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Benzothiazinones (BTZs) are a class of compounds found to be extremely potent against both drug-susceptible and drug-resis-
tant Mycobacterium tuberculosis strains. The potency of BTZs is explained by their specificity for their target decaprenylphos-
phoryl-p-ribose oxidase (DprE1), in particular by covalent binding of the activated form of the compound to the critical cysteine
387 residue of the enzyme. To probe the role of C387, we used promiscuous site-directed mutagenesis to introduce other codons
at this position into dprEI of M. tuberculosis. The resultant viable BTZ-resistant mutants were characterized in vitro, ex vivo,
and biochemically to gain insight into the effects of these mutations on DprEl function and on M. tuberculosis. Five different
mutations (C387G, C387A, C387S, C387N, and C387T) conferred various levels of resistance to BTZ and exhibited different phe-
notypes. The C387G and C387N mutations resulted in a lower growth rate of the mycobacterium on solid medium, which could
be attributed to the significant decrease in the catalytic efficiency of the DprE1 enzyme. All five mutations rendered the mycobac-
terium less cytotoxic to macrophages. Finally, differences in the potencies of covalent and noncovalent DprE1 inhibitors in the
presence of C387 mutations were revealed by enzymatic assays. As expected from the mechanism of action, the covalent inhibi-
tor PBTZ169 only partially inhibited the mutant DprE1 enzymes compared to the near-complete inhibition with a noncovalent
DprEl inhibitor, Ty38c. This study emphasizes the importance of the C387 residue for DprE1 activity and for the killing action

of covalent inhibitors such as BTZs and other recently identified nitroaromatic inhibitors.

ycobacterium tuberculosis is the etiological agent of tubercu-

losis (TB), an infectious disease which is a leading cause of
death worldwide and poses a major threat to global health. The
World Health Organization estimates that in 2014, 9.6 million
people contracted TB, and 1.5 million people died (1). In addition,
the emergence and worldwide spread of multidrug-resistant TB
(MDR-TB) and extensively drug-resistant TB (XDR-TB) are
alarming. With MDR-TB strains being resistant to the frontline
drugs isoniazid and rifampin and XDR-TB strains being resistant
to frontline and additionally second-line drugs, there is an urgent
need for new drugs for TB.

1,3-Benzothiazin-4-ones (BTZs) were discovered in 2009, with
the lead compound BTZ043 having high potency (MIC of 1 ng/ul)
against M. tuberculosis strain H37Rv (2) and demonstrating effi-
cacy against MDR and XDR clinical isolates (3). Piperazine-con-
taining BTZ (PBTZ) derivatives were then designed with im-
proved pharmacological properties (4), and the optimized lead
compound PBTZ169 is currently in clinical trials (5).

Genetic analysis of resistant mutants and enzymology have
identified the target of BTZs as decaprenylphosphoryl-B-p-ribose
oxidase (DprEl), an essential flavoenzyme in M. tuberculosis in-
volved in cell wall synthesis (2). DprE1 acts in concert with DprE2
to catalyze the epimerization of decaprenyl-phosphoribose (DPR)
to decaprenyl-phospho-p-arabinofuranose (DPA), which is the
sole precursor for the synthesis of arabinogalactan and lipoarabi-
nomannan (LAM) in the mycobacterium cell wall (6).

BTZ behaves as a suicide substrate for the reduced form of
DprE1 by undergoing nitroreduction to form a nitroso derivative,
which specifically forms a covalent adduct with C387 in the DprE1
active site (7-10). The C387 residue of DprEl is highly conserved
in orthologous enzymes in actinobacteria, except in Mycobacte-
rium avium and M. aurum, where cysteine is replaced by alanine
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and serine, respectively. These mutations confer natural resistance
to BTZ (2). Spontaneous mutants resistant to BTZ that were
raised in Mycobacterium smegmatis and M. tuberculosis revealed
that glycine or serine substitutions at C387 increased the MIC by
atleast 1,000-fold (2). The clinical importance of the C387 residue
of DprEl was confirmed as well when 240 M. tuberculosis clinical
isolates were tested, since all these isolates were found to be BTZ
sensitive and had the conserved cysteine codon.

The vulnerability of DprE1 lies in its essentiality in mycobac-
teria and its localization in the cell wall (11), accounting for the
fact that DprE1 has been identified as the target of several struc-
turally distinct compounds in recent drug screens. These com-
pounds can be classified as covalent or noncovalent DprE1 inhib-
itors. Covalent inhibitors such as BTZ, the nitroquinoxaline
VI-9376 (12), and the nitroimidazole 377790 (13) are nitroaro-
matic compounds possessing the necessary nitro group required
for covalent adduct formation at C387 on DprEl. Noncovalent
inhibitors such as TCA1 (14), 1,4-azaindoles (15), pyrazolopyri-
dones (16), 4-aminoquinolone piperidine amides (17), and Ty38c
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(18) block enzyme activity by forming hydrophobic, electrostatic,
and van der Waals interactions with particular residues in the
DprEl active site.

