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Abstract

Although antibiotics againsiycobacterium tuberculosibave decreased the incidence of tuberculosis infections significantly, the
emergence of drug-resistant strains of this deadly pathogen renders current treatments ineffective. Therefore, it is imperative to ident
biochemical pathways iM. tuberculosisthat can serve as targets for new anti-mycobacterial drugs. We recently cloned, expressed, and
purified MT CYP51, a soluble protein froM. tuberculosighat is similar in sequence to CYP51 (lanosterokddemethylase) isozymes,
pharmacological targets for several anti-mycotic compounds. Its striking amino acid sequence similarity to that of mammalian and fung
CYP51s led to the hypothesis that MT CYP51 plays an important role in mycobacterial biology that can be targeted for drug action. In thi
manuscript, we established through spectral analysis that several azole antifungals bind MT CYP51 with high affinity. The effects of sever
azole compounds on the growth bf. bovisand M. smegmatistwo mycobacterial species that closely reseniletuberculosiswere
examined. We established a correlation between the affinity of azole compounds to MT CYP51 and their ability to impair the growth o
M. bovisandM. smegmatisThese results suggest that the metabolic functions of MT CYP51 may be comparable to those of CYP51 in yeas
and fungi and may lead to the development of a new generation of anti-mycobacterial agents. © 2001 Elsevier Science Inc. All right
reserved.
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1. Introduction collaborative efforts headed by investigators at the Pasteur

o o Institute resulted in the elucidation of the sequence of ge-
World Health Organization data indicate that tuberculo- nomes from various pathogens, including e tubercu-

sis is a major cause of death in developing countries [1]. The |osjs genome [4,5]. This important work will reveal novel
current treatment againdycobacterium tuberculosishe targets for drug development that may improve the treat-
causative agent of tuberculosis in humans, requires a drugment of patients that suffer debilitating infectious diseases
combination that often includes isoniazid and rifampacin [6]. Analysis of theM. tuberculosisgenome identified a
[2]. The last two decades have passed without significant gene that encodes a potential target for development of
development of novel chemicals for the treatment of tuber- nti-mycobacterial compounds. This gene encodes a protein
culosis. In developed countries, the AIDS epidemic and the yith 349 amino acid sequence similarity to human CYP51.
emergence of drug-resistad. tuberculosisstrains are  Because of this high similarity between the amino acid
causing a resurgence of this deadly disease [3]. Recently,sequence of CYP51 isozymes and the predicted amino acid
- sequence encoded by the recently identified gene fvobm
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reaction. important reaction in cholesterol and ergosterol biosynthe-

0006-2952/01/$ — see front matter © 2001 Elsevier Science Inc. All rights reserved.
PIl: S0006-2952(01)00571-8



