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A novel cytochrome P450, CYP53A15, was identified in the pathogenic filamentous ascomycete Cochliobolus
lunatus. The protein, classified into the CYP53 family, was capable of para hydroxylation of benzoate.
Benzoate is a key intermediate in the metabolism of aromatic compounds in fungi and yet basically toxic
to the organism. To guide functional analyses, protein structure was predicted by homology modeling. Since
many naturally occurring antifungal phenolic compounds are structurally similar to CYP53A15 substrates,
we tested their putative binding into the active site of CYP53A15. Some of these compounds inhibited
CYP53A15. Increased antifungal activity was observed when tested in the presence of benzoate. Some
results suggest that CYP53A15 O-demethylation activity is important in detoxification of other antifungal
substances. With the design of potent inhibitors, CYP53 enzymes could serve as alternative antifungal drug
targets.

Introduction

Benzoic acid derivatives and other phenolic compounds (e.g.,
eugenol, isoeugenol, vanillin, thymol) play a crucial role in plant
resistance to fungal infection.1 The inhibitory antifungal action
of benzoate has been proposed to be due to membrane
disruption, inhibition of essential metabolic reactions, stress on
intracellular pH homeostasis, accumulation of toxic anions, or
the induction of an energetically expensive stress response.2

Nevertheless, benzoate is one of the key intermediates in the
metabolism of aromatic compounds in fungi.3 It is detoxified
via the �-ketoadipate pathway.4 The �-ketoadipate pathway is
a convergent pathway for the degradation of aromatic com-
pounds and is present in many soil bacteria and fungi, especially
those associated with plants. There are several reports that
ascomycetes and basidomycetes degrade aromatic compounds
suchasphenylalanine, toluene,andcinnamicacidviabenzoate.3,5,6

In all fungi studied, the sole pathway of benzoate metabolism
is through the hydroxylation of benzoic acid to 4-hydroxyben-
zoate, leading to protocatechuate as the ring fission substrate.7

Enzymes with benzoate para-hydroxylase activity are cyto-
chromes P450 belonging to the CYP53 family. The ascomycete
Aspergillus niger CYP53A1 was the first enzyme shown to
catalyze para-hydroxylation of benzoic acid.8 Notably, CYP53A1
also exhibits O-demethylation activity. With benzoate para-
hydroxylase (bpha) gene deletion mutant studies in A. nidulans,
it was confirmed that benzoate para-hydroxylase is an essential
enzyme for benzoate detoxification.9

In the present study we describe cloning and characterization
of the first cytochrome P450, CYP53A15, from the filamentous
fungus Cochliobolus lunatus, a known plant and opportunistic
human pathogen. To guide functional analyses, the three-
dimensional structure of the protein was predicted by homology
modeling. Since many naturally occurring antifungal phenolic
compounds are similar in structure to CYP53 substrates, we
tested their putative binding into the active site of CYP53A15.

Natural compounds could serve as effective alternatives to
conventional antifungal or antimycotic agents, which present a
hazard to human health and the environment. Conventional
antifungal therapy is mainly based on inhibitors directed toward
one enzyme, CYP51, or 14R-demethylase.10 This cytochrome
P450 is a key enzyme in the synthesis of ergosterol. Through
structural modeling and in vivo inhibitor testing, we suggest a
new cytochrome P450 drug target, conserved in many patho-
genic fungi.

Results and Discussion

CYP53A15 Gene. A putative cytochrome P450 benzoate
para-hydroxylase gene was identified in the filamentous fungus
Cochliobolus lunatus and tentatively designated as bph. In the
1560 bp gene, the presence of a 54 bp intron was confirmed
with the cDNA transcript sequence. The C. lunatus benzoate
para-hydroxylase gene sequence was stored under Genbank
accession number EU597483. The cytochrome P450 nomen-
clature committee classified the corresponding amino acid
sequence into the CYP53 family and designated the protein as
CYP53A15.

Putative fungal cytochrome P450 genes, encoding proteins
with high similarity to the CYP53 family, are now available
from genome sequencing projects. CYP53 proteins of filamen-
tous ascomycetes (e.g., Aspergillus sp., Fusarium sp.) and
basidiomycetes (e.g., Ustilago maydis, P. chrysosporium, R.
minuta) share close to 50% amino acid identity, which is
comparable to amino acid identity of well-known house-keeping
enzymes, such as 14R-demethylase (CYP51), of the same fungal
species. The benzoate para-hydroxylase activity has evidently
been conserved in genera, having an important function in the
life of fungi.11 Since C. lunatus var. CurVularia lunata is a
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pathogen, the benzoate para-hydroxylase found was tested as a
putative antifungal target.

