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ABSTRACT Delamanid (DLM) and pretomanid (PTM) are recent additions to the anti-tuber-
culosis (TB) drug armamentarium, and they offer more effective options for drug-resistant
TB treatment. In particular, DLM is included in Group C, which is recommended for use in
longer multidrug-resistant (MDR)-TB regimens. Previous studies have shown that resistance
to DLM/PTM is caused by mutations in the ddn, fgd1, fbiA, fbiB, fbiC, and fbiD genes,
which are related to the F,,,-dependent bioactivation pathway. Herein, we conduct in vitro
selection of DLM-resistant strains using clinical Mycobacterium tuberculosis (MTB) isolates
with various drug resistance profiles. The spontaneous resistance frequency of drug-suscep-
tible (DS) MTB (1.14 x 107° to 1.04 x 10~4) to DLM was similar to that of H37Rv (8.88 x
107° to 9.96 x 1079 but higher than those of multidrug-resistant MTB (2.03 x 1077 to
3.18 x 107°) and extensively drug-resistant (XDR) MTB (4.67 x 1078 to 3.60 x 107°). Of
the 100 independently selected DLM-resistant MTB mutants, 65% harbored mutations in
genes associated with either DLM prodrug activation (ddn, 39.73%; fgd1, 16.44%) or the F,,
biosynthetic pathway (fbiA, 16.44%; fbiB, 5.48%; fbiC, 21.92%). Of the 45 mutations we
identified, 38 were not previously reported. A structure analysis revealed that several
point mutations affected the ligand binding or structural stability of enzymes related
to DLM resistance, which would block the enzyme activity required for prodrug activa-
tion. Our results elucidate the in vitro spontaneous DLM-resistance patterns of different
clinical strains, which could improve the understanding of the causes of DLM resist-
ance in clinical strains and of the effects on drug resistance of different mutations in
genes that are related to the DLM activation pathway.
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uberculosis (TB) is one of the global public health problems that seriously threatens

public health (1). The epidemic of drug-resistant TB, especially multidrug-resistant tubercu-
losis (MDR-TB) and extensively drug-resistant tuberculosis (XDR-TB) (referring to the old defini- Copyright © 2022 American Society for
tion) (2), worsens this situation and hinders efforts for tuberculosis care and control. Due to pre- Witaretotieliogy. A Rigfis [Reservae!

existing resistance to rifampin (RIF) and isoniazid (INH), MDR-TB treatment requires a prolonged SR R e
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treatment duration and a high drug toxicity; however, only half of patients achieve favorable gaomawdm@aliyun.com.

outcomes via the completion of an anti-TB treatment (3). In 2019, there were about 465,000 The authors declare no conflict of interest.
MDR-/rifampicin-resistant TB (MDR/RR-TB) patients worldwide, 50% of which came from India, Received 15 April 2022

the Russian Federation, and China (1). China has the second largest burden of MDR/RR-TB Returned for modification 31 August 2022
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in the world, and the proportions of MDR/RR-TB patients were about 7.1% (5.6% to 8.7%) Published 30 November 2022

in new cases and 23% (23% to 24%) in retreated cases (1). Despite the significant decrease
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TABLE 1 MIC distribution of parent strains

No. of strains with different MIC (ug/mL)

Critical
Strains <0.016 0.031 0.063 0.125 025 05 1 2 4 8 16 MIC(ug/mL)
DS 14 0 0 0 0 0 0 0 0 0 0 0125
MDR® 14 0 0 0 0 0 0 0 0 0 O
XDR¢ 13 1 0 0 0 0 0 0 0 0 O
H37Rv 1 0 0 0 0 0 0 0 0 0 O

aDS, drug-susceptible.
bMDR, multidrug-resistant.
<XDR, extensively drug-resistant.

in TB incidence, the spread of MDR-TB constitutes a major threat to TB control and prevention
in China. This serious situation highlights the urgent need for new antimicrobial development.

Delamanid (DLM), a dihydro-nitroimidazooxazole derivative, inhibits the synthesis of myco-
bacterial cell wall components, methoxy mycolic acid, and ketomycolic acid (4). It is a prodrug
that requires bioreductive activation by the mycobacterial 8-hydroxy-5-deazaflavin (coenzyme
F,20)-dependent nitroreductase Ddn (5). As an important agent with a novel mechanism of
action, DLM exhibited potent antibacterial activity against drug-susceptible and drug-resistant
Mycobacterium tuberculosis (MTB) isolates (4). Further clinical trials demonstrated that DLM-
containing regimens could significantly improve sputum culture conversion rates in compari-
son to a placebo group (6). In 2020, the World Health Organization (WHO) endorsed DLM as a
member of the Group C drugs for the treatment of MDR/RR-TB (7). Multiple mutations within
F.o biosynthesis-associated genes, such as ddn, fgd1, and fbiA-D, were associated with a
decreased susceptibility to DLM (5, 8). Despite attracting more attention, the knowledge on
the mechanisms conferring DLM resistance remains limited. Furthermore, there has been no
comprehensive interpretation of DLM resistance at an atomic level. Pretomanid (PTM), which
is often cross-resistant with DLM, is also a promising new nitroimidazole drug that has been
recommended by the WHO for the treatment of MDR-TB with additional resistance to fluro-
quinolone (in combination with bedaquiline and linezolid) under operational research condi-
tions (7). A variety of loss-of-function mutations in ddn, fgd, and fbiA-D that cause DLM and
PTM resistance have been reported both in vitro and in vivo, and cross-resistance between
them is inevitable due to their shared drug resistance mechanism (5, 8-10). In view of the
increasing clinical use of DLM and PTM, the paucity of data on this issue is concerning.