Given the pivotal role played by the C387 residue of DprEl in
the efficacy of nitroaromatic compounds, the aim of this study was
to identify mutations at C387 that are tolerated and confer resis-
tance to (P)BTZ in order to understand the underlying mecha-
nisms of resistance involved as well as the overall influence of these
mutations on the DprEl enzyme and on the pathogen M. tuber-
culosis.

MATERIALS AND METHODS

Bacterial strains, culture conditions, and chemicals. M. tuberculosis
H37Rv, M. smegmatis mc*155, and merodiploid strains were grown at
37°C in Middlebrook 7H9 broth (Difco) supplemented with 0.2% glyc-
erol, 0.05% Tween 80, and 10% albumin-dextrose-catalase (ADC) or on
Middlebrook 7H10 agar (Difco) supplemented with 0.2% glycerol and
10% oleic acid-albumin-dextrose-catalase (OADC). For cloning proce-
dures, One Shot TOP10 chemically competent Escherichia coli cells (In-
vitrogen) were grown in Luria-Bertani (LB) broth or on LB agar contain-
ing kanamycin (50 pg/ml) or hygromycin (200 pg/ml). All chemicals
were purchased from Sigma-Aldrich unless otherwise stated.

Generation of randomly mutated dprEI in merodiploid M. tubercu-
losis strains. The dprEl gene under the control of its natural promoter,
located upstream of Rv3789, was amplified together with Rv3789 by using
primers rv3790-fwd and rv3790-rev and cloned in the pCR-Blunt II-
TOPO vector (Invitrogen). The resulting plasmid was used to generate
random mutations in the TGC codon encoding Cys387. Site-directed mu-
tagenesis was carried out by using the Stratagene QuikChange II site-
directed mutagenesis kit with primers containing random bases at the site
of interest. The mutated fragments were ligated into the pND255 vector,
kindly provided by N. Dhar, Ecole Polytechnique Fédérale de Lausanne
(EPFL), Lausanne, Switzerland, which harbors a hygromycin resistance
cassette. Six pools of randomly mutated plasmids were obtained (pBLX 1
to pBLX 6), and each pool was screened independently. The resulting
integrative vectors were then transformed and integrated at the L5-attB
site of M. smegmatis mc*155 and M. tuberculosis H37Rv. Transformants
were selected on 7H10 agar plates with or without BTZ043 at 400 ng/ml. A
specific primer was used to repeat the site-directed mutagenesis to obtain
the DprE1<**”¢ mutant, which was selected on BTZ043-containing me-
dium. All primers are listed in Table S1 in the supplemental material.

Determination of MICs. MICs were determined by using the resaz-
urin reduction microplate assay (REMA) as previously described (19). M.
tuberculosis strains were grown in 7H9 medium to log phase (optical den-
sity at 600 nm [ODg,] of 0.4 to 0.8) and diluted to an ODy,, of 0.0001.
One hundred microliters of the bacterial suspension (3 X 107 cells) was
pipetted into wells of a 96-well plate. Compounds (BTZ043, PBTZ169,
Ty38¢, moxifloxacin, and rifampin) were added to the first column, and
subsequently, 2-fold serial dilutions were made. After 6 days of incubation
at 37°C, 10 wl of 0.025% (wt/vol) resazurin was added to each well. The
fluorescence intensity was read after 24 h of incubation by using an Infi-
nite F200 Tecan plate reader, and MIC values were determined by non-
linear fitting of the data to the Gompertz equation (35) using GraphPad
Prism.

Site-directed mutagenesis of dprEl at C387 in M. tuberculosis
H37Rv. Generation of point mutations in M. tuberculosis H37Rv was
done by a recombineering method (20, 21). H37Rv/pJV53 was grown to
log phase (ODg, of 0.5) in 7H9 medium containing 25 p.g/ml of kana-
mycin before being induced with 0.2% acetamide overnight. Competent
cells were transformed with 100 ng of 70-bp single-stranded oligonucle-
otides (leading and lagging strands) (see Table S1 in the supplemental
material) containing the desired mutations, and transformants were se-
lected on 7HI10 agar plates either with or without 400 ng/ml BTZ043.
Single-nucleotide polymorphisms (SNPs) in resistant colonies were con-
firmed by colony PCR.
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Fitness assessment of dprEl mutant strains in liquid culture. All
strains were diluted to an initial OD, of 0.05, and ODj,, measurements
were taken every 24 h to monitor growth over a period of 2 weeks. The
generation time for each strain was calculated by using the equation G =
t/[3.3 X log,,(b/B)], where G is the generation time, ¢ is the time interval
of two measurements in the exponential phase, b is the final OD,, and B
is the initial OD,. Two independent cultures for each strain were used
for growth rate measurements.

