4 ND ND

Capnodiales, Teratosphaeriaceae
Hortaea werneckii RMIT
115 (Cladosporium werneckii) 8 8 ND ND 4 4

Microascales, Microascaceae
Scedosporium apiospermum (S. boydii)
RMIT 141 2 4 4 >16 d 8 8

MUCOROMYCOTA/ZYGOMYCOTA

Saprophytic filamentous species
Mucorales, Rhizopodaceae

Rhizopus stolonifer RMIT 905/2-1 4 11 ± 5 >16 d >16 d 8 16
Rhizopus oryzae 64 64 4 4 ND ND

Mucorales, Lichtheimiaceae
Rhizomucor pusillis 4 8 1 1 ND ND

Filamentous species (n = 14)
Average ± SD d 10.2 ± 16.2 15.1 ± 17.2 5.7 ± 8.6 10.1 ± 10.8 4.3 ± 3.7 7.6 ± 5.4

ASCOMYCOTA
Parasitic dermatophytic species
Onygenales, Arthrodermataceae

Epidermophyton floccosum 0.5 16 ND ND 0.25 0.25
Trichophyton rubrum S1 1.4 ± 5 256 1 256 1.7 ± 0.5 64
Trichophyton rubrum S2 1 128 4 16 1 8
Microsporum canis 0.7 ± 0.7 13.5 ± 4 0.5 16 ND ND
Microsporum gypseum 1.3 ± 0.5 9.2 ± 3.6 1 8 5.7 ± 2.3 ≥64

Saccharomycetales, Debaryomyceaceae
Candida albicans ATCC 10231 9 ± 4 9.5 ± 3.6 0.25 2 0.5 0.5
Candida glabrata RMIT 157 2 ± 1 2 0.5 1 0.25 0.5
Candida guilliermondii (Pichia)
RMIT 176 2.4 ± 1 2.4 ± 1 0.03 0.06 1.2 ± 0.5 1.2 ± 0.5

Candida krusei (Pichia kudriavzeuii)
anamorph RMIT 177 3.4 ± 1 3.4 ± 1 0.25 ± 0.2 0.3 ± 0.2 1.7 ± 0.5 1.7 ± 0.5

Candida parapsilopsis RMIT 178 2.4 ± 1 2.4 ± 1 0.3 ± 0.14 0.4 ± 0.35 0.7 ± 0.75 0.7 ± 0.75
Candida tropicalis RMIT 181 4 4 0.25 0.4 ± 0.14 0.8 ± 0.3 1.3 ± 0.8

BASIDIOMYCOTA
Saprophytic yeasts
Tremellales, Cryptococcaceae

Cryptococcus neoformans 1 1 0.5 0.5 2.8 ± 1.1 4
Sporidiobolales, Sporidiobolaceae

Rhodotorula rubra (mucilaginosa) 9.2 ± 3.6 9.2 ± 3.6 ND ND 8 18.4 ± 7

‘Yeasts’ Average (n = 8) ± SD 3.9 ± 1.5 4.2 ± 3.3 0.3 ± 0.2 0.7 ± 0.7 2.0 ± 2.6 3.5 ± 6.1

All Fungi (n = 27)-Average ± SD 7.0 ± 1.8 25.6 ± 2.2 3.3 ± 0.16 18.4 ± 0.22 2.7 ± 0.8 11.9 ± 0.59
a Broth microdilution assays were based on CLSI methods for yeast and filamentous fungi [58,59]. MIC (100%)
and MFC (>99.9%) at 48 h, 72 h or 7 d, depending on growth rate assessed by turbidity of growth control.
Average of ≥4 independent replicates ± SD. ND, not determined. SD = 0 where not reported. The QC strain of
C. albicans ATCC 10,231 for AMB was within the prescribed range. b NCBI phylogenetic classification of fungi.
Strains not identified by ATCC or RMIT collection number are environmental or clinical isolates. c 7 clinical
isolates of C. albicans were tested against NPBD (mean MIC 12.5 (±15.2), MFC 15.2 (±7.3) mg/L) and MCZ
(mean MIC 2, MFC 4 (±0.7) mg/L). d For AMB where MIC/MFC reported as greater than the highest tested
concentration, the 2-fold higher value was used to estimate the mean.
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NPBD showed broad, strong and relatively uniform antifungal activity across 27 sapro-
phytic, commensal and parasitic species from 3 orders and 12 families (Table 1). Spectrum
and activity levels were comparable to those of AMB and MCZ.

All agents showed high fungicidal activity for two significant pathogens, C. neoformans
and S. apiospermum (Table 1). NPBD was ≤2-fold less active than AMB and MCZ for sapro-
phytic filamentous species, but overall, more rapidly fungicidal, evidenced by its lower
ratio of fungal group MFC/MIC, a static index of multiples of the MIC required for lethality
at one time point (Table 2). NPBD was more inhibitory but considerably less fungicidal than
MCZ to the parasitic dermatophytes. It was less active against Candida species than AMB
and MCZ but more rapidly fungicidal measured by the MFC/MIC ratio (Table 2). NPBD is
comparably active against the hyphal forms of thermally dimorphic species of Fonsecaea,
Hortaea, Phialophora, S. apiospermun and C. neoformans (Table 1, Table 2). NPBD has also been
reported to be active against Blastomyces dermatidis, Histoplasma capsulatum and Coccidioides
species (MIC90 0.25–2 mg/L), Cryptococcus gatii (2 mg/L), and Candida glabrata (0.5–2 mg/L)
(Supplementary Information S3). NPBD was also highly active against Pneumocystis jirovecii
(carinii) and Pneumocystis murina, IC50 on day 3 of exposure was <0.1 and 0.174 mg/L,
respectively [60].

Table 2. Comparison of the activity a of NPBD, AMB and MCZ for major fungal groups.

Test Compound NPBD AMB MCZ

Fungal Group b (n) MIC MFC MFC/MIC MIC MFC MFC/MIC MIC MFC MFC/MIC

All Saprophytic opportunistic filamentous
species (13) c 11.4 16.4 1.4 6.2 8.4 1.4 3.1 8.7 2.8

Endemic dimorphic species (4) 7.2 11.9 1.7 3.9 15.2 3.9 6 6 1
Parasitic dermatophytic species (5) 1 84.5 84.5 1.6 74 46.3 2.2 34.1 15.5
Saprophytic/commensal Candida

species (6) 3.9 4 1 0.3 0.7 2.3 0.9 1 1.1

a Broth microdilution assays (were based on CLSI methods for yeast and filamentous fungi [58,59]. MIC (100%)
and MFC (>99.9%) at 48 h, 72 h or 7 d, depending on growth rate assessed by turbidity of growth control.
Average of ≥4 independent replicates per species. The QC strain of C. albicans ATCC 10231 for AMB was
within the prescribed range. b Groupings of fungi selected from Table 1 are based on major clinical infection
types. The basidiomycete yeasts C. neoformans and R. mucilaginosa were excluded as only one representative
from each pathogen type was tested. c P. chrysogenum was excluded from filamentous species for lack of AMB
and MCZ titres.

The fungicidal activity pattern shows NPBD is acting on metabolic functions vital
to the growth and survival of saprophytic and commensal species. Variation in activity
between and within related fungal groups illustrates the functional diversity of PTP and
redox-active molecules. The physiological outcomes reported reflect the balance of positive
and negative metabolic effects on the functions of those cysteine-based enzymes and redox-
active thiol molecules that are susceptible to interference by NPBD. The target molecules
are transiently present, in low concentrations making identification of specific targets and
substrates technically difficult and requiring investigation of suspect molecules in each
species of interest [61,62]. The identification of enzymic or redox targets for NPBD in the
assayed species is beyond the scope of this paper. A brief review of characterised PTP and
redox active molecules may indicate possible targets for NPBD.

Progression and check-point control in the eukaryote cell cycle are regulated by highly
conserved CDK and counteracting MAPKP. The DSPs Cdc25 and Cdc14 activate specific
CDK by removal of inhibitory tyrosine and threonine phosphorylation and are important
regulators of cell cycle progression [63].

Cdc25 isoforms are highly conserved in fungi and are crucial in maintaining the
activity of CDK, allowing cycle progression. Down-regulation of Cdc25 in response to DNA
damage promotes cycle arrest at mitotic entry to allow DNA repair. Continued suppression
of Cdc25 results in cell arrest and progress to apoptosis [64]. Cdc25 phosphatases are highly
susceptible to rapid oxidation of the catalytic cysteine and are protected from continuing
and irreversible inactivation by formation of a disulfide bond with an adjacent allosteric
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cysteine and its reduction by thioredoxin/thioredoxin reductase [65]. Naphthoquinones
are electrophiles and oxidants which show antifungal activity [66]. Naphthoquinones
oxidise Cdc25 causing mitotic arrest and cell death which is reversed by dithiothreitol
and cause tumour regression in a zebrafish xenograft model of colorectal cancer cells
over-expressing Cdc25 [67]. Cdc25 isoforms are credible targets for NPBD inactivation by
dephosphorylation and oxidation.

