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ABSTRACT

Aspergillus lentulus, an Aspergillus fumigatus sibling species, is increasingly reported in
corticosteroid-treated patients. Its clinical significance is unknown, but the fact that A.
lentulus shows reduced antifungal susceptibility, mainly to voriconazole, is of serious
concern. Heterologous expression of cyp51A from A. fumigatus and A. lentulus was
performed in Saccharomyces cerevisiae to assess differences in the interaction of
Cyp51A with the azole drugs. The absence of endogenous ERG11 was efficiently
complemented in S. cerevisiae by the expression of either Aspergillus cyp51A allele.
There was a marked difference between azole minimum inhibitory concentration (MIC)
values of the clones expressing each Aspergillus spp. cyp51A. Saccharomyces
cerevisiae clones expressing A. lentulus alleles showed higher MICs to all of the azoles
tested, supporting the hypothesis that the intrinsic azole resistance of A. lentulus could
be associated with Cyp51A. Homology models of A. fumigatus and A. lentulus Cyp51A
protein based on the crystal structure of Cyp51p from Mycobacterium tuberculosis in
complex with fluconazole were almost identical owing to their mutual high sequence
identity. Molecular dynamics (MD) was applied to both three-dimensional protein models
to refine the homology modelling and to explore possible differences in the Cyp51A—
voriconazole interaction. After 20 ns of MD modelling, some critical differences were
observed in the putative closed form adopted by the protein upon voriconazole binding.
A closer study of the A. fumigatus and A. lentulus voriconazole putative binding site in
Cyp51A suggested that some major differences in the protein’s BC loop could
differentially affect the lock-up of voriconazole, which in turn could correlate with their

different azole susceptibility profiles.
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1. Introduction

Aspergillus fumigatus is the main causative agent of invasive aspergillosis, normally
affecting immunocompromised patients suffering severe haematological malignancies
and transplants recipients [1]. Aspergillus fumigatus belongs to the Fumigati section,
where there are other species that are indistinguishable by means of classical
identification methods. Within this complex, besides A. fumigatus, other species such as
Aspergillus lentulus, Neosartorya udagawae, Neosartorya pseudofischeri, Neosartorya
hiratsukae and Aspergillus viridinutants have been reported in human infections [2-9].
Aspergillus lentulus was first described in 2005, isolated from neutropenic patients with a
fatal outcome [3]. Invasive infections by A. lentulus are rare, but this species has started
to be reported in non-neutropenic patients receiving corticosteroid treatment and is also

frequently isolated from respiratory samples [10-13].

Most A. fumigatus strains are susceptible to the antifungals commonly used for the
treatment of invasive infections [14—-16]. However, A. fumigatus strains with secondary
resistance to azole drugs have been described and their resistance mechanism usually
involves single mutations in the cyp51A gene [17-20]. On the other hand, to date all A.
lentulus clinical isolates show high minimum inhibitory concentrations (MICs) to
amphotericin B, echinocandins and azole drugs [12,21-23]. Among the azoles, A.
lentulus strains are especially resistant to voriconazole (MICs > 4.0 mg/L) [12,21,22]. In
contrast to A. fumigatus, this azole resistance could be considered intrinsic since all

isolates exhibit similar azole resistance patterns [12,21].
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The cytochrome P450 14a-sterol demethylase encoded by cyp51A is the target
responsible for azole drug activity in A. fumigatus [24]. However, the interaction between
azoles and Cyp51A has never been elucidated in A. lentulus. In this study, heterologous
expression of A. fumigatus and A. lentulus cyp51A was first performed in a
Saccharomyces cerevisiae strain in which the endogenous ERG11 gene was
conditionally expressed with a tetracycline-regulatable system [25-27]. Differences in
the interaction of the azole drugs between both Aspergillus species were therefore

assessed.

