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Discovery of novel DprE1 inhibitors via computational
bioactivity fingerprints and structure-based virtual screening
Xue-ping Hu1,2, Liu Yang1, Xin Chai1, Yi-xuan Lei1, Md Shah Alam3,4, Lu Liu5, Chao Shen1, De-jun Jiang1, Zhe Wang1, Zhi-yong Liu3,4,
Lei Xu6, Kang-lin Wan7, Tian-yu Zhang3,4, Yue-lan Yin8, Dan Li1, Dong-sheng Cao5 and Ting-jun Hou1,2

Decaprenylphosphoryl-β-D-ribose oxidase (DprE1) plays important roles in the biosynthesis of mycobacterium cell wall. DprE1
inhibitors have shown great potentials in the development of new regimens for tuberculosis (TB) treatment. In this study, an
integrated molecular modeling strategy, which combined computational bioactivity fingerprints and structure-based virtual
screening, was employed to identify potential DprE1 inhibitors. Two lead compounds (B2 and H3) that could inhibit DprE1 and thus
kill Mycobacterium smegmatis in vitro were identified. Moreover, compound H3 showed potent inhibitory activity against
Mycobacterium tuberculosis in vitro (MICMtb= 1.25 μM) and low cytotoxicity against mouse embryo fibroblast NIH-3T3 cells. Our
research provided an effective strategy to discover novel anti-TB lead compounds.
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INTRODUCTION
Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is
the leading death cause from a single infectious agent world-
wide. TB at its early drug sensitive stage is capable of being
effectively treated, but normally requires a combination of
multiple drugs and needs a duration of 6–20 months. Inap-
propriate treatment possibly leads to multidrug-resistant TB
(MDR-TB), which is resistant to the two most potent anti-TB
drugs (isoniazid and rifampin), or even extensively drug-
resistant TB (XDR-TB), which is a subgroup of MDR-TB with
additional resistance to any fluoroquinolone or at least one of
the second-line injectable drugs. In 2019, 7.1 million people
with TB were newly diagnosed, and 206,030 people with
MDR-TB or rifampin-resistant TB (RR-TB) were detected [1].
Therefore, it is quite urgent to develop novel regimens for MDR/
XDR/RR-TB [2–4].
Decaprenylphosphoryl-β-D-ribose oxidase (DprE1) is an enzyme

involved in the synthesis of arabinogalactan, an essential
constituent of the Mtb cell wall [5]. DprE1 inhibitors can block
arabinan synthesis, thus provoking cell lysis and bacterial death
[6]. Several phenotypic screenings to discover potent DprE1
inhibitors have been reported, and both of covalent and non-
covalent inhibitors have been identified [7–12]. Currently, four
DprE1 inhibitors have been pushed into clinical trials, including
BTZ043, Macozinone (formerly PBTZ169), TBA-7371 and OPC-

167832 (Fig. S1). BTZ043 and Macozinone are benzothiazinones
and they can inhibit DprE1 by forming covalent bonds with the
active-site Cys387 residue [13]. They are both active against MDR-
TB [14]. Macozinone could act synergistically with the new anti-TB
drug bedaquiline and the repurposed anti-leprosy drug clofazi-
mine [15, 16], therefore raising a great potential to elaborate a
macozinone-containing regimen for the treatment of MDR-TB [17].
TBA-7371 and OPC-167832 are non-covalent inhibitors with
potent antimycobacterial activities [18, 19]. TBA-7371 did not
show cross-resistance to BTZ043 [20]. OPC-167832 exhibited
significant combination effects in 2-drug combinations with
delamanid, bedaquiline, or levofloxacin. Apparently, DprE1 inhibi-
tors may become a promising component of new regimens for TB
treatment.
High throughput screening, molecular docking, functional

genomics and protein-ligand cocrystallography have facilitated
the development of DprE1 inhibitors [21]. However, as a powerful
computational approach for the identification of lead compounds
with novel structural scaffolds, virtual screening has rarely been
utilized in the discovery of DprE1 inhibitors [22–24]. In 2019, Gao
et al. screened a database containing ~6,200,000 molecules
toward DprE1 using the ICM docking algorithm [25]. A total of 63
compounds were selected for antibacterial activity test, and one
compound (compound 50) with a minimal inhibitory concentra-
tion against Mtb (MICMtb) of 9.75 μM was identified.
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Scaffold hopping is a widely used technique for the exploration
of the chemical space of known active compounds [26]. Various
computational methods have been developed for scaffold
hopping, such as pharmacophore searching, shape searching,
fingerprint- or structure-based similarity searching [27]. Recently,
our group has proposed the computational bioactivity fingerprint
(CBFP), a novel descriptor to characterize the biological space of a
molecule by combining the predictions from multiple quantitative
structure-activity relationship (QSAR) models for 832 proteins [28].
The CBFP-based similarity searching tends to find compounds
with similar biological profiles rather than compounds with similar
structures. The CBFP representation demonstrates outstanding
scaffold hopping capability for searching novel inhibitors toward
poly [ADP-ribose] polymerase 1 [28].
In this study, an integrated molecular modeling strategy by

