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Abstract: [Objective] Isoniazid (INH) and ethambutol (EMB) are the two main first-line drugs
for the treatment of tuberculosis (TB), while the underlying synergistic mechanism remains
unclear. [Methods] The Ms0606 gene was cloned from Mycobacterium smegmatis and its
expression was induced by the addition of 0.5 mmol/L isopropyl B-D-1-thiogalactopyranoside
(IPTG) at 37 °C for 4 h. The interaction between Ms0606 protein and EMB was studied by
isothermal titration calorimetry (ITC). The effect of EMB on the DNA binding activity of
Ms0606 was examined by electrophoretic mobility shift assay (EMSA). The growth curves of
the Ms0606-overexpressing strain treated with INH and INH+EMB were established. [Results]
Ms0606 protein was purified with high purity. EMB can bind with Ms0606 at a ratio of 1:1 and
specifically enhance the DNA binding activity of Ms0606. In the presence of a non-lethal dose
of EMB, the overexpression of Ms0606 enhanced the effect of INH on M. smegmatis MC?155.
[Conclusion] The TetR family transcriptional regulator encoded by Ms0606 plays a role in the
synergistic effect of EMB and INH, the further research on which will help us to understand the
regulatory mechanism of bacterial resistance.
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resistance by regulating some drug transport and
drug resistance-related genes, and play very
important regulatory roles in bacterial life
activitiy®, Members of the TetR/ActR family
contain N-terminal DNA-binding domain and
C-terminal ligand binding domain, and the
C-terminal domain enables the TetR/AcrR family
transcription factors to accommodate multiple
ligand bindings by identifying  different

compounds™.  Therefore, TetR/AcrR  family

The mechanisms of drug resistance in
Mycobacterium tuberculosis are very complex, and
most mechanisms are mutations in drug target
genes, except for the already reported impairment
of bacterial cell wall barrier function, antibiotic
inactivation, altered drug targets, and increased
drug efflux""*. However, it is not very clear about
the signaling pathway that first-line anti-
tuberculosis (TB) drugs mediate mycobacterial
resistance, especially the regulatory mechanism

directly mediated by transcription factors.
Transcription factors mediate bacterial drug

transcription factors, like chemical sensors, play
important roles in multiple signaling pathways,

http://journals.im.ac.cn/actamicrocn



2432

ZHU Chen et al. | Acta Microbiologica Sinica, 2023, 63(6)

including antibiotic production, changes in
osmolarity, and expression of efflux pumps, by
combining small detection of changes in the
intracellular environment and regulating the
expression of target genes!”.

For example, TetR transcription factor
regulates the expression of tetracycline efflux
pump genes. Tetracycline binds to TetR into cells,
causing protein conformational changes and
promoting tetracycline efflux, thus protecting
bacterial cells from toxic substances'®. QacR, a
multidrug-binding transcriptional repressor in
pathogenic  bacteria  Staphylococcus  aureus,
modulates the transcriptional level of the
multidrug transporter gene gacA, in response to
engaging a set of diverse ligands”). FadR in
Sulfolobus acidocaldarius controls a variety of
genes in the pathway of fatty acid biosynthesis and
degradation by responding to small molecule
ligands long-chain fatty acyl-CoA. FadR
dynamically regulates fatty acid metabolism and
maintains the normal growth and reproduction of
microorganisms™. In M. tuberculosis, fatty acid
metabolism also significantly affects pathogenicity"".
Furthermore, an ArsR family transcription
regulator encoded by Rv2642 (CdiR) responds to
isoniazid (INH). The bindings of INH and Cd(II)
both reduce CdiR DNA-binding activity, causing
sensitivity to INH. CdiR has a critical role in
directing the interplay between Cd(II) metal ions
and drug susceptibility in mycobacteria''®’. Besides,
there are few reports of transcription factors that
directly bind first-line anti-TB drug molecules like
rifampicin, and ethambutol (EMB) and regulate
the drug resistance of M. tuberculosis.