Next, three-dimensional (3D) Cyp51A theoretical models were performed in order to
propose hypothetical differences in azole—target interaction within these two closely
related Aspergillus species. Currently, all known forms of fungal Cyp51 are membrane-
bound microsomal enzymes, thus complicating structural studies of this protein by X-ray
crystallography. In the absence of a crystal structure of A. fumigatus Cyp51A,
understanding the complexity of Cyp51 substrate/inhibitor binding and the involved
conformational changes has relied on the use of homology models [28-30]. In this study,
predicted Aspergillus Cyp51A 3D structures, based on the crystal structure of
Mycobacterium tuberculosis Cyp51 ortholog, were used. Differences in voriconazole
interaction between the Cyp51A enzymes from both Aspergillus species were explored

by molecular docking and molecular dynamics (MD).
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2. Material and methods

2.1. Strains and media

The S. cerevisiae strains used were: (i) DSY3886, derived from Y40122 [MATaura3-
52leu2A1his3A200GAL2CMVp(tetR’-SSN6)::LEU2trpl::Tta]; (i) DSY3899, derived from
DSY3886 but with ERG11 under the control of doxycycline [MATaura3-
521eu2A1his3A200GAL2CMVp(tetR’'SSNG)::LEU2trpl:: TtaERG11::kanMX-tetO-]; and
(i) DSY3961, derived from DSY3899 in which the ABC transporter PDR5 was deleted
to diminish the intrinsic low azole susceptibility of S. cerevisiae [MATaura3-
521eu2A1his3A200GAL2CMVp(tetR’'SSNG)::LEU2trpl:: TtaERG11::kanMXtetO;pdr5A::HI
S3kanMX] [27]. Aspergillus fumigatus CM237 and A. lentulus CM1290 strains were used
to obtain Cyp51A cDNA. Saccharomyces cerevisiae and Aspergillus strains were grown

as described previously [20,26].

2.2. Functional complementation

Aspergillus cyp51A cDNA flanked by pYES2/CT homologous regions was amplified by
polymerase chain reaction (PCR) using primers Cy51F and Cy51R [27]. The vector
pYES2/CT (Invitrogen, Lausanne, Switzerland) was Hindlll/Xhol linearised prior to S.
cerevisiae DSY3961 strain transformation with 5 uL of the digested plasmid and 5 uL of
the A. fumigatus or A. lentulus cyp51A PCR products. Transformants were selected on
minimal yeast nitrogen base medium without uracil (YNB—-ura). Twenty transformants for
each Aspergillus cDNA background were screened for ERG11 functional
complementation by growth in YNB—ura liquid medium and inoculating 4 uL of the yeast
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cultures on YNB—ura agar plates containing galactose (2%), with and without
doxycycline (2 ug/mL). cyp51A genes were amplified from transformed yeast and were
then sequenced for verification. Aspergillus fumigatus primers aimed to the cyp51A
amplification were used to amplify the cyp51A gene from A. lentulus [31]. The A. lentulus
cyp51A gene was amplified and sequenced from ten A. lentulus strains and all of them
had the same cyp51A sequence and the same azole susceptibility. Sequences were
processed using Lasergene (DNASTAR Inc., Madison, WI). Oligonucleotides were

purchased from Eurogentec S.A. (Liége, Belgium).

Protein extracts for immunoblotting were prepared by alkaline extraction from overnight
cultures induced with galactose. Immunodetection was performed with a polyclonal

mouse anti-His-tag antibody [26,32].

2.3. Etest susceptibility testing

Standardisation of growth conditions was performed prior to azole susceptibility testing
of individual S. cerevisiae clones expressing each different cyp51A cDNA [26]. The
clones were tested against fluconazole and voriconazole (Pfizer S.A., Madrid, Spain),
itraconazole (Janssen Pharmaceutical S.A., Madrid, Spain) and posaconazole (Merck &
Co, Madrid, Spain) grown in YNB—-ura with galactose (2%) and doxycycline (2 pg/mL).
The experiment was performed on at least three occasions and all values, converted to
log, values to achieve a normal distribution, were used for graphical representation. The
significance of the differences in MICs was determined by Student’s t-test. A P-value of
<0.05 was considered significant.
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2.4. Comparative models of cytochrome P450 14 o-sterol demethylase (Cyp51A)

