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Objective: Clofazimine plays an important role in the treatment of drug-resistant tubercu-
losis. However, the mechanism of clofazimine resistance remains unclear. In order to slow 
down the occurrence of clofazimine resistance, it is necessary to study its resistance 
mechanism.
Methods: In this study, we constructed Rv1453 knockout, complementary and overex-
pressed strain. The minimum inhibitory concentration (MIC) of clofazimine against 
Mycobacterium tuberculosis was detected by microplate alamar blue assay (MABA). The 
transcription levels of Rv1453 and its adjacent genes were detected by quantitative reverse 
transcriptase PCR. The purified Rv1453 protein was used for electrophoretic mobility shift 
assay (EMSA) to identify the binding site of Rv1453 protein.
Results: The minimum inhibitory concentration (MIC) of clofazimine increased about 
4-fold for the Rv1453 knockout strain and decreased about 4-fold for the Rv1453 over-
expressed strain compared with Mycobacterium tuberculosis H37Rv. Further analysis 
showed that Rv1453 protein, as a regulatory protein, binds to the RNA polymerase binding 
site of qor and blocks the transcription process.
Conclusion: This study preliminarily revealed that Rv1453 protein of Mycobacterium 
tuberculosis affects its susceptibility to clofazimine by regulating the transcription level of 
qor, which is shedding a new light on the mechanism of clofazimine resistance.
Keywords: resistance mechanisms, transcriptional regulation, electrophoretic mobility shift 
assay, redox

Introduction
Tuberculosis (TB) is a chronic infectious disease caused by the bacillus Mycobacterium 
tuberculosis and the leading cause of death from a single infectious disease (ranking 
above HIV/AIDS). Estimated 10 million people worldwide were infected with TB in 
2019, and the number of new infections per year has declined slowly in recent years, 
but not fast enough to reach the target of a 20% reduction between 2015 and 2020. The 
global treatment success rate of multidrug resistant (MDR)/rifampicin resistant (RR) 
tuberculosis is only 57%.1 Due to the long course of treatment and high cost of drug- 
resistant tuberculosis, it brings a heavy burden to families and society. Clofazimine 
(CFZ) was initially discovered in the development of new antituberculosis drugs. With 
further studies, it was found that CFZ can also be used for the treatment of drug- 
resistant TB.2,3 The World Health Organization designated it as group B drug for the 
treatment of drug-resistant tuberculosis in 2018.4
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According to current researches, the mechanism of 
CFZ resistance is mainly related to the efflux pump. And 
the reported genes associated with CFZ resistance were 
Rv0678, Rv1979c and Rv2535c.5–7 The specific mechan-
ism of CFZ has not been fully elucidated. By using 
a fraction of the membrane isolated from M. smegmatis, 
it was confirmed that CFZ appeared to compete with 
menaquinone for electrons. This is the initiating event in 
the respiratory chain of M. tuberculosis, through which 
reduced CFZ undergoes spontaneous oxidation to generate 
reactive oxygen species, such as superoxide and hydrogen 
peroxide.8 This hypothesis was supported by another 
study, which claimed that the addition of high concentra-
tions of menaquinone to the culture medium antagonized 
the antibacterial activity of CFZ.9 Furthermore, inactivat-
ing the cytochrome bd-type quinol oxidase in the myco-
bacterial respiratory chain increased the susceptibility of 
M. smegmatis to CFZ, which seems to be consistent with 
inhibition of bacterial respiration.10 The authors speculated 
that the protective effect of cytochrome bd is mediated by 
neutralization or inhibition of reactive oxygen species 
generated by CFZ.

In our previous study, we detected genes associated 
with clofazimine resistance by whole-genome sequencing 
from 18 strains of M. tuberculosis. We found that the 
mutation frequencies of Rv0678, Rv1979c, Rv2535c were 
36.4% (4/11), 18.2% (2/11) and 0% (0/11), respectively. 
However, the mutation frequency of the Rv1453 intergenic 
region was 54.5% (6/11). In this study, we constructed 
Rv1453 knockout strain, Rv1453 complementary strain 
and Rv1453 overexpressed strain to explore the correlation 
between Rv1453 and clofazimine resistance. The Rv1453 
gene encodes the 46.6 KDa transcriptional regulatory pro-
tein. And qor gene encodes quinone oxidoreductase, which 
is adjacent to Rv1453. We speculated that Rv1453- 
mediated resistance to clofazimine was related to the 
reduction of reactive oxygen species. The accumulation 
of quinones in cells could produce a range of toxic effects. 
Quinones are highly redox active molecules and can gen-
erate reactive oxygen radicals during the spontaneous 
reduction to semiquinone and hydroquinone. Reactive 
oxygen species (ROS) can cause oxidative damage to 
DNA, proteins and lipids, and stimulate oxidative 
stress.11 Quinone oxidoreductases (QOR) have protective 
and detoxifying effects on cells by reducing quinones to 
hydroquinone, which could bind to glucuronic acid or 
sulfate and be excreted. It has been reported that quinone 
spontaneously loses one electron and becomes 

semiquinone, whereas in the presence of QOR, quinone 
can be reduced to hydroquinone by catalyzing the transfer 
reaction of two electrons, thus avoiding the generation of 
free radicals.12–14 In this study, we investigated that 
Rv1453 transcriptional regulatory protein could change 
the transcriptional level of qor gene to affect the sensitivity 
of the strain to clofazimine.

Materials and Methods
Bacteria Strains and Culture Conditions
M. tuberculosis H37Rv (ATCC 27294) and recombinant 
strains were grown at 37°C in 7H9 liquid medium supple-
mented with 0.2% glycerin, 0.05% Tween 80, and 10% 
oleic acid-albumin-dextrose-catalase (OADC) or on 7H10 
solid medium with 0.5% glycerin and 10% OADC. E. coli 
strains were grown at 37°C in liquid LB, liquid 2YT or on 
solid LB medium.

Construction of Recombinant Strains
The Rv1453 knockout strain was constructed as previously 
reported.15 The Rv1453 gene of M. tuberculosis H37Rv 
was replaced with res–sacB-hyg–res gene cassette by alle-
lic exchange method. Briefly, chromosomal sequences 
flanking Rv1453 were amplified by PCR from the genomic 
DNA of M. tuberculosis H37Rv. Primers LFP and LRP, 
which contained the Van91I site, respectively, were used to 
amplify the left arm of Rv1453. Primers RFP and RRP, 
which contained the Van91I site, respectively, were used to 
amplify the right arm of Rv1453. These fragments were 
cloned into the vector p0004s. The resultant plasmid was 
ligated with the plasmid phAE159 by the PacI site. The 
phasmid was electroporated into M. smegmatis mc2155 to 
generate the recombinant phages. M. tuberculosis H37Rv 
cells were infected with the recombinant phages at 37°C 
and hygromycin-resistant (HygR) colonies were screened. 
The Rv1453 overexpressed strain was constructed by elec-
troporation with pMV361 carrying a 1266bp segment of 
the Rv1453 open reading frame inserted between HindIII 
and ClaI restriction sites. The Rv1453 complementary 
strain was constructed by transforming the recombinant 
pMV361 to the Rv1453 knockout strain. The recombinant 
strains were verified by RT-PCR. The primers used in this 
study are listed in Tables S1 and S2.

MIC Determination
The MIC of clofazimine against M. tuberculosis was deter-
mined by MABA.16 The concentration of clofazimine ranges 
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from 10 to 0.005 mg/L by using two-fold dilutions method. 
M. tuberculosis H37Rv cultured to an exponential phase was 
added to the 96-well plates containing different concentra-
tions of clofazimine. The color of each well was recorded the 
following day after the addition of Alamar blue and Tween 
80. The MIC was defined as the lowest drug concentration 
that prevented the color change (from blue to pink).

Total RNA Extraction
Total RNA of M. tuberculosis H37Rv and recombinant 
strains were extracted from freshly cultured bacteria by 
using the QIAgen RNA mini kit (QIAgen, Germany) accord-
ing to the manufacturer’s protocol. We used the kit in com-
bination with RNAprotect Bacteria Reagent to ensure 
reliable gene expression analysis and Lysing Matrix B to 
achieve complete disruption and homogenization.

Quantitative Reverse Transcriptase PCR
The RNA was reverse transcribed to cDNA using the 
PrimeScript RT reagent kit with gDNA Eraser (TaKaRa, 
Japan). The primers listed in Table S1 were used, and the 
RT-PCR was performed in a 20 μL PCR solution from the 
TB Green Premix Ex Taq II (TaKaRa, Japan) according to 
the manufacturer’s protocol. StepOnePlus real-time PCR 
system (Applied Biosystems, America) was used to per-
form the RT-PCR with PCR conditions of 95°C for 
1 minute, then 40 cycles at 95°C for 5 seconds, 63.4°C 
for 30 seconds, and 72°C for 30 seconds. The RNA poly-
merase sigma factor sigA was used as an internal control to 
normalize the level of target genes for each individual 
sample. The relative gene expression was calculated 
using the 2− ∆ ∆Ct method and we used the logarithm of 
the relative gene expression for the algorithm analysis. 
The clofazimine drug concentration we used in this experi-
ment was 0.06 μg/mL, and the time points were set as 6 h, 
16 h, and 52 h for the dosed group and the blank control 
group, respectively.

Rv1453 Protein Expression and 
Purification in E. coli BL21 (DE3)
The Rv1453 gene was amplified by PCR from 
M. tuberculosis H37Rv genome using the forward and 
reverse primers, which contained the NdeI and HindIII 
restriction sites, respectively. We sequenced the DNA 
fragment cloned into the T vector. We then cloned it to 
the expression vector pET30a to generate the His tag 
fusion protein. The recombinant plasmid (pET30a 

+Rv1453) was transformed into E. coli BL21 (DE3) and 
grown in 2YT liquid medium at 37°C in an orbital shaker 
at 200 rpm to an optical density at 600 nm (OD600) of 
0.6–0.8. The expression of Rv1453 was induced by the 
addition of isopropyl–D-1-thiogalactopyranoside at a final 
concentration of 0.5 mM and grown for an additional 4 h. 
Cells were harvested by centrifugation at 5000 rpm/min 
for 5 minutes. His-tagged Rv1453 was purified with 
Capturem™ His-Tagged Purification Kit (TaKaRa, Japan) 
according to the manufacturer’s protocol. The protein was 
purified with 8M urea under denaturing conditions. Purity 
of the His6-Rv1453 protein was identified by Western blot, 
and protein concentration was determined by using the 
BCA Protein Assay Kit (Solarbio, China).

Electrophoretic Mobility Shift Assay 
(EMSA)
The upstream regions (−500) of Rv1455 and qor gene 
were amplified by PCR using gene-specific primers. The 
PCR products were purified by using the MiniBEST DNA 
segment Purification Kit.

The binding reaction mixture (10×) contained 100 
mmol/L Tris-HCl, 500 mmol/L KCl, 10mmol/L DTT, 
50% glycerol, 10 mmol/L EDTA. The Rv1453 protein 
and DNA segment were incubated at 37°C for 1.5 hours. 
Then, the samples were separated by the native PAGE gel 
in an ice bath containing 1×Tris-borate-EDTA at 110 V for 
1 hour. The native PAGE gel was stained with SYBR 
Green I dye for about 15 minutes and placed in an ultra-
violet analyzer to observe the bands.

We also used the 3ʹbiotin-labeled DNA probes to iden-
tify the binding sites. Both the forward and reverse chains 
of the Rv1455 probe were labeled with biotin, but only the 
forward chain of the qor probes was labeled with biotin. 
Electrophoretic mobility shift assays (EMSAs) were car-
ried out according to manufacturer's protocol for the 
LightShift™ Chemiluminescent EMSA Kit (Thermo 
Fisher, America). The binding reaction mixture contained 
10mmol/L Tris-HCl, 50mmol/L KCl, 1mmol/L DTT, 5% 
glycerol, 1mmol/L EDTA and 50μg/mL poly (dI-dC). For 
the Rv1455 probe, the binding reactions of single-chain 
probe to Rv1453 protein and double-chain probe to 
Rv1453 protein were detected, respectively.

Computational Analysis
The virtual footprint (http://www.prodoric.de/vfp/) and 
softBerry (http://www.softberry.com/berry.phtml?topic= 
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bprom&group=programs&subgroup=gfindb) software 
were used to identify the Rv1453 protein-binding motif.

Statistical Analysis
The relative expression levels of Rv1453 gene and its 
adjacent genes in recombinant strains were compared 
with M. tuberculosis H37Rv and were tested using 
a single sample t test. Two-way analysis of variance was 
used to compare the relative expression levels of various 
genes among different strains under the action of clofazi-
mine, and the M. tuberculosis H37Rv under the action of 
clofazimine was taken as a reference. Statistical analysis 
software was GraphPad prism 8.0 and P < 0.05 was 
considered statistically different.

Results
Construction and Validation of 
Recombinant Strains
The recombinant plasmid pMV361+Rv1453 and pET30a 
+Rv1453 has been validated by enzyme digestion and 
DNA sequencing (Figure S1). Then, we compared the 
relative expression levels of Rv1453 gene in the Rv1453 
knockout strain, Rv1453 complementary strain, Rv1453 
overexpressed strain and M. tuberculosis H37Rv to verify 
the recombinant strains (Figure 1). Compared with the 
M. tuberculosis H37Rv, the relative expression level of 
Rv1453 gene in the knockout strain was significantly 
decreased, while that in the complementary strain and the 
overexpressed strain were significantly increased. 
Therefore, it was confirmed that the Rv1453 knockout 
strain, the Rv1453 complementary strain, and the Rv1453 
overexpressed strain were successfully constructed.

Susceptibility of Recombinant Strains to 
Clofazimine
MABA method was used to detect the MIC of isoniazid, 
rifampicin and clofazimine against M. tuberculosis H37Rv, 
Rv1453 knockout strain, Rv1453 complementary strain and 
Rv1453 overexpressed strain (Table 1). We found that, com-
pared with the M. tuberculosis H37Rv, the MIC value of 
clofazimine to the knockout strain was increased by about 
4-fold, while decreased by about 4-fold for the overex-
pressed strain. As for the complementary strain, it was 
restored to the same level as that of the M. tuberculosis 
H37Rv. If hygromycin (75μg/mL) was added to the knock-
out strain, the MIC of clofazimine against the knockout 
strain could be restored to the normal level. At the same 

time, it was found that the MIC of isoniazid and rifampicin 
could also be increased against the Rv1453 knockout strain, 
while the MIC of that against complementary strain and 
overexpressed strain were normal. The MIC of isoniazid 
and rifampicin against the knockout strain could be reduced 
to the normal level when added with hygromycin.

The Relative Expression Level of Rv1453 
Adjacent Genes in the Recombinant 
Strains
We have found that Rv1453 affects the sensitivity of the 
strain to clofazimine. Rv1453 encodes the transcriptional 

Figure 1 The relative expression level of Rv1453 gene in the recombinant strains.

Table 1 MIC of Anti-Tuberculosis Drugs Against the 
Recombinant Strains and H37Rv (μg/ml)

INH RFP CFZ

H37Rv 0.040 0.010 0.156
Knockout 5.000 0.040 0.625

Knockout (with hygromycin) 0.040 0.020 0.156

Complement 0.040 0.020 0.078
Overexpression 0.040 0.010 0.040
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regulatory protein, and the relative expression levels of its 
adjacent genes were detected by RT-PCR to further inves-
tigate its transcriptional regulatory function (Figure 2). It 
was found that the relative expression levels of Rv1455 
and qor gene were significantly increased in both the 
knockout and complementary strains but slightly 
decreased in the overexpressed strain.

Effects of Clofazimine on the Relative 
Expression Levels of Rv1453 Gene and Its 
Adjacent Genes in Recombinant Strains
RT-PCR results showed that the relative expression of 
Rv1455 gene and qor gene was significantly up- 
regulated when Rv1453 gene was knockout, while 
slightly down regulated if Rv1453 gene was overex-
pressed. In order to further study the effect of clofazi-
mine on the transcription regulation function of Rv1453 
protein, the relative expression levels of Rv1453 gene 
and its adjacent genes in the recombinant strains were 
detected after clofazimine treatment at 6, 16 and 52 
hours, respectively. With the increase in drug treatment 
time, the relative expression level of Rv1455 gene and 
qor gene in Rv1453 knockout strain continued to 
increase slightly, while that decreased in Rv1453 com-
plementary strain and Rv1453 overexpressed strain at 
52 h after drug treatment (Figure 3).

Purification and Validation of Rv1453 
Protein
In order to further explore how Rv1453 protein plays 
a negative regulatory role in the transcription of Rv1455 
gene and qor gene, we expressed Rv1453 protein in E. coli 
and purified it, then detected its purity by Western blot 
(Figure 4). Under denaturation condition, we finally 
obtained the purified Rv1453 protein and the molecular 
weight of the protein is approximately 48 kDa.

Transcriptional Regulation Mechanism of 
Rv1453 Protein on Its Neighboring Genes
According to the predicted sites that may bind to Rv1453 
protein, the primers were designed, and the DNA segments 
of the qor gene promoter region and the Rv1455 gene 
promoter region were amplified by PCR, respectively. 
The renatured Rv1453 protein was then used to test 
whether it could bind to the qor promoter region or the 
Rv1455 promoter region (Figure 5). It showed that Rv1453 
protein could bind to them, and if the amount of protein is 
too small, the binding reaction is not obvious.

To explore the DNA binding sites that could bind to 
Rv1453 protein, two qor double-stranded probes (−325 to 
−301; −254 to −230) were designed, with biotin-labeled on 
the forward strand, respectively. We also designed three 
Rv1455 probes (−176 to −139), one was double-stranded 

Figure 2 The relative expression levels of the adjacent genes of Rv1453 in the recombinant strain. (A) The relative expression levels of Rv1455 in the recombinant strain. 
(B) The relative expression levels of qor in the recombinant strain.
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Figure 3 Relative expression levels of Rv1453 gene (A) and its adjacent genes (B and C) in the recombinant strains under the action of clofazimine. M: protein marker, Lane 
1: pET30a flowthrough, Lane 2: pET30a + Rv1453 flowthrough, Lane 3: pET30a wash, Lane 4: pET30a + Rv1453 wash, Lane 5: pET30a eluate, Lane 6: pET30a + Rv1453 
eluate (nondenaturing), Lane 7: pET30a + Rv1453 eluate 1 (denatured), Lane 8: pET30a + Rv1453 eluate 2 (denatured), and Lane 9: pET30a + Rv1453 eluate 3 (denatured).

Figure 4 Western blotting of Rv1453 protein. M: DL500bp DNA Marker, lane1: segments qor gene promoter region, lane2: segment of qor promoter region and Rv1453 
protein mixture (DNA: protein=1:5), lane3: segment of Rv1455 gene promoter region, lane4: segment of Rv1455 promoter region and Rv1453 protein mixture (DNA: 
protein=1:5), lane5: segment of qor promoter region and Rv1453 protein mixture (DNA: protein=10:3), lane6: segment of Rv1455 promoter region and Rv1453 protein 
mixture (DNA: protein=10:3). The arrows indicate the shift bands.

Figure 5 The Rv1453 protein interacts with DNA segments in the qor and Rv1455 promoter regions.
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probe with biotin-labeled on both single strands, and the 
other two were single-stranded biotin-labeled probes. Bands 
of DNA probe, migration band resulting from the interaction 
of DNA probe with protein, and decreased migration band 
resulting from the addition of unlabeled DNA probe were 
observable in the positive control group, indicating that the 
experiment was feasible. The migration of bands due to its 
binding to Rv1453 protein was observed for both binding 
sites in the promoter region of the qor gene (Figure 6).

The interaction between Rv1453 protein and Rv1455 
double-stranded probe showed that with the increase in 
protein concentration, the migration band became more and 
more obvious, while the single-stranded probe decreased. 
When the unlabeled Rv1455 double stranded probe was 
added to the reaction solution, the migration bands decreased 
and the single stranded probe bands disappeared (Figure 7). 
Due to the decrease in the single-stranded probe, we further 
investigated whether Rv1453 protein could bind to single 
stranded probes. It shows that Rv1455 antisense single- 
stranded probe can also bind to Rv1453 protein, but that 
the migration band is weak (Figure 8).

Rv1453 protein has the GGDEF_2 and HTH_30 
domain and plays a role in transcriptional regulation. 

The HTH domain could bind to DNA and be similar 
to the structure of Bacillus subtilis Pucr transcriptional 
regulatory protein. The Pucr motif was used to search 
for binding sites that are located in the promoter region 
of the Rv1455 gene and qor gene, respectively. We 
found that the DNA segment that can bind to Rv1453 
protein in the promoter region of Rv1455 gene contains 
the RNA polymerase binding site within qor gene 
(Figure 9).

Because the qor gene encodes quinone oxidoreductase, 
which has the function of reducing free radical damage 
and oxidative stress, we think that Rv1453 protein could 
change the level of reactive oxygen species by regulating 
the transcription of qor gene, thus affecting the suscept-
ibility of the M. tuberculosis H37Rv against clofazimine 
(Figure 10).