Functional Expression in E. coli, Purification, and Cata-
lytic Properties. The full-length CYP53A15 cDNA encoding
501 amino acid residues with a calculated molecular weight of
60 kDa was cloned and expressed in E. coli. The CO difference
spectra of the isolated and purified protein with a characteristic
maximum at 450 nm confirmed expression of a functional
enzyme.

To optimize the expression procedure, several parameters
were tested. Selection of the E. coli strain was found to be the
most significant variable. The use of C43 (DE3) strain increased
the expression level of CYP53A15 from 300 nmol/L in the
Bl21(DE3) strain to 800-900 nmol/L in C43 (DE3) under the
same growth conditions, probably because of differences in
plasmid stability.12 Two modifications of the N-terminal part
of the protein were designed in order to achieve optimal
expression levels: a protein with the Barnes modification of eight
N-terminal amino acids13 and an N-terminally truncated form.
Yet there were no significant differences in expression levels
of the two N-terminally modified proteins compared to the wild
type.

The protein was purified to apparent homogeneity in a single
chromatographic step. The deletion of the N-terminus was
expected to increase solubility and purification yields; however,
the opposite was true. A large portion of the truncated enzyme
remained in the membrane fraction as well. The truncated form
was less stable and more prone to proteolyzis. In addition, a
higher portion of the inactive P420 form (increased absorption
at 420 nm in CO difference spectra) was found during the
purification procedure. An elevated amount of the dimeric form
of the truncated enzyme was observed by SDS-PAGE analysis
of the membrane fractions, probably due to aggregation.

Catalytic properties of the purified CYP53A15 enzyme were
investigated in a reconstitution system with mammalian NADPH-
cytochrome P450 reductase (CPR) in vitro. The results of HPLC
analyses of the reaction mixture confirmed conversion of benzoic
acid to para-hydroxybenzoic acid. KM and kcat values were
0.4 ( 0.2 mM and 1.4 ( 0.5 µmol min-1, respectively. The
benzoate hydroxylation turnover number was 1.4 ( 0.5 min-1,
which is rather low in comparison to 240 min-1 obtained in A.
niger microsomes containing CYP53A1.8 In this study, however,
only 1% of activity of the microsomal fraction was preserved
when the purified CYP53A1 was reconstituted with its natural
redox partner, CPR from A. niger. The low turnover could be
due to the instability of the enzyme and suboptimal reconstitu-
tion with its redox partner.

3D Structural Homology Model. To guide and facilitate
functional analyses, a 3D structural homology model was
constructed on the basis of structural alignment of amino acid
residues lining the active site cavity of two human drug
metabolizing cytochromes P450 2C8 (PDB code 1PQ2) and 2A6
(PDB code 1Z10). Despite the low amino acid identity (21%)
between template candidates and CYP53A15, extensive refine-
ment and dynamic simulations performed on the homology
model resulted in a very stable and, according to PROCHECK,
a high stereochemical quality protein structure. The active site
predicted by the model is well suited for accommodation of
small planar aromatic compounds (Figure 1). A favorable
interaction is evident between the π-electron system of Phe-80
and the aromatic ring of substrates such as benzoic acid. Phe-
451, which lies perpendicularly to Phe-80, is also involved in
a hydrophobic reaction with substrates. Ile-274 and Leu-452
close the entrance to the iron in the active site and do not allow

bulkier side substituents on the aromatic ring. The slightly
asymmetric shape of the cavity could, however, be suitable for
monosubstituted substrates.

