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Abstract

The Mycobacterium tuberculosis genome encodes twenty cytochrome P450 enzymes, most or all
of which appear to have specific physiological functions rather than being devoted to the removal
of xenobiotics. However, in many cases their specific functions remain obscure. Considerable
spectroscopic, biophysical, crystallographic, and catalytic information is available on nine of these
cytochrome P450 enzymes, although gaps exist in our knowledge of even these enzymes. The
available evidence indicates that at least three of the better-characterized enzymes are promising
targets for antituberculosis drug discovery. This review summarizes the information on the nine
relatively well-characterized cytochrome P450 enzymes, with a particular emphasis on CYP121,
CYP125, and CYP142 from Mycobacterium tuberculosis and Mycobacterium smegmatis.
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Tuberculosis is a long-standing human scourge. Hippocrates mentioned it in 400 BCE in “Of
the Epidemics”, stating “The greatest and most dangerous disease and the one that proved
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fatal to the greatest number, was consumption” (1). In 1680, John Bunyan termed it the
“captain of all these men of death” (2). Despite a very long history, effective drugs for the
treatment of tuberculosis did not become available until the 1950s, when isoniazid,
pyrazinamide, and rifampicin were introduced. These drugs lowered the profile of
tuberculosis in economically advanced societies, but it remains a devastating disease in
many parts of the world, with 10.4 million new cases and 1.8 million deaths in 2015 (3).
Although neglected for decades, the development of new drugs for tuberculosis has again
become a priority due to two factors: the synergistic action of tuberculosis with AIDS, and
the growing spread of M. tuberculosis strains that are multiply resistant (MDR) and
extremely resistant (XDR) to current therapies, all of which date from the 1950s or early
1960s. Only recently have two new drugs, bedaquiline (in 2012) and delamanid (in 2014)
been brought to the clinic.

The potential of cytochrome P450 enzymes as targets for anti-tuberculosis drugs is
highlighted by the finding that antifungal drugs known to target cytochrome P450 enzymes
readily inhibit the growth of both Mycobacterium tuberculosis (4) and M. smegmatis (4, 6,
7). For example, clotrimazole and econazole at a concentration of 0.125 mg mL™1
completely inhibit the growth of the H37Rv strain of M. tuberculosisin culture (8).
Furthermore, reactivation of latent H37Rv in mice was only partially inhibited by isoniazid
and pyrazinamide, but completely inhibited if rifampicin was included in the drug cocktail.
Importantly, rifampicin in the drug cocktail could be replaced by econazole with the same
result (9). Ketoconazole was also shown to improve the /7 vivo prognosis in mice when
added to a cocktail of antituberculosis drugs (10). Other investigators reported that several
azole drugs inhibit the growth of M. smegmatis (7). These results clearly suggest that one or
more cytochrome P450 enzymes are suitable targets for agents against mycobacterial
infections.

The M. tuberculosis genome has genes that code for twenty cytochrome P450 enzymes. The
cytochrome P450 proteins produced heterologously by nine of these genes have received
particular attention: the crystal structures of eight of them have been determined and the
physiological substrates for five of them have been identified (Table 1). This review focuses
on these cytochrome P450 enzymes. The other eleven cytochrome P450 enzymes (Table 2)
are at various stages of investigation, but for none of them is there sufficient information to
warrant a discussion of their biochemistry, role, or potential utility as drug discovery targets.
A number of reviews are available that focus on various aspects of the cytochrome P450
complement of M. tuberculosis (22, 23, 24, 25).

The discovery that the M. tuberculosis genome encodes a CYP51 enzyme (CYP51B1)
immediately raised interest in its potential utility as a drug target. The CYP51 family of
cytochrome P450 enzymes consists of substrate-specific enzymes that catalyze the 14a-
demethylation of sterols such as that of lanosterol in the cholesterol biosynthetic pathway
(Fig. 1) (26). Homologous enzymes catalyze the same or similar reactions in other species,
including fungi and parasites. Because of the critical role of sterols with an extended
hydrocarbon side-chain at position 17 in the maintenance of membrane structure, inhibition
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of 14a-demethylation has proven an effective target for antifungal and antiparasitic drugs
(27). The 14a-methyl sterols that accumulate in the membrane when the 14a.-demethylase is
inhibited cause membrane disruptions that lead to cell death. Indeed, the proliferation of
azole drugs such as ketoconazole and posaconazole stems from their efficacy in the
treatment of fungal infections.

M. tuberculosis CYP51B1 has been heterologously expressed, purified, biophysically
characterized, and shown to catalyze the conversion of lanosterol and closely related 14a.-
methyl sterols to the 14a-desmethyl derivatives (28, 29, 30). CYP51B1 was the first M.
tuberculosis cytochrome P450 for which a crystal structure was determined (11). In addition
to the binding of azole agents (7, 11, 31), small molecule inhibitors of the enzyme have been
identified by high-throughput ligand screening and other approaches (32, 33, 34, 35).

