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1.             INTRODUCTION 

The increased exposure of antifungal agents has 

diversified the antifungal resistance and heightened the 

interest to study and analyze other multiple focusing 

angles (Lepesheva, and Waterman, 2007) (Morikawa,    

et al.,2009) (Melo, et al., 2009) Generally there are 

multiple mechanisms which contribute in antifungal 

resistance e.g. change in drug target ,alteration in the 

level of sterol biosynthesis, reduced concentration of the 

enzymes or the increased in the expression level of 

target enzyme. Cytochrome P450 homolog erg11gene is 
the first direct target of antifungal azole. Cytochrome 

P450 homolog CYP51 subfamily proteinis highly 

conserved proteins majorly involved in the sterol 

biosynthesis. That enables fungi to protect the cell wall 

stability in the spore formation and crucially required in 

the fungal morphology Homolog members of the 

Cytochrome P450CYP56 from the pathogenic Candida 

albicansand the saccharomyces also revealed sensitivity 

in the homolog homozygous mutant as compared to the 

wild type under antifungals stress of echinocand in, (cell 

wall glucan synthase inhibitor). Filamentous fungi are 

the diverse group of lower eukaryotic organisms has 
extraordinary adaptability (Melo, et al., 2009)   

(Sanglard,and Loper, 1989) (VanBogaert, et al., 2009) 

Among that Neurosporacrassa, a well-known fungus 

has the similar azole responsive mechanism as 

pathogenic fungi and have availability of number of 

deletion mutants to study the molecular mechanisms 

(Sanglard, and Loper,1989) (VanBogaert, et al., 2009) 

(Payne, et al.,1998) Fungal P450 family genes involved 

in the secondary metabolites are also required in the 

several oxygenation steps metabolized by several 

enzymes that release toxins (Bhatnagar, et al., 2003) 

(Wen, et al.,2005)  Filamentous fungi is also involved in 

detoxifying several aromatic compounds as member of 

the CYP53A sub division in ascomycetes and 

basidomycete fungi (Jawallapers et al., 2014) (Faber    

et al., 2001) CYP450 class of proteins are localized in  

mitochondria and also involved in the metabolism of 

various drugs. Antifungal azole are mainly regulated by 
CYP450 proteins that interact with the nitrogen atom of 

the azole drugs and get oxygen from the Fe catalytic 

region of the P450 protein. This leads to the inhibition 

of the sterol biosynthesis and interrupt the membrane 

fluidity (White et al., 1998 (Mo et al., 2002 Laude,         

et al., 2004 Hand et al.,2003 Song, et al. ,2016). Fungal 

sterol biosynthesis enzymes belong to cytochrome P450 

super family has membrane bound proteins among 

major the raptic target group as mainly erg5 and erg11. 

Ergosterol biosynthesis pathway is well studied in fungi 

but the potential regulatory mechanism needs some 

additional aspects for better management. Among 
CYP450 family there are several homolog proteins but 

in azole ergosterol regulatory mechanism only erg5 and 

erg11are reported in Neurosporacrassa. In order to find 

the azole regulatory mechanism among homolog 

proteins we focused on erg5 and erg11 homolog 

proteins and find out 25 CYP450 homolog proteins 

deletion mutants on the base of the amino acid blast and 
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differential expressions in ketoconazole exposure. in 

Neurosporacrassa. Furthermore in this study we have 

also find outCYP450 homolog protein deletion mutant 

of Benzoate 4 monoxygenase protein on the base of the 

amino acid sequence similarity among homolog proteins 
in N.crassaand fungi. Benzoate revealed toxicity by 

disrupting the membrane by PH variations that inhibit 

the required cellular activities in fungi (Lapadatescu,     

et al., 2000) Lepesheva, et al., 2007). Benzoat 4 

moxygenase have (78%) conserved amino acids in 

active site that indicated that any inhibitor designed 

from this class can serve against range of animals and 

plant pathogenic fungi (Wright 1993) . A comparison 

study on the gene structure (exons size and the location 

of the introns) revealed high similarity among 

Ascomycota and basidomycota (Lepesheva,                   

et al., 2007). (Fraser et al., 2002) where by the deletion 
of the CYP53 further proved the lethal phenotype of 

deletion mutant and predicted the CYP53 family a new 

antifungal drug target among fungal pathogens as 

CYP53 family (Ortiz de Montellano, et al., 2005). 

