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a b s t r a c t

Tuberculosis (TB) is a chronic infectious disease, which is caused by the pathogen Mycobacterium tubercu-

losis (Mtb) and reemerged as a global health risk with a significant proportion of multi-drug resistant and

extensively drug resistant TB cases. It is very urgent to find some novel high-confidence drug targets in

Mtb for discovering the effective anti-TB agents. Thioredoxin reductase (TrxR) has been identified to be a

highly viable target for anti-TB drugs for its important role in protecting the pathogen from thiol-specific

oxidizing stress, regulating intracellular dithiol/disulfide homeostasis and DNA replication and repair. In

the present work, a near-infrared (NIR) fluorescent probe DDAT was developed for the detection of TrxR

activity and used to high-throughput screen the TrxR inhibitors from natural products. Two screened TrxR

inhibitors from Sappan Lignum and microbial metabolites that were further used to inhibit Mycobacterium

tuberculosis. All the results indicate that DDAT is a practical fluorescent molecular tool for the discovery

of potential anti-TB drugs.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Tuberculosis (TB) is a chronic infectious disease, which is

caused by the pathogen Mycobacterium tuberculosis (Mtb) and

spread by expelling the pathogen into air from TB patients [1]. The

World Health Organization released that “End TB Strategy” aims

to reduce TB deaths by 90% and TB incidence by 80% by 2030,

compared to the 2015 baseline. However, the progress in tackling

TB has reversed due to the Corona Virus Disease 2019 (COVID-19)

pandemic. Today, TB is still the second most deadly infectious dis-

ease after COVID-19, responsible for about 1.6 million deaths in

2021 [2]. In addition, TB reemerged as a global health risk with

a signification proportion of multi-drug resistant and extensively

drug resistant TB cases that the resistant pathogen is not sensi-

tive to currently available anti-TB drugs. Consequently, there is in-

creased need to find novel high-confidence drug targets in Mtb for

discovering effective anti-TB agents.

Mtb has an ingenious molecular mechanism to resist and adapt

redox stresses in host cells during persistent infection by alter-
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ing Mtb signal transduction, transcription and translation and drug

resistance [3]. Among them, the essential thiol-reducing enzyme

thioredoxin reductase (TrxR) in Mtb forms an antioxidant system

with three thioredoxin proteins and nicotinamide adenine dinu-

cleotide phosphate (NADPH) to protect the pathogen from thiol-

specific oxidizing stress and regulate intracellular dithiol/disulfide

homeostasis [4,5], various biological processes in the pathogen

cell are also regulated by TrxR, such as defense against hydro-

gen peroxide [6], response to hypoxia [7] and protection the

pathogen in macrophages [8]. In addition, TrxR has been proven

to play an important role in the catalytic mechanism of ribonu-

cleotide reductase, which is involved in DNA replication and re-

pair [9]. Therefore, TrxR has been identified to be a highly vi-

able target for anti-TB drugs [10–12] as well as closely connected

to drug-resistance proteins RecA and two cytochromes in Mtb

[13].

With the advantages of high efficiency and sensitivity, high-

throughput screening systems based on fluorescence technology

have been paid more and more attention in environmental mon-

itoring, physiological process detection and the discovery of lead

compounds [14–19]. Up to now, several fluorescent probes have

been reported to measure the activity of TrxR in tumor and in-
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Fig. 1. (A) Illustration of the enzymatic catalysis progress of DDAT mediated by TrxR. (B) Absorbance of DDAT and DDAN. (C) Fluorescence spectra of DDAT and DDAN.

flammatory disease [20–31], while few probes for TrxR were used

in TB treatment.

Herein, a near-infrared (NIR) fluorescent probe DDAT was de-

veloped for the rapid and sensitive detection of TrxR activity, and

used to high-throughput screen TrxR inhibitors from natural prod-

ucts that were further used to inhibit Mtb. Two screened TrxR

inhibitors form herbal medicines and microbial metabolites dis-

played potent anti-TB activity through the disruption of DNA syn-

thesis and redox imbalance in Mtb, which means that DDAT is a

practical fluorescent molecular tool for the discovery of new anti-

TB drugs.