Cdc14 is highly but not uniformly conserved across fungi and higher eukaryotes
and shows specific and differing functions. In S. cerevisiae and C. albicans. Cdc14 is
required for reversal of CDK phosphorylation and mitotic exit, but not in Schizosaccha-
romyces pombe and some higher eukaryotes [66]. Cdc14 in C. albicans, is required for
inhibition of cell separation and the transition to hyphal growth [68]. Cdc14 substrates
are variously involved, positively and negatively, in rDNA transcription, DNA repli-
cation, cytokinesis and cell separation, DNA damage response and DNA repair and
morphogenesis [66,68–70]. The activity and substrate specificity of Cdc14 homologs in
plant pathogenic fungi are highly conserved and their deletion impairs virulence [71,72].
In Aspergillus flavus, Cdc14 positively regulates growth, development, plant infectivity
and resistance to osmotic stress but suppresses aflatoxin production [72]. NPBD interfer-
ence with Cdc14 activity would depend on the functions of its many regulated proteins
but is likely to be detrimental overall. Most specific functions of fungal phosphatases
reported are associated with dephosphorylation of serine and threonine with very few
to date directly attributed to tyrosine dephosphorylation [63,69].

The cell wall integrity (Mpk1), stress regulating (Hog1) and Fus3/Kss1 mating and
filamentation pathways play interactive roles in cell cycle progression, cell wall biosynthe-
sis, cell differentiation, vegetative and invasive growth, stress adaptation and virulence
in fungi [73–75]. These pathways are activated by diverse stimuli and are partly and
variously negatively regulated by cognate sPTP and MAPKP. Phosphatase orthologues
are widely distributed and show structural and functional divergence and differing path-
way interactions [15,76]. Orthologues are identified in A. fumigatus [77], C. albicans [78],
C. neoformans [79], and F. graminearum [10].

The Mpk1 pathway monitors cell wall integrity (CWI), promotes wall biosynthesis
and some stress responses and is well conserved with some functional and regulation dif-
ferentiation [74]. The Kss1/Cek1 pathway in C. albicans is involved in cell wall construction,
chlamydospore formation, filamentation and invasive growth. Cek1 is negatively regulated
by Ptp2, Ptp3 and DSP Cpp1, the latter being positively regulated by Hog1 [79,80]. In
C. neoformans Ptp2 dephosphorylation activates Hog1 to promote a stress response. Ptp2 is
essential for vegetative growth. Ptp1 plays minor supporting roles in stress response and
growth [76,79]. Suppression of sPTP and DSP MAPKPs which are negative regulators of
Mpk1 and Kss1 pathways, could enhance vegetative growth or, conversely, prolong kinase
activation with possible deleterious effects on cell homeostasis.

Hog1, a key regulator of cell responses to external stress, has diverse functions and
regulatory mechanisms in fungi. For most fungal species Hog1 is activated by tyrosine
phosphorylation and deactivated by negatively regulating sPTP and MAPKP. Adaptation to
oxidative stress depends on coordinated positive and negative interactions between Hog1
and other MAPK pathways resulting in Hog1 involvement in growth, development and
virulence [76,81,82]. Hog1 shares components with the CWI and Fus3/Kss1 pathways and,
when activated, to permit the stress responses, downregulates Mpk1 and Kss1, affecting
cell cycle progression, cell wall construction, growth and morphogenesis [81]. In C. albicans
Cpp1 mediates interaction between the Hog1 and Cek1 pathways, Cpp1 expression being
positively regulated by Hog1 and contributing to suppression of Cek1 [83]. Inhibition
of sPTP and MAPKP negatively regulating Hog1 could result in continuing activation
leading to prolonged cycle arrest and down regulation of MAPK pathways, with delete-
rious effects [80,81]. Hog1 in C. neoformans is phosphorylated under normal conditions
and activated by Ptp2 and Ptp1 dephosphorylation. Hog1 regulates growth, development
and virulence attributes in C. neoformans and positively regulates the expression of Ptp1
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and Ptp2, its negative feedback regulators ([84]. In C. neoformans Ptp2 overexpression
suppresses the hyperactivation of Hog1 and suppression of Ptp2 is lethal [79]. For many
species, inhibition of tyrosine phosphatases down regulating Hog1 could result in pro-
longed activation of Hog1 and inactivation of related MAPK pathways, with deleterious
effects [72,83,85]. Fludioxonil, a benzodioxole with an electrophilic carbonitrile-containing
substituent, causes lethal hyperactivation of Hog1 [86]. Overexpression Ptp2 increased, and
Ptp2 deletion decreased, resistance to fludioxonil in plant pathogen Magnaporthe oryzae [87].
Other than the well-reported highly conserved primary target(s), the broader metabolic
effects of antifungal agents have not been well investigated. Drug-specific resistant strains
which are originally categorised by a ‘specific target’ assay, can show unique metabolic
changes which are indicative of a diversity of drug-induced metabolic effects. Such changes
may increase or decrease resistance to the originating drug class. The polyene macrolides
and several azole drugs have complex and diverse metabolic effects on fungi [51,88–93].

High levels of redox-reactive species arrest cell growth in fungi resulting in expression
of anti-oxidative genes and a switch to cell differentiation [30]. Oxidation of LMW thiol
buffers, redox-active cysteine residues in proteins and cysteine-based enzymes will interfere
with redox homeostasis and contribute to NPBD lethality. Addition of excess dithiothreitol
to culture media significantly inhibited the antibacterial activity of NPBD, confirming the
contribution of thiol oxidation to bactericidal activity [39].

MAPK tyrosine phosphatases are likely targets for NPBD inhibition. Negative regula-
tion of MAPKs, which respond to diverse stimuli and act in integrated pathways, is critical
to prevent prolonged activation of affected kinases which would result in deleterious effects.
Dual specificity and sPTP which positively regulate aspects of growth, survival or stress
responses are likely direct targets. NPBD direct oxidation of cysteine-based redox active
molecules and redox thiols will contribute to growth inhibition and cell death.

2.2. NPBD Kills Replicating and Non-Replicating C. albicans Blastospores and A. fumigatus
Hyphae and Microconidia

Fungal populations can be heterogeneous and contain subpopulations exhibiting phe-
notypic variability, including drug tolerance. Drug tolerant cells mobilise stress responses,
allowing non-target-directed resistance to the drug and time-dependent population growth
above the MIC, but retain inherent drug susceptibility when the drug stress is removed [94].
Investigation of the dynamic fungicidal effect of agents under different growth conditions
assist in identifying interactions between agent and microorganism, characterise fungicidal
potential and detect drug response heterogeneity in a population. Kill rates can be investi-
gated by time-kill assays which quantify over time the effect of agent concentrations on
viability and replication, assessed by the ability to form colonies and expressed as time-kill
(TK) curves and log10 population reduction factors (RF) [95].

We estimated the rate of kill of replicating blastospores of C. albicans in broth under
optimal conditions and of non-replicating blastospores of C. albicans and hyphae and
microconidia of A. fumigatus in water at ~20 ◦C. Under optimal growth conditions, NPBD
(0.5× to 4×MICi) showed strong dose-dependent population reduction for blastospores of
C. albicans, 4×MICi reducing cell counts by >5 log10 at 4 h (Figure 2a). For non-replicating
blastospores in DW the kill rate was slower and dose-independent, NPBD 8× and 16×MIC
being equi-effective (RF > 5 at 6 h) (Figure 2b). NPBD (16× and 32×MICi), reduced the
viability of non-growing hyphal fragments of A. fumigatus, RF > 4 at 48 h (Figure 2c). NPBD
was sporicidal for microconidia of A. fumigatus in water. NPBD at 16× MICi produced
a >3 log10 reduction of spores able to germinate for exposures > 6 to 24 h (Figure 2d).
The MFC/MIC ratios of NPBD under optimal growth conditions for A. fumigatus hyphae
(2.6) and for C. albicans blastospores (1.1) are lower than for AMB (8 and 8 respectively)
demonstrating a more rapid kill rate for NPBD.
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Figure 2. Representative kill curves at multiples of the MICi for NPBD against (a) Candida albicans
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fumigatus (RMIT 702/1-1) hyphae and (d) microconidia in distilled water at room temperature.

AMB showed greatly varying MFC titres and kill patterns across 7 Candida species.
with the greatest kill rate for C. albicans, 8× and 16×MIC showing >4 log10 reduction at 4 h
and 6 h using a lower inoculum density 105 cfu/mL [96]. Another study with C. albicans
using an inoculum density of 106 cfu/mL exposed to 4× and 16×MIC reported a 2 and
3 log reduction, respectively, at 8 h [97]. C. albicans cells exposed to AMB at 13× MICi,
show >3 log10 colony count reduction at 10 h and changing proportions of non-metabolising,
replication-incompetent cells with time [98]. AMB has demonstrated a dose-independent
kill rate for optimally growing A. fumigatus hyphae causing a 2 log10 reduction at 48 h at
4× and 16×MIC [99]. Comparison of these reported results with results above, despite
assay variations, supports a faster and earlier fungicidal rate of NPBD for replicating and
non-replicating vegetative cells of A. fumigatus and C. albicans.

A. fumigatus conidia germinate into short hyphae by 6–8 h at 37 ◦C in vitro. In lung
tissue of neutropenic mice, 80% of conidia germinate by 12–14 h post-infection [100].
Microconidia of A. fumigatus are highly dispersible, and germination in vivo is a key factor
in pathogenicity [101]. The ability to rapidly kill microconidia at the mucosal surface would
be advantageous for an antifungal drug.