Benzoate 4 monoxygenase belong to CYP53 are the 

most active group of enzymes involved in cellular 

metabolism and mycotoxin production in plants 

pathogenic fungi (Gillam, and Hunter 2007, Hannemann 

et al., 2007, Fukuda, et al., 1996, Faber, et al., 2001 

Matsuzaki, and Wariishi, 2005 Podobnik, et al., 2008 

Brankova, et al.,2007). Benzoic acid and its derivatives 
exert antifungal activity with reduced dissociation of 

lipophilic acidity and leads to the oxidative stress, 

protein aggregation and acidification of lipid in 

membrane that influence the membrane permeability 

(Kim, et al.,2010, Lmdelserone 1999) 

 

2.          MATERIALS AND METHODS 

Neurosporacrassastrains used in this study were 

obtained from the Fungal Genetics Stock Center 

(University of Kansas Medical Center). Vogel’s 

minimum medium was supplemented with 2% (w/v) 

sucrose for slants or 2% glucose for plates and the liquid 
medium, was used for culturing strains. All cultures 

were grown at 28°C in light.  
 

Phylogeneticanalysis 

To analyze the sequence similarity among various 

fungal species, protein sequences were aligned with the 

software Clustal X (2.1) as (36). Neighbor-joining (NJ) 

tree was constructed with MEGA 5 as previously 

mentioned (Cañabate-Díaz, et al., 2007). For more 

assurance of the phylogenetic association 1000 

resampling were directed for bootstrap tests. 
 

Azolesensitivity tests 
For the drug sensitivity test of corresponding 

cytochrome P450 homolog proteins of 

Neurosporacrassa antifungal drugsketoconazole have 

been dissolved in DMSO (dimethyl sulfoxide) and 

poured into the sterilized medium aseptically. Drug 

sensitivity test have been conducted on the Vogel’s 

medium after addition of the drugs. 2 µl of the (2×10-6) 

conidial suspension have been inoculated on the middle 

of the plates and compared with wild type. Every drug 
is tested for the drug sensitivity test with triplicates. 

 

Benzoic acid sensitivity tests 
In order to investigate the benzoic acid deletion 

mutant phenotype response, benzoic acid was dissolved 

in DMSO and aseptically added to the Vogel’s media for 

1 µ l/ml for sensitivity test. However, in order to 

analyze the azole response with addition of benzoic acid 

1 µg/ml Ketoconazole was added in the media and 

benzoic acid concentrations was reduced to half. 2µl 

conidial suspensions were inoculated on the middle of 

the Vogel’s media plates and incubated at 28°C in dark. 
Sensitivity test was done in triplicates for each 

individual strain.   

 

Complementation of benzoate 4 monoxygenase 

To complement the benzoate 4 monoxygenase 

deletion mutant whole length 2kb upstream and 2KB 

downstream coding sequences of benzoate 4 

monoxygenase were under taken and a complemented 

fragment was amplified using forward 

AACGACGGCGGTCATAAACAT and CGAGTTCGG-

AGACACGCACAG reverse Primer pair The PCR 
purified fragment have been inserted to PCB1532 

plasmid at the EcoR-5 site to get the complementation 

plasmid which then have been transferred to the deletion 

mutant benzoate 4 monoxygenase by using previously 

reported method (Lmdelserone 1999) Trans formants 

were screened by using chlorimuron ethyl resistant 

marker in Vogel’s medium and further verified after 

using complementation F-(Forward) and R-(Reverse) 

primers 

 

3.                  RESULTS 

Cytochrome P450 proteins are essential for the 
steroids biosynthesis in plants and fungi required for the 

cellular stability as well as essential in detoxifying the 

drugs. CYP50 proteins are bound in the membrane 

containing a pigment that absorbs light at 450 nm so 

named the protein CYP450 proteins. In eukaryotes there 

are more than 50 CYP450 proteins have been studied as 

drug metabolizing proteins. However in filamentous 

fungi Neurosporacrassa have only two well-studied 

CYP450p erg11 and erg5genesunder azole stress. 

Although Neurosporacrassa have several CYP450 

homolog proteins in the genome that further required to 
be identified. 

