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SUNTO. — La tubercolosi, con milioni di nuovi casi ogni anno, rappresenta tuttora una
preoccupante minaccia per la salute mondiale. Questa malattia infettiva & causata dal
Mycobacterium tuberculosis e colpisce principalmente i polmoni, sebbene possa
diffondersi anche ad altri organi. La particolare parete cellulare dei micobatteri li
rende resistenti alla maggior parte degli antibiotici e per questo motivo gli unici far-
maci di prima linea ad essere efficaci risalgono a parecchi decenni fa. La recente com-
parsa di ceppi resistenti a questi farmaci ha reso la ricerca di nuove terapie antituber-
colari sempre pit urgente. Nell’ambito di una rete di gruppi di ricerca finanziata dalla
Comunita Europea, una nuova classe di agenti antitubercolari, i benzotiazinoni
(BTZs), ¢ stata scoperta nel 2009 portando all’identificazione di un nuovo bersaglio
coinvolto nella biosintesi della parete cellulare dei micobatteri. Questo enzima ¢ la
decaprenilfosforil- B-D-ribosio 2 epimerasi (DprE1) che catalizza un passaggio essen-
ziale nella sintesi dell’arabinogalattano, uno dei componenti della parete cellulare. I
nostri gruppi di ricerca hanno svolto approfonditi studi biochimici e strutturali su la
DprE1 di M. smegmatis con lo scopo di caratterizzare il meccanismo di azione dei
composti BTZ e di fornire utili elementi per I'ottimizzazione degli stessi come futuri
farmaci antitubercolari.

ABSTRACT. — Tuberculosis, with million new cases every year, still represents a world-
wide health threat. This infectious disease is caused by Mycobacterium tuberculosis
and affects primarily the lungs, although it can spread to other organs. The peculiar
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mycobacterial cell wall makes these bacteria resistant to most of the antibiotics and
for this reason the first-line effective drugs now available date back to several decades
ago. The recent appearance of drug-resistant strains makes the search for new antitu-
bercular therapies more and more urgent. In the framework of a research network
funded by the European Commission, a novel class of antitubercular agents, the ben-
zothiazinones (BTZs), were discovered in 2009, which led to the identification of a
new enzyme target that is involved in the biosynthesis of the mycobacterial cell wall.
This enzyme is the decaprenylphosphoryl-B-D-ribose 2’epimerase (DprE1) which
catalyzes an essential step in the biosynthesis of arabinogalactan, one of the mycobac-
terial cell components. We carried out a thorough biochemical and structural charac-
terization of DprE1 from M. smegmatis with the aim to investigate BTZ mode of ac-
tion and provide hints for drug optimization.

1. INTRODUCTION

Tuberculosis (TB) is an infectious disease caused by
Mycobacterium tuberculosis, which is an aerobic pathogenic bacteri-
um that establishes its infection usually in the lungs (pulmonary TB),
but can also affect other sites (extrapulmonary TB). It is almost
exclusively transmitted from a patient with infectious pulmonary
tuberculosis via aerosolized droplets by coughing, sneezing or even
speaking. Once inhaled, the bacilli are phagocytized in the air spaces
primarily by resident alveolar macrophages and dendritic cells. At
this point, the infection can be either eliminated by the host immune
response by innate immunity, or retained as latent tuberculosis infec-
tion by adaptive immunity, or it can progress to active clinical disease
by the break-down of the immune defence [1]. M. tuberculosis-infect-
ed phagocytes can migrate from the alveolar space into the lung inter-
stitium and then, via the lymphatic and hematogenous routes, even-
tually disseminate to other organs [2,3]. Subsequently, the bacilli may
grow unimpeded within host macrophages, resulting in primary pro-
gressive disease or reactivation disease after a short period of latency,
as seen in about 10% of immune competent individuals.
Alternatively, bacillary growth may be controlled, and the bacteria
may be killed or may adapt to survival within cellular granulomas in
a non-replicating state, thereby establishing a latent infection, as seen
in approximately 90% of healthy hosts. Latent infection can persist
for decades after exposure to M. tuberculosis before reactivating to
cause active disease (primarily in the lungs), when the immune-medi-
ated control of bacillary growth fails, as seen, for example, in patients
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with immunodeficiency virus (HIV) infection [4]. Currently, HIV
infection represents the major risk for the progression of a TB latent
infection into the active disease but, in the recent years, the resur-
gence of TB can be ascribed also to other factors such as large scale
migration, transmission in overcrowded public places, and the
spreading of M. tuberculosis drug resistant strains. The incidence of
tuberculosis worldwide in 2012 was 8.6 million of people, with 1.3
million deaths including 320.000 people co-infected with HIV [5].
World Health Organization (WHO) estimates that about 2 billion
people have latent tuberculosis and more than 100 million of these
people will develop active tuberculosis [6].