To address this concern, we conducted in vitro selection of DLM-resistant strains using
clinical MTB isolates with various drug resistance profiles. Our objectives were: (i) to deter-
mine the drug resistance-associated mutation rates in vitro; (i) to investigate the molecular
mechanisms that confer DLM resistance; and (ijii) to establish the correlation between genetic
mutations and DLM/PTM minimum inhibitory concentrations (MICs) in MTB.

RESULTS

Characterization and spoligotyping of parent strains. We first measured the MICs
of DLM against 60 clinical isolates (20 DS, 20 MDR, and 20 XDR strains) to select the strains
to be used for resistance induction. Due to contamination or initial resistance to DLM, 18
strains were excluded. For further resistance induction experimentation, we finally selected
42 strains (14 DS, 14 MDR, and 14 XDR strains) with MIC values of DLM that were less than
the critical MICs of resistance as the parent strains. The MIC values of DLM in the 42 parent
strains are shown in Table 1. We also detected the MIC values of PTM in the parent strains,
which were all lower than 0.125 wg/mL. By spoligotyping analysis, 39 (92.86%) of the 42
parent strains belonged to the Beijing family. All of the MDR and XDR strains belonged to
the Beijing family. Among the DS strains, 11 (78.57%) strains belonged to the Beijing family,
and 3 (21.43%) strains (DS-6, DS-8, and DS-14) belonged to the T1 family.

Drug resistance induction. Drug-resistant progeny strains were obtained after 4 weeks
of incubation. There were no detectable colony-forming units (CFU) of DLM-resistant prog-
eny strains on plates of 8 parent strains, including 3 DS strains (DS-5, DS-8, and DS-13), 3 MDR
strains (MDR-2, MDR-6, and MDR-11), and 2 XDR strains (XDR-11 and XDR-12). The spontaneous
resistance frequencies to DLM of the different clinical strains are shown in Table 2. The
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TABLE 2 Spontaneous resistance frequencies to DLM of clinical strains

DLM (pg/mL)

Strain 0.063 0.125

DS -1 1.71 x 107> 1.25x10°°
DS-2 342 x10°° 342 x10°°
DS-3 9.12x 10°°¢ 7.98 x 10°¢
DS-4 1.04 x 1074 821 x10°°
DS-6 1.14 x 10°° 1.14 x 10°°
DS-7 456 x 107° 228 x 10°°¢
DS-9 342 x10°° 1.82x10°°
DS-10 1.71 x10°° 570 x 10°°
DS-11 1.71 x 107° 9.12x 10°°
DS-12 148 x 107> 1.71 x 10°°
DS-14 7.98 x 107° 1.25x107°
MDR®-1 4,06 x 1077 1.42 x 107°
MDR-3 203 x10°° 1.69 x 10°°
MDR-4 1.02 x 10°° 1.08 x 107°
MDR-5 541 x 1077 4,06 x 1077
MDR-7 1.35x 1077 203 x 1077
MDR-8 2.10x 10°°¢ 1.69 x 10°°
MDR-9 4,06 x 1077 122 x 107¢
MDR-10 1.08 x 10°° 1.15x 10°°
MDR-12 1.29 x 10°° 541 x 1077
MDR-13 244 x 10°° 318 x 10°¢
MDR-14 250 % 10°° 203 x10°°
XDRe-1 1.87 x 1077 1.87 x 1077
XDR-2 327 x 1077 234 x 1077
XDR-3 1.87 x 1077 935x 108
XDR-4 421 x 1077 327 x 1077
XDR-5 467 x 1077 514 x 1077
XDR-6 8.88 x 1077 374 x 1077
XDR-7 3.60 x 10°° 334 x10°°
XDR-8 1.03 x 10°°¢ 841 x 1077
XDR-9 935%x 108 467 x 1078
XDR-10 421 x 1077 467 x 1078
XDR-13 341 x107° 2.52 x 107°
XDR-14 561 x 1077 327 x 1077
H37Rv 9.96 x 10°° 8.88 x 10°°

aDS, drug-susceptible.
®MDR, multidrug-resistant.
°XDR, extensively drug-resistant.

frequencies of spontaneous resistance to DLM of all strains appeared to be similar on the
two concentrations tested. In the DS strains, the resistance frequencies were around 103,
ranging from 1.14 x 107% to 1.04 x 10~“ In the MDR strains, the resistance frequencies
were around 1076, ranging from 2.03 x 107 to 3.18 x 107%. In the XDR strains, the resistance
frequencies were around 1077, ranging from 4.67 x 10~8to0 3.60 x 1076,