The utility of M. tuberculosis CYP51B1 as a drug target, however, is compromised by the
fact that M. tuberculosis does not have a functional sterol biosynthetic pathway. It was
reported on the basis of a radiolabel incorporation assay that mycobacteria produce sterols
(36), but it is now believed that this was the result of contamination of the cultures (37).
Analysis of the M. tuberculosis genome shows that it lacks, among others, the genes coding
for squalene epoxidase and oxidosqualene cyclase, two key enzymes required for
construction of the sterol skeleton. Furthermore, it does not appear from genetic studies that
CYP51B1 is required for mycobacterial growth (38, 39). Given that lanosterol or a close
analog is not produced endogenously by the mycobacteria, and that CYP51B1 appears not to
be essential for growth, the role of this enzyme in mycobacterial biology is unclear.
CYP51B1 could contribute to the carbon flux by helping to degrade lanosterol in the host
cell, but levels of lanosterol in mammals are so low that such a metabolic contribution is
unlikely to be significant in view of the high concentrations of cholesterol that are present.
In the absence of a defined role for the enzyme, it is questionable whether inhibition of
CYP51B1 contributes to the growth inhibitory effect of azole drugs, and it is unclear
whether it is a suitable target for drug development.

Among the twenty M. tuberculosis cytochrome P450 enzymes, one of the most promising
from the point of view of antituberculosis drug development is CYP121A1 because it is
essential for viability of the mycobacteria (40). Although the relationship of mycobacterial
viability to some the cytochrome P450 enzymes has not been unambiguously tested, in many
cases they do not appear to be required for mycobacterial growth in culture. For example,
Mycobacterium tuberculosis strains in which CYP125A1 (16) and CYP128A1 (41) were
individually knocked out nevertheless grew well in normal media. Of course, an enzyme
may not be required for /in vitro growth, but still be essential for infection and virulence /n
vivo, as will be noted in our later discussion of CYP125A1. On the basis of sequence
comparisons, CYP121A1 was first suspected of involvement in lipid or polyketide
metabolism (42). It was expressed heterologously in E. coli and its biophysical properties,
including its absorption, EPR, MCD and resonance Raman spectra, were found to be
unexceptional. However, UV-visible spectroscopic screens did not confirm the binding of
fatty acids, sterols, or polyketides (42), although azole drugs that are general inhibitors of
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cytochrome P450 enzymes were shown to bind to the enzyme (7). The crystal structures of
the ligand-free enzyme (12) and of the enzyme with fluconazole bound in the active site
were then determined, but unfortunately these structures did not help to define the true
substrate for the enzyme.

Identification of the substrate of CYP121A1 and the function of this enzyme came from
unrelated studies that were not specifically intended to elucidate the biology of M.
tuberculosis P450 enzymes. Gondry et al., in the course of investigating the formation of
cyclodipeptides, one of which derives from two tyrosine residues, noted that the gene coding
for the formation of this Tyr-Tyr cyclodipeptide was adjacent to that coding for CYP121A1
(13, 43). This led to the discovery by Belin et al. that CYP121A1 catalyzes oxidative
crosslinking of the two tyrosines in the cyclodipeptide (Fig. 2) (13). This conclusion was
supported by a crystal structure of CYP121A1 with the Tyr-Tyr cyclodipeptide bound in the
active site, and by a subsequent study exploring the binding of substrate analogues that
showed the enzyme is highly specific for the Tyr-Tyr cyclodipeptide (44). Computational
(45) and experimental (46) results suggest a mechanism for the enzyme in which Compound
| of CYP121A1 mediates a one-electron oxidation of each of the two tyrosine rings, which
then undergo radical-radical coupling to form the crosslink (Fig. 2).

In view of the requirement of CYP121A1 for mycobacterial growth, the development of
inhibitors for this enzyme is a promising avenue to novel antituberculosis drugs. Comparison
of the data on the sensitivity of M. tuberculosis P450 enzymes to inhibition by azole drugs is
informative in this regard. As already discussed, econazole and clotrimazole were used to
establish that azole drugs can inhibit the growth of M. tuberculosis both in culture and in
infected animals (8, 9, 47). Table 3, which is based on a compilation by the Munro group of
the data in the literature on the inhibition of M. tuberculosis P450 enzymes by azole drugs
(17), shows that CYP121A1 binds econazole, clotrimazole, and miconazole more tightly
than any of the other M. tuberculosis PA50 enzymes in the table. As econazole and
clotrimazole were the azoles used to establish that M. tuberculosis growth could be inhibited
by this class of drugs, it is likely that inhibition of CYP121A1 contributes to the reported
inhibition of M. tuberculosis growth by these azole compounds.