The intrinsic resistance of M. tuberculosis to antibiotics is prima-
rily attributed to its peculiar cell wall. This envelope contains three
covalently linked components: peptidoglycan, arabinogalactan, and
mycolic acid. The arabinogalactan (AG) consists of covalently cou-
pled galactan and arabinan polymers [8]. The branched arabinan
chains containing a-D-arabinofuranosyl (Araf) are attached through
the B-D-galactofuranose units. The a-mycolates are the most abun-
dant mycolic acids found in M. tuberculosis. Other important compo-
nents of the mycobacterial cell wall are the free glycolipids, such as:
trehalose dimycolate, named also cord factor, trehalose monomyco-
late, phthiocerol dimycocerosate and lipoarabinomannan [7].

The most important and the oldest antitubercular drug, isoniazid,
targets the biosynthesis of mycolic acids, fundamental component of
the cell wall. This first-line drug is the most used in TB therapy.

In fact, the treatment for drug-sensitive tuberculosis lasts at
least 6 months and four first-line oral drugs (rifampicin, isoniazid,
pyrazinamide, and ethambutol) must be swallowed together during
the first 2 months of therapy, and two (rifampicin and isoniazid) for
the subsequent 4 months. These therapies are associated with
increased mortality and can induce drug-resistance [9]. In 2012, the
estimated number of cases of multidrug resistant tuberculosis (MDR-
TB) was 450.000, with about 170.000 deaths [10]1. The M. tuberculosis
MDR strains are resistant to rifampicin and isoniazid, the two first-
line drugs. Patients affected with MDR-TB use a combination of sec-
ond-line and third-line antitubercular drugs, which are much more
toxic, expensive, and less active than the first-line ones.

Unfortunately, M. tuberculosis extensively drug-resistant (XDR)
isolates are resistant to rifampicin, isoniazid, fluoroquinolone, and at
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least to one of the three injectable second-line drugs: amikacin,
kanamycin, or capreomycin. These XDR strains have been already
reported in 92 countries [10] worldwide. Moreover, totally drug-resis-
tant tuberculosis (TDR-TB) was described, although the exact defini-
tion of TDR-TB remains to be defined by WHO [11]. TDR-TB
involves M. tuberculosis strains that are resistant 7z vitro to all first-
and second-line drugs tested (isoniazid, rifampicin, streptomycin,
ethambutol, pyrazinamide, ethionamide, PAS, cycloserine, ofloxacin,
amikacin, ciprofloxacin, capreomycin and kanamycin) [11]. Two
patients with TDR-TB were first identified in Italy in 2003 [12] and,
more recently, four cases of TDR-TB were discovered in India [13].
Three new antitubercular drugs, bedaquiline, delamanid and linezol-
id have been approved by the US Food and Drug Administration
(FDA) and the European Medicines Agency to be used as therapy for
TDR-TB [11].

New antitubercular drugs, as well as novel cellular targets, are
urgently required to overcome the problem of drug resistance and to
tackle the worldwide spreading of tuberculosis. In the last few years,
there have been several new antitubercular drugs in preclinical and
clinical trials, after a long period without novelties [14] (Tab. 1).
Among the drugs in clinical development bedaquiline was approved
by the FDA (Food and Drug Administration) in December 2012 as
part of the combination therapy for the treatment of adult patients
affected by drug-resistant tuberculosis. Bedaquiline is very active also
against latent tuberculosis and its cellular target is the ATP synthase
[15]. The mycobacterial ATP synthase is 20.000 fold more sensitive to
this drug than the human mitochondrial ATP synthase, confirming
that it is a good drug target [16]. A very promising new compound,
PBTZ169 (piperazine-containing benzothiazinones; PBTZ) is cur-
rently in the last phase of preclinical trials (Fzg. 1) [17].
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Fig.1 - BTZ043 and PBTZ169 antitubercular compounds.
The arrows indicate the sites for further drug optimization.
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This molecule is a new derivative of the benzothiazinones
(BTZs) class of compounds which were discovered in 2009 (see sec-
tion 2) to inhibit a novel target, the M. tuberculosis decaprenylphos-
phoryl-B-D-ribose 2’oxidase (DprE1) [18,19]. This represents an
essential enzyme involved in the synthesis of the arabinogalactan moi-
ety of the mycobacterial cell wall. Herewith, we review the work that
was performed by our and other groups on the molecular and struc-
tural characterization of DprE1 and the BTZ inhibitors as novel can-

