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ABSTRACT Within the past few decades, the incidence and complexity of human
fungal infections have increased, and therefore, the need for safer and more effi-
cient, broad-spectrum antifungal agents is high. In the study described here, we
characterized the new tetrazole-based drug candidate VT-1598 as an inhibitor of
sterol 14�-demethylase (CYP51B) from the filamentous fungus Aspergillus fumigatus.
VT-1598 displayed a high affinity of binding to the enzyme in solution (dissociation
constant, 13 � 1 nM) and in the reconstituted enzymatic reaction was revealed to
have an inhibitory potency stronger than the potencies of all other simultaneously
tested antifungal drugs, including fluconazole, voriconazole, ketoconazole, and po-
saconazole. The X-ray structure of the VT-1598/A. fumigatus CYP51 complex was de-
termined and depicts the distinctive binding mode of the inhibitor in the enzyme
active site, suggesting the molecular basis of the improved drug potency and broad-
spectrum antifungal activity. These data show the formation of an optimized hydro-
gen bond between the phenoxymethyl oxygen of VT-1598 and the imidazole ring
nitrogen of His374, the CYP51 residue that is highly conserved across fungal patho-
gens and fungus specific. Comparative structural analysis of A. fumigatus CYP51/vori-
conazole and Candida albicans CYP51/VT-1161 complexes supports the role of H
bonding in fungal CYP51/inhibitor complexes and emphasizes the importance of an
optimal distance between this interaction and the inhibitor-heme iron interaction.
Cellular experiments using two A. fumigatus strains (strains 32820 and 1022) dis-
played a direct correlation between the effects of the drugs on CYP51B activity and
fungal growth inhibition, indicating the noteworthy anti-A. fumigatus potency of VT-
1598 and confirming its promise as a broad-spectrum antifungal agent.

KEYWORDS fungal infections, Aspergillus fumigatus, VT-1598, sterol 14�-demethylase
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About 300 fungal species can cause disease in humans (https://www.cdc.gov/
fungal/diseases/). The diseases vary from those that are relatively less serious but

that at times include tenacious superficial infections of the skin and nails that affect
�25% of the population worldwide to life-threatening invasive infections that kill 1.5
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million to 2 million people each year (1, 2). Despite recent advances in prevention and
diagnosis, the incidence of fungal infections continues to rise, particularly due to the
increase in the number of immunocompromised patients (3–6). Available clinical
antifungal agents include echinocandins, polyenes, and azoles. Echinocandins damage
the fungal cell wall, and polyenes remove ergosterol from fungal membranes, disrupt-
ing their structure, while azoles (inhibitors of the fungal cytochrome P450 enzyme
sterol 14�-demethylase [CYP51, EC 1.14.13.70]) block the biosynthesis of ergosterol de
novo, thus depleting the source of ergosterol for the membranes and preventing the
formation of regulatory sterols, which are required for cell cycle regulation, cell devel-
opment, and multiplication (7). Although azoles [1-imidazole and 1-(1,2,4-triazole)
derivatives] represent the major class of antifungal drugs (2, 8), each of them still has
limitations, such as spectrum of activity, resistance, side effects, drug-drug interactions,
or pharmacokinetic profile (3). Consequently, the treatment efficiency remains unac-
ceptably low (the rates of mortality from invasive fungal infections often exceed 50%
[1, 2]), and the outcomes strongly depend on how quickly the patient is diagnosed
and treated (1, 4). New, safer, and more efficient drugs which would preferably have
broad-spectrum antifungal activity are highly needed (9).

Within the past few years, Viamet Pharmaceuticals has successfully developed novel
and highly promising 1-tetrazole-based antifungal drug candidates (including VT-1161
for candidiasis [10], VT-1129 for cryptococcosis [11], and VT-1598 for coccidioidomyco-
sis [12]). Because of the use of a tetrazole ring, which represents a metal-binding group
less avid than the triazole metal-binding group, these compounds act as selective
fungal CYP51-targeting inhibitors with very few off-target effects on human hepatic
cytochrome P450 enzymes. This improved selectivity should translate into a lower
propensity to cause side effects, such as drug-drug interactions and liver toxicity
(13–15; C. M. Yates, E. P. Garvey, S. R. Shaver, R. S. Schotzinger, and W. J. Hoekstra,
submitted for publication).

In the study described here, we characterized VT-1598 as a ligand and inhibitor of
sterol 14�-demethylase from the pathogenic filamentous fungus Aspergillus fumigatus
and determined the X-ray costructure of the enzyme/inhibitor complex. The structure
shows that, in addition to the coordination bond with the catalytic heme iron and
multiple hydrophobic contacts with the protein moiety (the interactions typical for
other azole-based CYP51 inhibitors), the VT-1598/CYP51 complex is stabilized by a
hydrogen bond between the oxygen of the inhibitor and the nitrogen of His374 of the
enzyme, the residue that is highly conserved across the fungal kingdom and fungus
specific. The correlation between the inhibitory effects of the drugs on the CYP51B
activity and A. fumigatus cellular growth inhibition confirms that VT-1598 is a promising
antifungal agent with potent activity against the most prevalent pathogen of human
invasive mold infections.

RESULTS
VT-1598 displays a high affinity of binding to A. fumigatus CYP51B. Upon titration

with VT-1598, A. fumigatus CYP51B produces the characteristic type 2 spectral response
(16), a red shift in the porphyrin Soret band maximum from 417 to 422 nm (Fig. 1). This
shift is indicative of water expulsion and coordination of a moderately basic (17)
tetrazole nitrogen of VT-1598 to the distal (axial) face of the cytochrome P450 heme
iron. The low nanomolar value of the enzyme-ligand dissociation constant (Kd; 13 � 1
nM) indicates a strong affinity between VT-1598 and the A. fumigatus CYP51 enzyme.
For comparison, the Kd values for complexes of A. fumigatus CYP51B with the first-line
clinical antiaspergillosis drug voriconazole and another tetrazole-based CYP51 inhibitor
from Viamet (VT-1161), determined under the same experimental conditions, were
56 � 4 nM (18) and 47 � 11 nM (19), respectively.

VT-1598 acts as a potent inhibitor of A. fumigatus CYP51B enzymatic activity.
VT-1598 completely blocked the initial rate of the A. fumigatus CYP51B reaction at a 1:1
molar ratio of inhibitor/enzyme (data not shown). Because we previously observed such
a behavior for many inhibitors of other CYP51 orthologs (20, 21), in the present study
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we used a long-term reaction (1 h) and a 2-fold molar excess of the inhibitor over the
enzyme, as these conditions allow screening out of the inhibitors that can be replaced
in the CYP51 active site by the substrate over time and thus reveal the most potent
compounds (18, 22). Figure 2 shows that VT-1598 had the strongest inhibitory effect on
the activity of A. fumigatus CYP51B: 100% inhibition of substrate conversion at a
P450/inhibitor/eburicol molar ratio of 1:2:50. It was followed by voriconazole (93%
inhibition), posaconazole (89% inhibition), and VT-1161 (84% inhibition). Consistent
with their known activity against A. fumigatus, ketoconazole and fluconazole were

FIG 1 Spectral response of A. fumigatus CYP51B to the addition of VT-1598. Type 2 shifts in the Soret
band maximum in the absolute (top, red line) and difference (bottom) absorbance spectra are shown.
The P450 concentration was 0.8 �M, the titration step was 0.1 �M, and the optical path length was 5 cm.
(Inset) Titration curve. The data for the ligand-induced absorbance changes versus the ligand concen-
tration were fitted to the quadratic equation in GraphPad Prism software, as described in Materials and
Methods.

FIG 2 Comparative inhibitory effects of VT-1598, VT-1161, and clinical antifungal drugs on the activity of A.
fumigatus CYP51B. The molar ratio of enzyme/inhibitor/substrate was 1:2:50, and the P450 concentration was 0.5
�M (60-min reaction). The experiments were performed in triplicate, and the results are presented as means � SDs.
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significantly less effective inhibitors. Thus, the potency of VT-1598 was found to be
higher than the potencies of all tested clinical antifungal azoles.

Structural basis for the potent inhibitory effect of VT-1598. In order to under-
stand the molecular basis of the VT-1598 inhibitory potency, the crystal structure of its
complex with A. fumigatus CYP51B was determined. For crystallization purposes, the
49-amino-acid membrane anchor sequence at the N terminus of A. fumigatus CYP51B
was replaced with the 5-amino-acid sequence fragment MAKKT- and the 6 amino acid
residues at the C terminus (-ESATKA) were replaced with a 6His tag (18). To obtain the
enzyme/inhibitor complex, VT-1598 was added to the buffer solution upon the last step
of the purification procedure, as described in Materials and Methods. The complex was
crystallized in the hexagonal P3121 space group and diffracted to a maximum resolu-
tion of 2.99 Å (Table 1). The asymmetric unit consisted of one monomer (Fig. 3a), and
the protein chain was seen from Lys50 (KT- in the N-terminal MAKKT- sequence) to
His519 (the C-terminal His tag). The electron density for VT-1598 was well defined,
showing full occupancy and a single orientation of the inhibitor molecule within the
CYP51 binding cavity (Fig. 3b).

The N-4 atom of the tetrazole ring of VT-1598 forms the sixth axial coordination
bond with the heme iron on the distal surface of the porphyrin plane (Fig. 3c), with the
fifth axial coordination bond (on the proximal surface of the heme plane) being formed
with the thiolate ion of Cys463. Interestingly, considering that the relatively lower
electronegativity of the tetrazole ring N-4 atom would predict a greater distance
between atoms, the length of the Fe–VT-1598 coordination bond is 2.1 Å, which is more
typical for coordination bonds between the CYP51 iron and 1,2,4-triazoles (13, 17, 22).
The difluorinated �-phenyl ring of VT-1598 protrudes deeper into the CYP51 substrate
binding cavity, while the long arm lies within the substrate access channel, with its

TABLE 1 Data collection and refinement statistics

Parametera

Values(s) for A. fumigatus
CYP51B- VT-1598

Data collection statistics
Wavelength (Å) 0.97856
Space group P3121

Unit cell dimensions
a, b, c (Å) 109.86, 109.86, 84.838
�, �, � (°) 90.00, 90.00, 120.00

No. of molecules per asymmetric unit 1
No. of reflections 12,238
Resolution (outer shell) (Å) 95.15–2.99 (3.07–2.99)b

Rmerge (outer shell) 0.033 (0.648)b

I/� (outer shell) 26.1 (1.9)b

Completeness (outer shell) (%) 99.4 (100.0)b

Redundancy (outer shell) 5.4 (5.6)b

Refinement statistics
Rwork 0.258
Rfree 0.280
RMSD from ideal geometry

Bond lengths (Å) 0.005
Bond angles (°) 0.754

Ramachandran plot (%)
Residues in favorable/allowed regions 95.7/99.8
Outliers 0.2

No. of atoms (mean B-factor [Å2]) 3,838 (153.7)
No. of residues per molecule (mean B-factor [Å2])

Protein 470 (155.6)
Heme 1 (139.6)
Ligand VT2 1 (140.8)

PDB accession no. 5FRB
aI, intensity of the a reflection; RMSD, root mean square deviation.
bThe values in parentheses represent the highest-resolution shell.
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benzonitrile portion being seen above the surface of the channel entry (Fig. 3a,
bottom). VT-1598 forms van der Waals contacts with 19 amino acid residues of A.
fumigatus CYP51B (Fig. 3c): Y68 and G69 from helix A=; Y122, T126, and F130 from helix
B=; V135 and Y136 from the �B� turn (P450 substrate recognition site 1 [SRS1] [23]); F234
from helix F� (SRS2); A303, A307, and S311 from helix I (SRS4); H374 and S375 from the
�K/�1-4 loop; M360 from �1-4 (SRS5); and F504, Y500, S501, S502, and L503 from the
�4 hairpin (SRS6), with the �A=, �F�, and �4 hairpins forming the access channel entry.
In addition, the CYP51/VT-1598 interaction is strengthened by the H bond between the
imidazole ring of H374 (proton donor) and the phenoxymethyl oxygen of VT-1598
(proton acceptor) (Fig. 3c). Thus, the tight binding of VT-1598 to A. fumigatus CYP51B
and its profound inhibitory effect on the activity of the enzyme are due to the
combination of its (i) coordination bond with the iron of the heme moiety, (ii) van der
Waals interactions with the 19 amino acid residues of the protein moiety, and (iii) the
hydrogen bond with H374 (2.96 Å, �4 kcal/mol), which is at least 1 order of magnitude
stronger than the average strength of a van der Waals contact.

FIG 3 Complex of A. fumigatus CYP51 with VT-1598. (a) Overall view in a ribbon representation (top) and surface representation (bottom). (b) 2Fo � Fc electron
density map (gray mesh) of VT-1598 contoured at 1.2�. (c) Enlarged view of the binding site. Eighteen VT-1598-contacting residues (�4.5 Å from the inhibitor)
and the corresponding secondary structural elements are marked. The H bond is depicted as a pink dashed line. The heme iron coordination bonds are depicted
as orange wires. VT-1598 and amino acid side chains are presented as stick models, and the heme (except for panel c) is shown as spheres. The carbon atoms
of the inhibitor are green; the carbon atoms of the enzyme are gray. The color code and orientation are the same in all panels.

FIG 4 Inhibitory effects of VT-1598, VT-1161, and voriconazole at a 50 �M concentration on A. fumigatus
cellular growth. A. fumigatus strains 1022 and 32820 were exposed to the drugs in 96-well plate cultures
for 24 h, and then alamarBlue was added to the cultures for 6 h to evaluate fungal growth. Experiments
were performed in triplicate, and the bars represent the means � SEs from triplicate experiments. The
P values were determined using two-way analysis of variance.
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FIG 5 Structural basis for the broad-spectrum antifungal activity of VT-1598. (a) VT-1598 bound in the
active site of A. fumigatus CYP51B; (b) VT-1161 bound in the active site of C. albicans CYP51 (PDB
accession number 5TZ1); (c) VT-1161 (cyan) modeled into the active site of A. fumigatus CYP51B (tan); (d)
VT-1598 in the model of A. fumigatus CYP51A (aquamarine). The oxygen atom of each inhibitor that
forms an H bond with the histidine residue of the protein and the heme iron coordinating nitrogens (in
a to c) are circled (in green); the distances are shown (orange); the color code and orientation are the
same in all panels.
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A. fumigatus cellular growth inhibition. The potencies of VT-1598, voriconazole,
and VT-1161 against A. fumigatus cells were tested using two strains of the fungus
(strains 1022 and 32820) (Fig. 4), and with both strains, cell growth inhibition was found
to correlate with the inhibitory effects of the compounds on CYP51B activity. VT-1598
inhibition was essentially the same as that observed with the first-line antiaspergillosis
drug voriconazole, and the levels of inhibition provided by both VT-1598 and voricona-
zole were superior to the level of inhibition provided by VT-1161.

DISCUSSION

Unlike the vast majority of nonphotosynthetic species (24), A. fumigatus has two
CYP51 genes, each of which is present as a single copy (chromosomes 4 and 7) and
which are named CYP51A and CYP51B, respectively (25). The CYP51B gene is expressed
constitutively, is found in all sequenced fungi, and has been reported to encode the
enzyme primarily responsible for sterol 14�-demethylation, while the CYP51A gene,
which appears in some filamentous ascomycetes, was suggested to be expressed only
under evolutionary pressure (26, 27). The presence of two CYP51 genes implies a
possibility for the faster biosynthesis of ergosterol in A. fumigatus and might be one of
the reasons for the high level of resistance of this pathogen to treatment (18). The
fungal growth data (i) support the importance of the A. fumigatus CYP51B enzyme, (ii)
suggest that VT-1598 must inhibit CYP51A as well, and (iii) characterize VT-1598 as a
promising drug candidate for the treatment of aspergillosis and a noteworthy alterna-
tive to voriconazole, which, in addition to the high frequency of A. fumigatus resistance
to voriconazole (28), often produces adverse side effects (visual disturbances, skin