1464 H.M. Guardiola-Diaz et al. / Biochemical Pharmacology 61 (2001) 1463-1470

sis, respectively. Plant CYP51 catalyzes demethylation of tion. BanrHI and Notl recognition sites were included in the
obtusifoliol in the phytosterol biosynthetic pathway [7]. A 5 and 3 oligonucleotide primer sequences for cloning
unifying trait in these diverse biological systems is that the purposes. PCR amplification reactions were catalyzed by
stability and structure of their biological membranes require the Taq and Pwo DNA polymerases present in the Expand
sterols [8]. Some azole compounds are potent anti-mycotic High Fidelity system (Boehringer Mannheim Biochemicals)
agents, a feature that is exploited clinically in the treatment according to manufacturer’s instructions. The PCR product
of yeast and other fungal infections [9]. It has been firmly was directionally cloned into thBanmHI and Notl sites of
established that the anti-mycotic properties of azole deriv- the expression plasmid pGEX-6P1 (Pharmacia). The result-
atives result from their ability to inhibit CYP51 [10,11]. ing plasmid, GST-MTyp5] therefore, contains the gluta-
CYP51 inhibition reduces sterol levels, thereby weakening thione S-transferase sequence fused immediately upstream
membrane structures and preventing cell growth. It is rea- of the MT cyp51gene. The 5T/3T primer pair and/or the
sonable to hypothesize that if MT CYP51 plays a role in the internal primer pair 51 (5SCACTAGCCTACGTCGACCCG-
M. tuberculosidife cycle that is comparable to that of fungal 3')/ 31 (5-GGCCTTGCACCTCGAACTCGC-3 were used
CYP51, some azole derivatives are likely to interfere with its to PCR-amplify CYP51-like sequences fravh bovisand
catalytic activity and will inhibit mycobacterial growth. M. smegmatisThese reactions were conducted according to
To test this hypothesis, azole antifungal interactions with manufacturer’s specifications with the sole exception that
recombinant MT CYP51 were analyzed spectrophotometri- whole mycobacterial cells provided the template for ampli-
cally. A number of azole derivatives with known antifungal fication.
activity bound MT CYP51 with high affinity. We were
unable to associate demethylase activity with this P450 and2.2. MT CYP51 expression and purification
found that rat NADPH cytochrome P450 reductase does notin Escherichia coli
form an active electron transfer complex with MT CYP51.
Although this impeded our ability to establish a relationship MV1304 cells have been used previously to express
between the observed azole antifungal binding and inhibi- rabbit CYP 2E1, 2B4, and several of their respective mu-
tion of the predicted sterol-l4demethylase activity, we  tants [12—-14]. Cells were made competent by Gaf&at-
were able to begin to investigate the role of this cytochrome ment and transformed with the pGEX-6P1 plasmid contain-
in mycobacterial growth. For this purpose we used two ing the GST-MTyp51 construct. Typically, cells were
mycobacterial speciedyl. bovis and M. smegmatis ac- grown in terrific broth (1.0 L) containing ampicillin (50
cepted models for the study M. tuberculosis In growth pa/mL) at 37°, with vigorous shaking (250 rpm), to an
assaysM. bovis and M. smegmatiscells were unable to  optical density of 0.7 to 1.5 at 600 nm. The suspensions
proliferate in the presence of the azole compounds that bindwere cooled to 22°, and isopropgp-thiogalactopyrano-
MT CYP51. This work could spur the development of a new side (IPTG) was added to a final concentration of 1 mM.
generation of azole antifungal-based pharmaceutical com-The cultures were allowed to grow at 22° under reduced
pounds that may prove effective in the treatment of tuber- shaking (70 rpm) for 18 hr or until the cultures reached an
culosis, perhaps even inhibiting proliferation of currently ODgy, = 2.0. Cells were harvested by centrifugation,
drug resistant strains ofl. tuberculosis washed with 100 mM potassium phosphate (KPi) buffer
(pH 7.4) and resuspended in 100 mM KPi containing 20%
glycerol (1 g cells/10 mL of buffer, 70—80 mL final vol-

2. Materials and methods ume). A French press was used to lyse cells under high
pressure. The cell lysate was centrifuged first at 106D
2.1. Molecular cloning of MT CYP51 remove cell debris, and then at 100,09@ obtain a clear