 

CYP450 conserved Protein 

To identify other azole target homolog proteins 

among CYP450 proteins as azole target 
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erg11NCU02624 and erg5NCU05278 mentioned in 

previous study (Wang et al.,2015). We collected all the 

available homolog proteins from Neurosporacrassa by 

(NCBI BLAST) and aligned the amino acid sequence 

along with erg11 and erg5genes as mentioned in (Fig.1). 
Furthermore 17 proteins were picked with highest 

similarity of amino acid alignment in CYP450 proteins. 

Among these NCU08112, NCU05848 and 

NCU05376were annotated as P450 monoxygenase. 

NCU06526, NCU09103, NCU02031, NCU9665 were 

hypothetical proteins and two proteins NCU05006 and 

NCU02852 CYP450 annotated as CYP P450p. 

Furthermore, there is one CYP52 NCU09115 and a 

CYP450 2C30 NCU07092 as well as NCU08128 

benzoate 4 monoxygenase. There are four other 

annotated proteins NCU04089 Pistatindemethylase 

which is responsible for the catalysis of the 3-O- methyl 
group from the phytoalexins that induce tolerance 

mechanism in Fusarium spp. (plants pathogen fungi). 

Fungal species poses this gene generally reported 

resistant to pisatin (Sun et al., 2014). While in 

Neurosporacrassapistatindemethylase deletion mutant 

was not sensitive under azole stress and another 

CYP450 homolog protein NCU05001 encodes ent-

Kaurene oxidase in GA biosynthesis in plants pathogens 

fungi. However in Neurosporacrassa deletion mutant of 

ent-kaurene oxidase deletion was resistant relative to 

wild type under KTC stress. Moreover, NCU05185 a 

fully equipped Bi functional P-450:NADPH-P450 

reductase enzyme revealed wild type phenotype under 

azole stress  Thus in Neurosporacrassa only NCU02624 

erg11 andNCU05278 erg5 azole target revealed KTC 

sensitive phenotype as compared to wild type as 
mentioned in (Fig. 2). Other CYP450 homolog proteins 

wild type similar phenotype in KTC stress, while 

deletion of erg11 in Neurosporacrassa do not grow even 

in normal conditions. However, it is suggested that 

CYP450 homolog proteins sharing same CYP450 

conserved domain are functionally not conserved.  

 

Drug sensitivity test among CYP450 conserved 

domainproteins 
Azole drug sensitivity test was conducted to 

identify the azole responsive phenotype of CYP450 

homolog proteins in Neurosporacrassafor 17 homolog 
proteins. Our drug sensitivity suggested that in 

Neurosporacrassa only erg5 was sensitive to KTC 

while azole target erg11 do not grow even in normal 

conditions that suggesterg11 deletion suppress the 

conidiation in Neurosporacrassa (unpublished data). 

Although NCU05001ent-kaurene oxidase was resistant 

to KTC as compared to the wild type. While, other 

CYP450 homolog proteins in Neurosporacrassa shown 

wild type similar phenotype under azole stress as shown 

in (Fig.2). This means CYP450 homolog proteins are 

not conserved functionally. 

 
 

Fig. 1 Phylogenetic analysis of CYP450 proteins in Neurosporacrassa. On the base of azole target ERG-11(NCU02624) and its sown 

stream protein ERG-5(NCU05278), 25CYP450 family proteins were selected and their amino acid sequences were aligned in neighbor- 

joining (NJ) tree with 50% values from 1000 replicates by MEGA 5 software as (Tamura et al 2011). 
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Fig.2. KTC sensitivity test of deletion mutants ofCYP450family proteins in Neurosporacrassa. 17 available deletion mutants of  CYP450 

family proteins were selected. Ketoconazole drugs sensitivity test was conducted using 2µg/ml in Vogel’s media and incubated at 28°C. 

Plates were scanned after 24 hours for control and 60 hours for KTC treated plates. Each test was repeated independently three times 
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Benzoate 4 monoxygenase belong to antifungal-

theraptic group 

Among the screening of CYP450 similar domain 

proteins, we further found out a deletion mutant FGSC 

#21115 belong to the antifungal theraptic important 
group of monoxygenase enzymes among CYP450 

homolog proteins. That does not show azole sensitive 

phenotype but confers sensitivity to benzoic acid.  

ΔNCU08128 is annotated as benzoate 4 monoxygenase 

cytochrome P450 protein having 557 amino acids. 