The dose-independent fungicidal action of NPBD in non-replicating C. albicans blas-
tospores and hyphal fragments of A. fumigatus in water suggests interference with PTP
essential for cell viability. The more rapid killing of C. albicans under optimal conditions
in broth at lower multiples of the MIC suggests the additional suppression of PTP in-
volved in cycle progression and replication and the promotion of oxidative stress are
important for rapid reduction of growing populations. The ability to kill dormant or slowly
metabolising cells at achievable in vivo concentrations can be important for chemothera-
peutic efficacy [94].

2.3. NPBD Did Not Induce Resistance or Tolerance in Fungal Strains on Long Term Exposure

Acquired resistance to the polyene, azole and echinocandin drugs is reported for ma-
jor pathogenic genera Candida, Cryptococcus, Aspergillus, Scedosporium and Fusarium [94].
For some species, sub-populations show drug tolerance, dependence on stress response
pathways and reversion to intrinsic susceptibility. Long term exposure of a strain to
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subinhibitory drug concentrations in vitro can select for drug-tolerant sub-populations
or induce mutations to resistance. Resistance is indicated by an increase in MIC greater
than the accepted titre variation for the susceptible strain and which is sustained in
the absence of drug. Tolerance is detected by a persisting MIC above the MIC range
during exposure with reversion to the susceptible MIC range in the absence of drug [95].
Continuous exposure of bacterial species to NPBD for 16 weeks did not induce resistance
or drug tolerance [39].

Fungal strains were continuously exposed to NPBD for 12 weeks and changes in MIC
monitored (Figure 3). After passages in drug free broth the MIC of NPBD-exposed and
unexposed colonies differed ≤4-fold. No resistance or tolerance to NPBD was observed
for any strain. The lack of cross resistance suggests the metabolic targets differ between
the compared drugs. Moderately toxic antifungal drugs generally attack few and specific
metabolic targets with little redundancy and identified resistance mechanisms generally
relate to target-associated metabolic pathways or are generic responses such as drug
efflux [102]. Several PTP may be involved in a physiological response to NPBD exposure
and resistance would likely require multiple mutations. Inhibition of multiple PTP and
other cysteine-dependent enzymes, other protein thiols and LMWT by NPBD would greatly
reduce the likelihood of mutations to resistance or the emergence of persister cells.
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Figure 3. Resistance to NPBD in fungal strains on 12-week exposure. Test species were inoculated
into NPBD 2-fold dilution sets (0.25 to 256 mg/L + 1% DMSO in SLM) (W0), incubated at 25 ◦C
for 2 d then to 7 d, and subcultured weekly into fresh dilution sets to obtain 7-day MIC (MICW1 to
MICW12). Colonies from W13 were serially subcultured 3 times in drug free medium to end of W13.

AMB and MCZ activate oxidative stress responses in fungi and have a very low
propensity to induce resistant strains [88,90,102]. AMB resistant strains showing loss of
erg2 and erg3/11 exhibit metabolically costly stress responses which lower survival and
virulence [103]. AMB and fungicidal azoles induce ROS-dependent cell death in C. al-
bicans and Cryptococcus spp. [92]. Both promote the survival of high-level drug tolerant



Antibiotics 2022, 11, 1188 11 of 19

persister cells with activated oxidative enzymes in Candida species. [104]. AMB resistance
in Aspergillus terreus is accompanied by an enhanced oxidative stress response and in-
creased catalase and superoxide dismutase (SOD) activity [105]. Interactions between AMB
and azole drugs in vitro indicate indifferent or antagonistic effects on activity [106–108].
1,3,4-thiadiazole derivatives are strong oxidants with broad biological effects. A thiadiazole
derivative in combination with AMB induced high oxidative stress and irreversible cell
damage in fungal strains [109]. NPBD has not been tested for synergistic or antagonistic
effect on AMB or MCZ. The complementarity of their function as oxidants suggests a
possible synergistic interaction.

As a strong oxidant interfering with complex phosphatase and redox signaling path-
ways with multiple lethal downstream effects, NPBD is unlikely to give rise to resistant
mutant to the same degree and the major classes of antifungal drugs.

2.4. Comparison of Activity Profiles and Mechanisms of NPBD, AMB and MCZ

NPBD, AMB and MCZ are multi-mechanism agents which differ in specific mecha-
nisms but share many physiological effects in cells. All have broad antimicrobial profiles
and do not induce significant resistance in key pathogens. NPBD is broadly active
across phylogenetically diverse bacterial species with a much greater variation in activity
than the uniform activity across all fungal species reported here [39]. This reflects the
greater diversity of distribution and function of bacterial tyrosine phosphatases [110].
MCZ is active against Gram-positive bacteria [111]. AMB and MCZ are active against
Plasmodium, Leishmania, Trypanosoma and Acanthamoeba [112]. NPBD inhibits Trichomonas
vaginalis in vitro, asexual development of Plasmodium falciparum in human erythrocytes
and Eimeria infections in chicks (Nicoletti, unpublished). AMB and MCZ promote ox-
idative stress in fungi [113,114]. All three agents inhibit human tumour cell lines. AMB
is cytotoxic to breast cancer cells and potentiates doxirubicin cytotoxicity [115]. MCZ
induces ROS generation and apoptosis in breast and human colon adenocarcinoma cells
and in mouse adenocarcinoma xenografts [116,117]. NPBD is toxic to non-small cell
lung cancer A549 cells (EC50 1.7 µM) (Supplementary Information S4, [118]). Closely
related NABs show broad antitumour activity. NEB inhibits osteosarcoma cell lines [119].
Hydroxy-methoxy nitropropenyl benzene (CYT-Rx20) induces reactive oxygen species
(ROS) generation and apoptosis in breast cancer cells [120]. CYT-Rx20 suppresses the
P13/AKT and STAT3 pathways in oesophageal tumour cells, depletes GSH and inhibits
GSH reductase in A549 cells [121,122].

Cytochrome P450 monooxygenases (CYP) are haem-thiolate tetrapyrrole proteins
which catalyse the multi-step oxygenation of multiple endogenous and exogenous metabo-
lites [123,124]. CYP isoforms share a common active site bearing a haem-Fe complex
which is ligated to the CYP protein via a thiolate ligand from a flanking essential cysteine
residue. During the catalytic cycle, electron transfer from carriers to the activated haem
complex results in oxygenation of substrates. A portion of activated oxygen is leaked from
the catalytic intermediates contributing to ROS levels. Induction of CYP or suppression
of cysteine-based peroxiredoxins contribute to excess ROS generation, contributing to
oxidative stress [123].

CYP isoforms are functionally and structurally diverse, the size and shape around
the active site and the varying position of critical cysteine residues allowing selective
catalytic specificity for a vast number of substrates [123,124]. Fungal CYP, have conserved
characteristic motifs but show great structural and functional diversity to enable adaptation
to multiple and changing environments. They are involved in primary and secondary
metabolism, detoxification and degradation of xenobiotics, and adaptation to stress [125].
Cyp51 and fungal specific CYP61, widespread in fungi are essential in membrane ergosterol
biosynthesis and are inhibited by azole-based drugs [126]. MCZ inhibits fungal Cyp51
and Cyp61 and variably inhibits human Cyp1A2, Cyp2D6, Cyp2C9 and Cyp2C19 with
IC50 from 0.33 µM to 25 µM [127,128]. NPBD inhibits human Cyp1A2 (EC50 0.53 µM)
and at 20 µM shows 35% inhibition of Cyp2C9, but EC50 >20 µM for Cyp2C19, Cyp2D6,
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Cyp3A4/5 (Supplementary Information S5, [129,130]). NPBD CYP inhibition is likely due
to oxidation of the cysteine ligating haem Fe, thus interfering with CYP substrate binding
and catalysis.

AMB, administered by IV, is used systemically for severe intractable mycoses, has
poor pharmacokinetics and causes infusion-related reactions and nephrotoxicity [131].
MCZ has low oral toxicity, but systemic toxicity constrains use and MCZ is mainly used
for mucocutaneous infections [132]. NAB analogues show varying toxicity patterns in
zebrafish assays. NPBD, EC50 (0.92 µM) in zebrafish embryos reduced the heartbeat rate,
spontaneous movement and impaired eye development and tail extension but caused
no malformations [38]. The zebrafish toxicity of AMB (LD50 0.1 µM) is of comparable
level [133]. MCZ (1–100 µM) shows dose-dependent toxicity to rat neonatal cardiomyocytes,
3 µM inhibiting beating frequency [134]. MCZ (2.3–8.4 µM) blocks K+ channels in HEK
cells [135]. NPBD toxicity for zebrafish was not predictive of rodent toxicity. NPBD
has low oral toxicity to rodents (7 day repeat dose NOEL < 300 mg/kg) and low oral
absorption, generally <2.5% (Supplementary Information S6). NPBD given at 25 mg/kg by
IV bi-weekly for three weeks did not adversely affect weight or general wellness of nude
athymic mice (Supplementary Information S7). NPBD binds strongly to human serum
albumin and shows greatly reduced antibacterial activity in the presence of plasma [39].
Low IV toxicity is likely due to levels of free drug well below 25 mg/kg. Acute toxicity
IV LD50 for AMB-desoxycholate in the mouse is 3 mg/kg and >40 mg/kg for lipid-based
formulations [136].