supernatant that contained all of the spectrally detectable

The 34,665 base pairs contained in cosmid MTCY369 cytochrome P450. This fraction was applied to a glutathio-
(provided by S. Cole and K. Eiglmeier) includeva tuber- ne-Sepharose 4B affinity column (Pharmacia;2.20 cm)
culosis(H4/Rv strain)cyp5Ztlike gene. This cosmid served equilibrated in 100 mM KPi (pH 7.4)/20% glycerol buffer.
as template for oligonucleotide primer design and for PCR The column was washed sequentially with 5 column vol-
amplification of CYP51 DNA sequences. Thé digonu- umes of equilibration buffer, and 10 column volumes of 300
cleotide primer (5T, 5CGGGATCCATGAGCGCTGTT- mM KCI in equilibration buffer, and the GST-MT CYP51
GCACTACCCCGGGTTTCGG-3 contains sequences chimeric protein was then eluted from the affinity column in
corresponding to nucleotides 7495 to 7465 in MTCY369, 100 mM KPi/300 mM KCI/20% glycerol/20mM reduced
sequences that encode the amino terminal end of the putaglutathione. Fractions containing,fs > 0.05 were pooled
tive CYP51 protein. The ‘3primer (3T, 3-ATAAGAAT- and dialyzed against 100 mM KPi (pH 7.4)/20% glycerol
GCGGCCGCTTAAACTCCCGTTCGCGGCGGTAGCG- with three buffer changes. The purified chimeric protein was
CACG-3) corresponds to nucleotides 6140 to 6170 that digested with PreScission Protease (Pharmacia) at 4° for 24
encode the carboxyl terminal end of the CYP51-like pro- hr. After digestion, the sample was reapplied to a glutathi-
tein, including sequences specifying termination of transla- one-Sepharose 4B affinity column to remove the GST ter-
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minal and undigested chimeric protein. The purity and in- was introduced in MV1304 cells for the production of
tegrity of the expressed protein were determined by SDS- recombinant protein. Routinely cell cultures produced be-
PAGE. Carbon monoxide spectral determinations were tween 300 and 500 nmoles of spectral P450 per liter of cell

performed as previously described [15]. suspension (7—8 g wet weight of cell paste). Results of a
typical single-step affinity purification are shown in Fig. 1B.
2.3. Ligand binding assays The chimeric protein was purified to electrophoretic homo-

geneity (Fig. 1B, lane 3) and the PreScission protease spe-
Ligand binding spectra were obtained with purified MT cifically cleaves the chimeric protein at the unique expected
CYP51. Typically, to 3 mL of MT CYP51 (uM) in 100 site (Fig. 1, lane 4). The migration of the pure MT CYP51
mM KPi buffer (pH 7.4)/20% glycerol was added sequen- corresponded to the predicted molecular weight, 50.9 kDa.
tially increasing volumes of a DMSO solution of the ligand The reduced CO spectrum of the protein shows the charac-
to give final ligand concentrations of 1, 2, 4, 6, 8, 10, 20, 30, teristic maximum absorbance at 450 nm (Fig. 1C), demon-
40, 50, and 6QuM. Spectra were recorded from 400 to 500 strating that the recombinant protein derived from the ge-
nm. Difference spectra were obtained by subtracting the nome sequence is indeed a cytochrome P450 protein. The
spectrum of ligand-free MT CYP51 from the spectra re- cloned protein is soluble and unassociated with any mem-
corded in the presence of increasing ligand concentrations.brane components. Attempts to establish a functional elec-
The dissociation constants were determined from Eadie tron-transfer complex with rat NADPH-cytochrome P450
Hofstee plots using the absorbance difference betwegn reductase were unsuccessful (data not shown). The model

and A\igopesiicat various ligand concentrations. organismsM. bovisand M. smegmatisontaincyp5Ztlike
DNA sequences. As demonstrated in Fig. 1D, PCR ampli-