Expression and purification of wild-type and mutant M. tuberculo-
sis DprE1. M. tuberculosis dprE1 was cloned into plasmid pET28a, and the
recombinant protein was coexpressed in E. coli BL21(DE3) along with the
M. tuberculosis GroEL2 (Rv0440) and E. coli GroES chaperones in a mod-
ified version of the pGro7 plasmid (TaKaRa Bio Inc.). DprE1 was purified
as described previously (4) to obtain pure protein with bound flavin ad-
enine dinucleotide (FAD). BTZ-resistant C387G, C387S, C387A, C387T,
and C387N mutants were obtained by site-directed mutagenesis with the
pET28a-dprEI plasmid by using the Stratagene QuikChange II site-di-
rected mutagenesis kit. Expression and purification of the mutant pro-
teins were carried out as described above for the wild-type (WT) protein.
Protein concentrations were determined by using the bicinchoninic acid
(BCA) assay (Pierce BCA protein assay kit; Thermo Scientific).

DprEl enzymatic activity assays. Enzyme activities of wild-type and
mutant DprEl proteins were determined in a two-step coupled assay (9).
Reactions were carried out in black 96-well half-area plates (catalog num-
ber 3686; Corning) in a final volume of 25 ul per well. The reaction
mixture consisted of the DprEl protein (protein concentrations were
adapted to obtain similar fluorescence signals [ 1.5 uM for the WT, 1.5 uM
for the C387S mutant, 7.5 uM for C387G, 3 M for C387A, 10.5 uM for
C387T, and 10.5 uM for C387N]), FAD (1 wM), horseradish peroxidase
(HRP) (0.2 uM), Amplex Red (50 uM) (Life Technologies), and farnesyl-
phosphoryl-B-p-ribofuranose (FPR) (0 wM, 0.2 uM, 0.4 uM, 0.6 pM, or
0.8 wM) in assay buffer (50 mM glycyl glycine [pH 8.0], 200 mM potas-
sium glutamate, 0.002% Brij 35). A standard curve was obtained with a
serial dilution of resorufin sodium salt. FPR was used to start the reaction,
and the conversion of Amplex Red to resorufin was immediately moni-
tored by fluorescence measurement (excitation/emission wavelength of
560/590 nm) in the kinetic mode on a Tecan M200 instrument at 30°C. To
determine 50% inhibitory concentrations (ICs,s), the reaction mixture
consisting of DprE1, FAD, HRP, and Amplex Red was first incubated with
the test compound (with 2-fold serial dilution starting with dimethyl sul-
foxide [DMSO] [1% final DMSO concentration]) for 10 min at 30°C
before the addition of FPR (0.3 pM). The background fluorescence inten-
sity from the reaction mixture without FPR was subtracted from the val-
ues for all reactions. Fluorescence units were converted to resorufin con-
centrations by using a standard curve. Reaction rates at each FPR
concentration or compound concentration were determined and fitted to
either the Hill equation for non-Michaelis-Menten kinetics to obtain
steady-state kinetic constants or a log[inhibitor]|-versus-normalized re-
sponse (with 100% activity of each enzyme being defined under steady-
state conditions in the absence of the inhibitor and 0% activity being
defined as the full inhibition of WT DprEl in the presence of 40 M the
inhibitor) to obtain IC,s by using GraphPad Prism.

Infection of THP-1 macrophages. Human monocytic THP-1 cells
were grown in RPMI medium supplemented with 10% FBS. A total of 2 X
10* cells/well of a 96-well plate in 50 ul RPMI medium were differentiated
by using phorbol-12-myristate-13-acetate (PMA) (final concentration of
4 nM). Plates were sealed with gas-permeable sealing films and incubated
at 37°C with 5% CO,. Cells were infected the following day. RPMI me-
dium containing PMA was removed from the wells, and cells were washed
and incubated with RPMI medium alone. H37Rv, dprEl mutant strains,
and H37RvARD1 were grown to log phase (OD,, of between 0.4 and
0.8), washed in 7H9 medium, and resuspended to an ODj, of 1 (3 X 10%
bacteria/ml). THP-1 cells were infected at a multiplicity of infection
(MOI) of 5 in 50 pl RPMI medium and incubated for 3 days before the
addition of 5 ul PrestoBlue cell viability reagent (Life Technologies). After
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TABLE 1 DprE1 C387 mutations conferring resistance to BTZ043 in M. tuberculosis