NPBD shares complementary metabolic effects with AMB and MCZ that contribute to
antimicrobial and anti-tumour activity.

3. Conclusions

NPBD is broadly and rapidly fungicidal to vegetative cells and microconidia and
does not induce drug tolerant or resistant cells on long term exposure in vitro. Given its
multiple and complementary effects on redox molecules, development of resistant strains in
therapeutic use is unlikely. It has low oral toxicity in rodents and chickens and no adverse
effects on health, wellbeing and behaviour. NPBD has an activity profile in vitro similar
to that of AMB and MCZ which are systemically relatively toxic and with circumscribed
therapeutic uses. NPBD meets desirable pharmacological requirements for a cell permeable,
small molecule tyrosine mimetic drug for systemic use. The data presented in this report
supports the suitability of NPBD for the treatment of mucocutaneous infections. Inhibition
of fungi at the mucosal and epithelial surfaces, major entry points for fungal pathogens,
could limit and delay progress to invasive infections. It may be useful as an adjunct drug
in chemotherapy for severe, persistent or intractable systemic mycoses.

All the major current antifungal agents target highly conserved metabolic functions of
actively growing fungi, such as biosynthesis of cell membrane and cell wall components,
mRNA and DNA. These selective targets have given rise to resistant mutants causing
therapeutic problems. This situation has given rise to consideration of alternative novel
targets in fungi. There is increasing interest in inhibitors of redox-sensitive fungal targets
such as CYP 450, heme metalloproteins, transcription factors and MAPK signaling compo-
nents [102,137–140]. Redox targets in tumor biology are also being investigated and may
be applicable as targets for antifungal agents [102,141,142]. NPBD and other nitroalkenyl
derivatives can make a useful contribution to the drug target arsenal.

4. Materials and Methods
4.1. MIC and MFC Assay

Antifungal activity of NPBD, amphotericin B and miconazole were determined for
species listed in Table 1 using MIC and MFC broth microdilution methods, modified for
filamentous fungi by use of hyphal inocula for filamentous species so that agent activity
was assayed on vegetative forms [58,59]. Log2 dilution sets of NPBD, amphotericin B
(Sigma Aldrich, St. Louis, MO, USA) and miconazole (Sigma Aldrich) were prepared in
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RPMI-1640 (Sigma Aldrich) at 2× final concentrations, 0.03–128 mg/L for NPBD and MCZ
and 0.03–16 mg/L for AMB. For filamentous species hyphal suspensions from overnight
cultures were filtered through gauze, vortexed to fragment hyphae and standardised by
haemocytometer and colony count. Final inoculum density was 5 × 103–1 × 104 cfu/mL,
MIC for dermatophytes were read at 7 d. MIC titres from ≥4 independent assays are
reported as geomean ± SD and group titres as Mean ± SEM.

4.2. Time-Kill Assay
4.2.1. Vegetative Cells

Time kill studies were determined in Sabouraud Liquid Medium (SLM) and distilled
water (DW) for C. albicans and in DW for A. fumigatus hyphae. Overnight cultures in
Sabouraud Liquid Medium (SLM, Oxoid, Cambridge, UK) were diluted 1/100 and
incubated 2 h at 37 ◦C on a platform shaker at 160 rpm and log-phase suspensions
prepared in SLM or DW with 1% dimethyl sulfoxide (DMSO) to give final densities of
1–5 × 106 blastospores (C. albicans) and ~1 × 105 hyphal fragments (A. fumigatus). The
MICi for C. albicans and A. fumigatus was determined as above. NPBD 128–512 mg/L in
SLM and DW and SLM controls, were inoculated and incubated with shaking at 37 ◦C or
room temperature (RT) for C. albicans and RT for A. fumigatus. At intervals from 0–8 h
for C. albicans and 0–48 h for A. fumigatus, 0.1 mL aliquots were serially diluted (log10)
in 0.85% saline and 0.01 mL aliquots spread-plated to Sabouraud Dextrose Agar (SDA,
Oxoid), incubated to 48 h at 37 ◦C for C. albicans and to 96 h at 30 ◦C for A. fumigatus
and colony counts recorded. The kill rate is reported as reduction in log10 viable counts
over time (kill curves) and as log10 reduction factors (RF) at time (T) determined as log10
count untreated–log10 count treated.

4.2.2. Microconidia

Microconidia from a culture of A. fumigatus (25 mL SDA, tissue culture flask, 5 d,
RT) were harvested by glass beads in 10 mL saline/T20 abrasion of colony surface and
the suspension heated at 56 ◦C 30 min to kill hyphae and spore density determined by
haemocytometer count. 1 mL volumes of DW/1% T20 with 0 or 512 mg/L NPBD at RT
(~20 ◦C) were inoculated to give a final inoculum density 3–5 × 105 microconidia. Log10
dilutions (saline/1% T20) of aliquots taken at 0, 2, 6 and 24 h were spread onto SDA,
incubated 5 d at RT and geomean counts from 3 assays reported.

4.3. In Vitro Resistance MIC Assay

NPBD dilution sets (256 mg/L–0.25 mg/L and 1% DMSO) were prepared in SLM. Set
1 for each strain was inoculated with an overnight SLM culture prepared as above to give
final densities of 5 × 103–1 × 104 cfu/mL, and incubated at 25 ◦C, the initial strain MICW0
recorded at 2 d, and set re-incubated to 7 d and the 7 d set MICW1 recorded as the lowest
concentration inhibiting growth. The highest dilution showing turbidity was diluted to
(≤1 × 105 cfu/mL) inoculated into W2 set and at 7 d MICW2 recorded. This procedure was
repeated to Week 12 for each strains. A 0.01 mL sample from W12 was spread-plated to SDA
and selected colonies serially passaged 3 times in SLM. The strain MICW13 for colonies was
determined as for W0. Acquisition of resistance to NPBD was defined as ≥8-fold increase
in MICW13 compared to MICW0.

5. Patents

• Denisenko, P.P.; Sapronov, N.S.; Tarasenko, A.A. Antimicrobial and radioprotective
compounds. US Pat 9,045,452, 2 June 2015. [Claim: A method for the treatment of a
gastrointestinal infection]

• Denisenko, P.P.; Sapronov, N.S.; Tarasenko, A.A. Antimicrobial and radioprotective
compounds. US Pat 8,569,363, 29 October 2013. [Claim: A method for the therapeutic
treatment of a skin or soft tissue infection]
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• Denisenko, P.P.; Sapronov, N.S.; Tarasenko, A.A. Antimicrobial and radioprotective com-
pounds. US Pat 7,825,145, 2 November 2010. [Claim: A method of treating vulvo-vaginitis]

• Nicoletti, A.; White, K. Protein tyrosine phosphatase modulators. WO/2008/061308,
29 May 2008.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics11091188/s1, Supplementary Information S1: Inhibition of
enzymic activity of tyrosine phosphatases; Supplementary Information S2: Physico-chemical char-
acteristics of NPBD; Supplementary Information S3: Anti-fungal and Anti-pneumocystis activity
of the investigational antimicrobial BDM-I; Supplementary Information S4: Inhibition of non-small
cell lung cancer tumour cell line; Supplementary Information S5: Inhibition of human CYP iso-
forms; Supplementary Information S6: Toxicology studies for NPBD (Compound 1) in rodents;
Supplementary Information S7: Maximum tolerated dose in nude mouse. References [38,48,118,129,130]
are cited in the supplementary materials.

Author Contributions: Conceptualization, G.N.; Data curation, K.W.; Formal analysis, G.N. and
K.W.; Funding acquisition, G.N.; Investigation, G.N. and K.W.; Methodology, G.N. and K.W.; Project
administration, G.N.; Resources, K.W.; Supervision, G.N.; Validation, K.W. and G.N.; Visualization,
K.W.; Writing—Original draft, G.N. and K.W; Writing—Review and editing, G.N. and K.W. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by RMIT research grants and by Biodiem Ltd.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article or supplementary material.

Acknowledgments: Thu Nguyen provided expert technical assistance for fungal assays performed
at RMIT University.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

References
1. Sacco, F.; Perfetto, L.; Castagnoli, L.; Cesareni, G. The human phosphatase interactome: An intricate family portrait. FEBS Lett.

2012, 586, 2732–2739. [CrossRef]
2. Tonks, N.K. Protein tyrosine phosphatases—From housekeeping enzymes to master regulators of signal transduction. FEBS J.

2013, 280, 346–378. [CrossRef] [PubMed]
3. Corcoran, A.; Cotter, T.G. Redox regulation of protein kinases. FEBS J. 2013, 280, 1944–1965. [CrossRef] [PubMed]
4. Dustin, C.M.; Heppner, D.E.; Lin, M.J.; van der Vliet, A. Redox regulation of tyrosine kinase signalling: More than meets the eye.

J. Biochem. 2020, 167, 151–163. [CrossRef] [PubMed]
5. Day, E.K.; Sosale, N.G.; Lazzara, M.J. Cell signaling regulation by protein phosphorylation: A multivariate, heterogeneous, and

context-dependent process. Curr. Opin. Biotechnol. 2016, 40, 185–192. [CrossRef]
6. Beltrao, P.; Bork, P.; Krogan, N.J.; van Noort, V. Evolution and functional cross-talk of protein post-translational modifications.