DDAT was designed by introducing TrxR’s recognition group

disulfide bond into the NIR fluorophore DDAN through amide bond

according to the synthetic route in Scheme S1 (Supporting infor-

mation), and the nuclear magnetic resonance spectroscopy (NMR)

and high resolution mass spectroscopy (HRMS) data are provided

as Figs. S1−S3 (Supporting information). TrxR can reduce disulfide

bond to produce sulfhydryl group, which further spontaneously at-

tack amide bond to hydrolyze and release DDAN (Fig. 1A), which is

accompanied by the redshift of absorption and the "Off-On" change

of NIR fluorescence signal (Figs. 1B and C). These results indicate

that DDAT could be used as a NIR fluorescent probe to detect TrxR

activity.

Then the effects of pH and temperature on the reaction sys-

tem were investigated. As shown in Fig. S4A (Supporting informa-

tion), DDAT had good stability in the range of pH 3.0−9.0, and

the product DDAN maintained stable fluorescence intensity in the

range of pH 5.0−9.0, indicating that the probe had good stabil-

ity under physiological conditions. Subsequently, the influence of

temperature on the catalytic efficiency of TrxR was investigated.

As can be seen in Fig. S4B (Supporting information), although the

catalytic efficiency of TrxR was the highest at 42 °C, the incubation

temperature of 37 °C was finally selected considering physiological

conditions. The stability of DDAT is also investigated in a variety

of endogenous substances (tryptophan, serine, glutamine, glycine,

arginine, lysine, glutamic acid, cysteine, glutathione and myristic

acid) and common ions (K+, Na+, Mg2+, Ca2+, Ba2+, Zn2+, Cu2+,
Ni2+, Sn4+, Mn2+, CO3

2−, SO4
2−, Fe2+, Fe3+, Cl−, NO2

−, HPO4
2−

and H2PO4
−). The results showed that the fluorescence intensity

of DDAT was not affected by the interference of endogenous sub-

stances and common ions, which showed excellent stability (Fig.

S5 in Supporting information).

Next, the selectivity of DDAT toward TrxR was also investigated.

The recombinant Mtb TrxR expressed in E. coli BL21 (DE3) accord-

ing to the methods in Supporting information (Figs. S6–S9). Fig. 2A

showed that only TrxR elicited a dramatic increase in the fluo-

rescence intensity at 666 nm, while other enzymes including car-

boxylesterases (CEs1b, CEs2), β-glucosidase (β-Glc), elastase, ac-

etaldehyde dehydrogenase (ALDH), nitroreductase (NTR), human

serum albumin (HSA), horseradish peroxidase (HRP), N-acetyl-β-d-

glucosaminidase (NAG), β-glucuronidase (β-Glu), lipase, carbonic

anhydrase (CA), acetylcholinesterase (AchE), butylcholinesterase

(BchE), alcohol dehydrogenase (ADH) and dipeptidyl peptidase-4

(DPP4) led to negligible changes in fluorescence intensity. To fur-

ther investigate the selectivity, the inhibition assays were con-

ducted in the lysates of wild type Mtb H37Ra by using a series

of inhibitors. As can be seen in Fig. 2B, only ebselen, a selective in-

hibitor of TrxR [32], can significantly inhibit the catalytic process

of DDAT metabolized by TrxR, other types of inhibitors such as

bis(4-nitrophenyl)phosphate (BNPP, inhibitor of carboxylesterases)

[33], sivelestat sodium (inhibitor of elastase) [34], rivastigmine

(a selective inhibitor of AchE) [35], and dicoumarin (inhibitor

of nitroreductase) [36] have no effect on the catalytic process.

These results further confirm the specificity of DDAT toward

TrxR.

To monitor the real activity of the target enzyme quantitatively,

the linear fluorescence intensity response toward enzyme concen-

tration is very essential. As shown in Figs. 2C and D, the fluo-

rescence signal gradually enhanced with increasing TrxR, and the

fluorescence intensity at 666 nm and TrxR concentrations in the

range from 0 to 21 μg/mL showed good linear relationship (limit

of detection = 0.22 μg/mL, 3 σ /k). To elucidate the binding inter-

actions between DDAT and TrxR, molecular docking simulation was

performed. The binding energy is −7.4 kcal/mol, indicating that

DDAT can bind to the protein spontaneously. There were hydrogen

bonds, π-π stacking, π-alkyl, and van der Waals interactions ob-

served (Fig. S10 in Supporting information). DDAT may form hydro-

gen bond interactions with the protein’s LYS394 and ASN388, and

its hydrophobic functional groups may form hydrophobic interac-

tions with the protein’s PHE71, PHE256, and ALA241. The benzene
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Fig. 2. (A) Interference of various enzymes on the fluorescence intensity of DDAT. (B) Interference of different inhibitors on the reaction of DDAT mediated by TrxR.