Fragment screening has been implemented in the search for specific non-azole inhibitors of
CYP121A1 (48, 49). This has led to the identification of a series of phenolic compounds that
bind to CYP121A1 with spectroscopically determined K values as low as 15 uM. The
structures of some of these agents bound to CYP121A1 have been determined.

CYP126A1 has been heterologously expressed in £. coli, its crystal structure has been
determined, and its biophysical properties, including the UV-vis, EPR, and MCD spectra,
and the iron redox potentials in the substrate-free and ligand bound forms, have been
determined (17). High throughput and fragment screens implemented in efforts to identify
the substrate of the enzyme indicated that chlorophenol derivatives and structures with three
aromatic rings, particularly nitroaromatics, are viable ligands (17, 50). However, the ligands
that were thus identified are, at best, poor substrates for the enzyme, so that these results
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shed little light on the true substrate of the enzyme. CYP126A1 is thus among the better
characterized M. tuberculosis P450 enzymes in terms of biophysical properties and
structure, but its role and importance remain obscure, casting a shadow on its potential as a
drug target.

CYP130AL1 is readily expressed in E. coli and the expressed protein is amenable to
purification and crystallization (18). A comparison of the crystal structures of ligand-free
CYP130A1 and the protein with econazole bound in the active site shows that the ligand-
free protein exists in a conformation with a relatively “open” active site, whereas the active
site is in a more “closed” conformation in the econazole bound form. These conformational
changes involve repositioning of the BC-loop and the F and G helices. Binding of econazole
and clotrimazole is subject to positive cooperativity, which may stem from a tendency of
CYP130A1 to associate into a dimeric structure.

Because NO is deployed by mammals in their defense against M. tuberculosis, a comparison
was made of the susceptibility of several M. tuberculosis P450 enzymes to inhibition by NO
(51). These studies demonstrate that CYP51B1 and CYP130A1 form ferrous-NO complexes
that are resistant to subsequent exposure to oxygen, whereas CYP125A1 and CYP142A1
form complexes that, when exposed to oxygen, revert to their ferric state. It is not known,
however, whether interactions of the M. tuberculosis P450 enzymes with NO is significant in
terms of the pathology or therapy of mycobacterial infections.

Screening efforts with a diversity of cytochrome P450 substrates, including conventional
P450 probes, fatty acids, and steroids, did not lead to identification of a substrate for
CYP130A1. Furthermore, a spectroscopic screen of 20,000 compounds in a search for
enzyme ligands failed to identify any compounds giving rise to a Type | spectral shift (i.e.,
potential substrates), but did identify a range of compounds that gave the Type Il spectral
shifts associated with enzyme inhibitors (52). In general these compounds were
heteroaromatic amines, with the best one having a Kq of approximately 1 uM. The crystal
structures of CYP130A1 with two of these ligands bound in the active site showed that in
both cases the aromatic amine group coordinated to the heme iron atom. These results
provide information on potential avenues for the development of non-azole inhibitors of
CYP130A1. A purely computational study has claimed identification of a possible inhibitor
for CYP130A1, but in the absence of experimental data, the value of this claim is uncertain
(53). More importantly, as in the case of CYP126A1, the results have provided little insight
into the substrate and function of this cytochrome P450 enzyme. The absence of this
information limits enthusiasm for the pursuit of CYP130A1 as a drug target.

CYP128A1 is unusual among the M. tuberculosis cytochrome P450 enzymes in that the
protein has not been heterologously expressed, its catalytic properties /n vitro have not been
determined, and its crystal structure is not known; nevertheless, its substrate and biological
role have been clearly defined. In the process of determining the biogenesis of S881, a
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sulfated menaquinone, the sulfotransferase responsible for introducing the sulfate group was
identified (Fig. 3) (54, 55). Analysis of the M. tuberculosis genome showed that the genes
coding for two putative cytochrome P450 enzymes were located close to that for the
sulfotransferase. One of these genes codes for CYP128A1, which has subsequently been
implicated as the enzyme that introduces the hydroxyl group into menaquinone MK-9
(DH2) to which the sulfate group is attached in the synthesis of S881. This conclusion rests
on genetic knockout experiments, as efforts in several laboratories to express catalytically
active CYP128Al in E. coli or other heterologous expression systems have failed.

The CYP128Al-deficient M. tuberculosis strains, like those in which the sulfotransferase is
suppressed, reveal that the sulfated menaquinone is a repressor of virulence (41). That is,
S881 decreases the virulence of the mycobacteria. It is therefore not a suitable target for
antituberculosis drug development, as inhibition of CYP128A1 (or the sulfotransferase)
would lead to more, not less, virulent mycobacteria.