Source or organism in which mutation

Codon(s) identified by

Residue or mutation  was previously identified No. of isolates”  BTZ043 MIC (ug/ml) MXF MIC (pg/ml)  sequencing

C387 (WT) Wild type 0.002 0.031 TGC

C387G M. tuberculosis, M. smegmatis® 3 12.5 0.063 GGA, GGC
C387S M. tuberculosis, M. smegmatis, M. aurum® 28 >100 0.031 TCA, TCC, TCG,

TCT, AGC

C387A M. avium® 5 >100 0.031 GCC, GCG
C387T This study 18 >100 0.031 ACA, ACC, ACT
C387N This study 7 6.25 0.031 AAT

“ See reference 2.
¥ Colonies were isolated on plates containing 400 ng/ml of BTZ043.
¢ MXF, moxifloxacin.

1 h of incubation at room temperature (RT), fluorescence was measured
by using a Tecan M200 instrument (excitation/emission wavelength of
560/590 nm).

Structural studies of WT and mutant DprEl proteins. DprE1 mu-
tants were modeled based on the M. tuberculosis DprE1 structure (PDB
accession number 4NCR) (9), using the “Position Scan” function in the
FolDX plug-in (22) implemented in YASARA View molecular graphics
software (23). Illustrations were made by using PYMOL (24), and the
prediction of the functional effect of amino acid substitutions was com-
puted by using the Provean Web server (25, 26).

RESULTS

Five DprE1 mutations confer resistance to BTZ043 in M. tuber-
culosis. In an initial screen to determine which mutations at the
C387 residue of DprE1 confer resistance to BTZ043, the gene with
a randomly mutated codon at position 387 was expressed under
the control of its natural promoter in M. tuberculosis H37Rv. Since
previous reports described BTZ-resistant substitutions at C387 as
being dominant (2), a partially diploid strain was used. The pro-
moter of the Rv3789-dprEI-dprE2 operon (27) was exploited for
the construction of partially diploid strains carrying random mu-
tations at the C387 residue of DprEl. In doing so, potential arti-
facts derived from any unbalanced expression of the wild-type and
mutant alleles were avoided.

After selection on 400 ng/ml BTZ043, transformants were
screened by PCR to identify mutations associated with resistance,
and their MICs for BTZ043 were determined. Various mutations
were identified in colonies from BTZ043-containing plates, of
which 28 were serine (C387S), 18 were threonine (C387T), 5 were
alanine (C387A), 3 were glycine (C387G), and 7 were asparagine
(C387N) substitutions. Random mutagenesis proved successful,
as several different codons for each mutation were found, and
BTZ043 MIC values of the colonies established their resistance

TABLE 2 Characterization of different H37Rv dprEl mutants”

levels (Table 1). Out of 9 possible codons that can be derived from
single mutations at C387, which are most likely to occur clinically,
only codon TCT coding for C387S appeared in the screen. The
C387G mutation resulted in slower-growing colonies on solid me-
dium, although this effect was not observed in liquid culture (see
Fig. S1 and S2 in the supplemental material). The finding that the
observed phenotype was not due to additional spontaneous mu-
tations was confirmed by growing M. tuberculosis cells trans-
formed with a plasmid (pBLG) (see Table S2 in the supplemental
material) harboring the C387G substitution, suggesting that the
growth defect of M. tuberculosis on solid medium was attributed to
the glycine mutation. Although the same strategy was adopted to
select for BTZ-resistant mutants in M. smegmatis expressing the
M. tuberculosis dprEI locus, this was unsuccessful (data not
shown).

To further exclude any effects of having two copies of dprEl
due to the partially diploid strain used in the initial screen, site-
directed mutagenesis was performed directly on chromosomal
dprEl of H37Rv at the C387 residue. C387S, C387A, and C387T
mutations were successfully introduced into dprEl without addi-
tional undesired mutations, and normal-sized colonies were se-
lected on BTZ043-containing plates (Table 2). The introduction
of C387G and C387N substitutions gave rise to two different col-
ony sizes, both of which occurred in the absence of BTZ043. Small
colonies were found to harbor solely the desired mutation (either
C387G or C387N), whereas normal-sized colonies were found to
have either a C387G V3881 double mutation or C387T instead of
the desired C387N mutation (Table 2). Resistance of these strains
with dprEI C387 mutations to BTZ043 was confirmed by REMA
(Table 2).

