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Abstract: Amid the global health crisis instigated by COVID-19, the resurgence of tuberculosis
(TB) has underscored the urgent need for innovative solutions. With TB claiming 1.6 million
lives in 2021, it remains a formidable challenge, particularly in underdeveloped regions. Central
to Mycobacterium tuberculosis (Mtb) pathogenesis is the decaprenylphosphoryl-β-D-ribose oxidase
(DprE1)/decaprenylphosphoryl-2-keto-β-D-erythropentose reductase (DprE2) complex, pivotal for
synthesizing decaprenylphosphoryl-arabinofuranose (DPA), a critical component of mycobacterial
cell walls. DprE1 has emerged as a prime therapeutic target, with several inhibitors in clinical trials.
This review elucidates the indispensability of DprE1, examines existing ligands, and delineates key
considerations for the development of next-generation anti-TB therapeutics. Our analysis highlights
the potential of DprE1 inhibitors to revolutionize TB treatment, emphasizing the need for continued
research and development in this area to address the evolving landscape of TB and drug resistance.
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1. Introduction

Antimicrobial resistance led to over 4.95 million deaths in 2019, with projections
suggesting it could result in approximately 10 million deaths annually by 2050 [1]. Among
the myriad bacterial pathogens posing a threat to public health, Mycobacterium tuberculosis
(Mtb) stands out as the causative agent of tuberculosis (TB). According to the World Health
Organization (WHO), TB accounted for over 1.6 million deaths in 2021, affecting more than
10.6 million individuals, including over 187,000 HIV-positive individuals [2].

Typically, TB is treated with a regimen comprising isoniazid, rifampicin, pyrazinamide,
and ethambutol for the first two months, which constitutes the intensive treatment phase,
followed by isoniazid and rifampicin for an additional four months, known as the continu-
ation phase. However, the emergence of resistance, particularly to isoniazid and rifampicin,
has necessitated alternative treatment approaches depending on the level of resistance [3].
In 2019, approximately 14% of Mtb strains exhibited resistance to isoniazid, and an es-
timated 4.6% were classified as multi-drug resistant (MDR) TB strains, resistant to both
isoniazid and rifampicin. Various second-line treatments such as fluoroquinolones or
aminoglycosides are currently employed to combat MDR TB, but antimicrobial resistance
poses a formidable challenge to TB control efforts. Extensively drug-resistant TB (XDR
TB), defined as TB resistant to isoniazid, rifampicin, at least one fluoroquinolone, and one
aminoglycoside, further exacerbates the situation [3,4].

Several targets are being explored for anti-tuberculosis therapy to address these chal-
lenges. InhA, the enoyl-ACP reductase involved in mycolic acid synthesis, is targeted
by isoniazid and ethionamide. Inhibiting InhA disrupts the synthesis of mycolic acids,
which are essential components of the mycobacterial cell wall [5,6]. RNA polymerase,
targeted by rifampicin, inhibits bacterial RNA synthesis by binding to the β-subunit of
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RNA polymerase, preventing the transcription of DNA to RNA [7]. ATP synthase, targeted
by bedaquiline, inhibits the mycobacterial ATP synthase, leading to energy depletion and
bacterial death [8]. Additionally, topoisomerase II (DNA gyrase) is targeted by fluoro-
quinolones, such as levofloxacin and moxifloxacin, which inhibit the supercoiling activity
of DNA gyrase that is essential for DNA replication and transcription [9].

Moreover, the cost and adverse effects associated with conventional drugs compromise
patient quality of life and impede treatment adherence [2]. Given these challenges, urgent
action is warranted to develop novel therapeutic agents. This review aims to elucidate the
biosynthesis of the mycobacterial arabinogalactan cell wall and its inhibition by targeting
DprE1 with small molecules. It will provide an overview of known DprE1 inhibitors and of-
fer insights into key considerations for the development of novel therapeutics. By targeting
DprE1, a critical enzyme in the biosynthesis of the mycobacterial cell wall, new treatments
could potentially overcome existing drug resistance and improve patient outcomes.

2. Mycobacterial Cell Wall Composition

The bacterial cell wall is a complex structure that is essential for bacterial integrity
and survival [5]. It protects bacteria from various stresses, maintains homeostasis, and
is responsible for different mechanisms of resistance to antibiotics, such as efflux and
membrane impermeability. Moreover, the bacterial cell wall is the first point of contact
between the bacterium and a potential drug. Therefore, the bacterial cell wall is a prime
target for antibiotics [10–15].

While most bacteria can be classified as either “Gram-positive” or “Gram-negative”, a
subset known as acid-fast bacilli does not discolor under acidic conditions or the action of
alcohol. Among these acid-fast bacilli are members of the Mycobacterium family. Prominent
members of the Mycobacterium genus include Mycobacterium leprae (the causative agent of
leprosy), Mycobacterium avium, Mycobacterium bovis, and Mtb, which are responsible for
tuberculosis [16].