CYP144A1 has been expressed and purified and many of its biophysical parameters have
been determined (55). Knockout of the cyp144A1 gene in the H37Rv strain of M.
tuberculosis established that CYP144A1 is not essential for growth of the mycobacteria in
culture. However, azole drugs bind to the purified protein (Table 1) and inhibit the growth of
the knockout strain to a greater extent than the parent H37Rv strain, suggesting a possible
role for CYP144A1 in cellular biology or in modulating resistance to azole drugs. However,
a similar finding was observed when CYP125A1 was knocked out (56). More detailed
analysis revealed that there are two possible start codons for CYP144A1, both of which give
rise to proteins that can be expressed and purified (21). The terminal region of the longer
protein appears to be disordered, but the truncated, shorter protein was amenable to
crystallization and its ligand-free structure was determined. The substrate and role of
CYP144A1 remain unknown, however. A fragment profiling approach was pursued in
efforts to obtain a clue to the native substrate, but the results did not yield a specific identity.
However, they may be useful if the further development of inhibitors for the enzyme is
warranted (57)

CYP124A1, like CYP128A1, is located close to the sulfotransferase involved in the
formation of S881. However, unlike CYP128A1, the catalytically active protein has been
expressed, purified, crystallized, and partially characterized (14). Analysis of its substrate
specificity indicates that it catalyzes the terminal hydroxylation of methyl-branched
hydrocarbon chains such as those of phytanic acid and farnesol (14), cholesterol and related
sterols (58, 59), and vitamin D3 (60). The methyl-branched terminus of the hydrocarbon
chain is important for efficient oxidation, as fatty acids without the terminal methyl branch
are either very poor or unacceptable CYP124A1 substrates. Not all methyl-branched termini
are oxidized, however, as the side-chain of MK-9 (DH2), which is hydroxylated by
CYP128A1, is surprisingly not oxidized /n vitroby CYP124A1. All our efforts to detect this
transformation with recombinant CYP124A1 have been unsuccessful.
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The crystal structure of CYP124A1 with phytanic acid bound in the active site rationalizes
the importance of methyl branching in making a hydrocarbon chain a suitable substrate (14).
As shown schematically in Fig. 4, a lipophilic cavity near the heme iron atom binds one
terminal methyl, positioning the other one for oxidation. In the absence of the branching
methyl, the chain terminus binds in the cavity and no carbon atom of the hydrocarbon chain
is close enough to be oxidized. Of course, superimposed on this feature of the active site are
additional structural constraints that determine which specific compounds can be bound and
oxidized.

Although we know much about the nature of CYP124A1 substrates, the identity of the
specific substrate or substrates for this enzyme in M. tuberculosis remains undetermined.
Strains of mycobacteria lacking functional CYP124A1, such as CDC1551, grow readily in
culture (58), indicating that this enzyme is not essential for growth, although it could play a
role in the more complex context of an /n vivo infection. In the absence of more
incriminating evidence, the viability of CYP124A1 as a potential target for antituberculosis
drug development remains uncertain.

Host cholesterol plays a critical role in phagocytosis and growth of mycobacteria, as shown
by the demonstration that phagocytosis of Mycobacterium bovis BCG, a model for M.
tuberculosis, is severely impaired if the macrophage cell membranes are first depleted of
cholesterol, a treatment that does not interfere with the phagocytosis of £. coli and other
bacterial strains (Fig. 5) (61).

A set of genes, termed the jgr (for mtracellular growth) locus, was identified that is required
for cholesterol metabolism and for growth and virulence of M. tuberculosis (62, 63).
Interestingly, these studies also found that a toxic metabolite accumulated in /igrknockout
strains that prevented growth not only on cholesterol, but also on other carbon sources. One
of the six genes in the igroperon (Rv3545c) codes for the cytochrome P450 enzyme
CYP125A1 (63). Knockout of a highly conserved transcriptional TetR-type repressor
(Rv3574) that regulates a large number of lipid degradation genes caused the up-regulation
of many genes, including those that produce CYP125A1 and CYP142A1 (64). Finally, high-
density mutagenesis and deep sequencing identified CYP125A1 as a monooxygenase in the
H37Ruv strain of M. tuberculosis required for growth on cholesterol (65).