proteins

Structural models of Cyp51A wild-type enzymes from A. fumigatus (AfCyp51A) and A.
lentulus (AICyp51A) strains were constructed by standard comparative modelling
methods and the software DeepView [33]. The structure of Cyp51p from M. tuberculosis
(MtCyp51p) in complex with fluconazole, deposited in the Protein Data Bank (PDB) [34]
with code 1EA1 [35], was used as a template. The amino acid sequence identity of
AfCyp51A and AICyp51A with MtCyp51p was 26% and 27%, respectively. The
alignment was then manually optimised on the basis of knowledge-based methods to
avoid gap insertion where conserved secondary structure motifs were present. The N-
terminal of Aspergillus spp. Cyp51A (residues 1-34) were assumed to comprise the
membrane-spanning domains, thus with no counterparts in the template protein, and
were deleted prior to protein modelling. Finally, a full prediction of the rest of the protein
residues comprised within the homology profile defined by the template’s sequence (all
loops included) was rendered by the homology modelling method [33]. The quality of
both protein models was checked using the analysis programs (Anolea, Gromos and
Verify3D) provided by the SWISS-MODEL server [36—38]. [Available new structures,
such as PDB:3LD6 and PDB:3JUV, show an average root mean square deviation
(RMSD) of 1.50 A to PDB:1EA1. From the point of view of the homology modelling
procedure, all those experimental structures could also result in suitable templates, as

global differences among them fall bellow crystallisation resolution values.]

8

Page 8 of 38



2.5. Drug modelling and voriconazole docking

A model of the voriconazole drug was constructed de novo with Biomol-Informatics
(http://www.biomol-informatics.com) software facilities, and its geometry was refined by
means of the MOPAC7 [39] semi-empirical quantum mechanics methods and the AM1
Hamiltonian [40]. Electrostatic point charges at AM1 optimised geometry were calculated
with bond charge correction at the same level. The heme—cysteine complex position in
both Aspergillus spp. Cyp51A models was set by structural alignment with ligand
overlapping. The initial docked location of voriconazole in Cyp51A models was set with
AutoDock 4.0 software suite [41,42], preserving the conformation of the triazole and the
difluorophenyl rings as in the fluconazole binding model reported in the PDB:1EA1

crystal structure.

2.6. Molecular mechanics force fields

Amber’s ff99SB [43] force field from the same-name molecular dynamics (MD) software
suite [44] was used for both Cyp51A protein models. Bonded and non-bonded
parameters of voriconazole were assigned with the Antechamber modules as the
General Amber Force Field [45] for chemical compounds. Contributed parameters for
the heme group [46] in the AMBER10 distribution were modified and adapted by analogy

with the ff99SB force field to model complexed cysteines.
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2.7. Molecular dynamics simulations

All MD simulations were set up and performed using AMBER10. Each molecular system
was composed of the corresponding model of the Cyp51A protein with its heme—
cysteine complex and voriconazole, and was embedded in a truncated octahedron box
of TIP3P water molecules, keeping a distance of 10 A between the limits of the box and
the closest atom of the solute. In order to neutralise the electrostatic charge of each
system, potassium ions were also added. Periodic boundary conditions, the Amber’s
implementation of the particle mesh Ewald treatment of electrostatic interactions, a non-
bonded cut-off distance of 8 A and the SHAKE algorithm with an integration step of 2.0
fs were imposed in all MD calculations. Initial relaxation of each solvated complex was
completed by performing 10 000 steps of energy minimisation, followed by 50 ps of
constant volume MD equilibration run, raising the temperature progressively from 0 to
300 K while keeping mild harmonic restrains (5 Kcal-mol™-A™?). After relaxation of the
Cyp51A complex, solvent and counter ions, another 50 ps MD were run to equilibrate
the system at constant temperature (300 K) and pressure (1 atm), at the time that initial
positional restraints were gradually removed. Finally, 20 ns of productive unrestrained
MD were run. For each system, the average structure of the last nanosecond of MD was
minimised and then selected as a representative model of Cyp51A bound to
voriconazole in A. fumigatus or A. lentulus. RMSD values during MD simulation were
monitored both for the whole protein structure and for the BC loop of the two proteins

bound to voriconazole (Supplementary Fig. 1).
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2.8. GenBank accession numbers

The cyp51A sequences have been deposited in GenBank as AF338659 (A. fumigatus)

and GU479991 (A. lentulus).

3. Results

3.1. cyp51A functional complementation in Saccharomyces cerevisiae

The cyp51A functional complementation was performed by conditional expression of the
yeast ERG11 gene with a tetracycline-regulatable system [27,47] and induced
expression of cyp51A cDNA from A. fumigatus and A. lentulus under the control of the
GAL1 promoter in S. cerevisiae. The lack of ERG11 was efficiently complemented by
the expression of either Aspergillus cyp51A allele under selective conditions (Fig. 1A).
No growth in doxycycline selective medium was observed when DSY3961 strain was not
complemented with any Aspergillus cDNA (data not shown). Two clones growing in
doxycycline-containing medium were analysed by Western blot to verify the Cyp51A

protein expression (Fig. 1B).