Although not used as a template in homology modeling, the
crystal structure of another human cytochrome P450, 2D6 (PDB
code 2F9Q),14 is strikingly similar to the predicted active site
of CYP53A15. 2D6 generally recognizes substrates with a flat
hydrophobic region, a negative molecular electrostatic potential,
and a basic nitrogen.15 Typical reactions include hydroxylation
and O-demethylation. As is evident from a comparison of the
active sites of both enzymes (Figure 2), several amino acids
reported as key residues in 2D6 such as Phe-120 and Phe-483
are similarly positioned in CYP53A15 (Phe-80 and Phe-451,
respectively). Thr-279 of CYP53A15 could be aligned with Thr-
309 of 2D6 reported to be crucial in hydrogen-bonding to the
water molecule formed from the cleavage of the dioxygen bond
during the P450 catalytic cycle.15

Structure-Activity Relationship (SAR) of CYP53A15.
Thirty putative substrates were tested for their ability to induce
substrate binding spectra in CYP53A15 (Table 1A, Supporting
Information). Besides benzoic acid, some derivatives of benzoic
acid were also shown to induce type I substrate binding spectra
in CYP53A15, among others, 2-hydroxy-, 2-chloro-, 2-meth-
ylbenzoate, but not 2-methoxybenzoate, 3-hydroxybenzoate,
3-methoxybenzoate, or 4-hydroxybenzoate.

Although putative substrates such as isoeugenol, eugenol,
vanillin, vanillic acid, and 3-methoxybenzoic acid did not show
substrate binding spectra, they were nevertheless tested with
the activity assay. Among them, only 3-methoxybenzoic acid
was converted. In this case, O-demethylation activity was
observed and 3-hydroxybenzoic acid was detected as a product
by HPLC.

Structures of vanillin, eugenol, and isoeugenol possess a
common structural motif, the 3-methoxy and 4-hydroxy groups
on the phenol ring. We tested whether they could fit into the
active site in spite of their side substituents. Subsequent docking
of isoeugenol clearly revealed its good accommodation into the
cavity of the enzyme. The 3-methoxy group of isoeugenol is
sandwiched between two hydrophobic residues, Ile-274 and Phe-
80. Leu-452 is in close contact with the phenol ring. This could
also provide an explanation of why no substrate binding spectra
were obtained for 3-methoxybenzoic acid. A slight disorientation

Figure 1. Space-fill model of CYP53A15 active site with docked
isoeugenol. Hydrogen atoms are omitted from protein residues and from
the heme moiety (cyan). The hydroxyl group of isoeugenol is situated
just above the iron (small yellow spot), and the methoxy group is
sandwiched between Phe-80 and Ile-274. Leu-452 is in close contact
with the phenol ring, thus preventing the entrance of ligands with bulky
substituents at both meta positions (PMDB ID: PM0075149).
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of the substrate due to the bulkier 3-methoxy group prevents
closer contact with the heme prosthetic group. As a consequence,
no spin change is induced. Nevertheless, the positioning of
substrates still allows for O-demethylation of the 3-methoxy
group. It is possible that conformational changes caused by the
binding of the redox partner enable proper positioning of
3-methoxybenzoic acid and induce spin state change.

The active site of CYP2A6 used as a template for homology
modeling is one of the smallest compared to other human drug
metabolizing CYPs. Tighter packing interactions in the molecule
result in a more compact structure and less pliant active site
cavity.16 This could also be the case in CYP53A15, since
structural requirements for substrates able to occupy the ac-
tive site and induce spectral shifts were rather strict. Only
monosubstituted derivatives of benzoic acid were substrates,
whereas 2,4-dichlorobenzoic acid or 3,5-dimethylbenzoic acid
were not. Substitutions at position 2 were only allowed for
smaller hydroxy, chloro, or methyl but not for the larger
methoxy group. On the other hand, the hydroxy group at the
meta position was not allowed, but chloro and methyl groups
were.

The carboxyl group seems essential for tight binding into the
active site, since no substrate binding spectra were obtained with
substrates lacking the carboxyl group or substrates with the
carboxyl group further away from the aromatic ring, such as L

or D-phenylglycine. As is evident from the 3D model, the Asn-
81 is available for hydrogen bonding with the carboxyl group
of substrates. Asp-278, also located in the active site of
CYP53A15, could be involved in proper positioning of sub-
strates possessing the carboxyl group by charge repulsion.
Deduced CYP53A15 substrate structure requirements are pre-
sented in Table 1B of Supporting Information.