The role and function of CYP125A1 were fully decoded through the work of several
laboratories. Knockout of the gene coding for the CYP125A1 in Rhodococcus jostif RHAL
revealed that the bacteria could grow on 26-carboxy cholesterol, but not on cholesterol itself
(66). CYP125A1 was expressed and purified and its identity as a P450 enzyme was
confirmed, although its catalytic activity could not be demonstrated /n vitro. The CYP125A1
protein from M. tuberculosis heterologously expressed in Rhodococcus jostifRHAL and
then purified was shown, on reconstitution with a surrogate electron donor, to catalyze the
26-hydroxylation of cholesterol and cholest-4-en-3-one (67). M. tuberculosis CYP125A1
heterologously expressed in £. colialso catalyzed the 26-hydroxylation of cholesterol (15).
These investigators obtained the crystal structures of CYP125A1 complexed with econazole
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and androstenedione, which unfortunately lacks the crucial 17-sidechain of cholesterol and
cholest-4-en-3-one. Finally, purified CYP125A1 expressed in £. coliwas shown to catalyze
not only 26-hydroxylation, but also the subsequent conversion of the 26-alcohol to the 26-
aldehyde and 26-carboxylic acid (58). Furthermore, the crystal structure of CYP125A1 with
cholest-4-en-3-one bound in the active site demonstrated that this substrate binds in a tight-
fitting active site with the side-chain methyl terminus located close to the heme iron atom
(Fig. 6) (16).

M. smegmatis, a non-pathogenic mycobacterium, has not one, but two enzymes that are
homologous to M. tuberculosis CYP125A1 (20, 68). CYP125A3, like CYP125A1, oxidizes
the 26-methyl group of cholesterol and cholest-4-en-3-one to the corresponding aldehyde
and carboxylic acid (20). CYP125A4, the second enzyme, also catalyzes the 26-
hydroxylation of cholesterol, but has a much higher activity for 26-hydroxylation of 7-
hydroxycholesterol (68). This can be attributed to the presence of a bulky tryptophan
(Trp83) in CYP125A3 instead of the smaller tyrosine in CYP125A4 at a position where it
interferes with binding of the 7-hydroxy group. Replacing the tryptophan of CYP125A3 by
a tyrosine by site-specific mutagenesis enhances the ability of this enzyme to oxidize 7-
hydroxycholesterol. The crystal structure of the CYP125A3 W83Y mutant is consistent with
this interpretation (68).

The carbon atoms of the cholesterol side-chain are incorporated into surface lipids of M.
tuberculosis. Radiocarbon labeling showed that the label of [26-14C]cholesterol was
incorporated into the virulence factors PDIM (phthiocerol dimycocerosate) (69) and SL-1
(sulfolipid-1) (70). This finding was more precisely demonstrated in the case of PDIM by
mass spectrometric analysis of the PDIM lipid fraction after growth on cholesterol with
25,26,26,26,27,27,27-heptadeuterated cholesterol (16). As expected, the increased mass of
PDIM seen when cells are grown in the presence of cholesterol is also seen when the cells
are grown with propionic acid in the medium, supporting the inference that propionoyl CoA
released in the degradation of the cholesterol side-chain serves as a feedstock for the
synthesis of PDIM and SL-1 (16, 71)

Despite the tight fit of cholest-4-en-3-one in the CYP125A1 active site seen in the crystal
structure (Fig. 6), detailed studies of the oxidation of unlabeled and 25,26,26,26,27,27,27
deuterium labeled cholesterol in the presence of 180, versus 180, established that side-
products are formed, at least when the oxidation of cholesterol is performed /n vitro (72).
Mass spectrometric and chromatographic comparisons allowed detection of the products M1
through M5 (Fig. 7), in addition to the expected 26-alcohol, 26-aldehyde, and 26-carboxylic
acid. Comparison of the products formed from cholest-4-en-3-one, its 26-alcohol metabolite,
and the 26-aldehyde showed that the side-products are formed from alternative reactions of
the 26-aldehyde. Some support for the mechanisms proposed in Fig. 7 for the formation of
these side-products comes from the finding that replacement of the cysteine thiolate of
CYP125A1 by a seleno cysteine anion shifts product formation in the direction of the
alternative pathways, all of which require nucleophilic attack of the iron dioxy complex on
the aldehyde group. The seleno ligand is a better electron donor than the thiolate, as is
illustrated by the longer wavelength absorption (~458 nm) of the ferrous carbonmonoxy
complex compared to that of the normal thiolate-ligated P450 enzyme (~450 nm) (73).
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Further confirmation of the reactivity shift caused by selenocysteine replacement of the
thiolate ligand iis provided by the more recent work of Onderko et al. (74).

The importance of cholesterol side-chain degradation is emphasized by the number of
cytochrome P450 enzymes that specifically oxidize the C26 methyl group to the carboxylic
acid. As discussed above, in M. tuberculosis the primary enzyme that performs the required
oxidative steps is CYP125A1, although CYP124A1 is a much poorer catalyst of these
reactions. In M. smegmatis, CYP125A3 and CYP125A4 are able to oxidize cholesterol,
although CYP125A4 preferentially oxidizes 7a-hydroxycholesterol. However, there is an
additional family of enzymes specifically evolved to catalyze terminal oxidation of the
cholesterol and cholest-4-en-3-one side-chains.