2.4. Bioassays to determine the effects on growth of fication of M. bovisgenomic sequences yielded a 1317 bp

M. bovis and M. smegmatis product when the terminal 5T/3T oligonucleotide primer

pair was used (lane 1). The nucleotide sequence of this PCR
M. smegmatigandM. boviswere maintained on Middle-  product is identical to MTcyp51 (data not shown). In
brook 7H10 agar plates containing Middlebrook OADC contrast, PCR amplification &fl. smegmatisequences was
supplement at 37° in a 5% GQCenvironment. The test not achieved with this terminal oligonucleotide primer pair
organisms were grown to confluency, and then were used to(lane 2). However, as demonstrated in Fig. 1E the expected
inoculate 32mm plates of the same medium containing the 477 bp product was amplified frod. smegmatiglane 2)
test compounds at 100, 1.0, and 0,0M. The test com- and M. bovis (lane 3) in reactions containing the internal
pounds dissolved in DMSO were diluted in distilled water primer pair 51/3l. The nucleotide sequence of the DNA
prior to mixing in the agar medium to the appropriate fragment amplified from th&l. smegmatiggenome was at
concentration. Growth of th#&. smegmatisand M. bovis least 75% identical to MTtyp51(data not shown).
cells in the presence of various compounds was noted after
2 or 14 days, respectively. Based upon the results obtained3.2. Spectral interactions of azole antifungals with
in the agar plate assay, a select set of compounds wereMT CYP51
tested for their ability to inhibit the growth &fl. smegmatis
in broth culture growth assayll. smegmatisvas grown for As shown in panels A and B of Fig. 2, econazole and
72 hr in 10 mL of Middlebrook 7H9 at 37° with constant ketoconazole showed distinct type Il spectral interactions
aeration. Aliquots of 10@ul each were used to inoculate 10 with MT CYP51, having maximum absorbance at 433—435
mL of fresh Middlebrook 7H9 broth into 125mL Nephlo nm. Azaconazole and furafylline also showed type Il inter-
flasks containing various concentrations of the test com- actions; however, as shown in Fig. 2C for azaconazole, the
pounds. Cultures were grown with constant aeration, and absorbance intensity at 435 nm was extremely weak. A
the growth was monitored with a Klett-Summerson Color- control experiment with DMSO at the highest concentration
imeter. When the stationary phase was reached, a samplaised in the binding assays showed no interaction with MT
was removed from the flask and used to inoculate a freshCYP51. Of particular interest is the unusual concentration
Middlebrook 7H10 agar plate. The cultures were assesseddependence of the difference spectrum shown by econazole,
for purity by the Kinyon Acid Fast staining procedure. ketoconazole, and azaconazole. In the concentration ranges
1-10 and 20-6QuM, azaconazole showed differences in
the dissociation constants (241 0.3 and 13.0+ 4.6 uM,

3. Results respectively). In contrast, at 1-10 and 20-480 econazole
(6.3 = 4.2 and 5.4+ 1.8 uM, respectively) and ketocon-

3.1. Characterization of a recombinant P450 from azole (11.1+ 5.0 and 18.5f 4.5 uM, respectively) showed

M. tuberculosis no differences in their dissociation constants within the two

concentration ranges. However, for econazole and ketocon-
Fig. 1A shows the DNA sequence of the GST-MT azole there appeared to be a quantitative difference in the
CYP51 fusion region in the GST-M¥p51plasmid, which magnitude of the extinction coefficients in the two concen-
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Fig. 1. MT CYP51 expression i&. coli. (A) The GST-P450 fusion in the GST-MYp51plasmid. The nucleotide sequence (top row) specifying the fusion
between the GST and the P450 sequences is shown and the first codon in the MT CYP51 sequence is double-underlined. In the predicted amino acid sequ
(bottom row) of the recombinant fusion protein, the PreScission protease recognition sequence is underlined. (B) Analysis of a one-step purificatio
SDS-PAGE. Lane 1, protein standards with molecular weight values kDa on the left; lan@.@,ctQde E. coli extract; lane 3, /5g pure chimeric protein;

lane 4, 5ug cleaved chimeric protein, and lane 5u8 pure MT CYP51. (C) Reduced difference CO spectrum of pure MT CYP51. (D) PCR amplification

of full-length mycobacterial CYP51. Lane M. bovis Lane 2, M. smegmatisLane 3, cosmid MTCY369; and Lane &. coli transformed with
GST-MTcyp51 E. PCR amplification of a mycobacterial CYP51 fragment. Larte tpli transformed with GST-M@yp51 Lane 2,M. smegmatisand Lane

3, M. bovis Nucleic acid length (in bp) is indicated in the left of figures D and E.
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inhibition in broth culture. In these experiments, 1M
econazole completely inhibited the growth\f smegmatis
whereas ketoconazole at this concentration approximately
doubled the time the organism spent in the initial lag phase
of growth, and resulted in an overall decrease in the final
extent of growth (Fig. 3A). Furafylline, azaconazole, and
benzimidazole did not alter either the rate or the final extent
wnomimams of growth (Fig. 3A). To ensure that the DMSO used to
} § dissolve the azole compounds had no effectMnsmeg-
c D T matis a culture containing 0.25% DMSO was included as a
control and was found to have no effect on the growtiof
smegmatis