Mutations in resistant genes and MICs of progeny strains. We finally obtained
1,170 drug-resistant progeny strains in all plates, and 100 strains were randomly selected for
the measurement of their MICs and the sequencing of their drug-resistant genes with a ratio
of about 1:10. DNA sequencing identified a total of 73 mutations, including 29 in ddn (includ-
ing 15 point mutations, 12 frameshift mutations, and 2 stop codons), 12 in fgd1 (including 9
point mutations and 3 frameshift mutations), 12 in fbiA (including 7 point mutations, 3 frame-
shift mutations, and 2 stop codons), 4 in fbiB (including 2 point mutations and 2 frameshift
mutations), and 16 in fbiC (including 8 point mutations, 7 frameshift mutations, and 1 stop
codon) (Fig. 1). No mutation was found in fbiD. There were 3 synonymous mutations in the
above-mentioned point mutations that appeared in four strains, namely, Ddn P63P (two
strains), Fgd1 Y155Y (one strain), and FbiA E249E (one strain).

Out of the 100 DLM-resistant strains, 65 (65.00%) had nonsynonymous mutations in
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FIG 1 Distribution of mutation frequencies among the six target genes. The sequencing of 6 resistance-related
genes was performed in 100 DLM-resistant colonies. 73 unique mutations in these 6 genes were identified
from progeny colonies. The relative number of genes encoding early stop codons is shown in black, whereas
that of out-of-frame insertions and deletions is shown in blue and that of point mutations is shown in gray.

the above-mentioned resistant genes, and 35 (35.00%) had no mutations in any of the six
genes. There were 26 (26.00%) strains with mutations in ddn, 10 (10.00%) with mutations in
fgd1, 8 (8.00%) with mutations in fbiA, 2 (2.00%) with mutations in fbiB, 15 (15.00%) with
mutations in fbiC, and 4 (4.00%) strains with mutations in two different genes (Table 3).

All of the 65 progeny strains with mutations in their resistant genes were resistant to
DLM and displayed MIC values of =0.125 pg/mL. Considering that the MIC values of the
parent strains were between 0.016 and 0.031 wg/mL, the MIC values of the progeny strains
to DLM were at least 4 times higher than those of their parent strains. We also detected the
resistance of the progeny strains to PTM and found that all of the progeny strains had MIC
values of =8 times those of the parent strains (Table 3).

The effects of point mutations on structure stability and ligand binding. In the
activation process of DLM, Ddn catalyzes the reduction of DLM using the cofactor F .
Therefore, we used the structure of the Ddn-F,,, complex (PDB 3R5R) as the templates
for a structure analysis of Ddn. As shown in Fig. 2A, residues G53, P63, 578, and K79 are
located close to the F,,, binding site. A detailed analysis of the interaction between Ddn
and F,,, revealed that the G53C, P63Q, and S78Y mutations introduced unfavorable
bumps for receptor-ligand binding (Fig. 3). The K79_G80insG mutation extended the loop
from S78 to P87, leading to the loss of local interaction between this loop and the other
part of Ddn as well as a change of the binding pocket of F,,,. According to the structure
predicted by AlphaFold (AF-PO9WP15-F1), R23 is located on an a-helix at the N terminus of
Ddn, and the R23P mutation probably disrupted this a-helix, leading to structural instability.
The E118K mutation introduced a positive charge, resulting in charge repulsion between K118
and R72. The side chain of R142 had several hydrogen bonds with residues around the F,,,
binding site, such as A77, S78, A82, and E83, and the R142F mutation resulted in the loss of
the above interaction and might possibly have influenced the binding of F,,,.

Fo-dependent glucose-6-phosphate dehydrogenase (Fgd1) could provide the reduced
cofactor F,,q-H, for DLM activation. In our study, all identified mutations in Fgd1 are farther than
8 A away from the cofactor F,,, binding site; thus, these mutations might lead to changes in
drug resistance by affecting the structural stability, not by influencing the cofactor binding (Fig.
2B). The side chain of L70 participated in the formation of a hydrophobic core and had hydro-
phobic interactions with several hydrophobic residues around it. The L70R mutation not only
destroyed hydrophobic interactions but also introduced a positive charge, which resulted
in a charge repulsion between R70 and R100. M93 and W284 are also located in the hydro-
phobic cores. Thus, the M93R and W284S mutations also destroyed hydrophobic interac-
tions. Residue 304, located on the surface of the protein, and the hydrophobic side chain
of V304 pointed to the hydrophilic solution in the G304V mutation, which might cause
structural instability. The L3271 mutation, located on an a-helix at the C terminus of Fgd1,
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TABLE 3 Nonsynonymous mutations in DLM resistance-conferring genes

Antimicrobial Agents and Chemotherapy

MIC range (ug/mL)

Gene Nucleotide change Amino acid change DLM PTM No. of strains
ddn 68G>C R23P 0.25 16 1
ddn 113del® G38fs? 16 16 1
ddn 116_117insG® G39fs 16 16 1
ddn 117_118insC T40fs 0.5t01 0.5t0 16 2
ddn 134del P45fs >16 16 1
ddn 157G>T G53C 0.5 8 1
ddn 161del R54fs 16 16 1
ddn 188C>A P63Q >16 >16 2
ddn 189G>T, 195C>G Y65*¢ 16 8t0 16 2
ddn 233C>A S78Y >16 >16 1
ddn 237_238insGCG K79_G80insG 1 16 1
ddn 352G>A E118K >16 4t016 4
ddn 424 _425delinsTT¢ R142F 0.125 8to 16 4
ddn 434_435insC P145fs >16 >16 1
ddn 447_448insC E150fs 0.5to 16 1to16 3
fgd1 209T>G L70R 16 2to 16 4
fgd1 278T>G M93R 16 16 1
fgd1 603_604insG L202fs >16 >16 1
fgd1 851G>C W284S >16 >16 1
fgd1 870del P290fs >16 16 1
fgd1 91G>T G304V >16 16 1
fgd1 962T>C L321P 0.25 0.25 1
fbiA 22G>A G8S 1 8 1
fbiA 193T>C C65R 0.25 0.25 1
fbiA 309del E103fs 16 >16 1
fbiA 428T>C L143P >16 16 1
fbiA 596C>A AT99E 1 0.5 1
fbiA 747A>G, 748A>T K250 16 16 1
fbiA 745_809del E249fs >16 >16 1
fbiA 864G>A Ww288* >16 >16 1
fbiB 201del P67fs 4 16 1
fbiB 735_736insC A246fs 8 8 1
fbiC 177C>A C59* >16 >16 1
fbiC 343_344insC R115fs 2to 16 2t0 16 6
fbiC 765del F255fs 8 8 1
fbiC 773G>A G258D >16 >16 1
foiC 1130T>G L377R 8to 16 2to 16 2
foiC 1792G>C E598Q 16 >16 1
fbiC 1810G>T G604C 16 16 1
foiC 2003_2007del A668fs >16 >16 1
foiC 2092C>G H698D >16 >16 1
fbiA-ddn 595G>A, 117_118insC A199T, T40fs 0.5 1 1
fgd1-fbiA 834_835insA, 954_955insG Q279fs, M319fs >16 >16 1
fbiA-fbiB 776G>A, 991A>T C259Y, 1331L 16 8 1
fbiC-fbiB 2155T>G, 991A>T W719G, 1331L >16 16 1

adel, deletion.
bins, insertion.
cdelins, deletion and insertion.
dfs, frameshift.
e* stop codon.

as well as the L321P mutation probably disrupted this a-helix, leading to structural
instability.

FbiA catalyzes the synthesis of dehydro-F,,, using 7,8-didemethyl-8-hydroxy-5-
deazariboflavin (FO) and enoylpyruvoyl-2-diphospho-5'-guanosine (EPPG) as the sub-
strates. Thus, we modeled the structure of the FbiA-FO-GDP complex by using the crystal
structure of FbiA from M. smegmatis in complex with FO and GDP (PDB 6UWS5) as the tem-
plates. Among our identified mutations in FbiA, only G8S was located close to the
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FIG 2 Structure of the MTB Ddn (A), Fgd1 (B), FbiA (C), and FbiB (D) complexed with cofactors. (A) Ribbon representation
of Ddn with cofactor F,,, (PDB code 3R5R). The F,,, (yellow) is shown with a display style of stick. (B) Ribbon
representation of Fgd1 complexed with F,,, (PDB code 3B4Y). The F,,, (yellow) was displayed in stick. (C) Ribbon
representations of the predicted FbiA-FO-GDP complex. The cofactors FO (yellow) and GDP (blue) were displayed
in stick. (D) Ribbon representation of FbiB complexed with F,,, (PDB code 4XOQ). The F,,, (yellow) was displayed
in stick. The identified mutated residues (orange) were represented with a display style of ball and stick. The images
were obtained using the Discovery Studio Visualizer v.4.5 software.

substrate binding site (Fig. 2C), and the G8S mutation introduced unfavorable bumps
between S8 and GDP (Fig. 4A and B). The C65R, L143P, A199E, and C259Y mutations might
influence the structural stability of FbiA (Table 4). Due to the large side chain of the muta-
tion residue, the C65R, A199E, and C259Y mutations introduced unfavorable bumps
between the mutation residues and the residues around them, leading to structural instabil-
ity. The side chain of L143 participated in the formation of a hydrophobic core and had hydro-
phobic interactions with several hydrophobic residues around it. The L143P mutation not only
destroyed the hydrophobic interactions but also introduced structure bumps between P143
and A43. The calculated free energy for A199T was low, and the A199T mutation did not intro-
duce any unfavorable interactions. Considering that A199T was only found in a double mutant
with FbiA A199T and Ddn T40fs, the effect of FbiA A199T on drug resistance was unclear.

FbiB catalyzes the synthesis of F,,, from using dehydro-F,,, and glutamate as the
substrates. Therefore, the structure of the FbiB-F,,, complex (PDB 4XOQ) was used as
the template for the structure analysis. For FbiB, only I331L was detected in our study,
which was close to the ligand F,,, (Fig. 2D). I331L mutation introduced unfavorable
bumps not only with the ligand F,,, (Fig. 4C and D) but also with R334 and R337 of the
FbiB protein, thereby influencing both protein stability and ligand binding.

FbiC catalyzes the synthesis of FO. Because no crystal structure was available for FbiC,
the structure predicted by AlphaFold (AF-POWP77-F1) was used for the structure analysis.
According to the calculated results of free energy (Table 4), all of the the mutations in
FbiC might lead to structural instability; thus, we only analyzed the possible interactions
affecting structural stability. The G258D, L377R, and G604C mutations introduced
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A G57

C G57 D

ATT

FIG 3 The 2D diagram showing the interactions between F,,, and wild-type Ddn (A), mutant G53C (B), mutant P63Q (C), and mutant S78Y (D). The F,,, molecule is
shown in the middle with a display style of ball and stick. The colored balls around F,,, indicate the residues involved in the direct interactions between Ddn and
F,»- The green, purple, and red dashed lines connecting F,,, and the corresponding residues indicate intermolecular hydrogen bonds, hydrophobic interactions, and
steric hindrance, respectively. Residues involved in hydrogen bonds, van der Waals interactions, or polar interactions are represented by green balls. Residues
involved in hydrophobic interactions, attractive charges, and unfavorable bumps are represented by purple, orange, and red balls, respectively.

unfavorable bumps. The E598Q mutation lost the negative charge of residue 598, lead-
ing to the loss of the electrostatic attractive interaction between E598 and R847. Residue
698, located in a hydrophobic core composed of H698, F736, L702, and V694, as well as
the H698D mutation led to the loss of the hydrophobic interaction of H698 with other
residues. Residue 719, located in another hydrophobic core, as well as the W719G muta-
tion led to the loss of the hydrophobic interactions of W719 with P716 and V769.

DISCUSSION

In this study, we obtained DLM-resistant progeny strains from DS, MDR, and XDR-MTB
clinical isolates and compared their frequencies of spontaneous resistance to DLM in differ-
ent types of MTB clinical strains for the first time. We also discovered novel mutations in
drug resistance genes. Our study provided useful information to improve the understanding
of the molecular mechanism and molecular detection of DLM resistance.

First, we examined the spontaneous frequencies of resistance to DLM in DS, MDR, and
XDR-MTB strains. The spontaneous resistance frequencies to DLM in the DS-MTB strains and
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FIG 4 The 2D diagram showing the interactions between GDP and wild-type FbiA(A), mutant G8S (B), and the interactions between F,,, and wild-type FbiB
(C), mutant I1331L (D). The GDP (A and B) and F,,, (C and D) molecules are shown in the middle with a display style of ball and stick. The colored balls
around GDP or F,,, indicate the residues involved in the direct interactions between the ligand and the protein. The green, magenta, and red dashed lines
connecting the ligand and the corresponding residues indicate intermolecular hydrogen bonds, hydrophobic interactions, and steric hindrance, respectively. Residues
involved in hydrogen bonds, van der Waals interactions, or polar interactions are represented by green balls. Residues involved hydrophobic interactions and

unfavorable bumps are represented by magenta and red balls, respectively.

H37Rv that we observed were similar to the findings of previous reports of the spontaneous
frequencies of DLM-resistant mutants in MTB H37Rv and in M. bovis BCG Tokyo (5), and they
were higher than those of PTM-resistant mutants in MTB H37Rv (9, 11). In addition, the fre-
quencies in the DS-MTB strains were higher than those observed in the MDR and XDR-MTB
strains, indicating that the different types of clinical strains had different spontaneous resist-
ance frequencies to DLM. To our knowledge, this is the first study to demonstrate that DS,
MDR, and XDR-MTB strains have different spontaneous frequencies of resistance to DLM. In
a recent study, Gomez-Gonzalez et al. analyzed 8,622 clinical isolates and found that the av-
erage number of mutations in 6 DLM resistance genes per sample among the DS-MTB iso-
lates was higher than those observed in MDR-MTB or XDR-MTB isolates, which suggested
that the 3 types of strains have different mutation frequencies in the 6 DLM resistance genes
(12). Several studies have found that the presence of drug resistance could impair the fitness
of MTB and that the drug-resistant strains may have an increased generation time, com-
pared with drug-susceptible strains (13-15). Consequently, the increased generation time of
drug-resistant tubercle bacilli would negatively affect the accumulation of mutations that
confer drug resistance and would thereby lead to relatively low mutation rates being noted in
drug-resistant bacteria.
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TABLE 4 The effect of mutations on the protein stability and MIC range of mutants

AAG (kcal/mol)¢ MIC range (zg/mL)
Protein Amino acid change Eris PremPS DLM PTM
Ddn R23P >10 0.09 0.25 16
Ddn G53C —5.53 0.88 0.5 8
Ddn P63Q 2.14 1.08 >16 >16
Ddn S78Y —1.1 0.53 >16 >16
Ddn K79_G80insG* NA NA 1 16
Ddn E118K 0.43 1.39 >16 4to 16
Ddn R142F >10 —0.18 0.125 8to 16
Fgd1 L70R >10 1.85 16 2t0 16
Fgd1 M93R NA NA 16 16
Fgdi W284S -03 1.42 >16 >16
Fgd1 G304V 0.63 1.02 >16 16
Fgd1 L321P 3.19 273 0.25 0.25
FbiA G8S 0.21 1.49 1 8
FbiA C65R >10 2.25 0.25 0.25
FbiA L143pP 4.26 33 >16 16
FbiA A199E 8.18 1.88 1 0.5
FbiA A199T (& Ddn T40fs®) —0.05 0.62 0.5 1
FbiA C259Y (& FbiB 1331L) 2.02 1.07 16 8
FbiB 1331L (& FbiA C259Y/FbiC W719G) -1.73 0.7 16 8to 16
FbiC G258D 1.64 1.26 >16 >16
FbiC L377R 0.66 2.94 8t0 16 2t0 16
FbiC E598Q 2.63 0.53 16 >16
FbiC G604C 0.12 0.49 16 16
FbiC H698D 0.11 1.74 >16 >16
FbiC W719G (& FbiB 1331L) 5.29 2.19 >16 16

dins, insertion but not frameshift.

bfs, frameshift mutation.