CYP142A1 of M. tuberculosis was heterologously expressed, shown to be a cholesterol 26-
hydroxylase, and crystallized (19). The ligand-free crystal structure had a similar structure to
that of CYP125A1 in the regions that defines the ligand-binding pocket. Heterologously
expressed CYP142A2 from M. smegmatis also catalyzes the oxidation of cholesterol and
cholest-4-en-3-one to their 26-carboxylic acid derivatives (20). The crystal structure of this
protein as a complex with cholest-4-en-3-one revealed that the sterol binds with the C17-
sidechain methyl groups close to the heme iron atom, as expected given the catalytic activity
of the enzyme. A difference is found in the 26-hydroxylated products, however, in that
CYP142A1 (and CYP124A1) produce the 26-alcohol with a 25/ configuration, whereas
CYP125A1 produces the 26-alcohol with a 255 configuration (58).

CYP125-CYP142 System

The contributions of the M. tuberculosis cytochrome P450 enzymes that oxidize cholesterol
and cholest-4-en-3-one in physiological situations depends on several factors, including the
levels at which they are expressed, whether expression is inducible, and the relative kinetic
parameters of the enzymes. In fact, the H37Rv strain of M. tuberculosis commonly used in
experimental work has functional genes that encode CYP124A1, CYP125A1 and
CYP142A1. However, immunoblotting measurements of the proteins found in mycobacterial
cells indicate that CYP125A1 is well expressed in cells grown on glycerol as the sole carbon
source, but it is expressed at much higher levels in mycobacteria grown on cholesterol (58).
CYP142A1 is weakly expressed in glycerol-grown cells, but its expression is somewhat
induced when the mycobacteria are grown on cholesterol. In contrast, CYP124Al is not
detected at the protein level by immunoblotting experiments in the H37Rv cells whether
they are grown on glycerol or cholesterol. Furthermore, the virulent CDC1551 strain of M.
tuberculosis does not have functional genes for either CYP142A1 or CYP124A1, but does
have one for CYP125A1. In accord with this, CYP124A1 and CYP142A1 are not detected
by immunoblotting experiments in mycobacteria grown on either glycerol or cholesterol as
the carbon source (58). M. bovis BCG also only has a gene coding for a CYP125 protein and
when this is knocked out, the mycobacteria do not grow on cholesterol; they just accumulate
cholest-4-en-3-one (67).
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A comparison of the kinetic parameters for M. tuberculosis CYP124A1, CYP125A1, and
CYP142A1 clearly shows that CYP124AL1 is a much poorer catalyst for the oxidation of
cholesterol and cholest-4-en-3-one than the other two enzymes (Table 4) (58). Cholesterol
and cholest-4-en-3-one bind more tightly to M. smegmatis CYP142A2 than CYP125A3
(20). The relative efficiency of CYP125A1 and CYP142A1 is confirmed when the ¢cyp125
gene, which codes for the only cholesterol oxidizing enzyme in the CDC1551 strain, is
knocked out and is replaced by overexpression of either CYP142A1 or CYP124A1. In the
absence of complementation, the CDC1551 Acyp125 strain does not grow on cholesterol.
However, complementation of the Acyp125A1 mycobacteria with the cyp142A1 gene
produces a strain that grows just as well as the wild-type CDC1551 strain. In contrast,
complementation with the ¢yp124A1 gene yields a strain that grows only poorly on
cholesterol and accumulates cholest-4-en-3-oneg, albeit to a lower level than it in the
uncomplemented Acyp125 strain.

Comparison of the specificities of CYP124A1, CYP125A1, and CYP142A1 for substrates
with modified C17-sidechains shows that all four enzymes tolerate the introduction of
double bonds into the sidechain and replacement of a methyl group by a halide, albeit with
some decrease in the catalytic rate (59). However, comparison of the crystal structures of
CYP125A1 and CYP142A2 with cholest-4-en-3-one bound in the active site showed that the
active site of CYP125A1 is capped by the peptides defined by amino acid residues 57-67
and 102-111, peptides that are lacking in CYP142A2 (Fig. 8) (75). Investigation of this
difference led to the finding that the CYP125A1 has good activity for cholesterol and
cholest-4-en-3-one, but low 26-hydroxylase activity with cholesterol sulfate and none with
cholesterol propionate, substrates that would sterically clash with the capping peptides.
CYP142A1 and CYP142A2 also have good activities with cholesterol and cholest-4-en-3-
one, but they are better able to oxidize cholesterol sulfate and cholesterol propionate, as no
cap exists to sterically interfere with binding of the esterified cholesterol derivatives. It is of
interest in this context that quantitation of the sterols in macrophages shows that infection
with mycobacteria elevates the concentration of esterified cholesterol (76). CYP142A1 may
therefore contribute to utilizing these forms of cholesterol, in addition to its contribution to
the metabolism of cholesterol itself.