Fitness assessment of dprEl mutant strains. The growth of
H37Rv and dprEl mutant strains was monitored in liquid 7H9

Presence of BTZ in plate from which

Mutation(s) identified

Mutation ~ Codon Colony size  colonies were picked by sequencing BTZ043 MIC (pg/ml)  RIF MIC (pg/ml)
C387 TGC (WT) 0.0008 0.0016
C387S TCC Normal BTZ043 C387S =10 0.0016
C387A GCC Normal BTZ043 C387A >10 0.0016
C387T AAT Normal BTZ043 C387T >10 0.0016
C387G GGC Small C387G Undet. Undet.
Normal C387G V3881 5 0.0008
C387N ACC Small C387N 1.25 0.0008
Normal C387T* >10 0.0016

@ RIF, rifampin; Undet., undetermined. * indicates the C387T mutation with an ACT codon.
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FIG 1 Fitness of H37Rv and dprEIl mutant strains in 7H9 medium. (A) Growth curves of H37Rv and dprEI mutant strains obtained by measuring the ODg, of
bacterial cultures at 24-h intervals over a period of 14 days, with an initial ODy, of 0.05. (B) The generation time for each strain was calculated by using the
equation G = /(3.3 X log,,(b/B)], where G is the generation time; ¢ is the time interval between two measurements within the exponential phase, here 0 to 48
h; b is the final OD; and B is the initial ODg,. Data from two independent experiments are presented as means * standard deviations. Statistical analysis was
performed by using one-way analysis of variance with Dunnett’s posttest (**, P < 0.01; ***, P < 0.001). C387T* indicates a mutation containing the ACT codon,
compared to C387T, which has the AAT codon instead. “ns” indicates no significance.

medium in the absence of BTZ043 over 2 weeks. Growth curves
did not reflect any striking differences in fitness between H37Rv
and mutant strains during the exponential or the stationary phase
(Fig. 1A). The generation time for each strain was calculated in the
exponential phase of growth. For certain mutants (C387S, C387A,
and C387T), their generation times significantly differ from that
of H37Rv (Fig. 1B), although these differences appear to be too
small to be reflected in the growth curves of the mutant strains.
Notably, the growth defect of the C387G and C387N mutants on
solid medium was not observed in liquid medium.

Effect of DprE1 C387 mutations on M. tuberculosis cytotox-
icity. The influence of C387 mutations on the cytotoxicity of the
mycobacterium was examined ex vivo by infecting THP-1 macro-
phages with the H37Rv and H37Rv dprEI C387 mutant strains.
As a control, an attenuated strain with reduced virulence,
H37RvARD1 (28), was used, and this showed decreased cytotox-
icity, with macrophage viability being around 60% of that of non-
infected macrophages. About 40% of macrophages remained via-
ble after infection with each of the five dprE1 mutants, compared
to about 25% of macrophages remaining viable after being in-
fected with H37Rv (Fig. 2), indicating that the C387 mutations
decrease the cytotoxicity of M. tuberculosis.

150~
£
<2 100- L
bl
28
23
= E 501
[}
S8
0

SC I CECP g S AP
Q{b S
FIG 2 DprE1 C387 mutations affect the cytotoxicity of M. tuberculosis. THP-1
cells were infected with H37Rv, H37RvARD1, and H37Rv dprEI C387 mutant
strains at an MOI of 5 or left untreated (not infected [N.I.]). Macrophage
viability was measured at 3 days postinfection. Data from two independent
experiments were normalized to data under noninfected conditions and are
presented as means * standard deviations. Statistical analysis was performed
by using one-way analysis of variance with Dunnett’s posttest (***, P < 0.001).
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Steady-state enzymatic activity of DprE1 mutants. To inves-
tigate whether DprE1 C387 mutations could affect the proper
functioning of the enzyme, the steady-state enzymatic activity of
purified WT and mutant DprE1 proteins was measured by using a
two-step coupled enzymatic assay. For each protein, reaction rates
at four substrate concentrations were fitted to the Hill equation
for non-Michaelis-Menten kinetics to obtain parameters of sub-
strate binding affinity (K, 5), turnover number (k,,), and catalytic
efficiency (k_,/K,5). None of the mutations at C387 of DprEl
affected the binding affinity of the substrate for the enzyme, as
seen from their K, 5 values, which were similar to that of the WT
enzyme (Fig. 3A). C387G and C387N mutations significantly de-
creased the turnover rate of the enzyme (Fig. 3B), and conse-
quently, these two mutations reduced the overall catalytic effi-
ciency of DprE1 by about 4-fold (Fig. 3C).

Effect of DprEl C387 mutations on the potency of DprE1
inhibitors. IC;, values of covalent (PBTZ169) and noncovalent
(Ty38c) DprEl inhibitors (Fig. 4A) were determined for WT and
DprEl mutant proteins. As BTZ043 showed behavior similar to
that of PBTZ169 in this assay (data not shown), and the MIC of
PBTZ169 was 3-fold lower than that of BTZ043 in M. tuberculosis,
PBTZ169 was used in this study. Unlike the wild-type enzyme,
whose activity is completely inhibited at high PBTZ169 concen-
trations, mutant enzymes are only partially inhibited at the high-
est PBTZ169 concentration (40 wM), apparently reaching a pla-
teau at 30 to 40% activity (Fig. 4B). In contrast, this concentration
of the noncovalent inhibitor Ty38c was sufficient to inhibit almost
all activity of both WT and mutant enzymes (Fig. 4B and C).