The free energy (AAG) was calculated for the point mutations in the available protein structures by using two
endpoint methods, namely, Eris and PremPS.

In this study, mutations of the known drug-resistant genes ddn, fgd1, fbiA, fbiB, fbiC, and
fbiD were detected in 65 (65.00%) DLM-resistant progeny strains. However, 35 (35.00%)
DLM-resistant progeny strains had no mutations in the aforementioned 6 genes. Pang et al.
reported 4 XDR-MTB clinical isolates that were resistant to DLM, and 2 of them harbored no
mutations in these resistance-related genes (16). Kardan-Yamchi et al. found 9 DLM-resistant
clinical strains, and only 4 strains had known resistance-related mutations (17). In a previous
study by Haver et al., 17% of the PTM-resistant strains were found to have no mutations of
known drug-resistant genes (9).The above-mentioned evidence suggests that other genes
associated with drug resistance have not been discovered.

Among the mutations induced by DLM in this study, the mutations in ddn accounted for
the highest proportion (39.73%), followed by fbiC (21.92%), fgd1 (16.44%), fbiA (16.44%), and
fbiB (5.48%). The mutations in ddn comprised a higher proportion of those selected in our
study of MTB clinical isolates compared to the proportion selected in a previous study of M.
bovis BCG Tokyo (20.00%). On the other hand, the mutations in fgd1 (30.00%) were more fre-
quent in M. bovis BCG Tokyo than in our MTB clinical isolates. The mutation frequencies for
fbiC, fbiA, and fbiB (23.33%, 13.33%, and 6.67%, respectively) in M. bovis BCG Tokyo were sim-
ilar to our findings in the MTB clinical isolates (5). It is worth noting that no mutation in fbiD
was found in our study. Whole-genome sequencing data on 8,622 MTB clinical isolates
revealed that the fbiD gene accounted for the lowest number of different mutations (n = 66,
7.19% of the total mutations identified) among the 6 DLM-resistant genes (12). However, a
PTM treatment study in a mouse model showed that 9.00% of the PTM-resistant isolates
were fbiD mutants, and this proportion was higher than those of the fgd7 and fbiB mutants
(8), implying that the fbiD mutants may have superior fitness in vivo, relative to other mutants.
The mutation frequencies for resistance-related genes were also different between in vitro and
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in vivo studies on PTM (8, 9), and the drug resistance mutation frequencies reported in clinical
strains from different studies were also different (12, 18). The different mutation distributions
mentioned above may be due to the different experimental systems used in different studies
or the different strains included. Overall, there were more drug resistance mutations in the
ddn, fgd1, and fbiC genes, which are directly related to the F,,, cycle, and there were relatively
few mutations in fbiA, fbiB, and fbiD.

Among the 45 mutations detected, only 7 had related reports. Feuerriegel et al. reported
that the MIC of the Ddn R23W mutant to PTM was 0.25 ng/mL (19), whereas the MICs of
the Ddn R23P mutant to DLM and PTM found in our study were 0.25 and 16 wg/mL,
respectively. R23 is located on the N-terminal a-helix of Ddn, which is not close to the
F.» binding site. Considering that proline is a special residue which could disrupt the
a-helix, R23P might play a greater influence on the structural stability of Ddn, which is a
possible explanation for the different effects of R23P and R23W on the level of drug re-
sistance. The MIC of the Ddn G53C mutant in this study was 0.5 wg/mL, which was close
to that reported by Polsfuss et al. (20). Lee et al. (21) observed that the Ddn S78Y mutant
was resistant to PTM with a MIC that was 64 times higher than that of H37Rv but
remained susceptible to DLM. Further functional experiments confirmed that the S78Y
mutant could not activate PTM but did retain the ability to activate DLM. In this study,
the S78Y mutant of Ddn was significantly resistant to both DLM and PTM. Considering
that only one strain in this study had the S78Y mutation and that the influence of other
drug-resistance genes could not be ruled out, further research may be needed to eluci-
date the effect of this mutation on the MIC. The ddn 434_435insC found in this study
and the 434Cdel mutation found by Fujiwara et al. (5) were both frameshift mutations at
residue 434, which would lead to high levels of drug resistance. The MIC of the Fgd1
M93R mutant in this study was 16 wg/mL, but the Fgd1 M93T mutant reported by
Battaglia et al. was sensitive to DLM, again suggesting that different amino acid substitu-
tions have different effects on drug resistance (18). Our study showed that both the FbiA
K250*and the FbiC L377R mutations could cause high-level resistance to DLM and PTM,
which was similar to the results of previous studies (8, 22).