Discussion
The purpose of this study was to investigate the relation-
ship between Rv1453 gene and clofazimine resistance in 
M. tuberculosis. First, the sensitivity of the Rv1453 
knockout strain, Rv1453 complementary strain and 
Rv1453 overexpressed strain to clofazimine were 

Figure 6 Rv1453 protein interacts with DNA segments from the promoter region of the qor gene.
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detected by MABA. It was found that the sensitivity of 
Rv1453 knockout strain to clofazimine was reduced by 
4-fold, that of Rv1453 overexpressed strain to clofazi-
mine was increased by 4-fold, and that of Rv1453 com-
plementary strain to clofazimine restored to the same 
level as M. tuberculosis H37Rv. Therefore, Rv1453 gene 

is related to the susceptibility of the M. tuberculosis to 
clofazimine. Besides targeted inhibition, antibiotics can 
also cause cell death by producing reactive oxygen 
species.17,18 The phenazine core is the primary structure 
of CFZ. Since phenazine molecules are auto oxidizable 
compounds, they can act as electron acceptors, leading to 

Figure 7 Interaction between Rv1453 protein and Rv1455 double-stranded probe.

Figure 8 Rv1453 protein interacts with single or double strands of Rv1455.
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the amount of available ATP decrease.19,20 At the same 
time, intracellular REDOX enables clofazimine to pro-
duce reactive oxygen substances.21 Therefore, the 
reduced susceptibility of the Rv1453 knockout strain to 
clofazimine may be due to the decrease in reactive oxy-
gen species. We also found that the MIC of isoniazid and 
rifampicin could be increased against the Rv1453 knock-
out strain. Isoniazid and rifampicin can significantly 
increase the formation of hydroxyl radicals.22,23 In this 
study, we found that during the culture of Rv1453 knock-
out strain, the use of hygromycin could restore MIC to 

Figure 9 Rv1453 encodes a transcriptional regulatory protein. (A) Functional 
domain analysis of M. tuberculosis Rv1453 protein. (B) The predicted RNA poly-
merase and Rv1453 protein binding sites. The predicted RNA polymerase binding 
sites are underlined.

Figure 10 Rv1453 could change the level of reactive oxygen species by regulating the transcription of qor gene, thus affecting the susceptibility of the M. tuberculosis H37Rv 
against clofazimine. (A) Excessive Rv1453 protein could inhibit the transcription of qor gene and increase the level of reactive oxygen species, which increased the sensitivity 
of the strain to clofazimine. (B) The deletion of Rv1453 protein increased the transcription of qor gene and decreased the level of reactive oxygen species, which reduced the 
sensitivity of the strain to clofazimine.
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normal level. The Rv1453 gene was replaced with 
a hygromycin resistance gene in the Rv1453 knockout 
strain, and the hygromycin resistance gene encodes 
a protein kinase that can phosphorylate hygromycin to 
make it inactive and thus enable the strain to survive.24 

However, ATP was consumed in this process. The 
increase in reactive oxygen species was related to the 
increased respiration, higher NADH consumption and 
the lower ATP/ADP ratio.25 So, we speculate that the 
drug resistance may be associated with increased ATP 
and decreased reactive oxygen species.

Compared with M. tuberculosis H37Rv, Rv1453 over-
expressed strain was more sensitive to clofazimine, but 
had no significant change to isoniazid and rifampicin. 
This is because CFZ can be reduced by NDH-2 and gen-
erate reactive oxygen species in its spontaneous oxidation 
process.8 Reduced quinone reductases lead to increased 
reduction equivalents, which increase the CFZ’s ability to 
transfer electrons from NDH-2 to oxygen and lead to 
increased ROS and oxidative stress.26

Since Rv1453 gene encodes transcriptional regulatory 
protein, the target genes regulated by Rv1453 gene were 
further analyzed. It was found that the transcription level 
of qor and Rv1455 gene in Rv1453 knockout strain and 
complementary strain were significantly increased, while 
they were decreased in Rv1453 overexpressed strain. This 
may be due to the fact that the Rv1453 protein expressed 
by the plasmid has a weak inhibition on the transcription 
of Rv1455 and qor genes, while the knockout of Rv1453 
had a strong effect on the increase in the transcriptional 
level of the above two genes. The Rv1455 gene encodes 
a protein of unknown function and the qor gene encodes 
quinone reductase. Quinone reductase can directly cata-
lyze the two electrons reduction of quinone to hydroqui-
none, preventing free radical generation during redox by 
avoiding the one electron reduction of quinone to the 
semiquinone.14 And, it has been reported that lpdA gene, 
which also encodes quinone reductase, can scavenge reac-
tive oxygen species and reduce the oxidative stress in 
M. tuberculosis.27,28 Inhibition of quinone oxidoreductase 
activity can increase free radical damage.28 In addition, 
quinone reductase can transfer reducing equivalents to the 
electron transport chain, which is important for energy 
production under anaerobic conditions. The hydroquinone 
reaches the cell membrane to be oxidized to menaquinone, 
and along with proton translocation across the membrane, 
establishes an electrochemical proton gradient or proton 
motive force that drives ATP synthase to produce ATP, 