Under normal conditions  NCU08128 gene in wild type 

shows 9.28 fold changes of transcriptional levels after 

12h However, wild type transcriptional levels with time 

have consistently increased after the ketoconazole 

treatment for 2 h, 4 h, 6 h and 12 h with 4 fold, 2 fold 

and 10.68 fold change till 12 h respectively as compared 

to untreated control as mentioned in (Fig.4) which 
shows the significant RNA transcriptional up regulation 

of the CYP450 domain protein in azole adaptive 

mechanism in N.crassa but does not show azole 

sensitive phenotype of the deletion mutant as mentioned 

in (Fig.3) 
 

 

Fig.3: Time-course of expression of benzoate 4 monoxygenase-

encoding gene in wild type treated with ketoconazole or not. 

Neurosporacrassa wild type strain was cultured at 28°C for 12 

hours at 200 rpm. Ketoconazole was added with 2.5µg/ml final 

concentration and incubated for another 24 h while control with 

no drug. Gene transcriptional levels were determined after 2, 

6and 12 h to analyze the relative gene expression with time. While 

control with no ketoconazole addition. However, the gene 

transcript level at 2 hour in control condition was set as 1. 

Experiment was repeated three times, statistical values were 

calculated and standard error is mentioned with error bars. 
 

Benzoate 4 monoxygenaseis highly conserved in 

filamentous fungi 

Benzoate 4 monoxygenase cytochrome P450 

protein is a conserved domain among filamentous fungi 

and yeast. The phylogenetic analysis is comprised of 

four major groups including Eurotiomycetes, 

Sordariomycetes, Saccromycetesand Eucascomycetes 

(Fig.4), among which Eurotiomycetes contains 

A.Clavatus, 214/561 (38%) identity 311/561 (55%) 

positive sequences, A.Terrous, 214/535 and (40%) 

identity 291/535 (54%) positive A.Oryzae, 235/523 

(45%) identity321/523 (61%) senquence positivity. 

However, A.fumigatus, 52/183(28%) identity 85/184 

(46%) positive sequence A.flavus, 52/221 (24%) identity 
and 98/221 (44%) positive sequence, A.niger 51/185 

(28%) identity, 88/185 (47%) positive sequence while, 

A.nidulans have 197/520 (38%) identity 288/520 (55%) 

positive sequence and Neosartoryafischeri. 217/479 

45% identity 298/479 (62%) positive sequences. 

Sordariomycetes have F.verticillioidies, F.oxysporum, 

F.graminearium, T.ressei, Neurosporacrassa which 

shares 40%, 41% and 39% identity while 54%, 55% and 

56% positive sequences respectively. However, 

Saccromycetes have only one ortholog in C.Albicans 

having 132/513 26% identity 207/513 40%positive 

sequences. Eucascomycetes have CYP450ortholog 
protein in T.rubrumwith 200/536 (37%) identity 

294/536(54%) positive sequence while in Fusarium spp. 

Fusariumverticillioides have 219/547 40% identity, 

301/538 55% positive sequence.  

 

Fig. 4. Phylogenetic analysis of benzoate 4 monoxygenaseorthologs 

from filamentous fungi and yeast.CYP53A1 family Benzoate 4 

monoxygenaseorthologs from 15 species were aligned and the 

condensed neighbor- joining (NJ) Tree was built up with values of 

50% obtained from 1000 replicates by MEGA 5 software as 

(Tamura et al 2011) with ( Ncr, N. crassa; Afu, A. fumigatus; Afl,    

A. flavus; Anid,A. nidulans; Cal, C. albicans; Anig, A. niger; Acl,    

A. clavatus; Ate, A. terreus; Aor, A.oryzae; Nfi, N. fischeri; Fve,       

F. verticillioides; Fox, F) 
 

Bezoate 4 monoxygenasedeletion mutant in N.crassa 

shows sensitivity to benzoic acid stress. 
Benzoic acid an oxidative agent builds up a 

concentration gradient in cells that effects the glycolysis 

by accumulation of hexose monophosphate and reduces 

the ATP falling into the pathway which partially 

influence intracellular pH. Subsequent reduced PH 

suppresses the glycolytic enzymatic potentials and 

inhibit the glycolysis that leads to growth retardation 

(38,39). Benzoate 4monoxygenase deletion mutant in 

N.crassashowed benzoic acid sensitive growth arrestas 

compared to the wild type. When grown on the plate 

with the media in addition with 0.5mM benzoic acid as 
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mentioned in (Fig.5). Mutant growth was further 

reduced when benzoic acid was added with 

ketoconazole in the media as compared to the wild type 

while the mutant growth on the Vogel’s media without 

any addition revealed the same growth rate as compared 
to the wild type. Benzoic acid stress in N. crassa 

benzoate 4 monoxygenase deletion mutant and 

NCU08128::NCU08128 revealed the same phenomena 

as were seen in the previously mentioned study in fungi 

(40). However benzoic acid deletion and complemented 

strain also did not show azole sensitivity (as mentioned 

in Fig..2). 