combining the CBFP-based scaffold hopping and structure-based
virtual screening (SBVS) was employed to identify potential DprE1
inhibitors. By screening the ChemDiv chemical library, a total of 93
potential compounds were identified and submitted to bioassays.
Two compounds (B2 and H3) were identified to inhibit
Mycobacterium smegmatis (M. smegmatis) with MIC50 values less
than 1 μM. Further MIC shift assay, thermal shift assay and
structure-activity relationship (SAR) analysis illustrated that both
compounds are DprE1 inhibitors. The antibacterial activities of
compounds B2 and H3 against Mtb strain H37Ra were further
evaluated. Compound H3 turned out to be a significantly effective
bactericidal agent against Mtb in vitro (MICMtb= 1.25 μM).
Furthermore, it is noteworthy that no obvious toxicity was
observed for compound H3 in cytotoxicity testing.

MATERIALS AND METHODS
CBFP-based similarity searching
In our study, the Chemdiv library containing 833,569 commercially
available compounds was virtually screened by the CBFP-based
similarity searching method [28]. The CBFP for each molecule in
ChemDiv was generated by the following steps. At first, three sets
of molecule descriptors (i.e., CATS, MACCS, and MOE2D) were
calculated for each molecule. Then, the molecule was predicted by
the established 832 × 9 QSAR models for 832 proteins. For each
molecule, there were nine possible values for each protein and the
average value was computed to represent the potential activity
against the protein target. Finally, the predictions of the molecule
for all the proteins were assembled as an 832-bit vector and each
bit is in a scale of 0–1. This feature vector was translated into a
standard binary fingerprint by using a cutoff of 0.5, where 1 means
that this molecule has high possibility to bind to this protein and 0
has very low possibility. The 832-bit CBFP descriptor can be used
to represent the bioactivity space of this small molecule.
A total of 3 non-covalent and 6 covalent DprE1 inhibitors

(Fig. 1a) were chosen as the query molecules in the CBFP-based
similarity searching. The CBFP descriptors for the query molecules
were calculated. Then, the similarity between each query molecule
and each screened molecule was evaluated by the Tanimoto
similarity coefficient based on the CBFP representation. For each
query molecule, the top 5000 hits were saved, and then a total of
45,000 molecules (named as the DprE1_CBFP dataset) were saved
for the nine query molecules.

Structure-based virtual screening
The crystal structure of DprE1 in complex with the non-covalent
inhibitor Ty38c (PDB code: 4P8K [9]) was selected as the template
for SBVS. The protein structure was prepared by using the Protein
Preparation Wizard [29] in Schrödinger 2018 [30]. The grid box of
the protein for docking centered on the co-crystallized ligand
(Ty38c) in the binding pocket was generated. The small molecules
in the DprE1_CBFP dataset processed by LigPrep were docked into
the prepared structure by using the Glide module [31], and the

binding energies were scored and ranked by the Glide SP scoring
mode. The top-ranked 5000 compounds were filtered by the
Lipinski’s rule-of-five and Oprea’s rules, and then the remaining
molecules were clustered based on the 2D similarities (Tanimoto
coefficient) of the MACCS fingerprints. The binding poses of the
clustered compounds were carefully checked and filtered. Finally,
93 compounds (Table S1) were purchased for the subsequent
bioassays.

Molecular dynamics (MD) simulations
The MD simulations were performed with Amber18 [32]. The
structure of DprE1 bound with B2 predicted by molecular docking
was used as the initial conformation for the MD simulations. The
ff14SB [33] force field was used for the proteins, and the AMBER
general force field [34] was used for the ligands with the AM1-BCC
charges. The complex was solvated into a TIP3P water cubic box
(10 Å), and Na+ ions were added to neutralize the net charge of
the system. The Particle Mesh Ewald (PME) algorithm [35] was
employed for the long-range electrostatic interaction, and the cut-
off for the real-space interactions was set to 12.0 Å.
Subsequently, each system was subjected to the four-step energy