Inhibition of CYP53A15 by Naturally Occurring Anti-
microbial Compounds in Vitro. Eugenol, isoeugenol, vanillin,
and thymol are naturally occurring phenolic compounds with
antifungal properties. Their structures resemble the structures
of CYP53A15 substrates (Table 1A, Supporting Information).
We tested their effects on benzoic acid hydroxylation by
CYP53A15. Substrate binding experiments and activity assays
were performed in the presence of different concentrations of
these compounds. All substances tested acted as inhibitors of
CYP53A15. In Figure 3, progress curves in the absence and
presence of isoeugenol are shown. Among several tested kinetic
models, the partial noncompetitive inhibition model was chosen

for which the best agreement between theoretical curves and
the data was obtained. The calculated constants of inhibition
(Ki) for eugenol, isoeugenol, vanillin, and thymol and the mode
of inhibition were similar for all four compounds, which was
expected, given the similarity of their structures.

In Vivo Inhibitor Testing. Eugenol, isoeugenol, vanillin, and
thymol were tested in vivo for their ability to inhibit fungal
growth. Other naturally occurring phenolic antifungals, such as
trans-cinnamic acid, trans-4-hydroxycinnamic acid, and car-
vacrol, as well as potassium sorbate, a weak acid, and a potent
antifungal compound tropolon �-thujaplicin were taken for
comparison. All compounds listed above were tested alone and
in combination with benzoic acid. Radial growth rate (RGR,
mm/h) and initial growth inhibition (IGI, h) were calculated
for every inhibitor and combination (Figure 4). The minimum
inhibitory concentration (MIC), which is the lowest concentra-
tion of an antimicrobial that will inhibit the visible growth of a
microorganism after overnight incubation was determined for
benzoic acid.17

The MIC for benzoic acid was 5 mM. Lower concentrations
of benzoic acid did not inhibit fungal growth. When tested at 5
mM, isoeugenol, thymol, trans-cinnamic acid, carvacrol, potas-
sium sorbate, and �-thujaplicin all showed growth inhibiton of
the C. lunatus to a different extent. The most potent inhibitor
was �-thujaplicin with an initial growth inhibition time of 88 h.
On the other hand, eugenol, vanillin, and trans-4-hydroxycin-
namic acid effected no growth inhibition at 5 mM. However,
when tested in combination with 0.1 mM benzoic acid, which
alone had no growth inhibitory effects, vanillin and eugenol
did cause growth inhibition. When isoeugenol was combined
with 0.1 mM benzoic acid, the inhibition of fungal growth was
even more pronounced than for �-thujaplicin (initial growth
inhibition time of 145 h).

These observations are in correlation with in vitro experiments
in which vanillin, eugenol, and isoeugenol inhibited CYP53A15.
An increased toxic effect could be explained by higher intra-
cellular levels of benzoic acid, a consequence of parallel
inhibition of CYP53A15. Although inhibition of CYP53A15
in substrate binding experiments was also observed with thymol,
the synergistic inhibitory effect on growth in combination with
0.1 mM benzoic acid could not be observed in in vivo
experiments.

The effect of benzoic acid and other inhibitors was also tested
in vivo in the ∆bph strain of C. lunatus. Since benzoate para-

Figure 2. Comparison of key residues in CYP 2D6 and CYP53A15 active sites. Heme is marked in cyan. Key residues involved in positioning
of aromatic substrates in CYP 2D6, Phe-120 and Phe-483, are similarly positioned in CYP53A15 (Phe-80 and Phe-451, respectively). Thr-309 of
CYP 2D6, crucial in hydrogen-bonding to the water molecule formed during the P450 catalytic cycle, corresponds to Thr-279 of CYP53A15. Basic
substrates bind to CYP 2D6 through Asp-301 and Glu-216, whereas in CYP53A15 Asn-81 could form a hydrogen bond with the carboxyl group
of substrates.
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hydroxylase functions in benzoate elimination, it was expected
that the ∆bph mutant would be more susceptible to benzoate
than the wild type.9 Results showed great differences in initial
growth inhibition time. Complete growth inhibition (more than
1800 h) of the ∆bph mutant was achieved, whereas growth
inhibition time of the wild type was 56 h. No difference,
however, was observed in MIC of benzoic acid (5 mM) for
both strains. Growth recovery of the wild type strain as opposed
to the ∆bph mutant demonstrates the essential nature of
CYP53A15 in benzoate detoxification. The time needed for
growth recovery of the wild type can be explained by the fact
that the benzoate para-hydroxylase is inducible by its substrate.18