Mol. Syst. Biol. 2013, 9, 714. [CrossRef] [PubMed]
7. Albataineh, M.T.; Kadosh, D. Regulatory roles of phosphorylation in model and pathogenic fungi. Med. Mycol. 2015, 54, 333–352.

[CrossRef]
8. Bahn, Y.-S.; Xue, C.; Idnurm, A.; Rutherford, J.C.; Heitman, J.; Cardenas, M.E. Sensing the environment: Lessons from fungi. Nat.

Rev. Microbiol. 2007, 5, 57–69. [CrossRef]
9. Studer, R.A.; Rodriguez-Mias, R.A.; Haas, K.M.; Hsu, J.I.; Viéitez, C.; Solé, C.; Swaney, D.L.; Stanford, L.B.; Liachko, I.;

Böttcher, R.; et al. Evolution of protein phosphorylation across 18 fungal species. Science 2016, 354, 229–232. [CrossRef]
10. Yun, Y.; Liu, Z.; Yin, Y.; Jiang, J.; Chen, Y.; Xu, J.-R.; Ma, Z. Functional analysis of the Fusarium graminearum phosphatome. New

Phytol. 2015, 207, 119–134. [CrossRef]
11. Jin, J.-H.; Lee, K.-T.; Hong, J.; Lee, D.; Jang, E.-H.; Kim, J.-Y.; Lee, Y.; Lee, S.-H.; So, Y.-S.; Jung, K.-W.; et al. Genome-wide functional

analysis of phosphatases in the pathogenic fungus Cryptococcus neoformans. Nat. Commun. 2020, 11, 4212. [CrossRef] [PubMed]
12. Winkelströter, L.K.; Dolan, S.K.; Fernanda dos Reis, T.; Bom, V.L.P.; Alves de Castro, P.; Hagiwara, D.; Alowni, R.; Jones, G.W.;

Doyle, S.; Brown, N.A.; et al. Systematic Global Analysis of Genes Encoding Protein Phosphatases in Aspergillus fumigatus. G3
Genes Genomes Genet. 2015, 5, 1525–1539. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/antibiotics11091188/s1
https://www.mdpi.com/article/10.3390/antibiotics11091188/s1
http://doi.org/10.1016/j.febslet.2012.05.008
http://doi.org/10.1111/febs.12077
http://www.ncbi.nlm.nih.gov/pubmed/23176256
http://doi.org/10.1111/febs.12224
http://www.ncbi.nlm.nih.gov/pubmed/23461806
http://doi.org/10.1093/jb/mvz085
http://www.ncbi.nlm.nih.gov/pubmed/31599960
http://doi.org/10.1016/j.copbio.2016.06.005
http://doi.org/10.1002/msb.201304521
http://www.ncbi.nlm.nih.gov/pubmed/24366814
http://doi.org/10.1093/mmy/myv098
http://doi.org/10.1038/nrmicro1578
http://doi.org/10.1126/science.aaf2144
http://doi.org/10.1111/nph.13374
http://doi.org/10.1038/s41467-020-18028-0
http://www.ncbi.nlm.nih.gov/pubmed/32839469
http://doi.org/10.1534/g3.115.016766
http://www.ncbi.nlm.nih.gov/pubmed/25943523


Antibiotics 2022, 11, 1188 15 of 19

13. Willger, S.D.; Liu, Z.; Olarte, R.A.; Adamo, M.E.; Stajich, J.E.; Myers, L.C.; Kettenbach, A.N.; Hogan, D.A. Analysis of the Candida
albicans Phosphoproteome. Eukaryot. Cell 2015, 14, 474–485. [CrossRef] [PubMed]

14. Zhao, Z.; Jin, Q.; Xu, J.-R.; Liu, H. Identification of a Fungi-Specific Lineage of Protein Kinases Closely Related to Tyrosine Kinases.
PLoS ONE 2014, 9, e89813. [CrossRef]

15. González-Rubio, G.; Fernández-Acero, T.; Martín, H.; Molina, M. Mitogen-Activated Protein Kinase Phosphatases (MKPs) in
Fungal Signaling: Conservation, Function, and Regulation. Int. J. Mol. Sci. 2019, 20, 1709. [CrossRef]

16. Saito, H. Regulation of cross-talk in yeast MAPK signaling pathways. Curr. Opin. Microbiol. 2010, 13, 677–683. [CrossRef]
17. Cargnello, M.; Roux, P.P. Activation and Function of the MAPKs and Their Substrates, the MAPK-Activated Protein Kinases.

Microbiol. Mol. Biol. Rev. 2011, 75, 50–83. [CrossRef]
18. Albataineh, M.T.; Sutton, D.A.; Fothergill, A.W.; Wiederhold, N.P. Update from the Laboratory: Clinical Identification and

Susceptibility Testing of Fungi and Trends in Antifungal Resistance. Infect. Dis. Clin. N. Am. 2016, 30, 13–35. [CrossRef]
19. Mohanta, T.K.; Mohanta, N.; Parida, P.; Panda, S.K.; Ponpandian, L.N.; Bae, H. Genome-Wide Identification of Mitogen-Activated

Protein Kinase Gene Family across Fungal Lineage Shows Presence of Novel and Diverse Activation Loop Motifs. PLoS ONE
2016, 11, e0149861. [CrossRef]

20. Tanner, J.J.; Parsons, Z.D.; Cummings, A.H.; Zhou, H.; Gates, K.S. Redox Regulation of Protein Tyrosine Phosphatases: Structural
and Chemical Aspects. Antioxid. Redox Signal. 2011, 15, 77–97. [CrossRef]

21. Go, Y.-M.; Chandler, J.D.; Jones, D.P. The cysteine proteome. Free Radic. Biol. Med. 2015, 84, 227–245. [CrossRef] [PubMed]
22. Sies, H.; Berndt, C.; Jones, D.P. Oxidative Stress. Annu. Rev. Biochem. 2017, 86, 715–748. [CrossRef] [PubMed]
23. Ulrich, K.; Jakob, U. The role of thiols in antioxidant systems. Free Radic. Biol. Med. 2019, 140, 14–27. [CrossRef]
24. Klomsiri, C.; Karplus, P.A.; Poole, L.B. Cysteine-Based Redox Switches in Enzymes. Antioxid. Redox Signal. 2011, 14, 1065–1077.

[CrossRef]
25. Paulsen, C.E.; Carroll, K.S. Cysteine-Mediated Redox Signaling: Chemistry, Biology, and Tools for Discovery. Chem. Rev. 2013,

113, 4633–4679. [CrossRef] [PubMed]
26. Zhang, Z.; Chen, Y.; Li, B.; Chen, T.; Tian, S. Reactive oxygen species: A generalist in regulating development and pathogenicity

of phytopathogenic fungi. Comput. Struct. Biotechnol. J. 2020, 18, 3344–3349. [CrossRef] [PubMed]
27. Breitenbach, M.; Weber, M.; Rinnerthaler, M.; Karl, T.; Breitenbach-Koller, L. Oxidative Stress in Fungi: Its Function in Signal

Transduction, Interaction with Plant Hosts, and Lignocellulose Degradation. Biomolecules 2015, 5, 318–342. [CrossRef]
28. Zhang, L.-B.; Feng, M.-G. Antioxidant enzymes and their contributions to biological control potential of fungal insect pathogens.

Appl. Microbiol. Biotechnol. 2018, 102, 4995–5004. [CrossRef]
29. Simaan, H.; Lev, S.; Horwitz, B.A. Oxidant-Sensing Pathways in the Responses of Fungal Pathogens to Chemical Stress Signals.

Front. Microbiol. 2019, 10, 567. [CrossRef]
30. Belozerskaya, T.A.; Gessler, N.N. Reactive oxygen species and the strategy of antioxidant defense in fungi: A review. Appl.

Biochem. Microbiol. 2007, 43, 506–515. [CrossRef]
31. Sauerland, M.; Mertes, R.; Morozzi, C.; Eggler, A.L.; Gamon, L.F.; Davies, M.J. Kinetic assessment of Michael addition reactions of

alpha, beta-unsaturated carbonyl compounds to amino acid and protein thiols. Free Radic. Biol. Med. 2021, 169, 1–11. [CrossRef]
[PubMed]

32. Jackson, P.A.; Widen, J.C.; Harki, D.A.; Brummond, K.M. Covalent Modifiers: A Chemical Perspective on the Reactivity of
α,β-Unsaturated Carbonyls with Thiols via Hetero-Michael Addition Reactions. J. Med. Chem. 2017, 60, 839–885. [CrossRef]
[PubMed]

33. Bernasconi, C.F.; Schuck, D.F. Kinetics of reversible thiolate ion addition to substituted b-nitrostyrenes in water. Radicaloid
transition state or principle of nonperfect synchronization? J. Org. Chem. 1992, 57, 2365–2373. [CrossRef]

34. He, R.-J.; Yu, Z.-H.; Zhang, R.-Y.; Zhang, Z.-Y. Protein tyrosine phosphatases as potential therapeutic targets. Acta Pharmacol. Sin.
2014, 35, 1227–1246. [CrossRef]

35. Scott, L.M.; Lawrence, H.R.; Sebti, S.M.; Lawrence, N.J.; Wu, J. Targeting Protein Tyrosine Phosphatases for Anticancer Drug
Discovery. Curr. Pharm. Des. 2010, 16, 1843–1862. [CrossRef]

36. Sheehan, D.; McDonagh, B. The clinical potential of thiol redox proteomics. Expert Rev. Proteom. 2020, 17, 41–48. [CrossRef]
37. Tew, K.D.; Townsend, D.M. Redox platforms in cancer drug discovery and development. Curr. Opin. Chem. Biol. 2011, 15, 156–161.