As mentioned earlier, knockout of the /groperon prevented growth on cholesterol and led to
the accumulation of a toxic metabolite (62, 63). Subsequent work has identified this “toxic”
metabolite as cholest-4-en-3-one, a metabolite that accumulates when degradation of its
side-chain is prevented by knocking out the gene coding for CYP125A1 (16, 58, 67).
Indeed, cholest-4-en-3-one prevents the growth of M. tuberculosis not only on cholesterol as
the sole carbon source, but also on other carbon sources, including glycerol, acetate, and
glucose (77). In the presence of an active 26-hydroxylase enzyme, notably CYP125A1 or
CYP142A1, the cholest-4-en-3-one is metabolically removed, preventing cell growth
inhibition. In the presence of a large initial excess of cholest-4-en-3-one, a lag phase is
observed in the growth of the wild-type mycobacteria even if they express CYP125A1 (16).
However, in the absence of such an activity, the growth inhibition is maintained.
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Inhibition of CYP125 and CYP142

CYP125A1 and CYP142A1 are inhibited by azole drugs such as clotrimazole, miconazole,
and econazole, although CYP121A1 is more sensitive to inhibition by these agents than
CYP125A1 (Table 3). Inhibition of CYP125A1 and CYP142A1 may contribute to the
inhibition of mycobacterial growth by azole drugs (47).

a-[(2-methylcyclohexyl)carbonyl amino]-N-4-pyridinyl-1H-indole-3-propanamide (LP10), a
compound initially identified as an inhibitor of 7rypanosoma cruzi CYP51, binds to M.
tuberculosis CYP125A1 (78). Spectroscopic and crystallographic analyses indicate that this
agent has an unusual binding mode that favors tighter binding of the distal water ligand to
the heme iron atom rather than the usual displacement of the water ligand by a nitrogen of
the compound. A similar binding mode was observed in the complex of fluconazole with
CYP121A1, in which fluconazole hydrogen bonds to the distal water rather than displacing
it (79).

A screen of 19 sterols identified several that inhibited the growth of M. tuberculosis,
although no studies were performed to elucidate the basis for growth inhibition (80). One of
sterols was 16,26-dihydroxycholesterol, here termed the “triol” (Fig. 9). The presence of a
26-hydroxyl group in this sterol led us to investigate its mechanism of action (77).
Spectroscopic and catalytic studies with purified, recombinant CYP125A1 and CYP142A1
established that the triol bound to these enzymes, but was not a substrate for either one; i.e.,
that its side-chain was resistant to degradation. Incubation of the sterol with a 3p-
hydroxysteroid dehydrogenase showed that it was readily converted to the 3-keto form. The
triol is therefore also an analogue of cholest-4-en-3-one, and has an inhibitor profile similar
to that sterol in its ability to inhibit the growth of mycobacteria grown on diverse media.
Most importantly, as its side-chain cannot be degraded even if CYP125A1 and CYP142A1
are expressed, this molecule produces a persistent, inhibitory activity against wild-type
strains of M. tuberculosis.

An alternative approach in which a sterol is used to inhibit CYP125A1 directly, preventing
removal of endogenous cholest-4-en-3-one as it is formed, has been explored in preliminary
experiments (77). Two synthetic cholesterol analogues with terminally unbranched
sidechains of different lengths, each containing a difluoromethyl terminus, have been
examined as potential M. tuberculosis growth inhibitors (Fig. 10). Both compounds blocked
the growth of M. tuberculosis even with glycerol as the carbon source. Direct inhibition of
CYP125A1 and CYP142A1 was not established, although it was shown that one of the
compounds (B) is oxidized by these enzymes to the corresponding acylfluoride that can be
trapped with methanol. It is therefore possible, but was not shown, that the enzyme is
covalently modified.

The utilization of cholesterol by M. tuberculosis can be blocked at the level of 26-
hydroxylation by the cytochrome P450 enzymes, but once the 26-methyl is converted to the
26-carboxylic acid, a series of additional enzymes is required to further degrade the side-
chain as well as the sterol core. Inhibition of some of these enzymes provides an additional
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route to the development of agents that inhibit growth at the level of cholesterol degradation
(e.g., 81). These alterative approaches have been reviewed (82).