 
 

Fig. 5: Benzoate4 monoxygenase response to Benzoic acid stress. 

Benzoic acid sensitivity test for NCU08128 deletion mutant and 

the complemented strains of Neurosporacrassa was carried out at 

the Vogel’s media with 0.5mM of benzoic acid on the Vogel’s 

media and 2x106 conidial suspension was inoculated on the center 

of the plates and incubated at the 28°C for 28 h for benzoic acid 

and controls and 60h for KTC addition. Each test was repeated 

three times independently 

 

4.              DISCUSSION 

CYP450 domain proteins are the cellular target of 

azole antifungals. In urge to find more CYP450 

homolog azole target proteins in Neurosporacrassa. We 

have selected 25 genes on the base of amino acid 

similarity as mentioned in (Table .1), and among these 

17proteins were further selected on the base of more 

than 90% similarity with CYP450 proteins in 

Neurosporacrassa as shown in (Figure.1). According to 

reported studies CYP450 domain proteins are the 

cellular target of azoleantifungals also being cross 
resistant to various azoles on increase use in C.glabrata 

and S.cerevisae by altered transcription of erg11 and 

other erg genes in azoles susceptibility and cause 

accumulation and depletion of different sterol contents  

in the membrane that induces azoles resistance or 

sensitivity. CYP450 homolog protein in 

Neurosporacrassa  revealed higher transcription level as 

compared to the wild type under KTC but do not show 

azole sensitive phenotype. That further requires 
explaining the KTC non responsive mechanism in 

CYP450 homolog proteins among the under taken 

CYP450 homolog protein most of the member belong to 

the monoxygenase enzymes which are capable to 

hydroxylate the substrates. In order to investigate this 

domain we selected a benzoate 4 monoxygenase protein 

belong to the Cytochrome 53A1 domain have a fairly 

conserved domain in filamentous fungi. In N.crassa 

Benzoate 4 monoxygenase shown growth sensitivity in 

the presence of benzoic acid in the media but do not 

shows azoles sensitivity. However, in current study 

benzoate monoxygenase belong to CYP53A1 mutant of 
N.crassa shown growth sensitivity to benzoic acid 

response but does not confer azole sensitivity. Thus we 

can suggest that the less transcriptional levels of the 

azole responsive mechanism of the mutant are the main 

cause of wild type similar responses 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 
 

REFERENCES: 

Bhatnagar, D., K.C. Ehrlich, and T.E. Cleveland,(2003) 

Molecular genetic analysis and regulation of aflatoxin 

biosynthesis, Appl. Microbiol. Biotechnol. 61, 83–93. 

Lepesheva, G. I. and M. R. Waterman, (2007) Sterol 

14alpha-demethylase cytochrome P450 (CYP51), a 

Table 1. CYP450family proteins in Neurosporacrassa 

NCU Number Functional annotations 

NCU06327 
NCU04089 

NCU06526 
NCU08112 
NCU05848 
NCU11030 
NCU01086 
NCU08128 
NCU08716 
NCU09103 

NCU08062 
NCU05006 
NCU05185 
NCU09115 
NCU02031 
NCU09419 
NCU10011 
NCU04234 

NCU05278 
NCU02852 
NCU07092 
NCU02624 
NCU09565 
NCU05001 
NCU05376 

Benzoate 4-monooxygenase 
pisatindemethylase  
Hypothetical Protein 

Cytochrome P450 monoxygenase 
Cytochrome P450 monoxygenase 
Hypothetical Protein 
Benzoate 4-monooxygenase 
Benzoate 4-monooxygenase 
CND11P 
Hypothetical Protein 
Cytochrome P450 monoxygenase 