minimizations: (1) the system was optimized with a force restraint of
50 kcal·mol−1·Å−2 on the protein and ligand atoms; (2) the system
was optimized with a force restraint of 10 kcal·mol–1·Å−2 on the
protein and ligand atoms; (3) the protein atoms were restrained by a
10 kcal·mol−1·Å−2 force constant and the other atoms were
minimized; (4) the whole system was minimized without any
restraint. Each minimization stage consists of 1000 steps of steepest
descent and 2000 cycles of conjugate gradient optimizations. The
sander.MPI engine in the AMBER18 package was used to run the
energy minimizations.
Using weak-coupling thermostats, the minimized complexes

were then heated to 300 K under the NVT ensemble during 30 ps.
Then, the systems were equilibrated without any restraint for 110
ps under the NPT (P= 1 atm, T= 300 K) ensemble. Finally, the
unrestrained production simulations were performed in the NPT
(P= 1 atm, T= 300 K) ensemble. The length of the production
simulation was 500 ns with a time step of 2 fs, and the
conformations were saved per 10 ps. The pmemd.cuda module
was employed for the MD production simulations. The root-mean-
square deviation (RMSD) and distance analyses were carried out
by the cpptraj module in AmberTools18.

MM/GBSA binding free energy calculations
The last 50 ns MD simulation trajectory with 100 snapshots was
submitted to the MM/GBSA binding free energy calculation
(ΔGbind) and free energy decomposition as the following
equations:

ΔGbind ¼ ΔH � TΔS � ΔEMM þ ΔGsol � TΔS (1)

ΔEMM ¼ ΔEint þ ΔEvdw þ ΔEele (2)

ΔGsol ¼ ΔGGB þ ΔGSA (3)

ΔGSA ¼ γ � SASAþ b (4)

where ΔEMM, ΔGsol, –TΔS represent the changes of the gas phase
molecular mechanism (MM) energy, the solvation free energy, and
the conformational entropy upon ligand binding, respectively.
ΔEMM is the sum of the internal energy (ΔEint), the van der Waals
energy ΔEvdw, and the electrostatic energy (ΔEele). ΔGsol is the sum
of the polar (ΔGGB) and non-polar contributions (ΔGSA). ΔGsol was
estimated by the generalized Born model (GBOBC1) developed by
Onufriev and co-workers [36] and ΔGSA was measured by the
solvent accessible surface area (SASA). –TΔS is usually neglected
due to its high computational cost and low prediction accuracy
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[37]. The exterior (solvent) dielectric constant was set to 80 and
the interior (solute) dielectric constant was set to 1.

Covalent docking
Compound H3 containing NO2 was subjected to covalent docking
using CovDock [38] of Schrödinger 2018. Before covalent docking,
NO2 was changed to NO, and the compound was prepared by the
ligPrep module in Schrödinger 2018. The crystal structure of DprE1
covalently bound with BTZ043 (PDB code: 4F4Q [13]) was
prepared using the Protein Preparation Wizard in Schrödinger
2018. The ligand (BTZ043) in the crystal structure of DprE1 was
retained and used for grid generation. “Nucleophilic Addition to a
Double Bond” was selected as the reaction type to match the
reactive groups on both the ligands (N=O) and protein (Cys394).
The residues that have any atoms within 5 Å distance of any atom
in the ligand were included in the minimization. The Prime MM-
GBSA energy was calculated and used to filter the poses.
H3d processed by LigPrep was docked into the prepared

BTZ043-DprE1 (PDB code: 4F4Q) structure by using the Glide
module. It is worth noting that in order to remove the effect of
Cys394 on non-covalent docking, Cys394 was mutated to Ala394
in the H3d docking.

The compounds for bioassays
The positive control compounds PBTZ169 (CAS 1377239-83-2) and
TBA-7371 (CAS 1494675-86-3) were purchased from MedChemEx-
press (purity ≥99% by HPLC). The negative control compound
rifampin was also purchased from MedChemExpress (purity ≥99%
by HPLC). Each compound was dissolved in 100% dimethyl
sulfoxide (DMSO) as a 20mM stock solution. The final DMSO
concentration in each reaction was less than 1%. All the 93 tested
compounds were purchased from Topscience (Shanghai, China).

Strain and growth conditions
Considering the severe infectiousness of Mtb, M. smegmatis
mc2155, the model bacteria of Mtb widely used in TB-related
studies, was utilized in this study. M. smegmatis were grown in
Luria-Bertani (LB) medium containing 0.05% Tween 80 (Sigma-
Aldrich). Culture media were incubated for 48 h at 37 °C at 120 r/
min in a shaker incubator, and the growth was monitored by
measuring the absorbance at OD600 nm using a spectrophotometer
(Bioteck Eon, Winooski, VT).

In vitro antibacterial activity test using M. smegmatis
All the virtual screening hits were initially screened against the
M. smegmatis strain at a single concentration of 10 μM in triplicate
in a 96-well plate. The active compounds which exhibited more
than 80% inhibition at 10 μM were further tested for minimum
inhibitory concentration (MIC) using the broth microdilution assay.
The 96-well plates were incubated at 37 °C for 48 h and the
growth was monitored by measuring the absorbance at OD600 nm

using a spectrophotometer (Bioteck Eon, Winooski, VT). The MIC
and MIC50 are defined as the concentrations at which >99 and
50% bacterial growth can be inhibited in contrast to the drug-free
control plates, respectively. Furthermore, the bactericidal effects
(minimum bactericidal concentration, MBC) of the active com-
pounds were assessed. A total of 0.1 mL of M. smegmatis
suspension from each well tested at the concentrations ≥MIC
were plated onto LB agar medium, and the resulting bacterial
counts were counted after 7 days of incubation at 37 °C. The MBC
is defined as the minimal concentration at which at least 99% of
the viable counts are effectively reduced compared with the drug-
free control plates. INH was used as the positive control.

In vitro antibacterial activity test using Mtb
The antitubercular activities of the compounds were evaluated by
using previously reported procedures against the autoluminescent
Mtb H37Ra strain [39, 40]. Bacteria growth was conveniently

monitored by means of the bioluminescence intensity. RLU-based
minimum inhibitory concentration (MICMtb) is defined as the
lowest concentration that can inhibit >90% RLUs compared with
the negative control.

Overexpression and purification of DprE1
DprE1 (Rv3790) was coexpressed with chaperones from Escher-
ichia coli (GroES) and Mtb (CPN60.2) in E. coli BL21 (DE3). BL21 cells
were grown at 37 °C in LB broth (Sigma) supplemented with
chloromycetin (100 μg/mL) and kanamycin (50 μg/mL). When the
OD600 nm value of the culture reached 0.6, the expressions of
DprE1 and chaperones were induced by 119 μg/mL isopropyl-β-D-
thiogalactopyranoside and 250 μg/mL arabinose, followed by
incubation overnight at 16 °C. The cells were then harvested and
resuspended in 40mL of 60mM NaH2PO4 (pH 8), 300 mM NaCl,
and 10mM imidazole (buffer A), supplemented with EDTA-free
protease inhibitor mixture (Roche). The suspension was sonicated
and centrifuged (27,000 × g, 30 min, 4 °C), and the supernatant
passed through a preequilibrated (buffer A) 1-mL Ni-NTA Resin
(Thermo Scientific™; USA). The protein was eluted with a 50–300
mM gradient of imidazole. The purity of the protein was checked
by SDS-page gel. The protein was stored at −80 °C until used.

Construction of DprE1 overexpressing M. smegmatis strain
Gene Rv3790 encoding DprE1 was inserted into plasmid pMV261.
Then, pMV261-Rv3790 was transformed into the wild-type M.
smegmatis. The genotype of the resulting strain was verified by
PCR. The MICs of the test compounds toward the recombinant
strains were determined as described above. Resazurin was added
to all the wells and the color conversions were recorded. A blue
color in the well was interpreted as no growth, and a pink color
was interpreted as growth.

Fluorescence-based thermal shift assay
A fluorescence-based thermal shift assay was used to probe the
effects of compounds on the thermal stability of DprE1. The
fluorescence-based thermal shift assay was assessed by the
Protein Thermal Shift™ Dye Kit (Applied Biosystems, Cat
#4461146). The DprE1 protein was purified as previously
described. The purified DprE1 protein was mixed with serial
dilutions of the tested compounds, RNase-free water, and Protein
Thermal Shift™ mix in a 96-well plate. Experiments were carried
out in the StepOnePlus™ Real-Time PCR System (Applied
Biosystems™, California, USA).

Cytotoxic activity assay
Mouse embryo fibroblast NIH-3T3 cells were cultivated in RPMI-1640
medium supplemented with 10% fetal bovine serum. The cells were
seeded at a density of 3000 cells/well into 96-well plates and placed
in an incubator with 5% CO2 at 37 °C. After 24 h, the cells were
treated with serial dilutions of the tested compounds for 3 days.
Afterward, 10 μL of 5mg/mL MTT solution was added into each well
and incubated for an additional 4 h. Then, 100 μL of triplex 10% SDS-
5% isobutyl alcohol-0.012mol/L HCl (w/v/v) solution was added to
dissolve the formazan crystals. The absorbance at 570 nm was
measured with the reference wavelength at 650 nm using a
spectrophotometer (Bioteck Eon, Winooski, VT).

Data and statistical analysis
Statistical analyses were performed with the GraphPad Prism
software v 6.0 (San Diego, CA, USA). All data were presented as
means ± SD. A P-value less than 0.05 was statistically significant.

RESULTS AND DISCUSSION
Discovery of novel hit compounds B2 and H3
The workflow of the SBVS protocol used in this study is presented
in Fig. 1a. Nine DprE1 inhibitors were chosen as the query
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molecules in the CBFP-based similarity search. The similarities
between the query molecule and the Chemdiv molecules were
calculated. A total of 45,000 molecules with the highest similarities
(DprE1_CBFP) were retained. Then the molecules in the
DprE1_CBFP data set were docked into the prepared protein
4P8K using Glide with the SP scoring mode. Through structural
clustering, druglike analysis and binding mode inspection, a total
of 93 potential DprE1 inhibitors were screened out and submitted
to bioassays (Table S1).
At first, the antibacterial activities of the 93 compounds against

M. smegmatis were tested at 10 μM (Fig. 1b), and most compounds
exhibited antibacterial activities. Among them, eight compounds
(B2, D8, D9, E5, F4, F15, H3, and I13) showed more than 50%
inhibition, suggesting that their MIC50 values were lower than 10
μM. In addition, these potent compounds showed diverse
structural scaffolds (Fig. 1b) though they shared some fragments
with the query molecules, which confirmed the admirable

performance of CBFP in searching for novel scaffolds. However,
we also observed that the 21 potential hits (I1-I21) identified by
the similarity search based on the covalent DprE1 inhibitor
macozinone (I) as the query had higher CBFP similarities than
those based on the other query molecules, but only one
compound (I13) exhibited weak antibacterial bioactivity. It seems
that although CBFP has superior performance in scaffold hopping,
the hit rate toward the molecules identified by the CBFP-based
similarity search depends on the query molecule. Therefore, in
virtual screening, the CBFP-based similarity search can be used to
prioritize compounds, and then docking-based screening can be
used to enrich bioactive candidates.
Among the active molecules, two promising compounds (B2

and H3 in Fig. 1b) can completely inhibit the growth of M.
smegmatis at 10 μM. The antibacterial activities of compounds
B2 and H3 were further evaluated. As shown in Fig. 2a, the
MIC50 values of B2 and H3 were 0.38 and 0.33 μM, respectively,

Fig. 1 Virtual screening and preliminary biological evaluation. a The workflow of SBVS and the query molecule in the similarity searching
with CBFP representation. b The antibacterial activity of the 93 hit compounds against M. smegmatis at 10 μM. The similarity between the
compounds with query molecules was calculated based on the CBFP and ECFP4 descriptors.
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and those of TBA-7371 and rifampin were 2.31 and 1.09 μM,
respectively. Then, the bactericidal effects (minimum bacter-
icidal concentration, MBC) of B2 and H3 were assessed. As
shown in Fig. S2, the two compounds showed good bactericidal
activities on replicating M. smegmatis (MBCB2= 5 μM and
MBCH3= 1.25 μM).

Validation of the mode of action via DprE1 overexpression and
thermal shift assay
The overexpression of DprE1 in bacteria is supposed to counteract
the attack of DprE1 inhibitors. Shifts of MIC values caused by
targeting protein overexpression can provide a practical measure
of target engagement at the cellular level. Many studies have used
the MIC modulation observed in the DprE1-overexpressing strain
to confirm DprE1 as the target [7, 41]. We therefore established a
M. smegmatis strain which overexpresses Mtb DprE1 (Mt-DprE1).
As we expected, both B2 and H3 showed 8-fold MIC shifts on the
DprE1 strain (Fig. 2b). These results were in agreement with the
observations for other known DprE1 inhibitors such as PBTZ169,
TBA-7371 and BTZ043 [7]. The MIC shifts caused by the DprE1

overexpression provided a basic evidence for the target engage-
ment of compounds B2 and H3.
The fluorescence-based thermal shift assay is well accepted for

studying the binding of a specific ligand to a certain protein [42].
The fluorescent dye was used to monitor protein thermal
unfolding, from which a melting temperature (Tm) can be derived.
When a ligand binds to a protein, the Tm will shift, producing a
thermal shift (ΔTm). It has been reported that ΔTm correlates well
with the binding constants measured by other methods [43, 44].
Then, the thermal shift assay was carried out to further confirm the
interactions between DprE1 and the two DprE1 inhibitors. As
shown in Fig. 2c–e and Table S2, compound B2 displayed a
melting curve different from that of the rifampin control,
stabilizing DprE1 by 1.0 °C at 300 μM, similar to PBTZ169, whereas
the ΔTm by rifampin is quite small. Compound H3 showed
significant stabilization effect at 300 μM, stabilizing DprE1 by 1.5 °C
(Fig. 2f). Compared with B2 and PBTZ169, compound H3 induced
the stabilization of DprE1 more significantly, indicating that the
complex of H3-Dpre1 is more compact. Further analysis
showed that B2, H3 and PBTZ169 could dose-dependently

Fig. 2 B2 and H3 are potent DprE1 inhibitors. a The antibacterial activity of compound B2 and H3 against M. smegmatis. The TBA-7371 and
rifampin were used as positive controls. b Overexpression of Mt-DprE1 in M. smegmatis confers 4-fold, 16-fold, 8-fold and 8-fold increase in
resistance to PBTZ169, TBA-7371, H3 and B2, but no resistance to rifampin. The compound concentrations expressed as fold-× of the MIC of
each compound. Pink indicates viable cells, and blue indicates nonviable cells. WT strain refers to wild-type M. smegmatis that did not
overexpress Mt-DprE1. c The thermal shift melt curves for DprE1 with rifampi. d The thermal shift melt curves for DprE1 with compound B2.
e The thermal shift melt curves for DprE1 with PBTZ169. f The thermal shift melt curves for DprE1 with compound H3.
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stabilize DprE1, confirming that their inhibitions on M. smegmatis
were achieved by targeting DprE1.

Cell toxicities of compounds B2 and H3
The inherent toxicities of B2 and H3 on mouse embryo fibroblast
NIH-3T3 cells were tested to verify their safeties. The cells were
treated with different concentrations of compounds and the anti-

proliferative effects were evaluated. As shown in Fig. 3a, the IC50 of
B2 for 3T3 cells was 31.55 μM, which was more than 80 times
higher compared with its MIC50 against M. smegmatis. At 25 μM,
the effect of compound B2 on cell proliferation was less than that
of PBTZ169. The IC50 value of H3 for 3T3 cells was higher than 50
μM, which was more than 150 times higher than its MIC50 against
M. smegmatis. Unlike PBTZ169, B2 showed no cytotoxicity against

Fig. 3 Cytotoxicity and key residues in DprE1 for the binding of sulfonamide series compounds. a Cytotoxicity tests of compound B2 and
H3. The cytotoxicities of compound B2 and H3 were measured on mouse embryo fibroblast NIH-3T3 cells. b The 10 top-ranked residues in
DprE1 responsible for the binding of B2 predicted by MM/GBSA. c The structural analysis of the key residues to the binding of B2. d The
thermal shift melt curves for DprE1 with compound B2a. e The energy differences between B2 and B2a. f Alignment of the representative
structures of B2 (orange) and B2a (cyan) bound to DprE1. The residues that form stronger interaction with B2 than with B2a are highlighted.
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Table 1. The MIC50 activities of the B2 analogues against M. smegmatis.

R1 S

HO

R2O
OS

NH

No. R1 R2 MIC50 (μM)

B2

OH
O

0.38

B2a

OH
O

N

2.50

B2b 1.62

B2c

OH
O

6.98

B2d

OH
O

HO

O

5.58

B2e

N
S
O

O O

O

>50

B2f

N
H

N
S
OO

S
H
N

O

O

O

>50

B2g

O
N

H
N

OCl S
O
NH2O

>50

PBTZ169 – – 0.01

TBA-7371 – – 2.31

Rifampin – – 1.09
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NIH-3T3 cells even at a high dose of 50 μM. Thus, one can
conclude that B2 and H3 are nontoxic at their effective doses
against M. smegmatis, highlighting the possibility of B2 and H3 as
the candidates of DprE1 inhibitors.