(C) Fluorescence response of DDAT toward TrxR with different concentrations. (D) Linear relationship between fluorescence intensity at 666 nm and TrxR concentrations

(λex = 600 nm, λem = 666 nm).

ring in the compound interacts with the benzene ring in the PHE71

and PHE256 amino acids of the protein to form a π-stacking (per-

pendicular) interaction, and the halogen atom in the compound in-

teracts with ARG263 of the protein to form a halogen bond. All

these results indicate that DDAT is a practical molecular tool that

could be used to detect the activity of TrxR selectively and sensi-

tively in complex biosystems.

By virtue of the superior performance of DDAT, a fluorescence-

based high-throughput screening platform for TrxR inhibitors from

260 kinds of herbal medicines and 180 kinds of microbial metabo-

lites was constructed. As can be seen in Fig. 3A, Sappan Lignum

displayed the strongest inhibitory effect on TrxR (17.96% resid-

ual activity). Forsythiae Fructus, Phellodendri Chinensis Cortex and

Myrrha showed moderate inhibitory activity (40% to 60% resid-

ual activity) against TrxR. Carthami Flos, Vaccariae Semen and Cimi-

cifugae Rhizoma showed weak inhibitory effects on TrxR (80% to

100% residual activity). Then, 11 fractions from the Sappan Lignum

were collected (Fig. 3B), and the inhibitory effect of the fractions

toward TrxR was evaluated by microplate reader. As Fig. 3C bar

chart showed, Fr.3 showed the strongest inhibitory effect on TrxR,

and the main active component of Fr.3 was Brazilin (Brz) that was

identified by 1H NMR, 13C NMR and HRMS (Fig. 4A, Figs. S11–S13

in Supporting information). In addition, the inhibitory effect was

also evaluated visually by fluorescence scanning imager (inset of

Fig. 3C), and the two methods are in good agreement (Fig. S14 in

Supporting information).

The inhibitory effect of Brz on TrxR was further evaluated by

DDAT, the half-inhibitory concentration (IC50 value) was calculated

to be 3.63 μmol/L (Fig. 4B) and the binding energy is −7.1 kcal/mol,

indicating that Brz can bind to TrxR spontaneously. There were hy-

drogen bonds, π-π stacking, π-alkyl, and van der Waals interac-

tions observed (Figs. 4C–E). Brz may form hydrogen bond inter-

actions with the protein’s SER1 and SER386, and its hydrophobic

functional groups may form hydrophobic interactions with the pro-

tein’s ALA69, PHE71, and PHE146. These results indicated that Brz

had good affinity with TrxR.

In addition, the fluorescence-based high-throughput screening

platform was also used to discover TrxR inhibitors from 180 kinds

of microbial metabolites, as shown in Fig. S15 (Supporting infor-

mation), gliotoxin (GTX), one of the mycotoxins produced by As-

pergillus fumigatus showed the strongest inhibitory activity against

TrxR with the IC50 value 1.85 μmol/L (Fig. S16 in Supporting infor-

mation). Autodock-vina was used for molecular docking, and the

binding energy of GTX and TrxR was −7.5 kcal/mol, indicating that

the target had strong binding ability with GTX that could effec-

tively bind to the active pocket of TrxR protein, and could spon-

taneously generate hydrogen bonding and hydrophobic interaction

with the protein-binding pocket. Subsequently, by analyzing the

three-dimensional interaction, it was found that GTX could form

hydrogen bond interaction with SER47 and ARG253, and the hy-

drogen bond distances were 2.99 Å and 2.80 Å. Additionally, GTX

was able to form hydrophobic interactions with THR54, TYR128,

and ALA126 of the protein. These interactions promote the binding

of GTX to the active pockets of TrxR to form complexes that exert

inhibitory effect.

Then, the fluorescence imaging ability of DDAT was investi-

gated, as shown in Fig. 5A, obvious fluorescence signal was ob-

served after incubation with DDAT, while the fluorescence signal

was significantly weakened when pre-incubated with the TrxR spe-

cific inhibitor ebselen. These results indicated that the fluorescence

signal was generated from DDAT mediated by TrxR. Subsequently,

flow cytometry was used to evaluate the ability of DDAT in detect-

ing TrxR activity. As shown in Fig. 5B, right shift represented the

enhancement of fluorescence signal, and the fluorescence signal

of DDAT treatment group (CON) was significantly right shift com-

pared with blank group (Blank). The right-shift amplitude of fluo-

rescence signal in ebselen treatment group was smaller than that

in probe treatment group. Besides, GTX can significantly inhibit the

fluorescence signal of DDAT mediated by TrxR in Mtb H37Ra (Fig.