This finding confirms the importance of the C387 residue of
DprEl in the mode of inhibition of the covalent inhibitor
PBTZ169 and indicates that the replacement of the Cys residue
hardly affects the binding of noncovalent inhibitors to DprEL.
This can be further seen from the 1Cs, values of PBTZ169 and
Ty38c obtained for WT and mutant enzymes (Fig. 4C). All mutant
enzymes showed increased PBTZ169 IC,, values compared to that
for the WT, thus accounting for the BTZ resistance of the mutants.
Ty38c ICs, values for the C387S and C387A mutants were identi-
cal to that for the WT, while the C387G, C387T, and C387N mu-
tants had slightly higher values than that for the WT (Fig. 4C),
indicating that substitutions at C387 have a more modest effect on
Ty38c¢ activity. PBTZ169 and Ty38c MIC values were also deter-
mined for H37Rv and dprEI mutant strains (Table 3). C387 mu-
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5 *k

FIG 3 Steady-state enzymatic activity of WT and DprEl mutants. Shown are substrate binding affinity (K, 5) (A), turnover number (k) (B), and catalytic
efficiency (k, /K, 5) (C) steady-state parameters obtained for the WT and DprE1 mutants by fitting enzyme activity at various FPR concentrations (0.2 to 0.8

mM) to the equation Y =V,

max

x X"/ (Kprime T X"), where Y is enzyme activity, X is the substrate concentration, K rime €quals (K,5)", and h is the Hill coefficient,

by using GraphPad Prism. Data from at least three independent experiments are presented as means * standard deviations. Statistical analysis was performed by
using one-way analysis of variance with Dunnett’s posttest (*, P < 0.05; **, P < 0.01).

tations cause an increase in the PBTZ169 MIC compared to
H37Rv, with strains harboring C387S, C387A, and C387T muta-
tions having higher levels of resistance (MIC of >1 pg/ml) and
those with C387G and C387N mutations having lower levels of
resistance (MIC of 0.5 to 0.6 pg/ml) to PBTZ169. In the case of
Ty38¢c, mutant strains had MIC values ranging from 0.1 to 0.8
pg/ml, and the trend was similar to that seen with PBTZ169.

Taken together, these data demonstrate that C387 mutations
decrease the potency of covalently binding DprE1 inhibitors such
as PBTZ169 to a much greater extent than noncovalent DprE1l
inhibitors, represented here by Ty38c. As the MICs of lower-resis-
tance mutants could be measured, one of the mutants (C387N)
was used to investigate the effect of a C387 mutation on the inter-
action between BTZ and bedaquiline (BDQ), as synergism be-
tween these two classes of compounds in vitro (29) and in vivo (4)
was previously described. Using a checkerboard assay, the partial
synergism of PBTZ169 and BDQ observed in H37Rv at 0.5X MIC
was not significantly altered by the DprE1 C387N mutation (see
Fig. S3 in the supplemental material).

Modeling the effect of C387 mutations on the active site of
DprEl. To gain further insight into the mechanism of resistance
of DprEl mutants to BTZ and to predict the effect of each muta-
tion on the functionality of DprEl, substitution at C387 with ev-
ery amino acid was modeled in silico based on the structure of M.
tuberculosis DprEL.

Modeling showed that all the substitutions are tolerated in
terms of steric hindrance. Indeed, amino acid 387 is localized on a
beta sheet where the side chain could easily be accommodated
since it is exposed to the solvent toward the substrate binding
pocket (Fig. 5A). Substitutions at this position will lead to a mod-
ification of the shape and volume of the substrate binding pocket
(Fig. 5B). It is evident from these models that some substitutions
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will lead to nonfunctional proteins. More precisely, only substitu-
tions by small and/or polar residues such as asparagine, aspartate,
serine, threonine, alanine, and glycine would lead to functional
enzymes, whereas amino acids with larger side chains (arginine,
tryptophan, phenylalanine, glutamate, glutamine, tyrosine, me-
thionine, lysine, and histidine) would block access to the sub-
strate, resulting in nonfunctional enzymes. Furthermore, expo-
sure of the side chain to the solvent excludes the possibility of a
hydrophobic residue occupying this position (leucine, isoleucine,
and valine), and the proline substitution is not favored in beta
sheet structures, as it cannot complete the hydrogen-bonding net-
work.