favoring M. tuberculosis survival.29 Since the knockout of 
Rv1453 gene can increase the transcriptional level of qor, 
it can reduce the susceptibility of the strain to clofazimine 
by increasing ATP, reducing ROS and oxidative stress.

Although the transcription level of qor gene in the 
Rv1453 complementary strain was significantly increased, 
its sensitivity to clofazimine was consistent with 
M. tuberculosis H37Rv. This may be related to the action 
of clofazimine. As shown in Figure 3, with the increase of 
clofazimine treatment time, the transcription level of 
Rv1453 in the complementary strain and the overexpressed 
strain increased significantly. Clofazimine could enhance 
the transcription level of Rv1453. After the addition of 
clofazimine, the transcriptional levels of qor gene in the 
Rv1453 complementary strain decreased significantly at 
52H. And, the transcriptional levels of qor gene in the 
Rv1453 overexpressed strain also decreased, although it 
was not significant. However, we found no decrease in the 
Rv1453 knockout strain. It was considered that the Rv1453 
knockout strain lacked the transcription regulatory protein 
encoded by Rv1453 gene, which resulted in the uninhib-
ited transcription of Rv1455 gene and qor gene.

Nucleic acid-binding proteins have traditionally been 
divided into two categories: DNA-binding proteins and 
RNA-binding proteins, but recent studies have found 
a number of proteins that can bind to both DNA and 
RNA. Proteins that bind nucleic acids in a sequence- 
specific manner usually contain one or more well-defined 
structural motifs (zinc finger, leucine zipper, helix-turn- 
helix, or helix-loop-helix).30 The C-terminal of Rv1453 
protein has helix-turn-helix (HTH) domain, which is simi-
lar to the structure of Bacillus subtilis Pucr transcriptional 
regulatory protein, and this domain can bind to target 
DNA sequence. It has been reported that there is an 
activation sequence of 5ʹ-WWWCNTTGGTTAA-3ʹ in 
the upstream of the target gene regulated by PucR, which 
is called PucR box. So, we predicted the nucleotide sites 
binding to Rv1453 protein based on the PucR motif and 
then performed electrophoretic mobility shift assay to 
study the interaction of Rv1453 protein with the promoter 
DNA segment of qor gene and Rv1455 gene, respectively. 
The results showed that Rv1453 protein could bind to the 
promoter region of Rv1455 gene and qor gene. In order to 
identify the binding site of Rv1453 protein, biotin labelled 
probe was used for further study. It is found that Rv1453 
protein not only binds to Rv1455 double stranded probe 
but also binds to Rv1455 single stranded probe (antisense 
strand). Because Rv1455 gene and qor gene are located on 
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two different strands with adjacent positions and opposite 
directions, the DNA sequence of Rv1455 single-strand 
probe (antisense strand) is consistent with a coding 
sequence of qor gene, and this sequence contains the 
predicted RNA polymerase binding site. Therefore, 
Rv1453 protein binding to this site hinders the binding 
of RNA polymerase, thus affecting the transcription of qor 
gene. The levels of ROS and ATP in Rv1453 knockout, 
complementary and overexpressed strains should be 
detected in further studies to better elucidate the mechan-
ism of Rv1453 mediated clofazimine resistance in 
M. tuberculosis.

Conclusion
As far as we know, we have confirmed that Rv1453 gene 
affected the susceptibility of M. tuberculosis to clofazi-
mine for the first time. Further studies showed that the 
transcriptional regulatory protein encoded by Rv1453 gene 
could bind to the qor gene sequence that contained the 
RNA polymerase binding site, thereby inhibiting the tran-
scription process. It was preliminarily revealed that the 
Rv1453 knockout strain reduced its susceptibility to clofa-
zimine by increasing the transcription level of qor gene, 
which provided a new idea for further study on the 
mechanism of clofazimine resistance.
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