Conclusion

As summarized here, CYP121A1 is a crucial enzyme for mycobacterial growth and is a
viable target for drug development efforts. CYP125A1 and CYP142A1 are closely related
enzymes in terms of their catalytic function, the oxidation of cholesterol, cholest-4-en-3-one,
and possibly cholesterol esters. Although the enzymes are not essential for /n vitro growth
on most media, they are critical for growth on cholesterol and for phagocytosis and virulence
in vivo. As such, they are suitable targets for drug design efforts. The biological role of
CYP128A1 in biogenesis of a sulfated menaquinone is well established even if the protein
has proven difficult to characterize at the biochemical level. However, as CYP128A1
produces a molecule that attenuates virulence, it is not a drug design candidate. The precise
substrates and roles of the other enzymes discussed here, CYP51B1, CYP124Al,
CYP126A1, CYP130A1, and CYP144A1 are not known, so that even though crystal
structures and biophysical data are available, their potential utility in drug design efforts is
unclear. This applies also to the other eleven cytochrome P450 enzymes (Table 2) for which
little molecular level information is available, although this may change as these enzymes
are better characterized
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Highlights
. Tuberculosis persists as highly lethal scourge, particularly in the developing
world
. M. tuberculosis encodes 20 P450 enzymes, for 8 of which crystal structures
are available

. Three of these eight enzymes, CYP121, CYP125, and CYP142, are potential
drug targets

. The development of inhibitors for these three enzymes is underway
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Fig. 1.
The three sequential reactions of the cholesterol biosynthetic pathway catalyzed by CYP51.
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Fig. 2.

Intramolecular crosslinking of the L-Tyr-L-Tyr cyclodipeptide catalyzed by CYP121A1.
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Fig. 3.
Structure of the sulfolipid S881 and the role of CYP128A1 in its formation.
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Fig. 4.

Schematic model of the CYP124A1 active site illustrating why a methyl-branched

CH; é CH;
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S
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hydrocarbon terminus, in which one methyl is bound in the lipophilic cavity and the other is
presented for oxidation, is a good substrate, whereas an unbranched chain terminus, in
which binding of the methyl in the lipophilic cavity prevents its presentation for oxidation, is

not.
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Phagocytosis of M. bovis BCG by two macrophage cell lines (3774, BMM) before and after
cholesterol depletion of the macrophages. In panel A the phagocytosis by the control (black
bars) and depleted (light bars) is compared. In panel B the bars indicate phagocytosis in
cholesterol depleted cells as a percentage of that observed in control cells. Reprinted with

permission from (61).
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Fig. 6.
Stereoscopic view of cholest-4-en-3-one bound in the active site of CYP125A1. Reprinted

with permission from (16)
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Side products detected in the oxidation of cholest-4-en-3-one by M. tuberculosis
CYP125A1. The side-products, shown in blue, are boxed and are denoted by the labels M1-

M5. The mechanisms proposed for their formation from the aldehyde intermediate are

indicated.
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Fig. 8.
Comparison of the surfaces of CYP125A1 and CYP142A2 illustrating capping of the

CYP125A1, but not CYP142A2, active site channel by peptide segments in CYP125A1 not
present in CYP142A2.

J Inorg Biochem. Author manuscript; available in PMC 2019 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ortiz de Montellano

Fig. 9.

Oxidation of 16,26-dihydroxycholesterol (the “triol”) to its 3-keto-4-ene derivative.

J Inorg Biochem. Author manuscript; available in PMC 2019 March 01.

Page 27



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ortiz de Montellano

HO

Fig. 10.
Structures of two terminally difluorinated sterols that inhibit the growth of M. tuberculosis.
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Table 1

The M. tuberculosis cytochrome P450 enzymes for which sufficient evidence is available to initiate a

discussion of their potential as drug targets.

Gene number  P450 number  Crystal structure  Substrate

Rv0764c CYP51B1 (11) Lanosterol

Rv2276 CYP121A1 (12, 13) Cyclodityrosine (cYY)

Rv2266 CYP124A1 (14) Dimethyl chain termini: e.g., phytanic acid, farnesol

Rv3545¢ CYP125A1 (15, 16) Cholesterol
Cholest-4-en-3-one

Rv0778 CYP126A1 @17 Unknown

Rv2268¢ CYP128A1 Y Menaquinone MK9(Hy)

Rv1256¢ CYP130A1 (18) Unknown

Rv3518c CYP142A1 (19, 20) Cholesterol
Cholest-4-en-3-one

Rv1777 CYP144A1 (21) Unknown

*
No crystal structure is available for this enzyme
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The M. tuberculosis cytochrome P450 enzymes for which there is relatively little information.

Table 2

Gene number

P450 number

Rv0766¢
Rv1394c
Rv0568
Rv0327¢c
Rv3059
Rv3685c
Rv0136
Rv1666¢
Rv1880c
Rv3121
Rv1785c

CYP123A1
CYP132A1
CYP135B1
CYP135A1
CYP136A1
CYP137A1
CYP138A1
CYP139A1
CYP140A1
CYP141A1
CYP143A1
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