Cytochrome P450 
Bi functional P450:NADPH-P450 
reductase 
Cytochrome P450 52A11 
Hypothetical Protein 
Cytochrome P450 3A4 
Hypothetical Protein 
Hypothetical Protein 

Cytochrome P450 61 
Cytochrome P450 
Cytochrome P450 2C30 
Cytochrome P450 51 
Hypothetical Protein 
ent-kaurene oxidase 
P450 monooxygenase 
 

 

F. ISMAIL                                                                                                                                                                                                               650 

https://www.ncbi.nlm.nih.gov/protein/ESA42916.1
https://www.ncbi.nlm.nih.gov/protein/EAA26849.2
https://www.ncbi.nlm.nih.gov/gene/3874177
https://www.ncbi.nlm.nih.gov/gene/3874306
https://www.ncbi.nlm.nih.gov/protein/EAA32679.1
https://www.ncbi.nlm.nih.gov/protein/EAA31017.3
https://www.ncbi.nlm.nih.gov/protein/EAA34813.2
https://www.ncbi.nlm.nih.gov/protein/ESA42322.1
https://www.ncbi.nlm.nih.gov/protein/EAA33953.1


P450 in all Bioalogical Kingdoms, Biochim. Biophys. 

Acta 1770, 467–477. 

 

Brankova, L., S. Ivanov, and V. Alexieva,. (2007) The 

induction of microsomal  NADPH: cytochrome P450 
and NADH: cytochrome b5 reductases by long-term salt 

treatment of cotton (Gossypiumhirsutum L.) and bean 

(Phaseolus vulgaris L.) plants. Plant PhysiolBiochem 

45: 691–695. 

 

Craven R. J., J. C. Mallory and R. A. Hand. 

(2007). Regulation of iron homeostasis mediated by the 

heme-binding protein Dap1 (damage resistance protein 

1) via the P450 protein Erg11/Cyp51. J. Biol 

Chem 282:36543–36551. doi:.10.1074/jbc.M706770200 

 

Cañabate-Díaz, B., A. Segura Carretero, A. Fernández-
Gutiérrez, A. Bel-monte Vega, A.  Garrido Frenich, A. 

Martínez and J. L. Vidal, (2007). Separation and 

determination of sterols in olive oil by HPLC-MS. Food 

Chem. 102, 593–598. 

 

Davies, B. S., H. S. Wang, and J. Rine, (2005) Dual 

activators of the sterol biosynthetic  path way of 

Saccharomycescerevisiae: similar activation/regulatory 

domains but different  response mechanisms. Mol Cell 

Biol 25:7375–7385. 

 
Faber B. W., R.F.M. vanGorcom J. A. Duine (2001) 

Purification and characterization of benzoate-para-

hydroxylase, a cytochrome P450 (CYP53A1), from 

Aspergillusniger. Arch BiochemBiophys 394: 245–254 

 

Fraser J.A., M. A. Davis and M. J. Hynes (2002) The 

genegmd A, encoding an amidase and bzu A, encoding 

a cytochrome P450, are required for benzamide 

utilization in Aspergillusnidulans. Fungal Genet Biol 

35: 135–146. 

 

Fukuda, H., K. Nakamura, E. Sukita,T. Ogawa, and      
T. Fujii, (1996). Cytochrome P450rm from 

Rhodotorulaminuta Catalyzes 4-Hydroxylation of 

Benzoate. J   Biochem. 119:314–318. 

 

Faber, B. W., R.F.M. VanGorcom, and, J.A. Duine 

(2001). Purification and characterization of benzoate-

para-hydroxylase, a cytochrome P450 (CYP53A1), 

from Aspergillusniger. Arch BiochemBiophys. 394: 

245–254. 
 

Fryberg, M., C.A. Oehlschlager, and A. M. Unrau, 

(1973). Biosynthesis of ergosterolin yeast. Evidence for 

multiple pathways. J. Am. Chem. Soc. 95, 5747–5757. 

 

Fukuda, H., K. Nakamura, Sukita, Ogawa, and T. Fujii, 

(1996) Cytochrome P450rm from Rhodotorulaminuta 

Catalyzes 4-Hydroxylation of Benzoate. J Biochem 

119:314–318. 