To confirm these observations, a prediction of the functional
effects of amino acid substitutions was computed by using the
Provean Web server (25, 26). Interestingly, only alanine, serine,
and threonine were found to be nondeleterious. Altogether, these
results are in agreement with the data obtained from the screen.

The superposition of crystal structures of WT DprEl and the
C387A, C387S, C387G, C387T, and C387N mutants in complex
with PBTZ169 or Ty38c revealed that these five substitutions do
not block the access of both inhibitors to the binding pocket (see
Fig. $4 in the supplemental material). As expected, the five mu-
tants are not able to form the critical covalent adduct with
PBTZ169. In these cases, PBTZ169 is stabilized only unspecifically
by van der Waals interactions in the binding pocket and behaves as
an inefficient noncovalent inhibitor, resulting in a dramatic re-
duction of PBTZ169 potency. On the other hand, C387 is not
directly implicated in the binding of the noncovalent inhibitor
Ty38c. Although C387 mutations do not influence the main in-
teraction with Ty38c, they could still affect the environment in the
substrate binding pocket, leading to a modest impairment of the
inhibitor activity.
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FIG 4 Effects of DprE1 C387 mutations on potency of DprE1 inhibitor activity. (A) Structures of the DprEl inhibitors PBTZ169 and Ty38c. PBTZ169 inhibits
DprEl via a covalent bond between the reduced form of its nitro group and the C387 residue of DprE1, whereas Ty38c, which lacks the nitro group, is a
noncovalent inhibitor of DprEl. (B) Curves of enzyme activity with increasing inhibitor (PBTZ169 or Ty38c) concentrations for WT and mutant enzymes. A
total of 40 uM the inhibitor was used for the highest concentration, with subsequent 2-fold serial dilutions. Enzymatic activities at each inhibitor concentration
were normalized to steady-state enzymatic activity in the absence of any inhibitor. (C) PBTZ169 and Ty38c ICs, values and maximum inhibition for WT and
mutant enzymes. IC,, values were obtained by fitting the curves in panel B to the log[inhibitor]-versus-normalized response by using GraphPad Prism.
Maximum percent inhibition of the WT or mutant enzyme was determined with 40 wM the inhibitor. Data from at least two independent experiments are
presented as means = standard deviations.

DISCUSSION
DprEl plays an essential role in the DPA pathway for cell wall

the inhibitors, PBTZ169 is a highly potent covalent inhibitor of
DprEl and is currently in phase I trials. We have studied the crit-

synthesis in M. tuberculosis. Having been identified as the target of
atleast five structurally distinct inhibitors in recent years, DprEl is
an extremely vulnerable target of the pathogen (30, 31). Among

TABLE 3 PBTZ169 and Ty38c MICs for H37Rv and H37Rv dprE1 C387
mutant strains

ical C387 residue of DprEl required for the covalent interaction
with PBTZ169 and with other nitroaromatic inhibitors by identi-
fying and characterizing substitutions at this residue that are tol-
erated and confer resistance to BTZs.

The data obtained confirmed the dominant nature of the mu-
tations introduced (2) and identified C387S, C387A, C387T,
C387G, and C387N as DprEl mutations viable for the bacteria

PBTZ169 Ty38¢ RIF while conferring various levels of resistance to BTZ043 and
Strain MIC (pg/ml) MIC (pg/mD) MIC (pg/ml)  pBTZ169. The C387S, C387A, and C387T mutations confer high
H37Rv 0.0001 0.1 0.001 levels of resistance of H37Rv to BTZs, while C387G and C387N
C3875 -1 0.5 0.001 confer intermediate levels of resistance. As previously reported,
gz:;i 0>51 g'(lm g'gg?s C387S and C387A substitutions are naturally occurring mutations
C387T -1 0.8 0.001 found in M. aurum and M. avium, and C387G and C387S were
C387N 0.6 0.1 0.001 found in colonies spontaneously resistant to BTZ043 (2). C387N
NTB1” >1 0.7 0.001 and C387T are novel mutations identified here from this screen.

@ RIF, rifampin.
b BTZ-resistant strain with a C387S mutation (control).
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To our knowledge, these mutations have hitherto remained
unidentified in DprEl in mutants spontaneously resistant to
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FIG 5 Closeup views of the substrate binding pocket of M. tuberculosis WT DprEl compared to mutant models. (A) Substrate binding pocket in the crystal
structure of M. tuberculosis DprE1 (PDB accession number 4NCR). FAD is represented in blue, and cysteine 387 is presented in red. The solvent-accessible surface
is represented by the white surface. (B) Superposition of crystal structures of M. tuberculosis WT DprE1 and 19 substitution models at residue 387 (represented
by sticks in red). The side chains of some amino acids likely block the substrate binding site, leading to a nonfunctional enzyme.