Surprisingly, the ∆bph mutant was completely inhibited with
5 mM isoeugenol alone, while the wild type recovered. The
O-demethylation activity of CYP53A15 in the wild type could
possibly be important for detoxification of other toxic phenolic
compounds with the 3-methoxy moiety such as eugenol,
isoeugenol, or vanillic acid. It was reported that vanillic acid is
converted to protocatechuic acid via a demethylation reaction
in white-rot and brown-rot basidiomycetes.3,19 The reason that
we were not able to detect an O-demethylated product of
isoeugenol, eugenol, or vanillic acid could be that they are bad

substrates. When tested in an activity assay with benzoic acid,
they primarily behaved as inhibitors of CYP53A15. Interest-
ingly, the two closest templates chosen for modeling CYP53A15,
cytochromes P450 2C8 and 2A6, are involved in detoxification
of small aromatic compounds via hydroxylation, as well as
O-demethylation.20 This is also true of 2D6 whose active site
cavity architecture is similar to CYP53A15. A particularly
important residue in the active site of 2D6 is Phe-120,
considering that the substitution of this single amino acid
allowed 2D6 to metabolize its classical inhibitor quinidine.15

This residue forces quinidine to bind in an unproductive mode.
In the case of CYP53A15, Phe-80 located in the active site could
play a similar role in unproductive binding of isoeugenol,
eugenol, or vanillic acid.

Conclusions

Recent studies on a number of fungal pathogens have
demonstrated the effectiveness of natural phenolic compounds
as antimicrobials or antimycotoxigenic agents.21,22 None of these
studies, however, clearly determined cellular targets for their
activities. Possible modes of action of phenolic compounds have
been reported in different reviews.23 Lambert et al.24 reported

Figure 3. Progress curves for the reaction between CYP53A15 and benzoic acid without inhibitor (A) and in the presence of the inhibitor isoeugenol
(B). Results were obtained by quantitative HPLC product analysis of the quenched reaction after different incubation times. A simulation of the
direct plot vs [isoeugenol] is shown in part C. Theoretical initial rates and curves were calculated using values of kinetic constants as estimated
from the simultaneous progress curves analysis. Inhibition experiments were performed at inhibitor concentrations of 300 and 600 µM; CYP53A15
concentration was 5 µM. The table below shows Ki values and type of inhibition of CYP53A15 for natural antifungal phenolic compounds (benzoic
acid, BA).
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that thymol and carvacrol may inactivate essential enzymes,
react with the cell membrane, or disturb the functionality of
genetic material. Phenolic compounds also strongly influence
cellular redox potentials.25

We have shown that isoeugenol, eugenol, thymol, and vanillin
are inhibitors of benzoate para-hydroxylase, the enzyme re-
sponsible for benzoic acid detoxification. In in vivo experiments
it was revealed that the antifungal potential of isoeugenol,
eugenol, thymol, and vanillin could be amplified if applied in
combination with benzoic acid. This observation is best
explained by simultaneous inhibition of CYP53A15, which in
turn increases intracellular levels of benzoic acid and finally
results in increased growth inhibition of fungi.

Benzoate para-hydroxlase is a key enzyme in fungal primary
(the ketodiapate pathway) and secondary (detoxification of
phenolic compounds) metabolism.9,11 There are homologues of
CYP53 in several pathogenic fungi such as Aspergillus fumi-
gatus and Gibberella zeae. Increased antifungal efficiency of
combined naturally occurring phenolic compounds demonstrated
in this study could potentially be used as an alternative to
conventional fungicides or antifungal drugs.

Currently, the essential nature of CYP51 (sterol 14R-
demethylase) in fungi is exploited for drug-targeted inhibition
to combat clinical infections. Developed azole antifungal drugs,
such as fluconazole, clotrimazole, and ketoconazole, possess the
N-1 substituent groups of the azole molecule which selectively
interacts with the fungal CYP51 protein over the human CYP51
protein.26 Despite the in vitro efficacy of azole-based antifungal
therapy, it frequently results in the recurrence of infection due
to the development of fungal resistance through different
mechanisms.27

The advantage of CYP53 over CYP51 as an antifungal drug
target is that CYP53 does not have a homologue in higher
eukaryotes. This would enable the design of more selective and
potent inhibitors toward pathogenic fungi with less adverse side
effects in higher eukaryotes.