FIG 6 A fragment of multiple-sequence alignment showing the conservation of His374 (A. fumigatus
CYP51B numbering) in fungal CYP51 enzymes. Human and Zea mays CYP51 sequences are included for
the comparison with fungal CYP51 enzyme sequences. The type B (versus type A) CYP51-defining proline
is shadowed in gray. The sequences were aligned using the Clustal Omega program, and the figure
was prepared in the GeneDoc program. Z. mays, Zea mays; V.nashicol, Venturia nashicola; U.necator,
Uncinula necator; B.graminis, Blumeria graminis; M.acuformi, Melanella acuformis; A.fumigatB, Aspergillus
fumigatus B; A.flavusB, Aspergillus flavus B; A.clavatB, Aspergillus clavatus B; A.terreusB, Aspergillus terreus
B; C.posadasi, Coccidioides posadasii; C.immitis, Coccidioides immitis; F.nodorum, Fusarium nodorum;
M.graminic, Mycosphaerella graminicola; P.italicum, Penicillium italicum; A.fumigatA, Aspergillus fumigatus
A; A.clavatA, Aspergillus clavatus A; A.flavusA, Aspergillus flavus A; A.terreusA, Aspergillus terreus A;
C.albicans, Candida albicans; C.dublinie, Candida dubliniensis; C.tropical, Candida tropicalis; C.krusei,
Candida krusei; C.glabrata, Candida glabrata; C.neoforma, Cryptococcus neoformans; M.globosa, Malasse-
zia globosa.
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rashes, hepatotoxicity, vomiting, abdominal pain, etc.) which result in the need for
permanent therapeutic drug monitoring (29).

Interestingly, similar to VT-1598, the binding of voriconazole to A. fumigatus CYP51B
also involves H-bond formation (between the nitrogen of the 5-fluoropyrimidine ring of
voriconazole and the side chain hydroxyl oxygen of Tyr122 [18]). The crucial role of H
bonding in strengthening the CYP51/inhibitor complexes was first discovered for the
VNI scaffold inhibitors of protozoan CYP51 (21, 30). A strong H bond (2.8 Å) between
the trifluoroethoxyphenyl oxygen of VT-1161 and His377 was found in its complex with
Candida albicans CYP51 (22). Since His377 in C. albicans corresponds to His374 in A.
fumigatus CYP51B (Fig. 5a and b) and VT-1161 is one of the strongest C. albicans CYP51
inhibitors identified (22), it is, at first glance, unclear why VT-1161 produces a weaker
effect on the A. fumigatus ortholog (Fig. 2). Comparative structural analysis of these two
complexes (A. fumigatus CYP51B/VT-1598 and C. albicans CYP51/VT-1161) suggests that
this might be associated with the relatively shorter length of the VT-1161 fragment
connecting the heme coordinating nitrogen and the H-bond-forming oxygen (13.1 Å
with VT-1161 versus 14.4 Å with VT-1598 [Fig. 5a and b]). Indeed, modeling of VT-1161
into the A. fumigatus CYP51B active site shows that the distance between the VT-1161
oxygen and the nitrogen of A. fumigatus CYP51B His374 is likely much greater than 3
Å, so the H bond would be either weak at best or not formed at all (Fig. 5c). Thus, the
longer fragment of VT-1598 apparently provides a better opportunity for optimized
H-bond formation, which is also supported by the high affinity of VT-1598 binding to
C. albicans CYP51 (Kd � 25 nM). This feature is likely highly advantageous for broad-
spectrum antifungal activity because the histidine residue is conserved among fungal
sterol 14�-demethylases (including CYP51A sequences) and is fungi specific (Fig. 6, see
also Fig. 5d). This finding is consistent with the broadly acting and highly selective
antifungal activity of VT-1598 (C. M. Yates, E. P. Garvey, S. R. Shaver, R. S. Schotzinger,
and W. J. Hoekstra, unpublished data). Given this profile, VT-1598 has the potential to
become a life-saving drug that could be applied in a timely fashion for the treatment
of various invasive fungal infections.

