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ABSTRACT
The crystal structure of Saccharomyces cerevisiae lanosterol 14α demethylase
(ERG11; CYP51) is the first complete structure of this important antifungal target
and is the first full-length structure of a membrane-inserted cytochrome P450. The
yeast structure includes an N-terminal domain comprising a membrane associated
helix and a transmembrane helix that interacts with the cytosolic catalytic domain.
The catalytic domain of the yeast enzyme has the standard cytochrome P450 fold
but differs in primary sequence from other CYP51s for which crystal structures
have been solved. Complexes of yeast CYP51 with several important fungicides as
fluquinconazole, prochloraz, desthio-prothioconazole and tebuconazole are
described.

INTRODUCTION
Sterol 14α demethylase (CYP51) has been a major target for agricultural fungicides for
decades (Kuck et al. 2012a; Kuck et al. 2012b). While numerous crystal structures of
truncated CYP51 proteins from different organisms have been reported, some authors recently
solved the first CYP51 crystal structure of a complete fungal protein (Monk et al. 2014). The
Saccharomyces cerevisiae CYP51 structure revealed for the first time the structure of the
transmembrane N-terminal part of the protein and features found only in the fungal lineage.
Here we report on CYP51 co-crystal structures with some important agricultural fungicides.

OVERALL STRUCTURE OF YEAST CYP51
The yeast CYP51 catalytic domain adopts the fold determined for truncated CYP51 proteins
from several other species (Homo, Trypanosoma, Leishmania, Mycobacterium) and the fungus
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Aspergillus fumigatus (Hargrove et al. 2015) (Figure 1). Substrate and inhibitors gain access
from the interior of the membrane to the active site porphyrin through an entry channel, which
is defined in the crystal structure by the extended tail antimycotic azole drug itraconazole. The
fungal-specific ‘heme bulge’ sequence (Hargrove et al. 2015) comprising a DYGYG motif, is,
by comparison with the structure of cytochrome P450BM-3 (pdb ID 1BVY), likely to be the
face of the enzyme that interacts with its cognate cytochrome P450 reductase (NADPH-CPR).
The sequence variation in this protein loop may explain a requirement for the respective
cognate NADPH-CPR in order to fully reconstitute a biochemically active enzyme (Warrilow
et al. 2015).

Figure 1

Overall structure of yeast CYP51 in complex with itraconazole (shown in bold
colors). Left: Transmembrane orientation of the protein and likely interaction face
(fungus-specific ‘heme bulge’) with NADPH-cytochrome P450 reductase (CPR).
Right: A view into the substrate entry channel containing the long tail of
itraconzole.

INHIBITORS OF YEAST CYP51
Inhibitors used
We have determined by X-ray co-crystal structures of S. cerevisiae CYP51 with seven
structurally diverse fungicidally active inhibitors (Figure 2). Neither prothioconazole nor its
more stable analogue oxo-prothioconazole (in which the sulfur atom is replaced by an oxygen
atom), bind to yeast CYP51 using the typical type II binding mode detected by difference
spectrophotometry (Parker et al. 2011 and own data), and, no co-crystals could be obtained
with these compounds. In contrast, both type II binding and diffracting co-crystals were
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readily obtained with desthio-prothioconazole. Tebuconazole and desthio-prothioconazole
exist as two different enantiomers, which were analysed separately. Both the R- and Senantiomers of tebuconazole and desthio-prothioconazole showed tight type II binding to S.
cerevisiae CYP51 affinity purified using a C-terminal hexahistidine tag.

Figure 2

Chemical structures of the CYP51 inhibitors.

Biological activities of the inhibitors used
We determined the minimum inhibitory concentration values for 80% growth inhibition
(MIC80) for a yeast strain overexpressing S. cerevisiae CYP51 (Strain MMLY 941, Monk et
al. 2014). The values obtained are: fluconazole - 6,500 nM; S-tebuconazole - 80 nM; Rtebuconazole - 2,000 nM; S-desthioprothioconazole - 20 nM; R-desthioprothioconazole - 4500
nM; fluquinconazole - 1000 nM; prochloraz - 3,500 nM. For both enantiomeric inhibitors the
S-enantiomer is significantly more active than the R-enantiomer. In a yeast strain expressing S.
cerevisiae CYP51 Y140F the MIC80 values are: fluconazole -13,000 nM; S-tebuconazole - 600
nM; R-tebuconazole - 3,500 nM; S-desthioprothioconazole - 35 nM; R-desthioprothioconazole
- 7,500 nM; fluquinconazole - 2,000 nM; prochloraz - 7,000 nM.
Structures of CYP51 inhibitor co-crystals
Details of the co-crystal structure of each inhibitor with yeast CYP51 are shown in Figure 3.
The tertiary hydroxyl group of some inhibitors formed a water-mediated hydrogen bond
network with the hydroxyl group of Y140 and a carboxylate of the porphyrin (Sagatova et al.
2015). This finding might explain the reduced susceptibility of yeast Y140F and Zymoseptora
tritici Y137F mutants to these compounds (Sagatova et al. 2016).
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Figure 3
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Crystal structures of yeast CYP51 in complex with fungicides. The structure of
yeast CYP51 in complex with fluconazole depicts the location of the cut-out shown
for all other structures. PDB IDs: Fluconazole: 4WMZ; S-tebuconazole: 5EAB; Rtebuconazole: 5EAC; S-desthio-prothioconazole: 5EAD; R-desthio-prothioconazole:
5EAE; fluquinconazole: 5EAF; prochloraz: 5EAG.
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A noteworthy finding is that the more active S enantiomers of tebuconazole and of desthioprothioconazole place their ‘smaller’ and ‘bigger’ side chains in opposite directions (proximal
or distal to the entry channel). This opposite positioning might indicate how prothioconazole
and tebuconazole are differentially affected by resistance mutations in the field (Cools et al.
2013).

Figure 4

Projection of fungicide resistance mutations known from field isolates of Z. tritici
into the yeast CYP51 structure (yeast residues highlighted). The color follows the
backbone chain as a rainbow.

Location of CYP51 resistance mutations
Figure 4 projects the location of amino acid mutations found in azole resistant Z. tritici field
isolates onto the structure of S. cerevisiae CYP51. Apart from L50S, which is of minor
consequence, and deletions of residues 459-461 in the ‘heme bulge’, all the agriculturally
significant mutations are located within the inhibitor binding site. The highest levels of azole
resistance are detected, when A379G, I381V and V136A occur together (Cools & Fraaije
2013). All these mutations are predicted to enlarge the binding cavity and might therefore
decrease inhibitor-binding affinity by conferring a more loose fit. This interpretation may not
be correct as these mutations have been found to render the enzyme dysfunctional (Cools &
Fraaije 2013; Cools et al. 2013). Alternatively, the co-occurence of the deletions in residues
459-461 in Z. tritici CYP51 may downsize the heme bulge and restore enzyme activity by
decreasing the distance between the the porphyrin and the electron donating flavin
mononucleotide of the cognate NADPH-Cytochrome P450 reductase. In this case, the space
available for the inhibitors in the active site might even be diminished by an altered disposition
of the heme.
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