 

Gillam, E. M. J. and D. J. B. Hunter, (2007).Chemical 

defense and exploitation. Biotransformation of 
xenobiotics by cytochrome P450enzymes. In Metal Ions 

in Life Sciences. Vol. 3: The Ubiquitous Roles of 

Cytochrome  P450 Proteins. Sigel, A. Sigel, H. and 

Sigel, R.K.O. (eds).West Sussex: Wiley and Sons,     

477–560.  

 

Hand R. A., N. JiaM. Bardand R. J. Craven 

(2003). Saccharomyces cerevisiae Dap1p, a novel DNA 

damage response protein related to the mammalian 

membrane-associated progesterone receptor. Eukaryot 

Cell 2:306–317. doi:.10.1128/EC.2.2.306-317. 

 
Hannemann, F., A. Bichet, K. M. Ewen, and R. 

Bernhardt, (2007). Cytochrome P450 systems – 

biological variations of electron transport chains. J. 

Biochim Biophys Acta (2007). 1770: 330–344. 

 

Jawallapers P., S. Mashele, S. Kovac I.C. L, Stojan and 

J, Komel (2014) Cytochrome P450 Monooxygenase 

CYP53 Family in Fungi: Comparative Structural and 

Evolutionary Analysis and Its Role as a Common 

Alternative Anti-Fungal Drug Target. PLoS ONE 9(9): 

e107209. doi:10.1371/journal.pone.0107209. 
 

Kim, J. H., B. C.Campbell, N. Mahoney, K. L. Chan, 

and    R. J. Molyneux, (2010)A Fungal Biol. 114, 817.  

 

Laude A. J. and I.A. Prior. (2004). Plasma membrane 

microdomains: organization, function and 

trafficking. MolMemberBiol 21:193–205. 

doi:.10.1080/09687680410001700517. 

 

Lapadatescu C., C. Ginies J. L. Le Quere and   P. 

Bonnarme (2000) Novel scheme fobiosynthesis of aryl 

metabolites from L-phenylalanine in the fungus 
Bjerkanderaadusta. Appl Environ Microbiol 66:      

1517–1522. 

 

Lepesheva, G. I. and M.R. Waterman, (2007) Sterol 

14alpha-demethylase cytochrome P450 (CYP51), a 

P450 in all biological kingdoms, Biochim. Biophys. 

Acta 1770 467–477. 

 

Larkin, M. A., G. Blackshields, N. P. Brown, R. 

Chenna, P. A.  McGet- tigan,  and H. McWilliam, 

(2007) Clustal W and Clustal X version 2.0. 
Bioinformatics. 23, 2947 2948. 

 

Ljerka L., B. Podobnik, M. Novak, (2011). The 

versatility of the fungal cytochrome P450 

monooxygenase system is instrumental in xenobiotic 

The Regulatory Mechanism of Cytochrome…                                                                                                                                                           651 



detoxificationmmi Molecular Microbiology. 81(5), 

1374–1389. 

 

Lopez-Ribot, J. L. (1998) Distinct patterns of gene 

expression associated with development of fluconazole 
resistance in serial Candida albicans isolates from 

human immunodeficiency virus-infected patients with 

oropharyngealcandidiasis. Antimicrob. Agents 

Chemother. 42, 2932–2937. 

 

Lmdelserone, (1999). Pisatindemethylation by fungal 

pathogens and nonpathogens of pea: association with 

pisatin tolerance and virulence Physiologycal and 

Molecular plant pathology Vol. 55, issue 6.317-326 

 

Lees, N. D., B. Skaggs, D. R. Kirsch, and M. Bard, 

(1995). Cloning of the late genes in the   
ergosterolbiosynthetic pathway of Saccharomyces 

cerevisiaea. review. Lipids 30, 221–226. 

 

Morikawa, T., H. Saga, H. Hashizume, and D. Ohta, 

(2009)  CYP710A genes encoding sterol C22-desaturase 

in Physcomitrella patens as molecular evidence for the 

evolutionary conservation of a sterol biosynthetic 

pathway in plants, Planta 229, 1311–1322. 

 

Melo, N. R. G. P. Moran, A. G. Warrilow, E. Dudley, 

S.N. Smith, D. J. Sullivan, D.C. Lamb, D.E. Kelly, D.C. 
Coleman, and S.L. Kelly, (2008) CYP56 (Dit2p) in 

Candida albicans: characterization and investigation of 

its role in growth and antifungal drug susceptibility, 

Antimicrob. Agents Chemother. 52, 3718–3724. 