Experimental Section

Fungal Species and Growth Conditions. The strain, obtained
from the strain collection of the Friedrich Schiller University of
Jena, Germany, was listed as the teleomorph Cochliobolus lunatus
m118. It was also designated as noncompatible anamorph CurVu-
laria lunata var. lunata, based on observation of induced conidial
sporulation and genetic analyses.28 The fungus was grown as
described previously.29 Mycelia were harvested by filtration and
used for the preparation of protoplasts or were frozen in liquid N2,
ground, and used for DNA or RNA isolation or stored at -70 °C
for further applications.

Construction and Characterization of C. lunatus bph Dele-
tion Strain. The hygromycin resistance cassette (hph) of plasmid
pAN7-1,30 obtained after digestion with XbaI and BglII restriction
endonucleases, was inserted into the polylinker site of pBlueScript,
between XbaI and BamHI sites. The 5′ of the bph gene was
amplified in a PCR reaction using primers A and B. The PCR
product was digested with NotI and XbaI and inserted next to the
hph gene. The 3′ of the bph gene was also PCR amplified with
primers C and D. After digestion with HindIII and KpnI, the
fragment was inserted on the other side of the hph cassette. Before
transformation, the deletion cassette was released out of the plasmid
with NotI and KpnI. The protoplast based method was used for
transformation of the strain, as described previously.31 Transfor-
mants were selected on minimal medium or MEM agar plates,
containing 1.2 M sorbitol and 100 µg of hygromycin/mL (Sigma,
St. Louis, MO). Deletion transformants were discriminated from
ectopic transformants in a duplex PCR reaction with primer E,

Figure 4. In part A, growth curves of C. lunatus in the presence of different inhibitors and in combination of inhibitors with benzoic acid. Calculated
values for radial growth rate (RGR, mm/h) and initial growth inhibition (IGI, h) of the C. lunatus wild type (WT) in the presence of inhibitors
eugenol, isoeugenol, and vanillin are shown in the corresponding table below. In part B, growth curves for WT and ∆bph mutant strains in the
presence of 5 mM benzoic acid and 5 mM isoeugenol, with calculated values for RGR and IGI, are given (benzoic acid, BA).
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specific for the removed region of the bph gene, and primer F,
specific for the hph gene, and the reverse primer D. Furthermore,
deletion was confirmed with Southern blot analysis, using the same
probe as for plaque lifting.

Expression of CYP53A15 in E. coli. E. coli C43 (DE3) cells,
harboring the plasmid pCWori+ with gene constructs obtained from
the following primer combinations of (1) P450N-B, P450C+, (2)
P450N-B, P450C, (3) P450N-wt, P450C+, (4) P450N-wt, P450C,
(5) P450N-RR, P450C+, and (6) P450N-RR, P450C, were grown
in TB medium containing trace elements, 1 mM vitamin B1
(thiamin), and 100 µg of ampicillin per mL at 37 °C, with vigorous
shaking until OD600 of 2.0 was reached. IPTG was then added to
a final concentration of 0.8 mM to induce protein expression, as
well as δ-aminolevulinic acid to a final concentration of 1 mM.
Cells were grown for an additional 48 h at 30 °C.

Purification of CYP53A15. The cells were harvested by
centrifugation (200 rpm for 15 min) and resuspended in 10 mL of
lysozyme buffer (250 mM sucrose, 50 mM Tris-HCl (pH 7.4), 0.5
mM EDTA, and 1 mg/mL lysozyme) per gram of biomass. After
gentle stirring for 30 min, the suspension was centrifuged again at
200 rpm for 15 min. Cell pellets were sonicated in 5 mL of buffer
A (50 mM potassium phosphate (pH 7.4), 20% glycerol, 0.1 mM
DTT, 0.1 mM EDTA, 0.1% Triton-X-100, and 0.1 mM PMSF)
per gram of pellet. After centrifugation (95 000 rpm for 1 h),
supernatants were pooled, diluted with an equal amount of buffer
B (50 mM potassium phosphate, 1 mM NaCl, pH 7.4, 20% glycerol,
0.1 mM DTT, 0.1 mM EDTA, 0.1% Triton-X-100, and 0.1 mM
PMSF), and loaded onto a Ni-NTA column. The column was
washed with 10 volumes of buffer B. CYP53A15 was subsequently
eluted with buffer B containing 200 mM imidazole. Fractions were
pooled on the basis of SDS-PAGE analysis and concentrated using
ultrafiltration to approximately 1 mg/mL. The concentrate was
dialyzed against buffer C (50 mM potassium phosphate (pH 7.4),
20% glycerol, 0.1 mM EDTA, 0.1% Triton-X-100) and stored at
-70 °C.

Enzyme Assay. The concentration of CYP53A15 was deter-
mined from the absorbance at 420 nm (absolute spectrum) and from
the CO difference spectrum. Samples were analyzed by SDS-PAGE,
as well as on the Agilent Bioanalyzer 2000.

Reconstitution of CYP53A15 Activity. The 100 µL of NADPH
cytochrome P450 reductase (CPR) (150 U/mL) from rabbit liver
and 500 µL of dilauroylphosphatidylcholine (DLPC) (0.1% (w/v)
in 10 mM phosphate buffer, pH 7.4) were added to 500 µL of
CYP53A15 (21.2 µM). The reaction was started with the addition
of 1 mM NADPH and 20 mM benzoate. CYP53A15 activity was
measured by monitoring product formation by HPLC analysis, using
an YMC-ODS chromatographic column with 10% acetonitrile, 0.1%
trifluoroacetic acid as mobile phase, and multiple-wavelength UV
and fluorescence detection, performed on the Waters Alliance
system. Products were identified on the basis of their spectral and
chromatographic properties. Compounds other than benzoate were
tested spectrophotometrically for their ability to induce a type I
spectral shift as described by ref 8.

Data Analysis. The progress curve data of hydroxybenzoate
formation by CYP53A15 at various starting benzoate concentrations
in the presence and the absence of inhibitors were obtained by a
quantitative HPLC product analysis of the quenched reaction after
different incubation times. In order to include all collected data in
the analysis, rather than just initial rates, we performed a compre-
hensive progress curve analysis by fitting differential equations for
the Michaelis-Menten reaction mechanism in the absence and
presence of an inhibitor, to the data. The kinetic parameters Km

and kcat, and the corresponding inhibition constants and proportional
factors were estimated by using a nonlinear least-squares equation-
based program that evaluates parameters of a stiff system of
differential equations from multiple data curves.32 Among rival
inhibition patterns for four inhibitors (eugenol, isoeugenol, thymol,
and vanillin), the appropriate pattern was chosen according to
Cleland’s criteria of the goodness of fit.33

Homology Modeling. A homology model of CYP53A15 was
built using cytochromes P450, 2C8 (PDB code 1PQ2), and 2A6

(PDB code 1Z10) as templates. An iterative multistep building
procedure, using WHATIF,34 a molecular modeling package, and
CHARMM, a program for macromolecular simulations, was
performed.35 Isoeugenol was built and optimized quantum me-
chanically, using MOLDEN, a processing program of molecular
and electronic structure, and Gaussian 03, an electronic structure
program.36 CHARMM force field parameters were assigned to the
atoms of isoeugenol, which was docked into the active site cavity
above the iron atom of the heme molecule by superimposing the
corresponding atoms to the coumarin situated in the active site of
2A6. The complex structure was then subjected to 500 ps of
constant pressure and temperature dynamic simulation (300 K, 1
bar, time step of 1 fs) using the EWALD summation for calculating
the electrostatic interactions. The last frame was relaxed by 60 steps
of QMMM refinement, assigning the heme and isoeugenol mol-
ecules quantum mechanically and assigning the protein and water
moleculeswithH-bondcontacts (112of them)molecularmechanically.

Antifungal Activity Tests. In vivo antifungal activity of different
inhibitors (benzoic acid, trans-cinnamic acid, trans-4-hydroxycin-
namic acid, potassium sorbate, carvacrol, eugenol, isoeugenol,
�-thujaplicin, thymol, and vanillin) was tested. Triplicate Petri
dishes of every system for each inhibitor and a combination of
individual inhibitors at 5 mM with 0.1 mM benzoic acid were
prepared as described by Lopez-Malo et al.37 Solidified agar was
centrally inoculated with 7 mm diameter mycelia disks taken from
a 48 h solid culture. To calculate initial growth inhibition time, the
linear growth phase was extrapolated to a zero increase in diameter
(7 mm diameter), and the intercept on the time axis was defined as
growth inhibition time.37 Minimum inhibitory concentration (MIC)
was determined as described by Radford.38
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