[CrossRef]
38. Nicoletti, G.; Cornell, H.J.; Hugel, H.M.; White, K.S.; Nguyen, T.; Zalizniak, L.; Nugegoda, D. Synthesis and antimicrobial activity

of nitroalkenyl arenes. Anti-Infect. Agents 2013, 11, 179–191. [CrossRef]
39. White, K.; Nicoletti, G.; Cornell, H. Antibacterial Profile of a Microbicidal Agent Targeting Tyrosine Phosphatases and Redox

Thiols, Novel Drug Targets. Antibiotics 2021, 10, 1310. [CrossRef]
40. Kim, J.H.; Kim, J.H.; Lee, G.E.; Lee, J.E.; Chung, I.K. Potent Inhibition of Human Telomerase by Nitrostyrene Derivatives. Mol.

Pharmacol. 2003, 63, 1117–1124. [CrossRef]
41. Wang, W.-Y.; Hsieh, P.-W.; Wu, Y.-C.; Wu, C.-C. Synthesis and pharmacological evaluation of novel β-nitrostyrene derivatives as

tyrosine kinase inhibitors with potent antiplatelet activity. Biochem. Pharmacol. 2007, 74, 601–611. [CrossRef] [PubMed]
42. Kaap, S.; Quentin, I.; Tamiru, D.; Shaheen, M.; Eger, K.; Steinfelder, H.J. Structure activity analysis of the pro-apoptotic, antitumor

effect of nitrostyrene adducts and related compounds. Biochem. Pharmacol. 2003, 65, 603–610. [CrossRef]

http://doi.org/10.1128/EC.00011-15
http://www.ncbi.nlm.nih.gov/pubmed/25750214
http://doi.org/10.1371/journal.pone.0089813
http://doi.org/10.3390/ijms20071709
http://doi.org/10.1016/j.mib.2010.09.001
http://doi.org/10.1128/MMBR.00031-10
http://doi.org/10.1016/j.idc.2015.10.014
http://doi.org/10.1371/journal.pone.0149861
http://doi.org/10.1089/ars.2010.3611
http://doi.org/10.1016/j.freeradbiomed.2015.03.022
http://www.ncbi.nlm.nih.gov/pubmed/25843657
http://doi.org/10.1146/annurev-biochem-061516-045037
http://www.ncbi.nlm.nih.gov/pubmed/28441057
http://doi.org/10.1016/j.freeradbiomed.2019.05.035
http://doi.org/10.1089/ars.2010.3376
http://doi.org/10.1021/cr300163e
http://www.ncbi.nlm.nih.gov/pubmed/23514336
http://doi.org/10.1016/j.csbj.2020.10.024
http://www.ncbi.nlm.nih.gov/pubmed/33294130
http://doi.org/10.3390/biom5020318
http://doi.org/10.1007/s00253-018-9033-2
http://doi.org/10.3389/fmicb.2019.00567
http://doi.org/10.1134/S0003683807050031
http://doi.org/10.1016/j.freeradbiomed.2021.03.040
http://www.ncbi.nlm.nih.gov/pubmed/33819622
http://doi.org/10.1021/acs.jmedchem.6b00788
http://www.ncbi.nlm.nih.gov/pubmed/27996267
http://doi.org/10.1021/jo00034a032
http://doi.org/10.1038/aps.2014.80
http://doi.org/10.2174/138161210791209027
http://doi.org/10.1080/14789450.2020.1704260
http://doi.org/10.1016/j.cbpa.2010.10.016
http://doi.org/10.2174/2211352511311020012
http://doi.org/10.3390/antibiotics10111310
http://doi.org/10.1124/mol.63.5.1117
http://doi.org/10.1016/j.bcp.2007.06.001
http://www.ncbi.nlm.nih.gov/pubmed/17601492
http://doi.org/10.1016/S0006-2952(02)01618-0


Antibiotics 2022, 11, 1188 16 of 19

43. Pettit, R.K.; Pettit, G.R.; Hamel, E.; Hogan, F.; Moser, B.R.; Wolf, S.; Pon, S.; Chapuis, J.-C.; Schmidt, J.M. E-Combretastatin and
E-resveratrol structural modifications: Antimicrobial and cancer cell growth inhibitory β-E-nitrostyrenes. Bioorganic Med. Chem.
2009, 17, 6606–6612. [CrossRef] [PubMed]

44. Alfarisi, S.; Santoso, M.; Kristanti, A.N.; Siswanto, I.; Puspaningsih, N.N.T. Synthesis, Antimicrobial Study, and Molecular Docking
Simulation of 3,4-Dimethoxy-β-Nitrostyrene Derivatives as Candidate PTP1B Inhibitor. Sci. Pharm. 2020, 88, 37. [CrossRef]

45. Park, J.; Pei, D. trans-β-nitrostyrene derivatives as slow-binding inhibitors of protein tyrosine phosphatases. Biochemistry 2004, 43,
15014–15021. [CrossRef]

46. White, K.S.; Nicoletti, G.; Borland, R. Nitropropenyl benzodioxole, an anti-infective agent with action as a protein tyrosine
phosphatase inhibitor. Open Med. Chem. J. 2014, 8, 1–16. [CrossRef]

47. Nicoletti, A.; White, K. Protein Tyrosine Phosphatase Modulators. Patent WO/2008/061308, 29 May 2008.
48. White, K.S. The Antimicrobial Mechanism of Action of 3,4-methylenedioxy-b-nitropropene. Ph.D. Thesis, RMIT University,

Melbourne, Australia, 2008.
49. Milhazes, N.; Calheiros, R.; Marques, M.P.M.; Garrido, J.; Cordeiro, M.N.D.S.; Rodrigues, C.; Quinteira, S.; Novais, C.; Peixe, L.;

Borges, F. β-Nitrostyrene derivatives as potential antibacterial agents: A structure–property–activity relationship study. Bioorganic
Med. Chem. 2006, 14, 4078–4088. [CrossRef]

50. Cornell, H.; Nguyen, T.; Nicoletti, G.; Jackson, N.; Hügel, H. Comparisons of halogenated β-nitrostyrenes as antimicrobial agents.
Appl. Sci. 2014, 4, 380–389. [CrossRef]

51. Boysen, J.M.; Saeed, N.; Wolf, T.; Panagiotou, G.; Hillmann, F. The Peroxiredoxin Asp f3 Acts as Redox Sensor in Aspergillus
fumigatus. Genes 2021, 12, 668. [CrossRef]

52. Zhang, X.; Zhang, Z.; Chen, X.-L. The Redox Proteome of Thiol Proteins in the Rice Blast Fungus Magnaporthe oryzae. Front.
Microbiol. 2021, 12, 648894. [CrossRef]

53. Köhler, J.R.; Casadevall, A.; Perfect, J. The Spectrum of Fungi That Infects Humans. Cold Spring Harb. Perspect. Med. 2015, 5,
a019273. [CrossRef] [PubMed]

54. Scorzoni, L.; de Paula e Silva, A.C.A.; Marcos, C.M.; Assato, P.A.; de Melo, W.C.M.A.; de Oliveira, H.C.; Costa-Orlandi, C.B.;
Mendes-Giannini, M.J.S.; Fusco-Almeida, A.M. Antifungal Therapy: New Advances in the Understanding and Treatment of
Mycosis. Front. Microbiol. 2017, 8, 36. [CrossRef]

55. Lass-Flörl, C.; Nagl, M.; Speth, C.; Ulmer, H.; Dierich, M.P.; Würzner, R. Studies of In Vitro Activities of Voriconazole and
Itraconazole against Aspergillus Hyphae Using Viability Staining. Antimicrob. Agents Chemother. 2001, 45, 124–128. [CrossRef]

56. Guarro, J.; Llop, C.; Aguilar, C.; Pujol, I. Comparison of in vitro antifungal susceptibilities of conidia and hyphae of filamentous
fungi. Antimicrob. Agents Chemother. 1997, 41, 2760–2762. [CrossRef] [PubMed]

57. CLSI Standard M61; Performance Standards for Antifungal Susceptibility Testing of Filamentous Fungi. CLSI: Wayne, PA,
USA, 2017.

58. CLSI Standard M38; Reference Method for Broth Dilution Antifungal Susceptibility Testing of Filamentous Fungi. CLSI: Wayne,
PA, USA, 2008.

59. CLSI Standard M27; Reference Method for Broth Dilution Antifungal Susceptibility Testing of Yeasts. CLSI: Wayne, PA, USA, 2008.
60. Fothergill, A.W.; Cushion, M.T.; Collins, M.S.; Kirkpatrick, W.R.; Najvar, L.K.; Patterson, T.F.; Wiederhold, N.P. Antifungal and

Antipneumocystis Activity of the Investigational Antimicrobial BDM-I. In Proceedings of the 53rd Interscience Conference on
Antimicrobial Agents and Chemotherapy (ICAAC), Denver, Colorado, 10–13 September 2013.