 

Matsuzaki, F. and H. Wariishi, (2005) Molecular 

Characterization of Cytochrome P450 catalyzing 

hydroxylation of benzoates from the White- rot fungus    

Phanerochaetechrysosporium. Biochem Biophys Res 

Commun. 334: 1184–1190. 
 

Marichal, P. (1997) Molecular biological 

Characterization of an azole-resistant Candida glabrata 

isolate. Antimicrob. Agents Chemother. 41, 2229–2237. 
 

Mo C., M. Valachovic,  Randall, J. T. Nickels, and      

M. Bard (2002). Protein-protein interactions among C-4 

demethylation enzymes involved in yeast sterol 

biosynthesis. Proc Natl Acad Sci. U S A 99:9739–9744. 

doi:.10.1073/pnas.112202799. 

 
Ortiz deMontellano, P. R. and J. J. De Voss, (2005) 

Substrate oxidation by Cytochrome P450 enzymes. In 

Cytochrome P-450: Structure, Mechanism and 

Biochemistry.  

 

 

Podobnik, B., J. Stojan, L. Lah, N. Kraševec, M. 

Seliškar, and    T. Lanišnik Rižner, (2008) CYP53A15 

of Cochliobo-luslunatus, a target for natural antifungal 

compounds. J Med Chem 51: 3480–3486. 
 

Payne, G. A. and M. P. Brown, (1998) Genetics and 

physiology of aflatoxin biosynthesis, Annu. Rev. 

Phytopathol. 36 329–362. 
 

Sanglard, D. and J. C. Loper (1989)  Characterization of 

the alkane-inducible cytochrome P450 (P4  50alk) gene 

from the yeast Candida tropicalis: identification of a 

new P450 gene family, Gene 76, 121–136. 
 

Song, J., P. Zhai, Y. Zhang, C. Zhang, H. Sang, G. Han, 

and L. Lu, (2016). The Aspergillus fumigatus Damage 

Resistance Protein Family Coordinately Regulates 

Ergosterol Biosynthesis and Azole Susceptibility. 

 mBio, 7(1), e01919–15. 
 

Sun X., K. Wang X. Yu, J. Liu H. Zhang, F. Zhou B. 

Xie and    S. Li  (2014) Transcription factor CCG-8 as a 

new regulator in the adaptation to anti-fungal azole 

stress. Antimicrob Agents Chemother. 58:1434–1442.  
 

VanBogaert, I.N., M. Demey, D. Develter, W. Soetaert, 

and E. J. Vandamme, (2009) Importance of the 

cytochrome P450 monooxygenase CYP52 family for 

the sophorolipidproducing yeast Candida bombicola, 

FEMS Yeast Res. 9. 87–94. 
 

Wen, Y., H. Hatabayashi, H. Arai, H.K. Kitamoto, and 

K. Yabe, (2005)  Function of the cypX and moxY genes 

in aflatoxin biosynthesis in Aspergillusparasiticus, 

Appl. Environ. Microbiol. 71, 3192–3198. 
 

Wang K., Z. Zhang X. Chen X. Sun C. Jin H. Liu and    

S. Li (2015). Transcription factor ADS-4 regulates 

adaptive responses and resistance to antifungal azole 

stress. Antimicrob Agents   Chemother 59:5396–5404. 

doi:10.1128/AAC.00542-15. 
 

White T. C., K. A. Marr, and R. A. Bowden 

(1998). Clinical, cellular, and Molecular Factors that 

Contribute to Antifungal Drug Resistance. Clin 

Microbiol Rev. 11: 382–402. 
 

Wright, J.D. (1993) Fungal Degradation of benzoic-acid 

and Related Compounds. World J Microbiol Biotechnol 

9: 9–16. 
 

Zhang Y., Z. Zhang and  X. Zhang, (2012). CDR4 is the 

major contributor to azole resistance among four Pdr5p-

like ABC transporters in Neurosporacrassa. Fungal 

Biol. 116: 848–854.  

 

F. ISMAIL                                                                                                                                                                                                                652 

http://www.sciencedirect.com/science/article/pii/S0885576599902370

	1.             INTRODUCTION
	2.          MATERIALS AND METHODS
	3.                  RESULTS
	Benzoate 4 monoxygenase belong to antifungal-theraptic group

	4.              DISCUSSION
	REFERENCES:

