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components of eukaryotic membranes, where they control 
fluidity and permeability and modulate functions of mem-
brane-bound enzymes, receptors, and ion channels. These 
sterols also serve as precursors for multiple regulatory 
molecules that are crucial for cell division, growth, and de-
velopment (2–4).

Sterol biosynthesis is the target for many drugs. Statins, as 
inhibitors of HMG-CoA reductase (EC.1.1.1.34), act up-
stream in the pathway at the step of mevalonate production 
and serve as major cholesterol-lowering drugs in humans (5, 
6), while azoles, as inhibitors of fungal and protozoan cyto-
chrome P450 sterol 14-demethylase (CYP51, EC.1.14.13.70), 
act downstream in the pathway at its postsqualene portion 
and are widely used as antimicrobial agents (1, 7, 8).

Human CYP51 [<35% amino acid sequence identity with 
fungal and <25% identity with protozoan orthologs (9)] has 
also been considered as a drug target. Several attempts to 
develop CYP51 inhibitors as cholesterol-lowering agents have 
been undertaken (10–13), yet they were eventually dropped 
because of the phenomenal success of statins, which are cur-
rently the most frequently prescribed medications (5, 6). 
Statins have been reported to be effective not only as anti-
cardiovascular agents, but also for other cholesterol-related 
diseases [e.g., Alzheimer’s (14) and Parkinson’s diseases 
(15), multiple sclerosis (16)] and are currently in clinical  
trials for different types of cancer (17–25)), which is quite 
rational because cancer cells can be viewed as unicellular eu-
karyotic parasites, multiplying uncontrollably within the hu-
man body. For multiplication, they need cholesterol. The 
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Sterol biosynthesis is an essential metabolic pathway in 
most eukaryotes and in some bacteria (1). Sterols (choles-
terol in humans, sitosterol in plants, ergosterol and its 
C24-alkylated derivatives in fungi and protozoa) are required 
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VFV-Cl was synthesized using the same procedure. Voriconazole, 
ketoconazole, itraconazole, and posaconazole were purchased 
from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA);  fluconazole 
was from ICN Biomedicals. Hydroxypropyl--cyclodextrin (HPCD) 
was purchased from Cyclodextrin Technology Development 
(Gainesville, FL). DEAE- and CM-Sepharose were from GE 
Healthcare, and Ni2+-nitrilotriacetate (NTA) agarose was pur-
chased from Qiagen. All cell lines were purchased from American 
Type Culture Collection (Manassas, VA).

Protein expression, purification, and crystallization
Trypanosoma cruzi, Aspergillus fumigatus, and full-length human 

CYP51 and T. brucei and rat NADPH-cytochrome P450 reductase 
were expressed in Escherichia coli and purified as described previ-
ously (49, 50). The full-length proteins were used for functional 
studies (ligand binding, enzymatic activity, and inhibition). For 
crystallization, human CYP51 [UniProt protein accession number 
Q16850, 503 amino acid residues plus the (His)4-tag at the C ter-
minus, 57,300 Da] was truncated (458 amino acid residues, 53,400 
Da) as described previously (51). Briefly, the 50-amino acid mem-
brane anchor sequence at the N terminus (up to the conserved 
CYP51 proline, Pro61 in human CYP51) was replaced with the 
MAKKTSSKGKL-fragment (52) and subcloned into the pCW ex-
pression vector using the NdeI (5′) and HindIII (3′) sites. The 
truncated human CYP51 was purified in two steps, including affin-
ity chromatography on Ni2+-NTA agarose and cation exchange 
chromatography on CM-Sepharose. The Ni2+-NTA bound protein 
was washed with 10 bed volumes of 50 mM potassium phosphate 
buffer (pH 7.2) containing 100 mM NaCl, 10% glycerol (v/v),  
1 mM imidazole, and 0.1% Triton X-100 (v/v) and  then with  
20 mM potassium phosphate buffer (pH 7.2) containing 500 mM 
NaCl, 10% glycerol (v/v), and 5 mM imidazole until the Triton 
X-100  was  eliminated  (as  judged  by  A280 measurements). The 
P450 was eluted with a linear gradient of imidazole (10–80 mM), 
and the fractions with a spectrophotometric index (A425/A280) 1 
were pooled and concentrated using an Amicon Ultra 50 K (Mil-
lipore) concentration device to a volume of 1–2 ml. The concen-
trated protein was then diluted 10-fold with 20 mM potassium 
phosphate buffer (pH 7.2) containing 10% glycerol (v/v) and  
0.1 mM EDTA (CM-buffer) and applied to a CM-Sepharose col-
umn (5 ml bed volume) equilibrated with CM-buffer containing 
50 mM NaCl. The column was washed with five bed volumes of 
equilibration buffer and then 40 bed volumes of CM-buffer with 
an increasing linear gradient of NaCl (50–200 mM). The protein 
was eluted with CM-buffer containing 300 mM NaCl, the fractions 
containing the enzyme were pooled, and VFV was added from a 
10 mM DMSO stock solution (molar ratio VFV/CYP51 = 2.5:1). 
Then the complex (complex 1) was concentrated to about 500 M 
P450 using an Amicon Ultra 50 K concentration device, aliquoted, 
frozen in liquid nitrogen, and stored at 80°C until use. The 
yield was between 300 and 400 nmol/liter culture. The purity was 
verified by SDS-PAGE. Alternatively, when human CYP51 was 
copurified with the inhibitor (complex 2), all of the buffer solu-
tions used for CM-chromatography contained 10 M VFV. The 
sample was concentrated to about 500 M P450 and used for crys-
tallization immediately. The crystals were obtained by the hang-
ing drop vapor diffusion technique. Crystals of complex 1 were 
grown at 20°C. Equal volumes of the P450-VFV complex solution 
preincubated with 0.18 mM Thesit (Hampton Research) and  
5.5 mM tris(carboxyethyl)phosphine were mixed with mother  
liquor [0.2 M trisodium citrate dehydrate, 0.10 mM HEPES (pH 7.5), 
and 12% PEG 8,000 (w/v)] and equilibrated against the reservoir 
solution. Crystals of complex 2 were grown at 18°C by mixing 
equal volumes of the complex solution preincubated with 5.8 mM 
CYMAL-5 (Anagrade) and 5.5 mM tris(carboxyethyl)phosphine 