Structure-activity relationship (SAR) for sulfonamide series
Compound B2 possessed an N-(4-hydroxy-3-mercaptonaphtha-
len-1-yl) sulfonamide scaffold, which has never been reported in
any DprE1 inhibitor. To guide the structural optimization of B2,
MD simulations were performed to investigate the dynamic
behavior between DprE1 and B2. Firstly, the RMSDs of the heavy
atoms of DprE1 and B2 as a function of the simulation time were
computed to monitor the stability of the DprE1-B2 complex
during the MD simulations. As shown in Fig. S3a, the RMSDs of the
heavy atoms of DprE1 fluctuated between 2.5 and 3.0 Å, while B2
tended to converge after ~100 ns with the RMSD fluctuations
<0.5 Å, suggesting that B2 could stably bind to DprE1.
The 100 snapshots extracted from the 450 to 500 ns MD

trajectories were used for the structural and energetic analyses.
The per-residue MM/GBSA decomposition showed that 10
residues made major contributions to the binding of B2 to DprE1,
including Lys418, Arg325, Lys134, Val365, Trp230, Leu363, Pro316,
Met319, Cys387 and Gln334 (Fig. 3b). The structural analysis
indicated that the carboxyl group (R1) formed H-bonds with
Lys418 and Arg325 (Fig. 3c). The naphthalene ring of B2 was
stably bound in a hydrophobic pocket formed by Val365, Trp230,
Leu363, Cys387 and Pro316. The sulfonamide of B2 formed a
H-bond with Lys134. The benzene ring (R2) exhibited favorable
van der Waals interaction with Met319. According to the above
structural analysis, the naphthol group may be vital for
antibacterial activity. The R1 and R2 moieties have been modified
to study the SAR of naphthol compounds (Table 1). Accordingly, 7

analogues of B2 were submitted to bioassays to verify our
hypotheses.
The MIC50 values of the 7 analogues against M. smegmatis were

shown in Table 1, and a preliminary SAR was analyzed. The
compounds with the naphthol group (B2a–B2d) maintained the
inhibitory effects with MIC50 from 1.62 to 6.98 μM, while the
analogues with distinct scaffolds (B2e–B2g) did not show obvious
inhibitory effect against M. smegmatis (MIC50 > 50 μM), suggesting
that the middle naphthol group exerts an important influence on
the inhibitory activities of compounds. The compound without the
carboxyl group (B2b, MIC50= 1.62 μM) still showed moderate
inhibitory activity, which provides a direction for the modification
of the R1 group.
As shown in Fig. 3d, when compound B2a was added to DprE1,

the melting curve shifted significantly, indicating that the
inhibition of B2a to M. smegmatis was achieved by targeting
DprE1. Compared with B2, the inhibitory activity of compound
B2a (MIC50= 2.5 μM) decreased by 6 times, indicating that the
ortho-substitution on the benzene ring was not conducive to the
activity. The MD simulations were performed to investigate the
dynamic behavior of DprE1-B2a (Fig. S3b). The binding free
energy of B2a predicted by MM/GBSA was −28.27 kcal/mol, which
was higher than that of B2 (−66.32 kcal/mol). To further
characterize the energetic differences between B2 and B2a, the
energetic differences between the binding spectra of B2 and B2a
(ΔΔG= ΔGB2− ΔGB2a) were calculated. It can be observed that
the residues of Pro316, Met319, Arg325, and Lys418 formed
stronger interactions with B2 than B2a (Fig. 3e). The structural
analysis showed that the binding structures of B2 (orange) and
B2a (cyan) in the active site were different (Fig. 3f). Compared with
compound B2a, the carboxyl group of compound B2 was closer to
Arg325 and Lys418 (Fig. S3c, d), and therefore the residues of

Fig. 4 Binding mode analysis and in vitro antitubercular activity of compound H3 against Mtb H37Ra. a The predicted binding mode of
compound H3 in DprE1. b The predicted binding mode of compound H3d in DprE1. c The antibacterial activity of compound H3 against Mtb.
d The antibacterial activity of isoniazid against Mtb.
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Arg325 and Lys418 can form stronger H-bond interactions with B2
than with B2a. According to the above energetic and structural
analyses, the ortho substitution on the benzene ring caused the
carboxyl group to stretch away from Arg325 and Lys418, which
was not conducive to improving the binding affinity.

Generally, based on the MIC shift assay, thermal shift assay, MD
simulations and SAR analysis, the sulfonamide scaffold was proved
to be a novel structure of DprE1 inhibitors. Then the best one in our
sulfonamides (B2) was submitted for the Mtb H37Ra test, but it did
not show good inhibitory effects (MICMtb > 10 μM). The possible

Table 2. The MIC50 activities of the H3 analogues against M. smegmatis.