61. Yagüe, P.; Gonzalez-Quiñonez, N.; Fernánez-García, G.; Alonso-Fernández, S.; Manteca, A. Goals and Challenges in Bacterial
Phosphoproteomics. Int. J. Mol. Sci. 2019, 20, 5678. [CrossRef] [PubMed]

62. Stanford, S.M.; Ahmed, V.; Barrios, A.M.; Bottini, N. Cellular Biochemistry Methods for Investigating Protein Tyrosine Phos-
phatases. Antioxid. Redox Signal. 2014, 20, 2160–2178. [CrossRef]

63. Moura, M.; Conde, C. Phosphatases in Mitosis: Roles and Regulation. Biomolecules 2019, 9, 55. [CrossRef]
64. Liu, K.; Zheng, M.; Lu, R.; Du, J.; Zhao, Q.; Li, Z.; Li, Y.; Zhang, S. The role of CDC25C in cell cycle regulation and clinical cancer

therapy: A systematic review. Cancer Cell Int. 2020, 20, 213. [CrossRef] [PubMed]
65. Sohn, J.; Rudolph, J. Catalytic and Chemical Competence of Regulation of Cdc25 Phosphatase by Oxidation/Reduction. Biochem-

istry 2003, 42, 10060–10070. [CrossRef]
66. Powers, B.L.; Hall, M.C. Re-examining the role of Cdc14 phosphatase in reversal of Cdk phosphorylation during mitotic exit.

J. Cell Sci. 2017, 130, 2673–2681. [CrossRef]
67. Kabakci, Z.; Käppeli, S.; Cantù, C.; Jensen, L.D.; König, C.; Toggweiler, J.; Gentili, C.; Ribaudo, G.; Zagotto, G.; Basler, K.; et al.

Pharmacophore-guided discovery of CDC25 inhibitors causing cell cycle arrest and tumor regression. Sci. Rep. 2019, 9, 1335.
[CrossRef] [PubMed]

68. Clemente-Blanco, A.; González-Novo, A.; Machín, F.; Caballero-Lima, D.; Aragón, L.; Sánchez, M.; de Aldana, C.R.V.; Jiménez, J.;
Correa-Bordes, J. The Cdc14p phosphatase affects late cell-cycle events and morphogenesis in Candida albicans. J. Cell Sci. 2006,
119, 1130–1143. [CrossRef] [PubMed]

69. Manzano-López, J.; Monje-Casas, F. The Multiple Roles of the Cdc14 Phosphatase in Cell Cycle Control. Int. J. Mol. Sci. 2020,
21, 709. [CrossRef]

70. Mocciaro, A.; Schiebel, E. Cdc14: A highly conserved family of phosphatases with non-conserved functions? J. Cell Sci. 2010, 123,
2867–2876. [CrossRef] [PubMed]

http://doi.org/10.1016/j.bmc.2009.07.076
http://www.ncbi.nlm.nih.gov/pubmed/19709889
http://doi.org/10.3390/scipharm88030037
http://doi.org/10.1021/bi0486233
http://doi.org/10.2174/1874104501408010001
http://doi.org/10.1016/j.bmc.2006.02.006
http://doi.org/10.3390/app4030380
http://doi.org/10.3390/genes12050668
http://doi.org/10.3389/fmicb.2021.648894
http://doi.org/10.1101/cshperspect.a019273
http://www.ncbi.nlm.nih.gov/pubmed/25367975
http://doi.org/10.3389/fmicb.2017.00036
http://doi.org/10.1128/AAC.45.1.124-128.2001
http://doi.org/10.1128/AAC.41.12.2760
http://www.ncbi.nlm.nih.gov/pubmed/9420054
http://doi.org/10.3390/ijms20225678
http://www.ncbi.nlm.nih.gov/pubmed/31766156
http://doi.org/10.1089/ars.2013.5731
http://doi.org/10.3390/biom9020055
http://doi.org/10.1186/s12935-020-01304-w
http://www.ncbi.nlm.nih.gov/pubmed/32518522
http://doi.org/10.1021/bi0345081
http://doi.org/10.1242/jcs.201012
http://doi.org/10.1038/s41598-019-38579-7
http://www.ncbi.nlm.nih.gov/pubmed/30718768
http://doi.org/10.1242/jcs.02820
http://www.ncbi.nlm.nih.gov/pubmed/16507592
http://doi.org/10.3390/ijms21030709
http://doi.org/10.1242/jcs.074815
http://www.ncbi.nlm.nih.gov/pubmed/20720150


Antibiotics 2022, 11, 1188 17 of 19

71. DeMarco, A.G.; Milholland, K.L.; Pendleton, A.L.; Whitney, J.J.; Zhu, P.; Wesenberg, D.T.; Nambiar, M.; Pepe, A.; Paula, S.;
Chmielewski, J.; et al. Conservation of Cdc14 phosphatase specificity in plant fungal pathogens: Implications for antifungal
development. Sci. Rep. 2020, 10, 12073. [CrossRef] [PubMed]

72. Yang, G.; Hu, Y.; Fasoyin, O.E.; Yue, Y.; Chen, L.; Qiu, Y.; Wang, X.; Zhuang, Z.; Wang, S. The Aspergillus flavus Phosphatase
CDC14 Regulates Development, Aflatoxin Biosynthesis and Pathogenicity. Front. Cell. Infect. Microbiol. 2018, 8, 141. [CrossRef]

73. Altwasser, R.; Baldin, C.; Weber, J.; Guthke, R.; Kniemeyer, O.; Brakhage, A.A.; Linde, J.; Valiante, V. Network Modeling Reveals
Cross Talk of MAP Kinases during Adaptation to Caspofungin Stress in Aspergillus fumigatus. PLoS ONE 2015, 10, e0136932.
[CrossRef]

74. Fuchs, B.B.; Mylonakis, E. Our Paths Might Cross: The Role of the Fungal Cell Wall Integrity Pathway in Stress Response and
Cross Talk with Other Stress Response Pathways. Eukaryot. Cell 2009, 8, 1616–1625. [CrossRef]

75. Gandía, M.; Garrigues, S.; Hernanz-Koers, M.; Manzanares, P.; Marcos, J.F. Differential roles, crosstalk and response to the
Antifungal Protein AfpB in the three Mitogen-Activated Protein Kinases (MAPK) pathways of the citrus postharvest pathogen
Penicillium digitatum. Fungal Genet. Biol. 2019, 124, 17–28. [CrossRef]

76. Day, A.M.; Quinn, J. Stress-Activated Protein Kinases in Human Fungal Pathogens. Front. Cell. Infect. Microbiol. 2019, 9, 261.
[CrossRef]

77. Valiante, V.; Macheleidt, J.; Föge, M.; Brakhage, A.A. The Aspergillus fumigatus cell wall integrity signaling pathway: Drug target,
compensatory pathways, and virulence. Front. Microbiol. 2015, 6, 325. [CrossRef] [PubMed]

78. Alonso-Monge, R.; Román, E.; Arana, D.M.; Pla, J.; Nombela, C. Fungi sensing environmental stress. Clin. Microbiol. Infect. 2009,
15, 17–19. [CrossRef] [PubMed]

79. Lee, K.-T.; Byun, H.-J.; Jung, K.-W.; Hong, J.; Cheong, E.; Bahn, Y.-S. Distinct and Redundant Roles of Protein Tyrosine
Phosphatases Ptp1 and Ptp2 in Governing the Differentiation and Pathogenicity of Cryptococcus neoformans. Eukaryot. Cell 2014,
13, 796–812. [CrossRef]

80. Eisman, B.; Alonso-Monge, R.; Román, E.; Arana, D.; Nombela, C.; Pla, J. The Cek1 and Hog1 Mitogen-Activated Protein Kinases
Play Complementary Roles in Cell Wall Biogenesis and Chlamydospore Formation in the Fungal Pathogen Candida albicans.
Eukaryot. Cell 2006, 5, 347–358. [CrossRef]

81. Brewster, J.L.; Gustin, M.C. Hog1: 20 years of discovery and impact. Sci. Signal. 2014, 7, re7. [CrossRef] [PubMed]
82. Jiang, C.; Zhang, X.; Liu, H.; Xu, J.-R. Mitogen-activated protein kinase signaling in plant pathogenic fungi. PLoS Pathog. 2018,

14, e1006875. [CrossRef] [PubMed]
83. Deng, F.-S.; Lin, C.-H. Cpp1 phosphatase mediated signaling crosstalk between Hog1 and Cek1 mitogen-activated protein kinases

is involved in the phenotypic transition in Candida albicans. Med. Mycol. 2018, 56, 242–252. [CrossRef]
84. Bahn, Y.-S.; Jung, K.-W. Stress Signaling Pathways for the Pathogenicity of Cryptococcus. Eukaryot. Cell 2013, 12, 1564–1577.