All cyp51A sequences were identical to A. fumigatus or A. lentulus cyp51A sequences,
respectively, with the exception of one clone for DSY3961+CM1290cDNA that exhibited
nucleotide changes compared with the original CM1290 cyp51A. This resulted in non-
synonymous changes but on a non-conserved region of the Cyp51A protein (K153E,
D253N, T289A and Q418R). These two clones were analysed independently and named

as DSY3961+CM1290cDNA (a) and (b).
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3.2. Azole drug susceptibility

Two S. cerevisiae clones for every Aspergillus spp. cyp51A allele were chosen for azole
susceptibility analysis by Etest. All clones expressing Aspergillus spp. cyp51A showed
higher MICs to fluconazole compared with the S. cerevisiae background strain (data not
shown). This is consistent with the intrinsic fluconazole resistance shown by Aspergillus
spp. Saccharomyces cerevisiae clones expressing A. lentulus cyp51A alleles showed
higher MICs to itraconazole, posaconazole and voriconazole than those expressing A.
fumigatus cyp51A alleles (Fig. 1C). Differences in azole susceptibilities were observed
between clones with the same A. lentulus cDNA background [DSY3961+CM1290cDNA
(b) showed higher MICs than DSY3961+CM1290cDNA (a); Fig. 1C]. These differences
could be due either to the nucleotide changes that were found in
DSY3961+CM1290cDNA (b) or to an increase in cyp51A expression depending on the
plasmid copy number. However, statistical analysis showed that despite the slight
difference between CM1290 clones, the expression of both cyp51A cDNA variants

resulted in increased resistance to all azoles tested compared with A. fumigatus.

3.3. Aspergillus fumigatus and Aspergillus lentulus Cyp51A three-dimensional protein
homology modelling

A 3D homology model was constructed to explore possible structural differences in
voriconazole interaction between Cyp51A from A. fumigatus (AfCyp51A) and A. lentulus

(AICyp51A). The crystal structure of 14a-sterol demethylase from M. tuberculosis
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(MtCyp51p) in complex with fluconazole (PDB code:1EAL) provided the common
template for the modelling and posterior differential study of these eukaryotic orthologs
of Aspergillus Cyp51A proteins (sequence identity between AlICyp51A and AfCyp51A
proteins is 95%) (Fig. 2). 3D modelled structures of Cyp51A in A. fumigatus and A.
lentulus showed an overall structural similarity to the structural template of 1.98A and
1.81A, in terms of RMSD of their respective Ca backbone traces (Fig. 3). No clear
differences in the putative voriconazole binding site could be deduced from comparison
of mere homology modelling-obtained structures. The few different residues between the
two proteins lay outside the theoretical substrate recognition site (Fig. 2). To obtain a
better adjustment of the structures, the hypothetical models of both proteins were

subject to a standard MD protocol.

3.4. Docking of the inhibitor into the catalytic site: insights into voriconazole binding

To detect possible critical differences arising from both theoretical models, the structure—
activity relationship of voriconazole was examined based on the docking models and
subsequent unrestrained MD simulation for 20 ns. After the MD, voriconazole’s putative
internal conformation within the bound form of Cyp51A was essentially identical in A.
fumigatus and A. lentulus. It could become partially stabilised by the formation of the
complex voriconazole—heme—Cyp51A through the triazolyl group, and by an internal
hydrogen-bonded interaction between the hydroxyl group and the nitrogen N1 in the 5-
fluoropyrimidinyl moiety. This result indicates that the dynamics did not affect the
inhibitor basic positioning inside the active site of the protein. However, the structural
predictions obtained after 20 ns of unrestrained MD suggest that a different structure for
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the BC loop is reached after voriconazole binding. The BC loop [33,50] is situated
between the a-helixes B and C and covers the protein region that ranges between
residues 96 and 127 in A. fumigatus and A. lentulus models (Fig. 2). Despite the total
BC loop sequence conservation between both Cyp51A enzymes, the dissimilar
conformation around voriconazole could be putatively related to their differential
susceptibility to the inhibitor (Fig. 4; Supplementary Fig. 1). The model for AfCyp51A BC
loop conformation shows that the occlusion of the catalytic centre upon voriconazole
binding could be mediated by the residues Y107, L110, F115 and F134 with the azole.
On the other hand, the more relaxed AlCyp51A BC loop structure would behave
differently with respect to azole interactions since the residues 4 A around voriconazole
are Y107, L110 and T111 and V114. For this reason, in AICyp51A a tandem of three
aromatic residues of tyrosine and phenylalanine would not participate in voriconazole
stabilisation, likely resulting in a weaker interaction in comparison with AfCyp51A (Fig.