No. % inhibition at 50 μM MIC50 (μM)

H
N N
H

O NO2

NO2O

H3

100 ± 0 0.33

H3a NO2

HO

O

H
N N

O NO2

O

72.16 ± 10.91 >50

N NH

O

H3b

N

O

NO2

4.33 ± 18.52 >50

H3c

O

NO2

NN
H

15.03 ± 10.62 >50

H3d

O

NN
H

COOH

95.34 ± 7.86 3.72

H3e

O

NN
H

COOH

H
N

29.9 ± 8.15 >50
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reason is that some Mtb proteins lack conserved orthologs in M.
smegmatis [45]. Due to the high infectiousness of Mtb, model
species (i.e., M. smegmatis and M. bovis BCG) are often used for
preliminary screening, but this may limit the potential for identifying
new inhibitors with efficacy against Mtb [46]. In addition, among the
approaches employed for antibacterial discovery, target-based
programs have achieved limited success due to the lack of the
correlation between the target binding activities and the MIC values
[47]. But the results still demonstrated that the CBFP-based similarity
search was competent to identify novel DprE1 inhibitors.

Compound H3 is a promising candidate against tuberculosis
Compound H3 was discovered through the scaffold hopping
based on DNB1. Both H3 and DNB1 have a 3,5-dinitrobenzamide
fragment, but the middle linker of compound H3 is a dihydrazide
group, not an ester chain amide. It was suggested that the nitro
group of DNB1 can interact with Cys387 of DprE1 [8]. Therefore,
compound H3 may also be a covalent inhibitor of DprE1. To
further analyze its predicted binding mode, compound H3 was
subjected to covalent docking with Schrödinger. Fig. 4a showed
the predicted binding mode of compound H3 in the substrate
binding site of DprE1. Compound H3 reacted with Cys387 and
formed an adduct with DprE1. This was in agreement with the
mechanism of other covalent inhibitors of DprE1 [48]. The
dihydrazide group formed H-bonds with Trp24, Tyr67, Asp396
and Gln341. The benzene ring without the nitro group exhibited
lipophilic interactions with Phe339.
To demonstrate the potential of the scaffold for hit-to-lead

optimization, five analogues of compound H3 in the Chemdiv
database were submitted to bioassay. As shown in Table 2, two
analogues (H3a and H3d) showed more than 50% inhibition
against M. smegmatis at 50 μM. The best analogue H3d showed a
moderate antibacterial activity with MIC50 of 3.72 μM. Compared
with H3 (MIC50= 0.33 μM), the inhibitory activity of compound
H3d decreased by 11 times. Molecular docking was performed to
investigate the binding mode of H3d (Fig. 4b). It was observed
that the N atom of compound H3d formed an H-bond with
Gln341 but lost the H-bonds interactions with Trp24, Tyr67 and
Asp396. The residue Arg26 formed the H-bond interaction with
the carboxyl group of compound H3d. Compared with compound
H3, compound H3d did not contain nitro, and the dihydrazide
group was replaced by hydrazide in this case. The preliminary SAR
analysis further confirmed the importance of the dihydrazide and
nitro groups. In addition, compound H3c–e possessed the same
scaffold, but compound H3d showed a higher inhibitory effect
against M. smegmatis, indicating that addition of H-bond donors
to the benzene ring may increase activity.
Compound H3 presented a comparable activity to that of

isoniazid (MICMtb= 0.16 μM), with an MICMtb of 1.25 μM (Fig. 4c, d).
But the MICMtb of H3 was higher than that of the other DprE1
covalent inhibitors, such as PBTZ169 [15]. Therefore, further
chemical optimization was required.

CONCLUSION
CBFP is a highly discriminate structural descriptor that incorpo-
rates the predictive bioactivities of multiple QSAR models to
characterize the bioactivity space of compounds [28]. To test the
scaffold hopping ability of the CBFP representation, we combined
the CBFP-based scaffold hopping and SBVS to discover novel
DprE1 inhibitors, and a total of 93 potential inhibitors were
submitted to bioassay. Among these compounds, B2 and H3 were
identified as novel DprE1 inhibitors with 8-fold shifts on MIC
values when Mt-DprE1 was overexpressed in M. smegmatis. The
thermal shift assays further proved their direct binding to DprE1.
Our study demonstrated a successful application of CBFP in
searching novel bioactive compounds for drug discovery.

To explore the SAR of B2 and H3, seven analogues of B2 and
five analogues of H3 were purchased and submitted to
bioassays. Limited by the compound source, no analogue is
more active than the leads. Nevertheless, it further confirmed
that B2 and H3 are DprE1 inhibitors, and provided helpful
information for further structural optimization. The two novel
DprE1 inhibitors B2 and H3 were then submitted for the Mtb
H37Ra test. Although B2 did not exhibit good inhibitory
activity, it manifested a remarkable new scaffold as DprE1
inhibitors. H3 showed commendable activity against Mtb
H37Ra in vitro comparable with the first-line anti-TB drugs
and no obvious toxicity, providing a prospective lead com-
pound against TB.
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