MATERIALS AND METHODS
Reagents. VT-1598 and VT-1161 were synthesized by Viamet Pharmaceuticals. Voriconazole, keto-

conazole, and posaconazole were purchased from Santa Cruz Biotechnology (Santa Cruz, CA); flucona-
zole was from ICN Biomedicals. Hydroxypropyl-�-cyclodextrin (HPCD) was purchased from Cyclodextrin
Technology Development (Gainesville, FL). A. fumigatus CYP51B (the full-length and truncated con-
structs) and rat NADPH-cytochrome P450 reductase (CPR) were expressed in Escherichia coli and purified
as described previously (18). The full-length protein was used for functional studies, including ligand
binding, reconstitution of enzymatic activity, and inhibition. The truncated protein was used for crystal-
lization purposes.

Spectroscopic measurements and ligand binding assay. UV-visible absorption spectra were
recorded using a dual-beam Shimadzu UV-2401PC spectrophotometer in 50 mM potassium phosphate
buffer (pH 7.2) containing 10% (vol/vol) glycerol and 0.1% (vol/vol) Triton X-100. P450 concentrations
were estimated from the Soret band intensity using a �417 value of 117 mM�1 cm�1 for the low-spin ferric
form of the protein or a Δ�450 – 490 value of 91 mM�1 cm�1 for the reduced carbon monoxide difference
spectra (18, 31). Titration with VT-1598 was carried out at an �0.8 �M P450 concentration in 5-cm-
optical-path-length cuvettes. Difference spectra were generated by recording the absorbance of P450 in
a sample cuvette versus the absorbance in a reference cuvette; both cuvettes contained the same
amount of the protein. Aliquots of VT-1598 (dissolved in dimethyl sulfoxide [DMSO]) were added to the
sample cuvette over a concentration range 0.1 to 1.3 �M, with each titration step being 0.1 �M. At each
step, the corresponding volume of DMSO was added to the reference cuvette. The apparent dissociation
constants (Kds) of the enzyme-ligand complex were calculated in GraphPad Prism (version 6) software by
fitting the data for the ligand-induced changes in the absorbance of the difference spectra [Δ(Amax �
Amin)], which is the difference in the maximum absorbance (Amax) and the minimum absorbance (Amin),
versus the ligand concentration to the quadratic equation in equation 1 (tightly binding ligands):

�A 	 ��Amax ⁄ 2E� ��L 
 E 
 Kd� � ��L 
 E 
 Kd�2 � 4LE�0.5� (1)

where ΔA and ΔAmax are the change in the absorbance and the change in the maximum absorbance,
respectively, and L and E are the total concentrations of ligand and enzyme used for the titration,
respectively.

Reconstitution of catalytic activity and inhibition assay. The standard reaction mixture contained
0.5 �M A. fumigatus CYP51B, 1.0 �M rat CPR, 100 �M L-�-1,2-dilauroyl-sn-glycerophosphocholine, 0.4
mg/ml isocitrate dehydrogenase, and 25 mM sodium isocitrate in 50 mM potassium phosphate buffer
(pH 7.2) containing 10% (vol/vol) glycerol and 0.1% (vol/vol) Triton X-100 (18). After addition of the
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radiolabeled ([3-3H]) sterol substrate (eburicol at �4,000 dpm/nmol dissolved in 45% [wt/vol] HPCD; final
concentration, 25 �M) (32) and an inhibitor (from a 0.2 mM stock solution in DMSO; final concentration,
1 �M), the mixture was preincubated for 30 s at 37°C in a shaking water bath, and the reaction was
initiated by the addition of 100 �M NADPH and stopped by the extraction of the sterols with 5 ml of ethyl
acetate. The extracted sterols were dried, dissolved in methanol, and analyzed by a reversed-phase
high-performance liquid chromatography system (Waters) equipped with a �-RAM detector (IN/US
Systems, Inc.) using a NovaPak octyldecyl silane (C18) column (particle size, 4 �m; 3.9 mm by 150 mm)
and a linear gradient of water-acetonitrile-methanol (1.0:4.5:4.5, vol/vol/vol) (solvent A) to methanol
(solvent B), increasing from 0 to 100% solvent B over 30 min at a flow rate of 1.0 ml/min. The inhibitory
potencies of VT-1598 and the clinical antifungal azoles were compared as the percent inhibition of sterol
14�-demethylation in 60-min reactions. The experiments were performed in triplicate, and the results are
presented as means � standard deviations (SDs).