exact anticancer mechanism of statins remains unclear, yet 
recent data show that they affect the adhesion, invasion, and 
migration processes and induce apoptosis of cancer cells by 
disrupting integrity of lipid rafts in their membrane (26–32). 
However, by blocking an early step in the pathway, statins af-
fect not only production of cholesterol but also the forma-
tion of other physiologically important compounds [e.g., 
ubiquinone, dolichols, prenylated proteins (33)], and there-
fore, in long-term use, can cause dose-dependent side effects 
[mainly myopathy (34–37)] leading to discontinuation of 
treatment in up to 20% of patients (38, 39). Also, because, 
due to uptake transporters, statins generally target the liver 
(where 70% of cholesterol is synthesized), in clinical trials 
for cancer they have to be used at much higher doses (33) to 
reach other organs and tissues. Accordingly, although some-
times supplemented with intermediates [e.g., ubiquinone 
(17)], they produce stronger side effects. Due to the side ef-
fects of statins, alternative drugs that target cholesterol bio-
synthesis in humans more specifically would be highly 
desirable, and CYP51, the lanosterol demethylase, is a target 
of interest in that several more distal (post-lanosterol) steps 
in the cholesterol synthesis pathway are known to be associ-
ated with hereditary diseases when they are attenuated (40). 
For instance, a loss of the sterol 7-reductase (DHCR7) is as-
sociated with a severe disease, Smith-Lemli-Opitz syndrome 
(41). Deficiency in the 3-hydroxysteroid dehydrogenase 
(NSDHL) is responsible for congenital hemidysplasia, ich-
thyosiform nevus, and limb defects (CHILD) syndrome (42). 
Mutations in the 7,8-sterol isomerase (EBP) are associated 
with  Conradi-Hünermann-Happle  syndrome,  or  X-linked 
dominant chondrodysplasia punctate type 2 (CDPX2) (40), 
and mutations in sterol 5-desaturase (SC5D) cause lathos-
terolosis (43). Compared with these problems, attenuating 
lanosterol 14-demethylation seems very favorable.

It is now generally accepted that cancer cells have elevated 
levels of cholesterol in lipid rafts and contain more lipid rafts 
than their normal cell line counterparts (26, 27, 29, 31, 44). 
Enhanced expression of enzymes of the cholesterol pathway 
has been reported in many cancer cell types (31, 45–47). Fur-
thermore, certain types of cancer exhibit CYP51 gene amplifi-
cation (http://www.cbioportal.org). It is likely that the earlier 
attempts to develop human CYP51 inhibitors were unsuccess-
ful because they concentrated on substrate analogs, which 
had rather low inhibitory potency (10) and could not com-
pete in efficiency with statins. Here, we performed a biochem-
ical characterization of human CYP51, including substrate 
preferences, catalytic parameters, inhibition, and the struc-
ture of a complex with (R)-N-(1-(3,4′-difluorobiphenyl-4-yl)-
2-(1H-imidazol-1-yl)ethyl)-4-(5-phenyl-1,3,4-oxadiazol-2-l)
benzamide (VFV), the most potent inhibitor that we have 
identified. VFV was further tested in cancer cells and 
found to be active against different types of cancers.

MATERIALS AND METHODS

Materials
VNI, VNT, VNF, and VFV were synthesized by the Chemical Syn-

thesis Core Facility (Vanderbilt Institute of Chemical Biology) (48). 
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DMSO) were added to the sample cuvette in the concentration 
range of 0.1–20 M (5–200 M for fluconazole). At each step, the 
corresponding volume of DMSO was added to the reference cu-
vette. The apparent dissociation constants of the enzyme-ligand 
complex (Kd) were calculated in GraphPad Prism 6 software by 
fitting the data for the ligand-induced absorbance changes in the 
difference spectra (Amax-Amin) versus ligand concentration to the 
quadratic equation 1 (for tight-binding ligands),

 
( ) ( ) ( )( )∆

0.52
max 2E L E L E 4LEd dA A K K

 ∆ = + + − + + −    (Eq. 1) 

where (L) and (E) are the total concentrations of ligand and en-
zyme used for the titration, respectively.

Reconstitution of catalytic activity, kinetic analysis, and 
CYP51 inhibition assays

The standard reaction mixture (49) contained 0.5 M P450 and 
1.0 M cytochrome P450 reductase (T. brucei or rat for T. cruzi or 
human and A. fumigatus CYP51 orthologs, respectively), 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% glycerol (v/v). After ad-
dition of the radiolabeled ([3-3H]) sterol substrates (4,000 dpm/
nmol; dissolved in 45% HPCD, w/v) (56), the mixture was preincu-
bated 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 extrac-
tion of the sterols with 5 ml of ethyl acetate. The extracted sterols 
were dried, dissolved in CH3OH, and analyzed by a reversed-phase 
HPLC system (Waters) equipped with a -RAM detector (INUS Sys-
tems) using a NovaPak octadecylsilane (C18) column (particle size 4 

with 0.20 M potassium fluoride (pH 7.2) and 15% PEG 6,000 
(w/v). In both cases crystals appeared after several days and were 
cryoprotected by soaking them in mother liquor with 30% glyc-
erol (v/v) and flash-cooled in liquid nitrogen.

Spectroscopic measurements and ligand binding assays
UV-visible absorption spectra were recorded using a dual-beam 

Shimadzu UV-2401PC spectrophotometer. P450 concentrations 
were determined from the Soret band intensity using 417 117 
mM1 cm1 for the low-spin ferric form of the protein or 450-490 
91 mM1 cm1 for the reduced carbon monoxide difference spec-
tra; the spin state of the P450 samples was estimated from the ab-
solute absorbance spectra (53). Substrate binding was monitored 
as a “type I” spectral response (blue shift in the Soret band maxi-
mum from 417 to 393 nm) (54) reflecting low-to-high spin transi-
tion of the ferric P450 heme iron as a result of displacement of the 
heme-coordinated water molecule (50). Various aliquots of ste-
rols (dissolved in 45% HPCD, w/v) (49) were added to the sample 
cuvette (1 cm optical path length), and the same volume of HPCD 
was added to the reference cuvette. The apparent dissociation 
constants of the enzyme-substrate complex (Kd) were calculated 
in Prism 6 software (GraphPad, La Jolla, CA) by fitting the data 
for the substrate-induced absorbance changes in the difference 
spectra (A390-A420) versus substrate concentration to a one site-
total binding equation (binding-saturation). Inhibitor binding 
was monitored as a “type II” spectral response (red shift in the 
Soret band maximum from 417 to 421–427 nm) (54) reflecting 
coordination of the basic heterocyclic nitrogen to the P450 heme 
iron (55). Difference spectra were generated by recording the 
P450 absorbance in a sample cuvette (5 cm optical path length) 
versus the absorbance in a reference cuvette, both containing the 
same amount of the protein. Aliquots of azoles (dissolved in 

TABLE 1. Data collection and refinement statistics for human CYP51 complexes with VFV crystallized in C121 
and P1 space groups

PDB Code 4UHI 4UHL

Data collection
 Wavelength (Å) 0.97872 0.97872
 Space group C121 P1
 Cell dimensions
  a, b, c (Å) 168.663, 145.869, 115.987 111.210, 111.500, 118.480
  , ,  (°) 90.00, 127.15, 90.00 64.09, 75.07, 62.42
Number of molecules in asymmetric unit 4 8
 Solvent content (%) 52.4 53.7
 Resolution (last shell) (Å) 98.85–2.04 (2.28–2.04) 54.3–2.5 (2.56–2.50)
 Rmerge (last shell) 0.069 (0.486) 0.055 (0.622)
  I/ (last shell) 13.2 (3.0) 14.0 (2.0)
 Completeness (last shell) (%) 98.8 (98.6) 98.5 (97.7)
 Redundancy (last shell) 4.6 (4.7) 3.9 (4.0)
Refinement
 Resolution (Å) 50.0–2.04 54.3–2.50
 R-factor 0.215 0.192
 R-free 0.233 0.237
 Reflections used 133,884 146,548
  Test set size (%) 5.3 5.3
 Rms deviations from ideal geometry
  Bond lengths (Å) 0.009 0.005
  Bond angles (°) 0.98 0.87
   Ramachandran plot
    Residues in favorable regions (%) 97.5 96.7
    Residues in allowed regions (%) 99.9 99.9
    Outliers (%) 0.06 0.08
Model
 Number of atoms (mean B-factor, Å2) 15,422 (40.5) 30,632 (64.4)
 Number of residues per molecule A/B/C/D A–H
  Protein 442/442/442/442 (40.5 ± 3.3) 445 (64.8 ± 3.5)
  Heme 1/1/1/1 (28.6 ± 3.0) 1 (52.4 ± 3.1)
  Ligand (VFV) 2/2/2/2 (36.8 ± 2.0; 44.3 ± 3.3 SE) 2 (45.4 ± 2.6; 56.7 ± 2.8)
  Water 654 (41.7) 928 (60.9)
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Cancer cell proliferation assays
Acute myeloid leukemia. Kasumi-1 cells were split to a concentra-

tion of 2.5 × 105 cells/ml in RPMI medium containing 10% Fetal-
Plex (v/v), 1% penicillin-streptomycin (w/v), and 1% glutamine 
(w/v) and treated with 50 M VFV, 50 M S-enantiomer of VFV 
[(S)-VFV] (from 5 mM stock solutions in DMSO), or the vehicle 
(1% DMSO). Aliquots (100 l) of treated cells were plated in 96-
well tissue culture plates every day for 7 days and 10 l of Alamar 
blue (Biosource, USA) were added. Cell proliferation was moni-
tored by measuring fluorescence emission at 590 nm, as described 
previously (57).

m, 3.9 × 150 mm) and a  linear gradient water/CH3CN:CH3OH 
(1.0:4.5:4.5, v/v/v) (solvent A) to CH3OH (solvent B), increasing 
from 0 to 100% B for 30 min at a flow rate of 1.0 ml/min. For steady-
state kinetic analysis, the reactions were run for 60 s at 37°C, and the 
sterol concentration range was 6–50 M. Michaelis-Menten param-
eters were calculated using GraphPad Prism 6, with the reaction 
rates (nanomoles of product formed per nanomole of P450 per 
minute) being plotted against total substrate concentration. The in-
hibitory potencies of azoles on T. cruzi, A. fumigatus, and human 
CYP51 activity were compared on the basis of decreases in substrate 
conversion in 60 min reactions (50, 51, 57, 58).

Fig. 1. Substrate binding and catalysis by human CYP51. A: CYP51 substrates: structural differences (relatively to lanosterol) are marked in 
red. B: Spectral response of human CYP51 to lanosterol and obtusifoliol. P450 concentration 1.7 M, optical pathlength 1 cm. Absolute 
(top) and difference (bottom) absorbance spectra. The low-to-high spin transitions (saturation with lanosterol and obtusifoliol) were 18 and 
36%, respectively. Titration curves are presented in the insets; the corresponding calculated binding parameters are given in Table 2. C: 
Experimental catalytic turnovers of human CYP51 at 0.5 M P450 and 50 M sterol substrate, 1 min reaction. D: Time course with 0.5 and 
0.25 M P450 and Michaelis-Menten plots at 0.25 M P450 (1 min reaction); see also Table 3.
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Substrate binding profile and catalytic parameters
Unlike CYP51 orthologs from other biological king-

doms, which usually express high preferences toward their 
physiological substrates [e.g., obtusifoliol in plants, algae, 
Leishmania, and Trypanosoma brucei (49, 53); eburicol  in 
Aspergillus fumigatus and Trypanosoma cruzi (50, 60)], the 
human enzyme binds all of the five natural CYP51 substrates 
(Fig. 1A) and catalyzes their 14-demethylation quite 
efficiently (Fig. 1C). The observed maximal amplitudes of 
the spectral response to addition of substrate (blue shift  
in the Soret band maxima), however, did not exceed 40% 
of the maximum low-to-high spin state transition in the P450 
heme iron. The examples of spectral titration of human 
CYP51 with its physiological substrate, lanosterol, and with 
obtusifoliol are presented in Fig. 1B. Although the appar-
ent Kd values are comparable (0.82 and 0.99 M for lanos-
terol and obtusifoliol, respectively), the apparent binding 
efficiency of obtusifoliol is higher (1.6-fold) than the ef-
ficiency of binding of lanosterol, due to the larger ampli-
tude of the spectral change. This larger amplitude of the 
spectral response may be connected with the relatively bet-
ter aqueous solubility of obtusifoliol (logP 8.0 vs. 8.2 for 
lanosterol), although it cannot be excluded that the posi-
tioning of the (bulkier) methylene group at the C24 atom 
of obtusifoliol within the enzyme active site somehow re-
quires a higher degree of water displacement from the co-
ordinating sphere of the P450 heme iron [i.e., binding of 
eburicol (logP 8.6) produces even a little larger spectral 
amplitude (unpublished observations)]. Steady-state ki-
netic analysis also indicates faster oxidation of obtusifoliol 
by human CYP51, although the catalytic efficiency with la-
nosterol was 3-fold higher due to the 4-fold lower Km 
value (Fig. 1D, Table 3). The observed catalytic turnover 
numbers were 42 and 46 min1 for lanosterol and obtusifo-
liol, respectively.

Thus, in comparison with the orthologs from other 
phyla, human CYP51 appears to be the least substrate selec-
tive (allowing all naturally occurring variations in the com-
position of the C4 and C24 atom substituents in the sterol 
molecule, see Fig. 1A) and has the highest CYP51 rate re-
ported to date.

Inhibition with clinical antifungal azoles and experimental 
antiprotozoan drug candidates

In our search for new inhibitors of CYP51s from human 
pathogens, we concomitantly conducted the control experi-
ments evaluating the inhibitory effects of these compounds 
on the activity of human CYP51, e.g (51, 55, 57, 60, 61). A 
broad variety of structurally different molecular chemotypes 

Lung cancer, hormone-responsive and -nonresponsive breast cancer, 
and skin cancer cells. A549, MCF-7, MB-MDA-436, and A-431 can-
cer cells were plated in 96-well tissue culture plates (105 cells/ml in 
100 l per well of DMEM supplemented with 10% FBS, v/v). After 
6 h, VFV (5–25 M, from 100× stock solutions in 25% DMSO/34% 
HPCD,  v/v)  or  the  vehicle  (0.25%  DMSO/0.34%  HPCD)  was 
added. Cell proliferation was assessed after 24 h of incubation by 
measuring incorporation of 5-bromodeoxyuridine (BrdU) using a 
BrdU cell proliferation ELISA (colorimetric) kit (Exalpha Biologi-
cals) according to the manufacturer’s instructions. BrdU incorpo-
ration was quantified by absorbance at 450 nm.

The experiments were performed three times, each in tripli-
cate; the P value was calculated using Student’s t-test; P  0.05 was 
considered statistically significant.

Data collection, X-ray structure solution, model building, 
and refinement

All data were collected at 100 K using synchrotron radiation at 
beamline 21-ID-F (LS-CAT, Argonne, IL), MAR225 CCD detector. 
Processing and scaling were accomplished with Mosflm and Aimless 
software [CCP4 Program Suite 6.5.019 (59)]. Data collection and 
refinement statistics are summarized in Table 1. The structures were 
solved by molecular replacement in PhaserMR (CCP4 Suite). The 
search models were 3LD6 for complex 1 and 4UHI for complex 2. 
The structures were then subjected to iterative cycles of model build-
ing and refinement with Coot and Refmac5 (CCP4 Suite). Structure 
superpositions were done in LSQkab (CCP4 Suite), and structural 
figures were prepared with Pymol, Chimera, and Accelrys. The coor-
dinates and structure factors are deposited in the Protein Data Bank 
(PDB) under PDB codes 4UHI and 4UHL.

RESULTS AND DISCUSSION

CYP51s are key enzymes in sterol biosynthesis and are 
found in all biological kingdoms, catalyzing three consecutive 
monooxygenation reaction cycles to remove the 14-methyl 
group from the cyclized sterol precursors (Fig. 1A) (9). 
Microbial CYP51 enzymes are currently the leading targets 
in antifungal chemotherapy (7) and emerging targets in 
kinetoplastid protozoa (8). The objective of this work was 
to examine structure/function relationships and drugabil-
ity of human CYP51.

TABLE 2. Substrate binding parameters calculated from the spectral response of human CYP51 to the binding 
of lanosterol and obtusifoliol

Substrate

Amax

Kd (M) Amax/Kd
a

Absorbance Units/M  
P450/cm

Low-to-High Spin  
Transition (%)

Lanosterol 0.029 ± 0.01 26 0.82 ± 0.13 32
Obtusifoliol 0.056 ± 0.01 51 0.99 ± 0.08 52

a Apparent binding efficiency.

TABLE 3. Steady-state kinetic parameters for 14-demethylation of 
lanosterol and obtusifoliol by human CYP51

Substrate

Maximal  
Turnover Ratea  

(nmol/nmol/min)

Michaelis-Menten Parameters

kcat (min1) Km (M)
kcat/Km  

(min1 M1)

Lanosterol 42 ± 1 45 ± 2 4.8 ± 1.4 9.5
Obtusifoliol 46 ± 1 64 ± 3 20 ± 2 3.2

a Experimentally observed.
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was screened, but only one relatively potent inhibitor has 
been identified. Figure 2A compares systemic clinical anti-
fungal drugs and some of our experimental compounds that 
are under development as antiprotozoan agents (48, 62) as 
inhibitors of protozoan (T. cruzi), fungal (A. fumigatus), and 
human CYP51 enzymes. In these experiments, we used a 
60 min reaction because the longer incubation time affords 
higher sensitivity and, therefore, is helpful in screening out 
less effective inhibitors (48, 51, 57). Interestingly, under the 
same experimental conditions, while only a 2-fold molar 
excess over the enzyme was needed for the most potent com-
pounds to cause complete inhibition of T. cruzi CYP51 
(VNI derivatives) or 80–95% inhibition of A. fumigatus CYP51 
(voriconazole, posaconazole, and VNI), human CYP51 dis-
played resistance to inhibition even at a 50-fold molar 
excess of the compounds. VFV was the only compound that 
acted as a fairly strong human CYP51 inhibitor, preventing 
14-demethylation of >60% of lanosterol under these con-
ditions. For comparison, when the effects of VFV and its 
S-enantiomer (S)-VFV (see Fig. 2A) on the initial rate of 
human CYP51 reaction were monitored, both compounds 
were able to attenuate substrate conversion (Fig. 2B), with 
the IC50 values being 0.5 and 50 M, respectively. This effect 
was originally observed for protozoan CYP51 (57) and can 
be explained by the ability of the substrate to compete 
with heme-coordinating inhibitors in the CYP51 active site. 
With human CYP51, most compounds that did not show 
any inhibition in a 60 min reaction still displayed relatively 
strong binding affinities to the enzyme upon spectral titra-
tion (apparent Kd values are shown in Fig. 2A).

Overall, the observation that the activity of human CYP51 
is weakly affected by the heme-binding ligands suggests 
that human CYP51 has specific features that define its in-
trinsically weaker susceptibility to inhibition, VFV being 
the only known relatively strong inhibitor of this enzyme.

Inhibitory effects of VFV on proliferation of different 
types of cancer cells

Our experimental CYP51 structure-based VNI derivative, 
VFV, was designed to extend the antiprotozoal spectrum 
of activity (48, 62). VFV has low cytotoxicity [e.g., NIH/3T3 
mouse embryonic fibroblasts, EC25 >50 M (41)], excel-
lent cellular permeability, favorable pharmacokinetics, 
broad tissue distribution, weak inhibitory effects on human 
drug-metabolizing P450s, and no adverse side effects when 
used in vivo in mouse models of Chagas disease and vis-
ceral leishmaniasis (62). Although the potency of VFV for 
inhibiting human CYP51 is less than for microbial ortho-
logs (Fig. 2A), we examined its influence on cancer cell 
proliferation.

Acute myeloid leukemia (Kasumi cells). The first set of ex-
periments was conducted using acute myeloid leukemia 
because this is the type of cancer cells where upregulation 
of cholesterol biosynthesis was first reported (21) and be-
cause these cells are known to be sensitive to statins (63). 
VFV and (S)-VFV were compared because (S)-VFV is a weak 
inhibitor of human CYP51 (Fig. 2) but has the same structural 
formula, except for the (S) configuration, and thus similar 

Fig. 2. Human CYP51 is resistant to inhibition. A: Inhibitory 
effects of systemic clinical antifungal drugs and experimental inhibi-
tors on the activity of protozoan (T. cruzi), fungal (A. fumigatus), 
and human CYP51 orthologs; 60 min reaction. The spectral Kd 
values (M) for human CYP51/inhibitor complexes are provided 
in parentheses; see also Fig. 5. B: Inhibitory effects of (S)-VFV 
on the initial rates of the human CYP51 reaction. The chiral C-atom 
of VFV is marked. The results are presented as mean ± SEM. In all 
experiments the P450 concentration was 0.5 M.
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aqueous solutions. The proliferation rates of each of the 
four types of cancer cells were decreased by VFV in a con-
centration-dependent manner, with the weakest inhibitory 
effect being observed in the invasive breast ductal carci-
noma line (MB-MDA-436, hormone-nonresponsive breast 
cancer) (EC50 >25 M) and the strongest (EC50 10 M) 
in the alveolar adenocarcinoma cells (A549, lung cancer) 
and epidermoid carcinoma cells (A431, the skin cancer) 
(EC50 15 M).

The EC50 values of VFV in human cancer lines were 
substantially higher than those produced in the multiply-
ing stages of protozoan pathogens [EC50 1 nM in amasti-
gotes of Tulahuen T. cruzi and 420 nM in intramacrophage 
amastigotes of Leishmania infantum (62)], but they correlate 

cellular permeability, pharmacokinetics, and other drug-
like properties (48). The (S)-VFV (50 M) decreased pro-
liferation of Kasumi cells by 16% relative to the control 
(DMSO-treated cells), while the inhibitory effect of VFV 
was 84% (Fig. 3A).

Lung cancer, hormone-responsive and -nonresponsive breast 
cancer, and skin cancer cells. Four more different types of 
cancer cell lines were used with 5–25 M VFV (added 
from 100× stocks in 25% DMSO/34% aqueous HPCD) 
(Fig. 3B). These changes were introduced to test whether 
the effects could be observed at lower VFV concentrations 
because the presence of HPCD substantially reduces spec-
trally detectable (62) precipitation of the compound in 

Fig. 3. VFV inhibits proliferation of different types of cancer cells. A: Kasumi-1 cells were treated with 50 M VFV or (S)-VFV (from a 5 mM 
stock solution in DMSO) or the vehicle (1% DMSO, v/v) for 7 days. Cell proliferation was evaluated by Alamar Blue fluorescence as de-
scribed in Materials and Methods. B: Lung (A549, alveolar adenocarcinoma), breast (MCF-7 and MB-MDA-436, hormone-responsive and 
hormone-nonresponsive adenocarcinomas, respectively), and skin (A-431, epidermoid carcinoma) cancer cells were plated in 96-well tissue 
culture plates and treated 6 h later with VFV (5–25 M, from 100-fold stock solutions in 25% DMSO and 34% HPCD, v/v) or the vehicle for 
24 h. Cell proliferation was evaluated by measuring BrdU incorporation as described in Materials and Methods. The bar graphs show mean 
cell proliferation presented as percent of vehicle control and SEM of three independent experiments. *P  0.05 compared with 0 M.

Fig. 4. Crystal structures of human CYP51 in complex with VFV. A: Superimposition of four monomers 
from 4UHI and eight monomers from 4UHL; rms deviation for the C atom positions 0.34 ± 0.06 Å. One 
heme molecule (orange lines) is outlined for clarity. All VFV molecules are shown as sphere representation. 
The C-atoms in the heme-coordinating VFV molecules are blue and in the substrate entry shielding VFV mol-
ecules are red. B: The 2Fo-Fc omit electron density map around the CYP51 heme and two VFV molecules, 
contoured at 1.5 . Orientation is as in part (A). Some secondary structural elements and the pair of substrate 
channel gating residues (Met484 and Leu134) are also shown.
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with the differences in the potencies of VFV to inhibit pro-
tozoan versus human CYP51 enzymes (Fig. 2A). The effects 
are stronger after longer cell growth periods (Fig. 3A vs. 
Fig. 3B) [as reported for statins (63)] because several cell 
cycles are necessary to exhaust the endogenous reserve of 
cholesterol. The effectiveness of VFV against cancer cells is 
already within the range of cellular potencies of statins 
[e.g., (33, 47, 63)] and approaching a mean concentration 
reported for clinical anticancer drugs (1–10 M) (64). 
Thus, these results serve as an initial proof of concept, en-
couraging searches for stronger human CYP51 inhibitors.

Structural characterization of human CYP51 in complex 
with VFV

To better understand the structural aspects that govern 
CYP51 catalysis and susceptibility/resistance to  inhibition 
and to explore the molecular basis for the stronger potency 
of  VFV,  we  determined  the  X-ray  structures  of  human 
CYP51-VFV complexes. The complex cocrystallized in the 
monoclinic C121 space group (2.0 Å resolution) contained 
four monomers in the asymmetric unit. The complex co-
crystallized in the triclinic P1 space group (2.5 Å resolu-
tion) formed an asymmetric unit that included eight 
monomers (Table 1).

In both cases, regardless of the space group and crystalliza-
tion conditions, each of the CYP51 molecules had two mole-
cules of VFV bound within the active site (Fig. 4A). One of 
the ligand molecules (VFV1) is coordinated to the P450 
heme iron, while the second (VFV2), rotated 180° rela-
tively to the first one, “shields” the entrance into the substrate 
channel. The electron density for both VFV molecules is very 
well defined (e.g., 2Fo-Fc map; Fig. 4B). This appears to be 
the first example of 2:1 ligand/CYP51 stoichiometry.

Although binding of VFV2 is not reflected in the “type 
II” spectral response of human CYP51 (Fig. 5), probably 
suggesting the lack of cooperativity in the interaction, we 
believe that its presence in the structure is very unlikely to 
be a crystallization artifact because: i) we observed very 
good spatial superimposition of the inhibitors (in particu-
lar, the noncoordinated molecule) in all 12 complexes, re-
gardless of the space group (Fig. 4A); ii) the molar ratio of 
VFV/P450 in the crystallization samples that produced the 
C121 space group was only 2.5:1; and iii) the complex crys-
tallized in the P1 space group was obtained after human 
CYP51 copurification with 10 M VFV, excess ligand being 
removed during concentration.

The second VFV molecule may play a role in blocking 
the entrance into the substrate access channel and, thus, 
somehow “take over” the function of the pair of channel 
gating residues [i.e., consider “weak” Leu134 and Met487 
in human CYP51 (Fig. 4B) vs. “strong” Phe105 and Met460 
in T. brucei CYP51]. This pair of residues, as predicted by 
random acceleration molecular dynamic simulations (65), 
must be important in guiding the passage of CYP51 ligands 
through the substrate channel, contributing to the human 
CYP51 fast catalytic rate, broader substrate binding profile, 
and easier egress of ligands from the active site. Thus, VFV2 
may be helpful in the retention of VFV1 within the human 
CYP51 substrate binding cavity.

Fig. 5. CYP51 spectral response to the addition of heme- 
coordinating inhibitors. A: Human CYP51-VFV. Absolute (top) and 
difference (bottom) absorbance spectra. The wavelengths of the 
Soret band maxima for the peak, isosbestic point, and trough in 
the difference absorbance are marked, along with the peaks in the 
absolute spectra. S, sample (after saturation with the inhibitor, red 
curve): R, reference (difference spectra made by subtracting R 
from S). Each titration curve is presented in the inset. The shapes of 
the curves are not sigmoidal, indicating that binding of the second 
VFV molecule is not reflected in the P450 spectral response. 
Spectral responses of T. brucei CYP51 to VFV [1:1 stoichiometry of 
the complex (PDB ID 4G7G)] (B) and human CYP51 to VNI (C) 
are presented for the comparison. The corresponding calculated 
Kd values are given (see also Fig. 2). The P450 concentration was 
0.4 M, and the optical path length was 5 cm.
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difference in potency is unlikely to be the result of only two 
additional van der Waals contacts, implying that there are 
specific structural features (or their combination) that dis-
tinguish human CYP51 from fungal and protozoan ortho-
logs, making it resistant to antimicrobial agents.

Comparative analysis of protozoan and human CYP51 
structures leads to the hypothesis that the reduced suscepti-
bility to inhibition is connected with the middle portion of 
the human CYP51 I-helix (8, 60) (the core helix in the P450-
fold). First, in human CYP51, this portion of helix I lies 1.5–
2.0 Å further away from the heme than it does in the 
protozoan (Fig. 6C) or fungal (50) structures. Protozoan and 
fungal I-helices are likely to hold the inhibitor more tightly, 
acting as a “seat-belt” that supports coordination of the in-
hibitor to the heme iron. Second, in this region of helix I, 
there is a phylum-specific residue (9, 50) whose side chain is 
exposed in the CYP51 active site. This is always a bulky phe-
nylalanine in protozoa, plants, and bacteria, leucine in ani-
mals (Phe290 and Leu310, respectively, in Fig. 6C), and 
methionine in fungi. The small leucine residue here may 
contribute to the resistance of human (mammalian) CYP51 
to inhibition by further increasing the volume of the enzyme 
binding cavity. Third (and we believe, most important), the 
human CYP51 I-helix has a six-residue long (Gly312-Ser316) 
low energy loop-like segment (Fig. 7A), where the main-
chain helical hydrogen bonds are missing. Disruption of the 
hydrogen bond network should make this area of the protein 
more dynamic. The higher flexibility may, in turn, play a role 

When the VFV-bound human CYP51 structure is super-
imposed with the structure of its complex with ketocon-
azole (3LD6, 2.8 Å) (66), only minor conformational 
rearrangements in the protein are observed, the root-
mean-square (rms) deviation for the C atom positions be-
ing 0.6 Å (Lsqkab). The substrate channel entry is open 
slightly wider, apparently to accommodate VFV2 (Fig. 6A). 
The FG loop region undergoes the largest movement, with 
backbone atoms shifting 2.5 Å. The backbone of the A′-
helix repositions by 1.0 Å, and the movements at the tip 
of the 4-hairpin are within 1–1.5 Å. Inside the substrate 
binding cavity, VFV1 is positioned further away from the 
heme plane than the molecule of ketoconazole in 3LD6 
(Fig. 6B). As a result, VFV1 approaches helices B′, F″, and 
I, forming van der Waals contacts (distance <4.5 Å) with 21 
amino acid residues: Val130, Tyr131, Leu134, Thr135, and 
Phe139 (B′), Ala144 and Tyr145 (B″), Phe152 and 
Leu159 (C), Phe234, Ser235, His236, and Trp239 (F″), 
Met304, Gly307, Leu308, Leu310, Ala311, and Thr315 
(I), Ile377 (1-4), and Met487 (4-hairpin). [For com-
parison, ketoconazole contacts 16 human CYP51 residues 
(not shown).] This is the second largest number of ligand-
contacting residues reported to date for the CYP51-inhibi-
tor complexes, the largest set (24 residues) being involved 
in the interaction of T. cruzi CYP51 with posaconazole (60). 
However, the inhibitory effect of posaconazole on T. cruzi 
CYP51 (see Fig. 2A) is at least two orders of magnitude 
stronger than the effect of VFV on human CYP51 and the 

Fig. 6. Superimposition of human CYP51-VFV, human CYP51-ketoconazole (pink), and T. brucei CYP51-VFV 
(yellow) complexes. A: Differences in the substrate entry area. The protein ribbon in the complex with VFV 
is rainbow colored. Some secondary structural elements are marked as references. B: VFV and ketoconazole 
in the structures of human CYP51. The color of the heme corresponds to the color of the ligand. Side chains 
of the VFV1-contacting residues are shown. C: The I-helix in the human (blue) versus VFV-bound T. brucei 
(yellow) CYP51 structures.
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[supporting Fig. S8 in (60)] or fungal [Fig. 16 in (50)] 
CYP51 structures, the reason for this peculiarity of human 
CYP51 must be sequence-related. Multiple sequence align-
ment (Fig. 7C) suggests that it could be the -T315SSTTS- 
sequence that follows the invariant CYP51 family signature 
histidine, the residue involved in proton delivery (9) 
(His314 in human CYP51, Thr315 being the conserved 
P450 threonine). Such a long sequence of polar side 
chains that serve as the H-bond acceptors is unique (and 
conserved) throughout animal CYP51 sequences. In the 
CYP51 orthologs from all other biological kingdoms, there 
are always one or more nonpolar residues that interrupt 
this threonine/serine succession.