The remaining 38 mutations were novel mutant types that were reported for the first
time, which greatly enriched the mutation spectrum associated with DLM resistance. Among
the 38 new mutation types, 17 frameshift mutations and 3 stop codon mutations seriously
affected the structure and integrity of the protein, and almost all of them showed high levels
of resistance to DLM/PTM. The other 18 mutations were point mutations, which showed dif-
ferent degrees of drug resistance to DLM/PTM. Among them, only the R142F mutant of Ddn
was low-level resistant to DLM (MIC = 0.125 pg/mL) but significantly resistant to PTM
(MIC = 8 g/mlL).

Both DLM and PTM are nitroimidazole derivatives that share the same activation pathway,
which is related to F,,, redox cycling. At the present time, the research on the cross-resistance
of the two prodrugs is attracting more attention. Previous studies showed that mutations in
the resistance genes related to DLM resistance could also cause resistance to PTM and vice
versa (8, 12, 23). We found that the progeny strains induced by DLM treatment were not only
resistant to DLM but also generally resistant to PTM. However, the MICs of some mutants to
DLM and PTM were not completely consistent. In our study, the MICs of the Ddn R23P, G53C,
and R142F mutants to PTM were more than 16 times higher than those to DLM. Lee et al. also
found that the Ddn S78Y and Y133C mutants did not activate PTM but retained the ability to
activate DLM (21). A possible explanation for this difference is that the binding sites of DLM
and PTM on the Ddn protein are not exactly the same. In addition, Rifat et al. also reported
that the resistance levels of some FbiB and FbiD mutants to PTM were significantly higher
than those to DLM (8), suggesting that the six genes in the activation pathway of the nitroim-
idazoles might have different effects on the drug resistance of the two drugs.

The most important limitation of this study is that laboratory-induced mutations may
not ultimately be reflected in clinical drug-resistant isolates, which may lead to differences
between drug-induced mutations and clinical diagnoses. Although the parent strains that
we used were clinical isolates that were closer to clinical facts than to laboratory standard
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strains, these mutations will still need to be identified in clinical isolates to confirm their clini-
cal relevance. Another limitation was that we currently only elucidate the effects of individual
mutations on drug resistance by analyzing the correlations between the MICs of the strains
and the modifications of the protein structure. In the future, functional studies should be per-
formed to explore the exact mechanism by which each mutation causes resistance.

In conclusion, using DLM for in vitro drug induction and screening, we characterized
the mutation spectrum of DLM/PTM resistance that is emerging in clinical strains of MTB.
Meanwhile, we also established the association between these candidate variants and their
phenotypic resistance profiles. Our findings not only provide evidence for the elucidation of
the causative mechanisms of DLM/PTM drug resistance and for the development of molecu-
lar detection but also have broad implications for the continued clinical development and
usage of nitroimidazole antitubercular agents.

MATERIALS AND METHODS

Ethics statement. The clinical strains and research protocols applied in this study were approved by
the Ethics Committee of Beijing Chest Hospital, Capital Medical University (No. 2016KY05).

Clinical strains. The strains in this study were classified as DS-TB, MDR-TB, or XDR-TB, using the pre-
2021 WHO definition (2). 20 drug-susceptible (DS), 20 MDR, and 20 XDR clinical isolates (collected between
March and September of 2016) were randomly selected from the Biobank of Beijing Chest Hospital in
China. The phenotypic resistance for rifampicin, isoniazid, fluoroquinolones (including levofloxacin, moxifloxacin,
and gatifloxacin), and second-line injectable agents (including amikacin, capreomycin, kanamycin, and streptomy-
cin) was determined via the absolute concentration method on Lowenstein-Jensen (L-J) solid media that con-
tained the anti-TB drugs, according to the recommendation of the WHO.

MIC determination of DLM and PTM. The MICs of clinical isolates against DLM/PTM were deter-
mined via resazurin microtiter assay (REMA) (18, 22, 24, 25). The fresh subcultured MTB clones were harvested
from Middlebrook 7H10 agar, and the turbidity of the cultures was adjusted to a 1.0 McFarland standard. For
the inoculum, the 1.0 McFarland cell suspension was diluted to 1:20 in Middlebrook 7H9 broth supplemented
with 10% OADC. Serial 2-fold dilutions of drugs in 100 uL of 7H9 broth were directly prepared in a 96-well
plate. The concentration range for DLM/PTM was 0.016 to 16 wg/mL. 100 uL of the inoculum was added into
each well of the prepared 96-well plate. The 96-well plate was incubated at 37°C for 7 days, and then 40 uL of
0.01% fresh resazurin solution were pipetted into each well. After additional 24 h of incubation at 37°C, the
MIC was determined as the lowest concentration of drugs that prevented a color change from blue (indicating
that no viable MTB cells exist) to pink (indicating that viable MTB cells exist). The MTB H37Rv strain (ATCC
27249) was conducted in all runs as a quality control. Due to the lack of an approved critical concentration for
DLM in REMA by the WHO, we used 0.125 pg/mL as the critical MIC for DLM, according to previous studies
(16, 18, 22). Clinical isolates with a MIC of DLM lower than 0.125 ng/mL were considered to be drug-suscepti-
ble and were chosen as the parent strains for drug resistance induction.