5).

4. Discussion

Resistance to antifungals is a recognised problem that occurs at low frequency, but with
increasing rates in some countries [18,51,52]. As voriconazole is the recommended
treatment for invasive aspergillosis, the increasing incidence of azole resistance
represents a real concern. Few surveillance studies have been carried out to date [11],
therefore similar resistance rates may exist in other countries. In A. fumigatus, drug
resistance is largely confined to the azole class drugs, whilst resistance to polyene or

echinocandin drugs is uncommon. However, as the number of patients with disease or
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chemically-induced immune deficiencies increases, resistance among clinical strains
may became more common, especially with the expanded use of second-generation
triazole drugs for prophylaxis and empirical therapy. Moreover, resistance to antifungal
agents may be intrinsically present and the recent changes in the taxonomy of
Aspergillus spp. have implications on the interpretation of drug susceptibility profiles
[53]. For example, A. lentulus antifungal susceptibility testing indicated that this species
IS less susceptible to azole antifungals than A. fumigatus [12,21,22]. Moreover, this
decreased azole susceptibility appears to be intrinsic since all strains behaved in a

similar manner [21].

In this work, functional complementation of the essential gene ERG11 from S. cerevisiae
was accomplished by heterologous expression of A. fumigatus and A. lentulus cyp51A
alleles. Differences in azole susceptibility of clones bearing cyp51A alleles with different
point mutations, known to be responsible for azole resistance, have been addressed
previously [27]. A similar functional complementation system was recently used to
demonstrate A. fumigatus Cyp51A and Cyp51B function as 14a-sterol demethylases in
ergosterol biosynthesis [54]. Moreover, confirmation of the role of Cyp51A in the intrinsic
resistance of A. fumigatus to fluconazole has been demonstrated [27,54]. Reduced
susceptibility of A. lentulus to azoles is supported by the results of the current study as
S. cerevisiae strains expressing A. lentulus cyp51A cDNA were significantly less
susceptible to all azole drugs than those expressing A. fumigatus cyp51A (Fig. 1C).
Although one of the clones harboured some point mutations responsible for amino acid

changes, all of the amino acids are present in other Cyp51A enzymes from azole-
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susceptible fungal species. Therefore, the differences found in the MIC values between

clones are more likely due to the variable copy number of the plasmid.

The A. fumigatus and A. lentulus Cyp51Ap sequences are 95% identical. Since the few
amino acid changes could not explain, a priori, the differences in azole susceptibility, the
next step was an analysis of the structural conformation of these closely related
proteins. No crystal structure of Cyp51 from fungi has yet been obtained, probably
because they are membrane proteins that are difficult to purify and crystallise under
current conditions [55]. In the absence of a crystal structure, computer-assisted
homology modelling was used to predict the 3D structures of AfCyp51A and AICyp51A
and to determine the structural basis for the differences in their voriconazole affinity. The
crystal structure of M. tuberculosis Cyp51p (MtCyp51p) that has been solved bound to
fluconazole and 4-phenylimidazole was used [35]. Despite a lack of overall sequence
identity, MtCyp51p shares conserved substrate recognition site motifs and structure with
its mammalian, plant and fungal orthologs [48]. Homology models have been previously
used to flag up possible protein—drug interactions by providing an insight into which
residues in Cyp51 appear to be important for ligand binding [56]. In fact, Cyp51
homology models, based on prokaryotic P450s, have been reported for Candida
albicans, Candida krusei and S. cerevisiae [57—-61]. Currently, the M. tuberculosis
Cyp51p is being used as a template in models for fungal Cyp51 enzymes such as
Penicillium digitatum, C. albicans, A. fumigatus and Cryptococcus neoformans
[28,55,56]. Moreover, several models have been previously inferred for A. fumigatus
Cyp51A in combination with itraconazole, voriconazole and posaconazole, providing

predictions about how the different azoles interact with AfCyp51A [28-30].
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The 3D folding patterns of the overall superimposed AfCyp51A and AlCyp51A structures
were very similar. Also, voriconazole’s internal conformation within the bound form of
Cyp51A derived from docking models was essentially identical in A. fumigatus and A.
lentulus. Both the AfCyp51A and AICyp51A models have a substrate access channel
embedded in the interior of the protein, sharing similar topological features to those in
MtCyp51p [28]. In the crystal structure of MtCyp51p, the N-terminus of the | helix and
the BC loop form the entrance of the substrate access channel. The | helix has a
potential ability to bend in response to certain stimuli, such as substrate or redox partner
binding, to release the BC loop from close contacts in the binding site, enlarging the

space available for substrate or inhibitor binding [28,35].