BTZ043, likely because two or three bases of the cysteine codon
(TGC) need to be mutated to generate a threonine (ACA, ACC,
and ACT) or an asparagine (AAT) codon.

The fact that C387S and C387A mutations do not result in M.
tuberculosis growth defects or in reduced enzymatic capabilities
and are predicted to be nondeleterious mutations that do not
block the access of the substrate to the binding pocket are consis-
tent with their occurrence in nature. Although C387G and C387N
mutations appear to allow substrate access in structural models, it
appears that the nonoptimal size of their side chains (i.e., either
too small or too large) strongly impacts the resulting shape of the
substrate binding pocket and would affect the stability and bind-
ing of the substrate, resulting in reduced enzymatic activity. Fur-
thermore, these mutations are also predicted to be deleterious and
would have a detrimental impact on the biological function of
DprEl. As seen experimentally, growth defects were observed on
solid medium in the presence of these mutations. This could be a
consequence of the impaired catalytic capability of DprE1, which
would imply that the epimerization of DPR to DPA and, by exten-
sion, the formation of the arabinogalactan layer in the mycobac-
terium cell wall occur at lower rates.

DprEl C387 mutations are less cytotoxic than the WT in mac-
rophages. Regardless of the substitution at C387, there is an im-
paired ability of M. tuberculosis to induce host cell death. The exact
mechanism remains unclear; however, one might speculate that
these mutations result in slower replication of the mycobacterium
in an ex vivo context. Another possibility is that the M. tuberculosis
cell wall component LAM is formed at a reduced rate as a result of
decreased DPA synthesis. Since LAM has been found to inhibit
phagosome maturation within macrophages (32), this capability
could be reduced in the presence of C387 mutations, with a con-
sequent decrease in the survival of the pathogen in the host cell.

The importance of the C387 residue in the binding of covalent
DprEl inhibitors is illustrated biochemically by the increase in
PBTZ169 IC5, values in the presence of C387 substitutions and the
fact that even at high concentrations of PBTZ169, there is no full
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inhibition in all the mutant enzymes. This residual enzymatic ac-
tivity explains the ability of the mutant to survive in vitro even in
the presence of the compound at concentrations much higher
than the MIC. In the case of the noncovalent DprE1 inhibitor,
C387G and C387N mutations modestly affect its activity although
to a considerably lesser extent than that of PBTZ169. These find-
ings are further supported by WT and mutant DprE1 structures
docked with either PTBZ169 or Ty38c, where the effects of C387
mutations on the covalent and noncovalent mechanisms of inhi-
bition are modeled at the atomic level.

With the initial BTZ-resistant mutant selection procedure,
mutants conferring lower-level resistance may have been missed
due to growth defects. An explanation for the unsuccessful selec-
tion of BTZ-resistant mutants in M. smegmatis may be due to the
differences in the regulation of arabinogalactan or lipoarabino-
mannan biosynthesis in the two species or to the different
genomic organization of M. smegmatis. Furthermore, it was re-
ported previously that the level of activity of the M. tuberculosis
embA promoter was markedly lower in M. smegmatis (33), sug-
gesting that control of gene expression may be organized differ-
ently in this nonpathogenic mycobacterium. Therefore, it appears
that M. smegmatis may not be the best model for studying genes
implicated in arabinan-derived cell wall components expressed
under the control of M. tuberculosis promoters.

In conclusion, we have identified five mutations in DprE1 that
do not affect the viability of M. tuberculosis, which give rise to a
functional enzyme and generate BTZ resistance. As these five
BTZ-resistant mutants appear less cytotoxic in macrophages, they
may also be less fit should these mutations arise in humans. From
a clinical standpoint, an understanding of DprE1-mediated BTZ
resistance will facilitate clinical trials of the drug candidate
PBTZ169 by screening M. tuberculosis for C387 mutations over
the course of treatment. In the case of the C387N mutant with an
intermediate level of resistance to PBTZ169, it appears that the
synergy between PBTZ169 and BDQ does not depend on the co-
valent bond of C387 with PBTZ169. This is consistent with the
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finding that noncovalent DprEl inhibitors, the 1,4-azaindoles,
also display synergism with BDQ (34). The lack of cross-resistance
of BTZ-resistant mutants to Ty38c as reported in this work would
also be an important consideration when deciding which and how
many DprEl inhibitors to develop clinically, as a noncovalent
DprEl inhibitor could be used after resistance to the covalent one
develops, or vice versa. Altogether, this work provides timely in-
sight into the mechanisms of resistance of M. tuberculosis to
DprEl inhibitors as PBTZ169 progresses into clinical trials.
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