Drug resistance induction. The clinical strains were inoculated on drug-free L-J media and were cul-
tured to the logarithmic growth phase. To induce drug resistance, the fresh subcultured clones were
harvested, and the turbidity of the cultures was adjusted to a 1.0 McFarland standard to obtain the inoc-
ulum. 100 uL of the inoculum were inoculated onto 6 7H10 agar plates that contained anti-TB drugs
with 2 drug concentrations, namely, 0.063 wg/mL and 0.125 pg/mL (0.5 times and 1 times the critical
MIC of DLM), using 2 plates for each concentration. The progeny strains growing on the drug-containing
plates were obtained after being cultured for 4 weeks. Due to the large number of progeny strains, one-
tenth strains were randomly harvested from each plate for the measurement of their MICs, performance
of amplification, and sequencing of drug-resistant genes.

DNA extraction. Genomic DNA extraction was performed as described previously (16). The freshly
cultured bacteria were harvested from the surface of the L-J medium and were transferred into 500 wL Tris-EDTA
(TE) buffer. This was followed by centrifugation at 13,000 rpm for 2 min, after which the supernatant was
discarded. The pellet was resuspended in 500 uL TE buffer and then heated in a 95°C water bath for 1 h.
After the centrifugation of the cellular debris, the crude DNA in the supernatant was used as the template
for polymerase chain reaction (PCR).

Spoligotyping. The genotyping of MTB was performed using a MTB McSpoligotyping Kit (Xiamen
Zeesan Biotech, Xiamen, People’s Republic of China) as described previously (26-28). The amplification system
was 25 ul/tube, including 19.75 uL McSpoligotyping PCR Mix (A/B/C), 0.25 uL McSpoligotyping enzyme, and
5 uL DNA. The PCR was performed on a Zeesan SLAN96 real-time fluorescent PCR instrument. The PCR cycle pro-
gram was set according to the instructions: predenaturation at 50°C for 5 min; denaturation at 95°C for 10 min;
denaturation at 95°C for 15 s, annealing at 57°C for 15 s, extension at 72°C for 15 s, 50 cycles; supplemental exten-
sion at 72°C for 15s. A melt curve analysis was performed as follows: 95°C for 3 min, 35°C for 1 min, and 35 to
90°C with a heating rate of 0.04°C/s to acquire the fluorescence signals for the FAM, HEX, ROX, and CY5 channels.
The results were submitted to the SITVIT2 database (http://www.pasteur-guadeloupe.fr:8081/SITVIT2/submitjsp)
for the assignment of their spoligotype international types and corresponding clades.

Amplification and sequencing of resistant genes. In this study, full-length coding regions for resist-
ance-related genes from different strains were amplified via PCR and analyzed via Sanger sequencing. The genes
studied included ddn, fgd1, fbiA, biB, fbiC, and fbiD. The primers that were used for the fbiD drug resistance gene
amplification and sequencing are 5’-TTATATCGGGTGGTATTGATCTGA-3" and 5'-AACTCAGCTCCCGGTTCAGGTA-3'.
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The primers for the other 5 genes used in this study were as reported previously (16). The PCR was performed
with a final volume of 50 uL that contained 5 uL 10x PCR buffer, 200 wM each dNTP, 0.2 M each primer set,
and 1 U HotStar Tag polymerase (Qiagen). The amplification products were sent to Tianyihuiyuan Company
(Beijing, China) for Sanger sequencing. The DNA sequences were aligned with the sequences of H37Rv using
BioEdit Sequence Alignment Editor Version 7.1.3 (https://bioedit.software.informer.com/7.1/).

Structure analysis. The structure files that were used as the templates for the structure analysis
were obtained from the Protein Data Bank (PDB) (https://www.rcsb.org/) and the AlphaFold Protein Structure
Database (http://alphafold.ebiac.uk/). Because only the core structure of Ddn (from R31 to P151) had been deter-
mined via experimentation, the structure predicted by AlphaFold (AF-POWP15-F1) was used as the template for
mutant R23P, and the crystal structure of Ddn with cofactor F,,, (PDB file 3R5R) was used as the templates for
the other Ddn mutants. The templates for the mutants of Fgd1 and FbiB were PDB files 3B4Y (crystal structure of
Fgd1 complexed with F,,;) and 4XOQ (crystal structure of the C-terminal domain of FbiB with F,,), respectively.
The wild structure of FbiA was modeled via SWISS-MODEL (http://swissmodel.expasy.org/), using the crystal struc-
ture of FbiA from M. smegmatis in complex with FO and GDP (PDB file 6UWS5) as the template. The structures pre-

dicted by AlphaFold (AF-PO9WP77-F1) were used as the templates for the mutants of FbiC.

The structures of the mutants were also modeled via SWISS-MODEL. To predict the impact on pro-
tein stability, the free energy changes induced by the point mutations were calculated via Eris (29) and
PremPS (30). The detailed intramolecular and protein-ligand interactions were analyzed with the
Discovery Studio Visualizer v.4.5 software package (BIOVIA, Dassault Systéemes, San Diego, CA, USA),
using the “Structure Monitor” and “Receptor-Ligand Interactions” modules.
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