didates in the development of new treatments for tuberculosis.

Tab. 1 - New drugs in preclinical and clinical development

(modified from http://www.newtbdrugs.org/pipeline.php) [11].

Preclinical/ Drug Drug class Mode of action/target

Clinical trials

Last stages of BTZ043 Benzothiazinones DprE1

preclinical trials  CPZEN-45 Caprazene nucleoside WecA (cell wall)
DC-159a Fluoroquinolones Block of DNA synthesis
PBTZ169 Benzothiazinones DprE1
Q203 Imidazopyridine Cytochrome bcl
SQ609 Dipiperidine Cell wall biosynthesis
SQ641 Capuramycin TL1 (cell wall)
TBI-166 Riminophenazines Not known
TBA-354 Nitroimidazole Generate NO

Clinical Phase II AZD5847 Oxazolidinones 23S rRNA
BEDAQUILINE'  Diarylquinolines ATP synthase
DELAMANID Nitroimidazole Generate NO
LINEZOLID Oxazolidinones 23S rRNA
PA-824 Nitroimidazole Generate NO
RIFAPENTINE'  Rifamycin RNA polymerase
SQ-109 1,2-diamine MmplL3
SUTEZOLID Oxazolidinones 23S rRNA

Clinical Phase ITT BEDAQUILINE?  Diarylquinolines ATP synthase
GATIFLOXACIN Fluoroquinolones Block of DNA synthesis
MOXIFLOXACIN Fluoroquinolones Block of DNA synthesis
RIFAPENTINE’  Rifamycin RNA polymerase

1For drug-sensitive-TB; 2for MDR-TB; *for latent TB.
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2. THE DISCOVERY OF BENZOTHIAZINONES AND DPRE1

In the last years two projects which involve our groups at the
University of Pavia have been funded by the European Commission:
“New Medicines for Tuberculosis” (NM4TB; VI Framework program)
and “More Medicines for tuberculosis” (MM4TB; VII Framework pro-
gram). Within these projects, the BTZ novel class of antitubercular was
discovered and their molecular target, the M. tuberculosis DprE1
enzyme, was identified and characterized. BTZs showed a nanomolar
bactericidal activity against mycobacteria growing in 7z vitro and in ex
vivo models [18]. In murine models of acute or chronic TB, the preclin-
ical candidate BTZ043 showed efficacy comparable with that observed
with INH and RIF [18]. BTZ043 is active against M. tuberculosis drug-
susceptible, MDR and XDR clinical isolates [20].

The M. tuberculosis dprE1 (or Rv3790) gene encodes the essential
enzyme DprEl, involved in the biosynthesis of arabinogalactan, an
essential component of the mycobacterial cell wall core [19]. DprE1
works in concert with DprE2 (encoded by the gene dprE2) and both
enzymes compose the decaprenylphosphoryl-B-D-ribose 2’epimerase,
which is involved in the biosynthesis of the arabinan moiety of arabino-
galactan [21]. In particular, DprE1 catalyzes the first step in the epimer-
ization reaction of decaprenylphosphoryl-B-D-ribose (DPR) into
decaprenol-phosphoryl-B-D-arabinose (DPA), which represents the
only donor of arabinofuranose residues for arabinogalactan biosynthe-
sis in mycobacteria [21]. Therefore, it has been suggested that DprE1
acts as decaprenylphosphoryl-B-D-ribose oxidase and DprE2 as a
decaprenylphosphoryl-p-D-2-keto erythro pentose reductase. Both the
dprE1 and dprE2 genes are essential in M. tuberculosis H37Rv [22].

The discovery of BTZs and DprE1 was accomplished by the phe-
notypic screening approach which represents the strategy adopted by
NM4TB and MM4TB to unveil new antitubercular therapies. This
involves testing of libraries of compounds in mycobacterial cell cultures
followed by isolation of resistant mutants to identify the molecular tar-
get of those molecules with bactericidal activity. In particular, sponta-
neous mutants bearing the substitution of the Cys387 (to Ser or Gly)
residue of M. tuberculosis DprE1 were found to be responsible for BTZ
resistance. This cysteine residue is highly conserved in DprE1 ortholo-
gous proteins from different BTZ- susceptible Actinobacteria. Only in
a few species such as Mycobacterium avium and Mycobacterium aurum,
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Cys387 residue is replaced by Serine or Alanine, respectively, which
render these species naturally resistant to BTZs [18]. New DprE1
inhibitors were recently discovered in these last few years [23-29],
underlying the high vulnerability of this M. tuberculosis cellular target.

3. THE DPRE1 CRYSTAL STRUCTURE AND THE MECHANISM
OF BENZOTHIAZINONES INHIBITION

Despite the potent anti-tubercular activity of BTZ043 in mycobac-
terial cell cultures and in ex vivo models of the disease, its 7z vivo efficacy
in mice is much lower. The observation that analogues of BTZ043 in
which the nitro group is replaced by an amino group are much less active
even 7z vitro (500- to 5000-fold less potent than that of BTZ043) [18]
demonstrated that the nitro group is essential to inhibit the DprE1 target.
This observation suggested that in mice endogenous nitroreductases
might reduce the nitro group to an amino group, providing an explana-
tion for the lower potency of this compound in mice. Indeed, it was
demonstrated that the overexpression of the flavin-dependent nitrore-
ductase NfnB in M. smegmatis represents a mechanism of BTZ resistance
due to drug inactivation by reduction of the nitro group [30]. To further
investigate the BTZs mode of action and to provide drug design guide-
lines in view of the use of this class of compounds as effective antituber-
cular drugs, it was essential to undertake the molecular characterization
of BTZ043 inhibition and of its target enzyme DprE1.

The initial discovery of BTZ043 and DprE1 through the phenotypic
screening, which highlighted the Cys387 mutation in DprE1 as a mecha-
nism of resistance (see section 2), led to the hypothesis that the compound
might represent a prodrug which requires some sort of activation to inhib-
it DprE1 by involving a covalent interaction with the enzyme itself. This
idea was supported by mutagenesis and mass spectrometry analysis exper-
iments performed in the framework of the MM4TB network, which pro-
posed the formation of a semimercaptal adduct between BTZ043 and
Cys387 as a possible mechanism of DprE1 inactivation [31].

We carried out a thorough biochemical and crystallographic investi-
gation of DprEl to determine its enzymatic properties and to obtain a
model of the three-dimensional structure at atomic level [32]. To accom-
plish this task we produced the protein DprE1 from M. smegmatis (83 %
identical to the M. tuberculosis homolog) in its recombinant form by
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cloning the corresponding cDNA in a vector for the expression in E. coli
bacterial cultures. The protein was then extracted from the cells and puri-
fied by chromatographic techniques, yielding a bright yellow pure sample
due to the presence of the FAD cofactor bound in its oxidized state. We
developed two assays to measure the DprE1 enzymatic activity by using
farnesylphosphoryl-p-D-ribofuranose (FPR) as substrate, which is a water-
soluble analogue of the DPR natural substrate of the enzyme with a shorter
aliphatic chain. The first assay is based on a widely used peroxidase-cou-
pled spectrophotometric method which measures the production of
hydrogen peroxide. This represents the secondary product of the enzymat-
ic reaction resulting from the reoxidation of the FAD cofactor by molecular
oxygen, a typical property of the oxidase class of enzymes. We determined
a keat of 3.1 min™ (Ze. the number of catalytic cycles per minute), which
appeared to be low compared to other oxidases. Therefore, we probed
other organic molecules which might act as alternative electron acceptors.
We found that menaquinone can reoxidize the DprE1 cofactor and, being
a natural component of the bacterial membranes, it may represent the
physiological electron acceptor of this enzyme. Moreover, among artificial
organic molecules, we found that 2,6-dichlorophenolindophenol (DCPIP)
can reoxidize the DprE1 FAD cofactor more efficiently than molecular
oxygen, with a 4-fold higher ks value. This reaction can be monitored
spectrophotometrically, providing a second method to measure the DprE1
enzymatic activity. By using these assays we could perform a comprehen-
sive biochemical characterization of the DprE1 target, including the deter-
mination of the inhibition parameters of BTZ043 and its analogues.
Although these parameters cannot be directly compared to the minimal
inhibitory concentration (MIC) values determined on mycobacterial cul-
tures because they refer to completely different experimental conditions,
these assays provide a convenient method to test libraries of compounds
for their capacity to bind and inhibit DprE1 with the aim to find other
potential candidates for anti-tuberculosis therapies.

In parallel to these biochemical studies, we carried out an exten-
sive screening to obtain high quality crystals of DprE1 to be used in X-
ray diffraction experiments for the elucidation of the three-dimensional
structure of the target enzyme. We could grow cube-shaped yellow
crystals which allowed us to solve the DprEl structure in its FAD-
bound native form at 2.1 A resolution (Fzg. 2). The DprE1 polypeptide
chain folds into a two-domain topology globular structure: one domain
binds the FAD cofactor in a non-covalent form (in yellow in Fzg. 2),
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whereas the other domain contains a cavity (light blue in Fzg. 2) that lies
at the interface with the isoalloxazine ring of the FAD cofactor. This
cavity is shielded from the outside by a loop (residues 320-329) and
represents the active site of the enzyme. The Cys394 residue, corre-
sponding to Cys387 in M. tuberculosis which proved to be essential for
BTZ antitubercular activity, is located on the rim of the cavity. Using
crystals obtained in another experimental condition in the presence of
BTZ043, we determined the DprE1 crystal structure in complex with
the inhibitor (inset in Fzg. 2). This could be unambiguously modeled in
the active site forming a covalent bond with the Cys394 side chain,
which ultimately proved the formation of the semimercaptal adduct
observed in mass spectrometry experiments. BTZ043 binds with its
benzothiazinone moiety located in front of the flavin and the spyro-
cyclic ring extending outside of the protein surface, resulting in a dis-
ordered conformation of the loop 320-329 (inset in Fig. 2).

Fig. 2 — Crystal structure of M. smegmatis DprE1, the molecular target of the
antitubercular BTZs. The structure is represented as dark purple ribbon, with the bound
FAD cofactor (carbon, nitrogen, oxygen and phosphour atoms are yellow, blue, red and

magenta, respectively). The active site cavity is drawn as semitransparent light blue
surface. The active site loop 320-329 is highlighted as bold ribbon.
Inset: zoomed view of the DprE1 active site with the BIZ043 bound (carbon, nitrogen,
oxygen, sulfur, fluorine atoms are black, blue, red, green, gray, respectively).
The covalent bond between Cys394 and BTZ043 is shown.



12 CLAUDIA BINDA, LAURENT CHIARELLI, MARIA ROSALIA PASCA, ANDREA MATTEVI

Interestingly, the BTZ043 adduct was observed only when crystals
were grown also in the presence of the FPR substrate. This demonstrated
that the reduced FAD cofactor (resulting from the catalytic reaction with
FPR) converts the nitro group of the inhibitor to a nitroso derivative that
is able to react with the Cys394 thiol group leading to the observed cova-
lent adduct. This mechanism was further demonstrated by the observa-
tion that, similarly to menaquinone, BTZ043 is able to reoxidize the
reduced FAD cofactor of DprE1l in anaerobic conditions. Therefore,
BTZ043 represents a suicide prodrug which requires an enzyme-depen-
dent activation to irreversibly inhibit DprE1 (Fzg. 3).

product ; % <:><0]/
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Fig. 3 — Scheme describing the suicide mode of action of BTZ043 targeting DprE1.

This highlights the strategy adopted within the MM4TB network
for the identification of new antitubercular agents by screening com-
pounds in M. tuberculosis cell cultures rather than in high-throughput
biochemical assays extrapolated from the cell environment. Despite
BTZs feature negative properties such as inactivation by nitroreduc-
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tases, they provided a convenient scaffold for drug optimization. As
described in the previous sections, the piperazine derivatives of BTZs
(such as PBTZ169) showed improved features such as lower toxicity,
better pharmacokinetics and lower susceptibility to nitroreductases as
gathered from the higher antitubercular activity in murine models of
the disease [17]. More studies are ongoing to further optimize BTZs
and identify new molecules targeting DprE1.
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