Despite the total AfCyp51A and AICyp51A BC loop sequence conservation, the MD
simulation supports the hypothesis that their closed conformation around voriconazole
could be putatively related to their differential susceptibility to the inhibitor. Therefore, the
BC loop conformation in the A. fumigatus model would allow the catalytic site to remain
occluded upon the triazole derivative binding and so stabilises the voriconazole—heme-—
C454 coordination complex in a closed configuration. However, the A. lentulus BC loop
could not perform such a task, possibly due to the alternative position reached by this
region after binding of the inhibitor, as suggested by the MD simulation. The
experimentally detected differential behaviour of both systems towards voriconazole
could be a direct consequence of different contact patterns among protein residues, the
inhibitor and the heme group at this site. The model for A. fumigatus BC loop

conformation shows that occlusion of the catalytic centre upon voriconazole binding
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appears to be mediated by the residues Y107, L110, F115 and F134 with the azole. In a
previous AfCyp51 model [28], F115 was one of the residues in the substrate access
channel sited in the B’ helix inside the BC loop. Moreover, F134 and Y107 form part of
the hydrophobic cleft that interacts with the substrate and stabilises it in the active site
[28]. The differences found in the location of the AICyp51A residues at 4 A around
voriconazole (Y107, L110 and T111 and V114) would explain a different voriconazole—
Cyp51A interaction owing to the lack of a tandem of three aromatic residues and would
not allow for efficient voriconazole stabilisation like that seen with AfCyp51A. Moreover,
the recent description that non-synonymous amino acids alterations in an A. fumigatus
Cyp51A homology model, located far from the two ligand access channels and outside
of the conserved regions of the Cyp51A protein, do not affect Cyp51A biological activity

may support these argument [30].

Xiao et al. [29] have previously defined that aromatic and hydrophobic interactions are
the primary binding determinants between voriconazole and residues Y107, F115,
M292, A293, 1364, 1367 and L494. In agreement with this finding, Sheng et al. [55] using
the C. neoformans Cyp51 model showed that the higher affinity of voriconazole for the
protein may be due to an extra hydrophobic interaction with the phenyl group of Y131.
Moreover, substitutions in the regions surrounding residue F134 have also been related

to voriconazole resistance shown by Absidia corymbifera and Rhizopus oryzae [62].

In summary, the data presented here indicate that A. lentulus is less susceptible to all
azole drugs. The reduced susceptibility to voriconazole shown by A. lentulus appears to

be due to a decreased affinity of the target Cyp51A for this azole, as deduced indirectly
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from susceptibility patterns in S. cerevisiae. However, further insights into the azole drug
interaction of Cyp51A are still speculative until a crystal structure is available.
Meanwhile, the study of molecular mechanisms of antifungal drug resistance is
important in order to understand better the basis of resistance and to develop clinical
and pharmacological strategies to avoid resistance in the future. The structural model of
A. lentulus Cyp51A described in this study can be used in azole drug optimisation,
virtual screening or de novo inhibitor synthesis to improve the treatment of infections
caused by this intrinsically azole-resistant species of fungi [63,64]. In addition, the
knowledge of enzyme—inhibitor interactions would be useful in developing new, or more

potent, antifungal drugs.
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Fig. 1. (A) Screening of clones Saccharomyces cerevisiae DSY3961+CM237cDNA and
DSY3961+CM1290cDNA on minimal yeast nitrogen base medium without uracil (YNB—
ura) in the presence of galactose (2%) with or without doxycycline (2 ug/ml). (B)
Immunodetection of Cyp51A proteins for DSY3961+CM237cDNA (lane 1) and
DSY3961+CM1290cDNA clones (a) and (b) (lanes 2 and 3). Lane 4, negative control
(DSY3961+vector pYES2/CT). (C) Plots representing Etest susceptibility testing to
itraconazole (white), voriconazole (grey) and posaconazole (black) for
DSY3961+CM237cDNA, DSY3961+CM1290cDNA(a) and DSY3961+CM1290cDNA(b).
P-values between Aspergillus fumigatus and Aspergillus lentulus clones are also shown.