X-ray crystallography. For crystallographic experiments, the truncated A. fumigatus CYP51B was
diluted 10-fold with 20 mM potassium phosphate buffer (pH 7.2) containing 10% (vol/vol) glycerol, 0.1
mM EDTA, and 10 �M VT-1598 (CM-buffer) and applied to a CM-Sepharose column equilibrated with
CM-buffer containing 50 mM NaCl. The column was washed with 5 bed volumes of equilibration buffer
and then 40 bed volumes of CM-buffer with an increasing linear gradient of NaCl (50 to 200 mM). The
protein was eluted with CM-buffer containing 350 mM NaCl, and the eluted proteins were pooled,
concentrated to about 500 �M using an Amicon Ultra 50 K concentration device, frozen in liquid
nitrogen, and stored at �80°C until use. The crystals were obtained at 16°C by the hanging-drop vapor
diffusion technique. Equal volumes of complex solution preincubated with 24.5 mM n-octyl-�-D-
glucoside and 5.8 mM tris(carboxyethyl)phosphine (TCEP) were mixed with the mother liquor (20%
[wt/vol] polyethylene glycol 3350 and 0.2 M lithium acetate [pH 7.4]) and equilibrated against the
reservoir solution. The crystals were cryoprotected by soaking them in the mother liquor with 40%
(vol/vol) glycerol and flash-cooled in liquid nitrogen. The data were collected on the 21-ID-F beamline of
the Life Sciences Collaborative Access Team (LS-CAT) at the Advanced Photon Source, Argonne National
Laboratory (Argonne, IL), at a wavelength of 0.9786 Å using a MAR225 charge-coupled-device detector.
The diffraction images were integrated using the Mosflm program (33) and scaled with the Aimless
program (CCP4 Program Suite, version 6.3.0 [34]). The structure was determined by molecular replace-
ment in Phaser software (35), using the hemoprotein moiety from the complex of A. fumigatus CYP51B
with voriconazole (PDB accession number 4UYM) as the search model. An iterative model of the
protein–VT-1598 complex was then built with the Coot program (36) and refined with the Refmac5
program in the CCP4 suite (34). Data collection and refinement statistics are summarized in Table 1. The
model of A. fumigatus CYP51A was built as described previously (18). Structural figures were prepared
with the Chimera program.

A. fumigatus cellular growth inhibition assay. The A. fumigatus cellular growth inhibition assay was
performed following general procedures for evaluating fungal drug susceptibility as described previously
(37). Briefly, A. fumigatus strains 1022 and 32820 (ATCC MP-12) were grown in potato-dextrose broth at
27°C for 48 h. From each broth, 100 �l of culture was diluted to 500 �l in 0.05% Tween 20 –1	
phosphate-buffered saline (PBS), plated on potato-dextrose agar plate, and incubated at 37°C for 48 h.
Conidia from the strains were separated and diluted in 5 ml of 0.05% Tween 20 –PBS. Each strain was
seeded into a 96-well plate at a concentration of 1 	 103 spores. Various concentrations of VT-1598,
VT-1161, and voriconazole ranging from 1 nM to 100 �M were added in triplicate into each well, and
DMSO was used as a negative control. The plates were incubated at 37°C for 24 h, and 10% alamarBlue
(Thermo Scientific) was added to the cultures for 6 h. Fluorescence was measured at an excitation
wavelength of 570 nm and an emission wavelength of 600 nm using a fluorescence microplate reader.
Each independent experiment was repeated in triplicate.

Accession number(s). The coordinates and structure factors have been deposited in the Protein
Data Bank (PDB) under accession number 5FRB.
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