S17 in Supporting information). These results indicate that DDAT is

highly sensitive to the endogenous TrxR of Mtb and can be used to

detect the activity of TrxR in complex biosystems.

3



F. Yan, X. Zhao, R. Li et al. Chinese Chemical Letters 35 (2024) 108504

Fig. 3. (A) The heat map of inhibitory effect of 260 kinds of herbal medicines to-

ward TrxR by using DDAT. (B) Fractions of Sappan Lignum. (C) The remaining activ-

ity of TrxR measured using DDAT by microplate reader (bar chart), and fluorescence

images of remaining TrxR activity based on the relative intensity (inset).

The drug sensitivity test of Mtb H37Ra was carried out accord-

ing to the AlamarBlue method. It could be determined from Fig. 6A

that the minimum inhibitory concentration (MIC) of Brz on Mtb

H37Ra was 60 μmol/L, and the MIC of GTX was 50 nmol/L (Fig. 6B),

indicating that the inhibitors Brz and GTX have good antibacte-

rial effect on Mtb H37Ra, and the effect of GTX is particularly ob-

vious. Next, GTX was further used to evaluate the effect on the

growth rate of Mtb H37Ra. As shown in Fig. S18 (Supporting infor-

mation), GTX could significantly inhibit the growth of Mtb H37Ra,

thus proving the growth necessity of TrxR for Mtb. The ability of

propidium iodide (PI) to pass through damaged cell membranes

and bind to DNA can determine whether a cell is broken. It can

be seen from the PI staining results that almost no red fluores-

cence signal can be observed in the wild type Mtb H37Ra, and the

red fluorescence signal of PI after binding with DNA could be ob-

viously observed in the GTX treated group (Fig. S19 in Supporting

information). These results indicated that GTX inhibited the activ-

ity and function of TrxR, thereby destroying the integrity of cell

wall and eventually causing cell damage. The inhibitory effect of

inhibitors mentioned above were also analyzed by scanning elec-

tron microscope. As shown in Fig. 6C, the wild type bacteria had a

regular appearance, showing a rod shape with a flat surface, while

GTX and Brz treatment groups showed different length and surface

shrinkage and uneven (Figs. 6D and E). All these results indicate

that the screened TrxR inhibitors Brz and GTX destroy the integrity

of cell wall through inhibiting the normal physiological function of

TrxR that has good anti-TB effect.

In summary, a NIR fluorescent probe named DDAT was de-

signed and developed for the detection of TrxR, which showed

highly selectivity and sensitivity toward TrxR, and could be used

to monitor the activity of TrxR quantitatively in complex biosys-

tems. In addition, a fluorescence-based high-throughput screening

platform for TrxR inhibitors was established based on DDAT, and

Sappan Lignum from herbal medicines and gliotoxin from micro-

bial metabolites showed strong inhibitory activity against TrxR, the

main active component of Sappan Lignum was further identified as

Brazilin. These two screened inhibitors displayed good anti-TB ef-

fect by destroying the integrity of cell wall and eventually causing

cell damage that may be used as anti-TB lead compounds, which

means that DDAT is a practical fluorescent molecular tool for the

discovery of potential anti-TB agents.

Fig. 4. (A) Structure of Brz; (B) the inhibition IC50 curve of Brz toward TrxR; (C) in silico docking analysis for DDAT and TrxR protein; (D) a detailed view of (C); (E) the

possible key binding of the amino acids’ residues.
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Fig. 5. (A) Fluorescence imaging of Mtb H37Ra incubated with DDAT (CON) and pre-incubated with ebselen. (B) Flow Cytometric analysis of Mtb H37Ra (green) with DDAT

(blue) or ebselen and DDAT (red). Scale bar: 50 μm.

Fig. 6. The inhibitory effect of Brz (μmol/L) (A) and GTX (nmol/L) (B) on Mtb H37Ra

was measured by AlamarBlue method. The scanning electron microscope of Mtb

H37Ra after treatment with or without inhibitors. (C) Wild type Mtb H37Ra; (D)

with GTX; (E) with Brz. Scale bar: 1 μm in C, D, E.
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