Interestingly, binding of VFV partially restores the heli-
cal structure, shortening the loop-like segment (Fig. 7B). 
Although the carboxamide nitrogen of VFV does not form 
any H-bonds with the protein [as it does in the VFV (62) 
and VNI (51) complexes with the protozoan CYP51], the 
ortho-F atom at the -biphenyl arm of the inhibitor mole-
cule, being directed right toward the human CYP51 I-helix 
groove, forms strong (<4.0 Å) van der Waals interactions 
with Leu310 and Ala311, pushing the latter 0.6 Å closer 
to Thr315 (the length of the Ala311 carbonyl-Thr315 car-
boxyl H-bond is 2.6 Å), and thus apparently strengthening 
the helix and making this segment of human CYP51 less 
dynamic. The bulkier substituents in the ortho-position of 
the VFV -phenyl ring may further stabilize this region of 
the human enzyme and, thus, further increase the inhibi-
tory potency of our derivatives.

The impact of the I-helix sequence on the human CYP51 
resistance to inhibition can be investigated by future site-
directed mutagenesis [T318I, L310F, or/and their combi-
nation (see Fig. 7C)]. The ultimate goal of our work is to 
develop human CYP51 cholesterol-lowering agents, focus-
ing on the wild-type enzyme.

VFV-Cl as a prototype for structure-based design of more 
potent inhibitors of human CYP51

We introduced a minimal change into the VFV mole-
cule and synthesized the derivative with a single atom 
substitution; the fluorine atom in the VFV -phenyl ring 
was replaced with the larger chlorine. The structural 
formula of the compound (VFV-Cl) is shown in Fig. 8, 
which also compares the inhibitory effects of VFV and 
VFV-Cl on the activity of human CYP51 at 10-, 25-, and 
50-fold molar excess of the inhibitor over the enzyme. 
Stronger inhibition of human CYP51 by VFV-Cl supports 
our hypothesis and encourages synthesis of new deriva-
tives with bulkier substituents around the ortho C atom 
of the -phenyl ring.

SUMMARY

To summarize, in comparison with orthologs from 
other biological kingdoms, human CYP51 has a broader 
substrate profile, displays faster catalytic rates, and is resis-
tant to inhibition with the azole drugs and drug candidates 
that target CYP51s of microbial pathogens. VFV, the only 

in relaying conformational information between different 
structural elements or even different functional regions of 
the CYP51 molecule (e.g., acting in combination with the 
substrate channel gating residues, it might modulate open-
ing/closing  of  the  substrate  access  channel).  Because  no 
loop-like segments are seen in the I-helices of the protozoan 

Fig. 7. The middle portion of helix I in human CYP51 (Accelrys). 
A: Complex with ketoconazole. B: Complex with VFV. Inset: Overall 
view, enlarged areas are framed. The protein ribbon is colored by 
secondary structure. The loop-like segment in the middle portion 
of the I-helix is green. Leu310, His31, and the following six polar 
residues [whose side chains serve as the H-bond (green dashes) 
acceptors] are shown. C: CYP51 family multiple sequence align-
ment in the middle of the I-helix. The polar -TSSTTS- sequence 
conserved in animal CYP51 enzymes is framed.
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fairly potent inhibitor of human CYP51 that we identified, 
decreases proliferation of various types of cancer cells. 
Structural characterization of human CYP51-VFV com-
plexes provides an explanation for the weaker suscepti-
bility of human CYP51 to inhibition, offering a visual guide 
to how the VFV scaffold might be further improved. The 
stronger inhibitory potency of VFV-Cl suggests work on 
structure-based design of new compounds to inhibit human 
CYP51 with potency comparable to antimicrobial drugs that 
inhibit CYP51 enzymes of human pathogens. Our results 
indicate that although human CYP51 is not inhibited by 
known antimicrobial agents, it is drugable and has poten-
tial as a target for anticancer therapy. As in any kind of 
drug development, it is difficult to predict in vivo doses 
from in vitro potency data. The micromolar values of VFV 
for human CYP51 inhibition and for anti-proliferative 
effects on cancer cells may not be low enough to qualify 
this compound as a clinical candidate, but VFV can serve 
as a proof-of-concept for the development of more potent 
inhibitors. As potential anticancer agents, human CYP51 
inhibitors are expected to have generally the same mode 
of action as statins in vivo, yet present certain important 
advantages. First, their specificity for the biosynthesis of 
cholesterol would help to avoid side effects of statins due 
to inhibition of other metabolic pathways. Second, as with 
systemic clinical antifungal azoles, which kill pathogenic 
cells that invade multiple organs and tissues, they should 
have broad tissue distribution. Finally, because all mam-
malian CYP51 enzymes share very high amino acid sequence 
identity  (e.g.,  human/mouse  88%,  human/dog  96%), 
animal in vivo models should produce highly relevant 
outcomes in preclinical trials. Potent inhibitors of human 
CYP51 may also have advantages as alternative medica-
tions for treatment of other cholesterol-related human 
diseases. The dual occupancy may be important in the 
mechanism of human CYP51 inhibition.
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