[CrossRef]
85. Zheng, D.; Zhang, S.; Zhou, X.; Wang, C.; Xiang, P.; Zheng, Q.; Xu, J.-R. The FgHOG1 Pathway Regulates Hyphal Growth, Stress

Responses, and Plant Infection in Fusarium graminearum. PLoS ONE 2012, 7, e49495. [CrossRef]
86. Kojima, K.; Bahn, Y.S.; Heitman, J. Calcineurin, Mpk1 and Hog1 MAPK pathways independently control fludioxonil antifungal

sensitivity in Cryptococcus neoformans. Microbiology 2006, 152, 591–604. [CrossRef]
87. Bohnert, S.; Heck, L.; Gruber, C.; Neumann, H.; Distler, U.; Tenzer, S.; Yemelin, A.; Thines, E.; Jacob, S. Fungicide resistance

toward fludioxonil conferred by overexpression of the phosphatase gene MoPTP2 in Magnaporthe oryzae. Mol. Microbiol. 2019,
111, 662–677. [CrossRef] [PubMed]

88. Belenky, P.; Camacho, D.; Collins, J.J. Fungicidal Drugs Induce a Common Oxidative-Damage Cellular Death Pathway. Cell Rep.
2013, 3, 350–358. [CrossRef] [PubMed]

89. Bowyer, P.; Mosquera, J.; Anderson, M.; Birch, M.; Bromley, M.; Denning, D.W. Identification of novel genes conferring altered
azole susceptibility in Aspergillus fumigatus. FEMS Microbiol. Lett. 2012, 332, 10–19. [CrossRef]

90. Ferreira, G.F.; Baltazar Lde, M.; Santos, J.R.; Monteiro, A.S.; Fraga, L.A.; Resende-Stoianoff, M.A.; Santos, D.A. The role of
oxidative and nitrosative bursts caused by azoles and amphotericin B against the fungal pathogen Cryptococcus gattii. J. Antimicrob.
Chemother. 2013, 68, 1801–1811. [CrossRef]

91. Kim, J.H.; Tam, C.C.; Chan, K.L.; Cheng, L.W.; Land, K.M.; Friedman, M.; Chang, P.-K. Antifungal Efficacy of Redox-Active
Natamycin against Some Foodborne Fungi—Comparison with Aspergillus fumigatus. Foods 2021, 10, 2073. [CrossRef] [PubMed]

92. Mesa-Arango, A.C.; Trevijano-Contador, N.; Román, E.; Sánchez-Fresneda, R.; Casas, C.; Herrero, E.; Argüelles, J.C.; Pla, J.;
Cuenca-Estrella, M.; Zaragoza, O. The Production of Reactive Oxygen Species Is a Universal Action Mechanism of Amphotericin
B against Pathogenic Yeasts and Contributes to the Fungicidal Effect of This Drug. Antimicrob. Agents Chemother. 2014, 58,
6627–6638. [CrossRef]

93. Shekhova, E.; Kniemeyer, O.; Brakhage, A.A. Induction of Mitochondrial Reactive Oxygen Species Production by Itraconazole,
Terbinafine, and Amphotericin B as a Mode of Action against Aspergillus fumigatus. Antimicrob. Agents Chemother. 2017, 61,
e00978-00917. [CrossRef]

94. Berman, J.; Krysan, D.J. Drug resistance and tolerance in fungi. Nat. Rev. Microbiol. 2020, 18, 319–331. [CrossRef]
95. Pfaller, M.A.; Sheehan, D.J.; Rex, J.H. Determination of Fungicidal Activities against Yeasts and Molds: Lessons Learned from

Bactericidal Testing and the Need for Standardization. Clin. Microbiol. Rev. 2004, 17, 268–280. [CrossRef]

http://doi.org/10.1038/s41598-020-68921-3
http://www.ncbi.nlm.nih.gov/pubmed/32694511
http://doi.org/10.3389/fcimb.2018.00141
http://doi.org/10.1371/journal.pone.0136932
http://doi.org/10.1128/EC.00193-09
http://doi.org/10.1016/j.fgb.2018.12.006
http://doi.org/10.3389/fcimb.2019.00261
http://doi.org/10.3389/fmicb.2015.00325
http://www.ncbi.nlm.nih.gov/pubmed/25932027
http://doi.org/10.1111/j.1469-0691.2008.02690.x
http://www.ncbi.nlm.nih.gov/pubmed/19220347
http://doi.org/10.1128/EC.00069-14
http://doi.org/10.1128/EC.5.2.347-358.2006
http://doi.org/10.1126/scisignal.2005458
http://www.ncbi.nlm.nih.gov/pubmed/25227612
http://doi.org/10.1371/journal.ppat.1006875
http://www.ncbi.nlm.nih.gov/pubmed/29543901
http://doi.org/10.1093/mmy/myx027
http://doi.org/10.1128/EC.00218-13
http://doi.org/10.1371/journal.pone.0049495
http://doi.org/10.1099/mic.0.28571-0
http://doi.org/10.1111/mmi.14179
http://www.ncbi.nlm.nih.gov/pubmed/30537256
http://doi.org/10.1016/j.celrep.2012.12.021
http://www.ncbi.nlm.nih.gov/pubmed/23416050
http://doi.org/10.1111/j.1574-6968.2012.02575.x
http://doi.org/10.1093/jac/dkt114
http://doi.org/10.3390/foods10092073
http://www.ncbi.nlm.nih.gov/pubmed/34574183
http://doi.org/10.1128/AAC.03570-14
http://doi.org/10.1128/AAC.00978-17
http://doi.org/10.1038/s41579-019-0322-2
http://doi.org/10.1128/CMR.17.2.268-280.2004


Antibiotics 2022, 11, 1188 18 of 19

96. Cantón, E.; Pemán, J.; Gobernado, M.; Viudes, A.; Espinel-Ingroff, A. Patterns of Amphotericin B Killing Kinetics against Seven
Candida Species. Antimicrob. Agents Chemother. 2004, 48, 2477–2482. [CrossRef]

97. Klepser, M.E.; Ernst, E.J.; Lewis, R.E.; Ernst, M.E.; Pfaller, M.A. Influence of Test Conditions on Antifungal Time-Kill Curve
Results: Proposal for Standardized Methods. Antimicrob. Agents Chemother. 1998, 42, 1207–1212. [CrossRef] [PubMed]

98. Liao, R.S.; Rennie, R.P.; Talbot, J.A. Sublethal Injury and Resuscitation of Candida albicans after Amphotericin B Treatment.
Antimicrob. Agents Chemother. 2003, 47, 1200–1206. [CrossRef] [PubMed]

99. Kiraz, N.; Oz, Y.; Dag, I. The evaluation of in vitro pharmacodynamic properties of amphotericin B, voriconazole and caspofungin
against A. fumigatus isolates by the conventional and colorimetric time-kill assays. Med. Mycol. 2011, 49, 594–601. [CrossRef]
[PubMed]

100. McDonagh, A.; Fedorova, N.D.; Crabtree, J.; Yu, Y.; Kim, S.; Chen, D.; Loss, O.; Cairns, T.; Goldman, G.; Armstrong-James, D.; et al.
Sub-Telomere Directed Gene Expression during Initiation of Invasive Aspergillosis. PLoS Pathog. 2008, 4, e1000154. [CrossRef]

101. Kwon-Chung, K.J.; Sugui, J.A. Aspergillus fumigatus—What Makes the Species a Ubiquitous Human Fungal Pathogen? PLoS
Pathog. 2013, 9, e1003743. [CrossRef]

102. Parente-Rocha, J.A.; Bailão, A.M.; Amaral, A.C.; Taborda, C.P.; Paccez, J.D.; Borges, C.L.; Pereira, M. Antifungal Resistance,
Metabolic Routes as Drug Targets, and New Antifungal Agents: An Overview about Endemic Dimorphic Fungi. Mediat. Inflamm.
2017, 2017, 9870679. [CrossRef]

103. Vincent, B.M.; Lancaster, A.K.; Scherz-Shouval, R.; Whitesell, L.; Lindquist, S. Fitness Trade-offs Restrict the Evolution of
Resistance to Amphotericin B. PLoS Biol. 2013, 11, e1001692. [CrossRef]

104. Wuyts, J.; Van Dijck, P.; Holtappels, M. Fungal persister cells: The basis for recalcitrant infections? PLoS Pathog. 2018, 14, e1007301.
[CrossRef]

105. Jukic, E.; Blatzer, M.; Posch, W.; Steger, M.; Binder, U.; Lass-Flörl, C.; Wilflingseder, D. Oxidative Stress Response Tips the Balance
in Aspergillus terreus Amphotericin B Resistance. Antimicrob. Agents Chemother. 2017, 61, e00670-00617. [CrossRef]

106. Scheven, M.; Schwegler, F. Antagonistic interactions between azoles and amphotericin B with yeasts depend on azole lipophilia
for special test conditions in vitro. Antimicrob. Agents Chemother. 1995, 39, 1779–1783. [CrossRef]

107. Kratzer, C.; Tobudic, S.; Schmoll, M.; Graninger, W.; Georgopoulos, A. In vitro activity and synergism of amphotericin B, azoles
and cationic antimicrobials against the emerging pathogen Trichoderma spp. J. Antimicrob. Chemother. 2006, 58, 1058–1061.
[CrossRef] [PubMed]

108. Álvarez-Pérez, S.; García, M.E.; Blanco, J.L. In vitro activity of amphotericin B-azole combinations against Malassezia pachydermatis
strains. Med. Mycol. 2019, 57, 196–203. [CrossRef] [PubMed]

109. Chudzik, B.; Bonio, K.; Dabrowski, W.; Pietrzak, D.; Niewiadomy, A.; Olender, A.; Pawlikowska-Pawlęga, B.; Gagoś, M.
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