See Sections 2.1 and 3.1 for a description of the strains.

Fig. 2. Sequence alignment of amino acid sequences of Aspergillus fumigatus,
Aspergillus lentulus and Mycobacterium tuberculosis Cyp51. Identical and similar
residues are shown on a black background and with black frames, respectively.
Asterisks mark the residues positioned <4 A from voriconazole. The putative substrate
binding site (black triangles) and the secondary structure elements of M. tuberculosis
Cyp51p (PDB:1EA1) are labelled in agreement with the nomenclature of Podust et al.

[48] using ESPript 2.2 [49].

Fig. 3. (A) Structural alignment of Aspergillus fumigatus (blue) and Aspergillus lentulus
(yellow) protein three-dimensional (3D) models showing the putative conformation of a

docked molecule of voriconazole (purple) within the catalytic site. (B) Details of docked
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conformations of voriconazole to A. fumigatus (left) and A. lentulus (right) catalytic sites

in the Cyp51 proteins.

Fig. 4. Surface representation of (A) Aspergillus fumigatus and (B) Aspergillus lentulus
Cyp51A protein models after molecular dynamics (MD) simulation. Van der Waals
atomic surface representation of A. fumigatus (A, light blue) and A. lentulus (B, light
yellow) protein models as calculated from their respective theoretical structures bound to
voriconazole and heme cofactor after 20 ns of MD. In (A), the A. fumigatus BC loop
conformation (orange) almost completely occluding the access channel to the catalytic
site of Cyp51A. In (B), the homologous BC loop of A. lentulus (red) leaving the
voriconazole binding site basically accessible to the solvent. Protein surface in contact

with voriconazole (purple) and the heme cofactor (green) are also shown.

Fig. 5. Representation of the modelled BC loop and contacting residues (Y107, F115
and F134) in (A) Aspergillus fumigatus and (B) Aspergillus lentulus Cyp51A catalytic
centres after molecular dynamics simulation. The voriconazole molecule is coloured in

purple and the heme cofactor in green.
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Supplementary Fig. 1. Root mean square deviation (RMSD) from two molecular
dynamics (MD) simulations of (A) Aspergillus fumigatus and (B) Aspergillus lentulus
CYP51 models bound to voriconazole. CYP51 whole protein (red) and BC loop (black)
backbone traces RMSD values are plotted in each panel. All values were calculated
along a single 20 ns MD trajectory for each organism’s model, taking as reference
structure their respective comparative models based on CYP51 in complex with azole
inhibitors from Mycobacterium tuberculosis (PDB:1EA1). In terms of RMSD, the whole
backbone structure changes similarly in both models and remains stabilised during the
last nanoseconds of simulation (red lines). In contrast, whilst the structure of the BC loop
in A. fumigatus varies in a similar amount to the whole protein structure during the MD
simulation (black line, upper panel), the same loop in A. lentulus (black line, lower panel)
exhibits a more pronounced movement (RMSD values higher than 6 A) that results in
the differentiated open position of the A. lentulus BC loop showed as shown in Figs 4

and 5.
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Supplemental Figure0 1. BmMs mea6surin% frof twd? MO simdfatior ofZR. fumigatus
(A) and A. lentulus(B) CYP51 models W(%goriconazole. CYP51 whole protein
(red) and BC-loop (black) backbone traces RMSD values are plot in each panel. All
values were calculated along a single 20 ns MD trajectory for each organism’s model,
taking as reference structure their respective comparative models based in CYP51 in
complex with azole inhibitors from Mycobacterium tuberculosis (PDB:1EA1). In terms of
RMSD, the whole backbone structure changes similarly in both models and remains
stabilized during the last nanoseconds of simulation (red lines). In contrast, while the
structure of the BC loop in A. fumigatus varies in a similar amount to the whole protein
structure during the MD simulation (black line, upper panel), the same loop in A.
lentulus (black line, lower panel) exhibits a more pronounced movement (RMSD values
higher than 6 A) that results in the differentiated open position of A. lentulus BC loop
showed in figures 4 and 5.