The efficacy of azole antifungals as potential anti-myco-
bacterial agents was compared with that of isoniazid, a

_ current therapy for tuberculosis. In a single experiment,

T e T T ETE LS ™ treatment oM. smegmatisultures with 5uM isoniazid did
Fig. 2. MT CYP51 binding spectra. MT CYP51 spectral perturbation by NOt interfere with the growth oM. smegmatiswhereas at
addition of ligands in increments covering the 4—f® range. (A) 100 uM a 36% decrease in growth was observed. In con-
econazole; (B) ketoconazole; (C) azaconazole; (D) isoniazid. trast, treatment with 100M econazole, resulted in a 100%
inhibition the growth ofM. smegmatig¢Fig. 3A). This result
suggests that the azole antifungals may be significantly
more potent anti-mycobacterial agents than isoniazid. In
experiments not showrM. bovisand M. smegmatisells
taken from broth cultures containing azole compounds re-
sumed normal growth on Middlebrook agar plates, indicat-
ing that these compounds are bacteriostatic agents in con-
trast to isoniazid, which is bacteriocidal. While we did not
test the ability of these azole compounds to inhibit the

Table 1 shows the results of the plate bioassay with growth of M. tuberculosisn culture,M. bovis in particular,

several azole antifungals and other CYP inhibitors. With the S @ Well-accepted model organism for the study of tuber-
exception of itraconazole, metsonidazole, and terconazoleCulosis.
all other azole compounds tested inhibited growth in both
mycobacterial strains at 1QOM. By the criteria of this test,
econazole was found to be the most effective inhibitor 4. Discussion
showing growth inhibition at 1.Q.M.
Azaconazole, econazole, ketoconazole, benzimidazole The genome sequence bf. tuberculosishas revealed
and furafylline were selected to further examine growth over 20 genes bearing CYP signature [5]. The finding that
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tration ranges. The significance of this difference is as yet
unclear. Isoniazid demonstrated a reverse type | spectral
interaction (Fig. 2D), a comparable pattern was observed
with benzimidazole (data not shown). However, no disso-
ciation constant could be obtained for either compound.

3.3. Growth inhibition ofM. smegmatisand M. bovis

Table 1
Azole antifungal bioassays dvl. smegmatisand M. bovisgrowth
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Cells were grown in Middlebrook 7H9- OADC agar plates in the presence of the compounds indicated.
Key: (+), confluent growth; and-{), growth inhibition.
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Fig. 3. M. smegmatidioassays. Cultures were grown in Middlebrook 7HADC supplement liquid medium in the presence of the following treatments:
(A) 0.25% DMSO control ¢); 100 uM econazole®); 100 uM ketoconazole®); 100 uM furafylline (®); 100 uM benzimidazole 4); 100 uM azaconazole
(). This is a representative experiment that was performed three times, each time in triplicate. (B) Effect of isoniazid:®priralM isoniazid (+);
100 uM isoniazid (J).