Isothermal titration of calorimetry (ITC) is
used for detecting the biothermodynamic and
kinetic parameters of biomolecular interactions!'".
Through ITC, we found that a TetR family
transcription factor encoded by the Ms0606 gene
in M. smegmatis is a novel ethambutol (EMB)
binding protein. EMB binds to Ms0606 in a ratio
of 1:1, and EMB specifically enhances the binding
activity of Ms0606. Furthermore, in the presence
of non-lethal dose of EMB, Ms0606 significantly

P4 actamicro@im.ac.cn, 7 010-64807516

affected the sensitivity of M. smegmatis to INH.
These results reveal the mechanism of
mycobacterial ~ transcription  factor-mediated
first-line anti-TB drugs EMB and INH combined
use to enhance drug efficacy, which provides the
theoretical basis for revealing the mechanism by
which the transcription factor Ms0606 mediates
first-line anti-TB drug resistance.

1 Materials and Methods

1.1 Strains, enzymes, reagents, and plasmids

The Escherichia coli BL21(DE3) and the
required vehicle for protein expression pET-28a
(CM1) were purchased from Novagen; DNA
polymerase, dNTPs, restriction enzyme and T4
ligase required for PCR reaction were purchased
from TaKaRa Biotech (Dalian); all antibiotic
chemicals were purchased from Sigma-Aldrich;
Ni**-nitrilotriacetate purified gels were purchased
from GE Healthcare Life Sciences China. The
PCR primers used in the experiments were
synthesized by Wuhan Tsingke Biotechnology Co.,
Ltd, and Invitgen Biotechnology Co., Ltd.
1.2 Gene cloning, expression, and purification
of Ms0606 protein

The Ms0606 gene was amplified by using the
M. smegmatis mc°155 genome as template,
upstream primer was 5-ATATGAATTCGAGTGA
CCGTCAGCCCCCGC-3', downstream primer
was 5-AGATTCTAGATCATGGCTGCGGTACC
CCCC-3'. PCR product and pET-28a (CM1) vector
were double digested by EcoR 1/Xba 1 and then
purified with PCR DNA Purification Kit (BioFlux).
The Ms0606 gene was cloned into the pET-28a
(CM1) vector and transformed into E. coli
BL21(DE3) strain, the correct sequenced was
selected strain for test expression, test expression
to verify the successful preserved glycerol tube.

The stored glycerol tubes were connected to
5 mL Luria-Bertani (LB) medium at a ratio of
1:100, and the activated broth was transferred to
1 L medium containing kanamycin and grown at
37 °C to ODgy of approximately 0.8 to 1.0.
0.5 mmol/L isopropyl thiogalactoside (IPTG) was
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added to induce protein expression for 4 h, and
then the protein was purified by Ni*" column
affinity chromatography. First, the cells were
centrifuged at 8 000 r/min for 2 min and
resuspended in Binding buffer (10 mmol/L
imidazole; 100 mmol/L NaCl; 20 mmol/L Tris-HCI,
pH 8.0), the sonicated supernatant flowed through
His-glue beads treated with Ni** (50 mmol/L
NiSO,), and the unbound heteroproteins were
washed with 10 to 15 mL Binding buffer
(40 mmol/L imidazole; 100 mmol/L NaCl;
20 mmol/L Tris-HCI, pH 8.0). Finally, the target
protein was eluted with 15-20 mL of elution buffer
(125 mmol/L imidazole; 100 mmol/L NaCl;
20 mmol/L Tris-HCI, pH 8.0) and was detected by
SDS-PAGE gel. Proteins with higher purity and
concentration were selected for dialysis and stored
at —80 °C at 100 L per tube.

1.3  Electrophoretic mobility shift assay
(EMSA)

M. smegmatis mc®155 genomic DNA was
used as the template, the promoter Ms0606p of
target fragment Ms0606 gene was obtained by
PCR amplification. Upstream primer was 5'-GGAT
CGGGCCGACCCGCACC-3" and downstream
primer was 5'-GGCGCTCCTGAACGTGTCAT-3’,
whose 5" end was labeled fluorescein isothiocyanate
(FITC). EMSA experiment was slightly modified
on the basis of literature reports'”, 1 L of
fluorescently labeled DNA fragments
coincubated with 1-8 L concentration gradient
Ms0606 protein in 20 L of EMSA buffer (50 mmol/L
Tris-HCL, pH 7.5, 50 mmol/L NaCl, 10 mmol/L
MgCl,, 1 mmol/L DTT), 4 °C reaction for 30 min.
For EMSA involving small molecule EMB, 1-4 L
of 150-600 pg/mL EMB and INH (control)
solutions were mixed with 2 L of Ms0606 protein
for 30 min, and then 1 L of labeled DNA
fragments were added. The system was
supplemented with EMSA buffer to 20 L, and
reacted for 4 °C for 30 min. The reaction system
was then placed at 150 V for 5% native
polyacrylamide  gel  electrophoresis  (40%
acrylamide 5 mL, ddH,O 31 mL, APS 1 uL,
TEMED 50 pL) for 1-2 h, finally sent to the

WEre

typhoon scanner (GE Healthcare) fluorescence
scan, and save the results after image processing
software analysis.

14 Isothermal heat volume titration
method (ITC)

The ITC experiment was slightly modified in
reference [13]. As shown in Figure 1, the Nano
ITC low-volume isothermal calorimeter (TA
Instruments, DE) controlled by the ITC Run
software is used. Tittrate Ms0606 and titrate EMB
were prepared in the same buffer (20 mmol/L
Tris-HCI, 100 mmol/L NaCl, 5 mmol/L MgCl,, pH
6.5). 20 mol/L His-tagged Ms0606 protein and
30 g/mL EMB solution were added to the sample
pool (190 L) and syringe (50 L), 25 injections
were measured at 250 r/min and 25 °C to obtain
dilution heat. Small molecule EMB was replaced
with INH in the control experiment.

1.5 Determination of growth curve of M.
smegmatis mc*155

To obtain overexpression strains, Ms0606
coding sequences were amplified using M.
smegmatis mc*155 genomic DNA as the template,
upstream primer was 5'-ATATGAATTCGAGTGA
CCGTCAGCCCCCGC-3', downstream primer
was 5-AGATTCTAGATCATGGCTGCGGTACC
CCCC-3', then cloned into the pMV261 vector,
and transformed by electroporation into wild-type
M. smegmatis mc*155 cells. Recombinant strains
were selected on 7H10 plates containing 100 pg/mL

of kanamycin.
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Figure 1 Schematic diagram of the ITC structure.
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Then constructed Ms0606 overexpression
strain was transferred from glycerol tube to PA
bottle for activation, and then transferred to
100 mL 7H9 medium in a ratio of 1:100 for culture.
The medium was cultured at 37 °C until the ODy
was 1.5-1.8. An appropriate volume of bacterial
liquid was absorbed and transferred to a new
100 mL 7H9 medium. The initial ODgyy of each
strain was the same, with an error of about 0.015.
Samples were taken and the initial ODgoy Was
recorded as the data of 0 h. Then a series of
concentration  gradients of isoniazid and
ethambutol were added to the culture medium and
cultured in a 37 °C shaker at 160 r/min. 2 mL of
bacterial solution was taken every 4 h and the
absorbance of the bacterial solution ODgy was
measured by spectrophotometer, samples were
taken 3 times each time.

2 Results
2.1 Cloning of the Ms0606 gene and protein
purification

The total genome of M. smegmatis mc>155
extracted by the kit was used as a template, and the
Ms0606 gene fragment was amplified by
appropriate PCR conditions. In Figure 2A, a
specific band (lane 2) was detected between
925 bp in the ninth band and 421 bp in the tenth
band of DNA marker (lane 1), which matched the
size of 630 bp of the target fragment, so the
amplified fragment was the Ms0606 gene. PCR
verification of recombinant pET28a
connected with Ms0606 was shown in Figure 2B,
and the fragment size matched the size of the
previously amplified Ms0606 gene (lane 2),
indicating that gene Ms0606 was successfully
connected to the pET28a vector. The resulting
recombinant tested for protein
expression in BL21(DE3), as is shown in Figure
2C, lane 1 is a negative control without IPTG
induction, and lane 2—7 are samples after [IPTG
induction, showing that Ms0606 can be used for
subsequent purification.

vector

vector was

<l actamicro@im.ac.cn, 010-64807516
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Figure 2 Construction of pET28a-Ms0606 plasmid
and SDS-PAGE analysis of recombinant Ms0606
proteins. A: Ms0606 amplified by PCR. 1: DNA
marker; 2: PCR product. B: PCR validation of
pET28a-Ms0606 vector. 1: DNA marker; 2: PCR
validation product of pET28a-Ms0606. C:
SDS-PAGE determination of Ms0606 expression
results. 1: Without IPTG; 2—7: After IPTG induction.

To further investigate the regulatory role of
Ms0606, we cloned the gene encoding Ms0606
protein in mycobacteria into the expression vector
pET28a, and then expressed Ms0606 protein in the
expression strain E. coli BL21(DE3),
gradient concentration of imidazole elution, and
obtained a protein with high concentration and
purity using nickel column affinity purification. As
shown in Figure 3, the target protein His-Ms0606
was detected by SDS-PAGE after elution with
250 mmol/L imidazole (lanes 3-5).

after a
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S - < Ms0606 (26 kDa)

Figure 3  Purification of recombinant Ms0606
proteins. SDS-PAGE was used to detect protein. 1:
Upernatant after ultrasonic crushing; 2: Precipitation
after ultrasonic crushing; 3—5: 250 mmol/L imidazole
elution. The arrow indicates the eluted Ms0606 protein.

To investigate the function of Ms0606, the
conserved amino acid sequences of Ms0606
proteins were searched by the NCBI-CDD
database. As shown in Figure 4, I found that
Ms0606 protein consists of 209 amino acids, the
N terminus has the TetR family helix-turn-helix
DNA binding domain, and the entire sequence has
a canonical AcrR family domain, suggesting that
Ms0606  encodes a  TetR/AcrR  family
transcription factor.

2.2 ITC confirmed the interaction between
Ms0606 and EMB

To further investigate whether EMB directly
targets the Ms0606 protein, ITC was used to detect
whether Ms0606 interacts with small molecule
EMB. At constant temperature, when 30 g/mL
EMB (protein dialysate containing 5% glycerol)
was titrated to 20 umol/L Ms0606, the two
substances interact and the heat released is
proportional to the amount of binding. As observed
in Figure 5, when the EMB solution was injected
25 times into the protein solution of the ITC
sample pool, the heat change from the Ms0606

Query seq.
Specific hits

Superfanilies

TetR N

etR_N superfanil

Multi-donains

Figure 4 Analysis of the domain structure of Ms0606.

reaction corresponds to a blue peak. When the
protein in the pool was saturated with EMB, the
heat signal weakens, and finally only the diluted
background heat was observed, forming a S-like
curve. Using nonlinear regression analysis with
Launch Nano Aanlyze software, the results showed
that: (1) The action of Ms0606 and EMB is an
exothermic reaction; (2) Under our experimental
conditions, the binding chemical ratio of EMB and
Ms0606 was 1:1 (n=0.94), indicating that one
Ms0606 binds one EMB. Following the same
method, we titrated Ms0606 with a control small
molecule INH, and the experimental results are
shown in Figure 5, failing to fit a curve similar to
S type, indicating that Ms0606 interacts with EMB,
while INH is not.
23 EMB promotes the DNA-binding
activity of Ms0606

Ms0606, as a transcription factor of the TetR
family, usually has an autoregulatory function and
specifically recognizes the upstream sites of its
own promoter, relevant research results have been
published!"*!. It has been demonstrated that EMB
can physically interact with Ms0606, and we
hypothesized that EMB can alter the
DNA-binding activity of Ms0606, this hypothesis
was further confirmed by EMSA. As shown in
Figure 6, when FITC-labeled Ms0606p was
incubated with 2 pmol/L of Ms0606 (lanes 1-3), a
weak lag band was observed, and clear
protein-DNA complex bands were formed with
increasing EMB concentration (150-600 pg/mL)
(lanes 4-6). Under the same conditions, the
negative control molecule INH (150—600 pg/mL;
lanes 7-9) had no effect, indicating that EMB can
promote the DNA binding activity of Ms0606 on
its own promoter.

200 209
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plate for colony count, the growth curve was
drawn with the time as the abscissa and the
logarithm of the colony forming unit (CFU) as the
ordinate.

As shown in Figure 7 (above), the Ms0606
overexpression strain  (Msm/pMV261-Ms0606)
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Figure 5 ITC assays for the interaction between Ms0606 and ethambutol.
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Figure 6 EMSA assays for the DNA-binding
activity of Ms0606 stimulated by ethambutol.

2.4 Ms0606 enhances ethambutol mediated
isoniazid sensitivity in M. smegmatis mc’155

Previous experiments have confirmed that
transcription  factor Ms0606 regulates the
sensitivity of M. smegmatis to INH"*, and EMB
interacts with Ms0606 protein and promotes the
DNA-binding activity of Ms0606. Therefore, we
hypothesized that EMB could affect the sensitivity
of Ms0606 overexpressed strain of M. smegmatis
to INH.

To further wverify this hypothesis, we
compared the growth curves of wild-type strain
(Msm/pMV261) and  overexpressed  strain
(Msm/pMV261-Ms0606) with different drug, then
sampled every 4 hours and diluted the coating

<l actamicro@im.ac.cn, & 010-64807516

grew almost the same with an empty control vector
(Msm/pMV261) in 7H9 medium without the drug
and with 0.2 pg/mL EMB, indicating that 0.2 pg/mL
EMB did not have an inhibitory effect on the
growth of M. smegmatis. However, as shown in
Figure 7 (below), in the 7H9 medium containing
5 pg/mL INH, the growth rate of Msm/pMV261-
Ms0606 was lower than that of Msm/pMV261,
suggesting that Ms0606 could enhance the
sensitivity of M. smegmatis to INH. Furthermore,
we added 0.2 pug/mL EMB to 7H9 medium
containing 5 pg/mL INH, compared with the
medium containing only 5 pg/mL INH, the
difference between Msm/pMV261-Ms0606 and
Msm/pMV261 was more obvious. Error bars
represent three independent biological replicates,
P values are calculated by T-distribution test, and
asterisks represent significant differences between
the two groups (*: P<0.05; **. P<0.01; ***;
P<0.001). These results indicate that non-lethal
dose EMB in M. smegmatis can further improve the
sensitivity of Ms0606 overexpressing strain to INH.



RIREG | MAEYE, 2023, 63(6)

2437

gg . ~®—Msm/pMV261

8.4 F
8.0 |

76 F

log,, (CFU/mL)

72

No drug

6.8 1 1 1 1 1 1 J
0 8 16 24 32 40 48 56

t/h

8.8 r ok

8.4

8.0

7.6

log,, (CFU/mL)

72 5 ug/mL INH

0 8 16 24 32 40 48 56
t/h

6.8

8.8 p =—0— Msm/pMV261-Ms0606

oo
I~
T

oo
fe=)
T

-
(=)
T

log,, (CFU/mL)

>
)

0.2 ug/mL EMB

0 8 16 24 32 40 48 56
t/h

&
s

ok

sk

e
I~
T

@
(=
T

>
[=))
T

log,, (CFU/mL)

=~
(]

5 pg/mL INH
+0.2 pg/mL EMB

1 L 1 1 1 1 J

0 8 16 24 32 40 48 56
t/h

A
%)

Figure 7 Determination of growth curves of Msm/pMV261 and Msm/pMV261-Ms0606.

3 Discussion

The genome of M. tuberculosis contains
approximately 200 transcription  factors'',
transcription factors that interact with drugs are
rarely reported, and information on the molecular
networks elicited by first-line anti-TB drugs in M.
tuberculosis is also limited. As far as we know,
InbR directly responds to INH, which regulates
multiple resistance in mycobacteria by regulating
the expression of a large number of potential target
genes''. In addition, there are few reports of
transcription factors that directly bind first-line
anti-TB drugs and regulate the multiple resistance
of M. tuberculosis.

In this study, we found a transcription factor
Ms0606 that can directly bind EMB through ITC.
The stoichiometry was obtained by fitting analysis,
indicating that the force between Ms0606 and
EMB is strong and bound in a 1:1 ratio. EMB
could promote DNA-binding activity of Ms0606.
So EMB can be used as both an anti-TB drug and a
signaling molecule, what is the significance of its

interaction with Ms0606? I know that the balance
between TetR/AcrR family transcription factors
regulating target genes and derepressor is mainly
controlled by ligand. Bolla et al previously
reported that the transcription factor Rv3066 in M.
tuberculosis binds to ethidium bromide, inhibiting
the DNA binding activity of the transcription
factor, thus relieving the inhibition of drug efflux
pump mmyr gene and thus increasing drug efflux!'.
The binding of INH and InbR also changed the
binding activity of transcription factor and DNA,
making the overexpressed strain resistant to
multiple drugs!?. Inspired by this, combined with
previous results!'*! and recent research, we
hypothesize that EMB may act as an inducer and
ultimately enhance the sensitivity of mycobacteria
to INH .

On the other hand, as for the bactericidal
mechanism of EMB, recent studies have resolved
the “drug-target” three-dimensional structure of
the arabinosyltransferase complexes EmbA-EmbB
and EmbC-EmbC!"” revealing that ethambutol
ultimately inhibits cell wall synthesis!® by

http://journals.im.ac.cn/actamicrocn



2438

ZHU Chen et al. | Acta Microbiologica Sinica, 2023, 63(6)

targeting EmbA, EmbB and EmbC involved in the
synthesis ~ of  arabinogalactan @ AG  and
lipoarabinomannan LAM. In this study, we found
that Ms0606 directly interacts with EMB, this
indicates that EMB is not only a drug to control
M. tuberculosis, but also can be used as a
chemical inducer to participate in the formation
of drug resistance of other drugs. As shown in
Figure 8, a model showing that the EMB-triggering
regulatory pathway through Ms0606 enhances the
INH sensitivity of M. smegmatis. Previous studies
have confirmed that Ms0606 negatively regulates

—

Binding motif =~ Promoter

Ms0606
binds with ethambutol

A

Ethambutol

Figure 8 Schematic diagram of the regulatory model.

4 Conclusion

In conclusion, EMB as the main first-line
anti-TB drug, is widely used in clinical practice.
This study demonstrates that EMB, besides acting
as an antimicrobial agent, also acts as an inducer to
promote the killing effect of another first-line drug
INH on mycobacteria. This finding provides new
examples of anti-TB drugs directly binding
transcription factor proteins and enhances our
understanding of drug-resistance-related regulatory
mechanisms and signaling pathways in bacteria.

<l actamicro@im.ac.cn, 010-64807516

Ms0606

the sensitivity of M. smegmatis to INH"'*, EMB
can enhance the DNA-binding activity of Ms0606
and make the mycobacterial cells more sensitive
to INH. The purple oval represents repressor
protein Ms0606, yellow semicircle represents
EMB molecular, it can bind with Ms0606 and
enhances its DNA binding activity. Eventually
making cells more sensitive to INH radicals
(purple small bend bar). The study of its
regulatory mode will explain the new mechanism
of transcription factor-mediated multiple drug
resistance in mycobacteria.
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