one of these CYP sequences has 33.7% sequence identitffhe CYP 3A4 active site appears to contain two ligand
with a mammalian lanosterol d4demethylase (CYP51) binding sites [19], and crystallographic evidence has re-
was remarkable because steroid biosynthesis was thoughtealed that two androstenedione molecules bind within the
not to exist in bacteria. The laboratories of Dr. Yuzo Yo- P450 EryF active site [20]. MT CYP51 may also contain
shida and Michael Waterman and our own laboratory re- two binding sites in its active site. An alternative explana-
ported the molecular cloning and expression of this novel tion is that the heme-iron co-ordinated ligand binds in dif-
genomic sequence in the 1998 International Congress offerent conformations within the active site, resulting in the
Cytochrome P450. Since then, Aoyama et al. [16] and different affinities calculated from spectral measurements.
Bellamine et al. demonstrated that the expressed protein isln contrast to azaconazole, which shows two dissociation
in fact a cytochrome P450 [17]. Contrary to the plant, constants for binding to MT CYP51, ketoconazole and
fungal, and mammalian forms of CYP51 that are membrane econazole showed bimodality only in the intensity of the
bound, cloned MT CYP51 was found to be a soluble protein type Il spectral peak)jA435) with no significant difference
that did not form an active complex with NADPH cyto- in the dissociation constants associated with the increased
chrome P450 reductase from the rat. Bellamine et al. [17] absorbance at 435 nm. To our knowledge such a phenom-
have demonstrated a functional complex between spinachenon has not been reported previously for ligand interac-
ferrodoxin reductase, a mycobacterial iron sulfur protein, tions with CYP enzymes. The intensity of the type Il spec-
and MT CYP51 capable of demethylating dihydrolanos- tral absorbance at 435 nm is dictated by the field strength of
terol. Further identification of an endogenous substrate(s)the ligand co-ordinated to the heme iron. A simple expla-
for MT CYP51 and characterization of the reaction as it nation for the observed results with ketoconazole and econ-
occursin vivo will enhance our understanding of mycobac- azole may be that these ligands bind to the two binding sites
terial biochemistry. Interestingly, Lamb et al. [18] have within the heme pocket with comparable affinities, but the

recently isolated cholesterol from the membranesvof ligand field effect of the nitrogen coordinated to heme iron
smegmatisind demonstrated cholesterol biosynthesis in this is stronger at one binding site, resulting in a more intense
organism. absorbance at 435 nm. Alternatively, the differences in

Azoles that inhibit lanosterol-I4demethylase generally  intensity of the type Il spectrum may be due to a second
show a type Il spectral interaction with the enzyme. Type Il azole molecule that binds and enhances the ligand field
spectral interactions result from coordination of a basic effect of the first azole molecule already co-ordinated to the
nitrogen with the vacant d orbitals of the heme iron. The heme iron, thus resulting in an increase in spectral intensity
azole antifungals examined in this study also show type Il without an apparent change in the dissociation constant. The
spectral interactions with MT CYP51; however, unusual other azole antifungals demonstrated weak, if any, spectral
bimodal binding patterns have been observed. Azaconazoleperturbations.
shows two distinct dissociation constants for the type I The effect of azole compounds on mycobacterial growth
spectral interaction. This suggests that there are two distinctwas examined itM. bovisandM. smegmatigrowth assays.
binding sites within the heme pocket of the protein such that These two mycobacterial species are model organisms for
binding at either site permits a basic nitrogen of the ligand M. tuberculosisthat containcyp5Zklike sequences in their
to co-ordinate with the heme iron with different affinities. genomes. Our results demonstrated that econazole and ke-
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toconazole are potent inhibitors of the growthMf bovis CYP51s. A number of cytochromes P450 have been crys-
andM. smegmatisin M. bovis this effect was observed with  tallized and their three-dimensional structures have been
econazole at concentrations as low as 500 nM (results notsolved. MT CYP51 is a soluble P450, a feature that distin-
shown). It is difficult to explain the growth inhibition effected guishes this cytochrome from other CYP51s. This feature
by azaconazole in the plate bioassay. This compound did notshould facilitate the determination of its structure, an ongoing
exhibit strong spectral perturbations and did not affect myco- effort in various laboratories. This crucial information will
bacterial growth in liquid cultures. Although the purified MT enhance our general understanding of lanosteretdemeth-
CYP51 protein was used in the spectral analyses rather than thglase (CYP51) isozymes. Perhaps it will also expedite the
CYP51 protein fromM. bovisor M. smegmatisPCR ampli- development of new drugs for the treatment of tuberculosis.
fication of theM. bovis cypl1 gene and subsequent nucleotide
sequence analysis revealed that the &yjp51gene and th/.
bovis cypl gene are identical. M. smegmatis cygi-like References
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