The mycobacterial cell wall exhibits distinct characteristics that set it apart from other
bacterial cell walls, including, notably, its extreme lipophilicity and complexity [16–19].
Structurally, it consists of the following:

• A cytoplasmic phospholipidic membrane linked to the cytoplasm and the periplasm
via phosphatidylinositol mannosides (PIMs), lipomannan (LM), and lipoarabinoman-
nan (LAM). This membrane plays a pivotal role in maintaining inner membrane
integrity, regulating cell division, septation, and cell wall permeability;

• LM and LAM traverse through the cytoplasm and the peptidoglycan layer, which is
rich in proteins, lipids, and glycolipids. Peptidoglycan is linked to arabinogalactan
(AG) by a rhamnosyl-acetylglucoseamine-1-phosphate linker. AG, mainly composed
of galactofuranose and D-arabinofuranose, acts as a transporter involved in exporting
cell wall and capsular polysaccharides;

• AG and LAM may be linked to various coenzymes or small molecules involved in
metabolic pathways, such as galactosamine, methyl-thio-xylose, or succinate;

• Mycolic acids, the first components of the outer membrane, are α-alkyl and β-hydroxy
fatty acids (C60-90) that play a crucial role in cell wall fluidity and permeability. They
are integral to the PG-AG–mycolyl complex, which is essential for cell wall integrity
and rigidity;

• Various lipids (such as sulfolipids and phenolic glycolipids), trehalose derivatives
(polyacetyltrehalose, diacetyltrehalose, trehalose dimycolates, and trehaloses mono-
mycolates), and mycolic acid derivatives (phthiocerol dimycocerosates) are present,
each contributing to the structure and permeability of the cell wall;

• PIMs, LM, and LAM are also found on the outer membrane, constituents of the my-
cobacterial capsule primarily composed of D-glucan, D-Mannan, Arabino-D-mannan,
and various proteins. This lipophilic capsule forms the final barrier between Mycobac-
terium and the extracellular space.
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The intricate composition of the mycobacterial cell wall underscores its importance in
bacterial physiology and pathogenesis. Understanding these components’ role is essential,
especially when considering the development of novel therapeutic agents to combat TB
and other mycobacterial infections. Previous studies have highlighted the role of these
complex structures in mycobacterial resistance to conventional antibiotics, emphasizing
the need for targeted treatments.

2.1. Arabinan Synthesis

Arabinogalactan consists of two components. The first part is a linear chain of β-D-
galactofuranose, comprising approximately 30 residues linked to each other at positions 5
and 6 of the cycle. The second part consists of three branched arabinofuranose units, each
composed of around 30 residues and linked to the galactan chain [17,18,20]. As previously
noted, arabinogalactan biosynthesis (Figure 1) plays a crucial role in the structure of
mycobacteria cell walls. Inhibiting its synthesis has been demonstrated to be fatal for
Mycobacterium, particularly affecting the survival and pathogenicity of Mtb within a living
host [17,18]. The role of arabinogalactan is also essential in controlled settings outside a
living organism [19].
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Figure 1. Implication of the DprE1/DprE2 complex in arabinogalactan biosynthesis.

The approved drug ethambutol operates by inhibiting arabinogalactan synthesis,
specifically targeting arabinan synthesis by inhibiting arabinosyltransferases A, B, and C
(EmbA, EmbB, and EmbC). These enzymes are responsible for synthesizing arabinan from
arabinogalactan and lipoarabinomannan (Figure 1), starting from decaprenyl-phospho-D-
arabinofuranose [18,21]. Another drug candidate, Macozinone, targets the biosynthesis of
decaprenyl-phospho-D-arabinofuranose by inhibiting decaprenylphosphoryl-β-D-ribose-
oxydase (DprE1), one of the two subunits of the decaprenylphosphoryl-β-D-ribose-2′-
epimerase complex, along with the decaprenylphosphoryl-2-keto-β-D-erythropentose
reductase (DprE2).

Arabinan synthesis has thus proven to be a viable target for the development of
new tuberculosis treatments. The metabolic pathway of arabinan begins with D-ribose-
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5-phosphate, which is converted into 5-phosphoribose-1-pyrophosphate (pRpp) by ri-
bose phosphatase pyrophosphokinase (PrsA) in an ATP-dependent reaction. Decaprenyl-
phosphate phosphoribosyltransferase then replaces pRpp’s pyrophosphate with a de-
caprenyl phosphate substituent to form decaprenyl-P-ribofuranose-5-phosphate (DPPR).
DPPR is subsequently dephosphorylated to form decaprenyl-P-ribofuranose (DPR) by a
phospholipid phosphatase encoded by Rv3807c. DprE1 then oxidizes DPR to decaprenyl-
P-2′keto-ribofuranose (DPX) using the FADH2/FAD coenzyme. DPX is then reduced
to decaprenyl-P-arabinofuranose (DPA) by decaprenylphosphoryl-2-keto-β-D-erythro-
pentose reductase (DprE2) with the NADH/NAD+ coenzyme. DPA is ultimately translo-
cated to the periplasm via an unknown mechanism and processed by EmbA, EmbB, EmbC,
or Galactan 5-O-arabinofuranosyltransferase (AftA) to produce arabinan from arabino-
galactan [22–26].

Future research should focus on elucidating the unknown mechanisms involved in
DPA translocation and the precise roles of various arabinosyltransferases in arabinan
synthesis. Additionally, exploring the development of inhibitors targeting other enzymes
within this pathway could provide novel therapeutic options to address TB and other
mycobacterial infections. Such advancements are crucial for overcoming the challenges
posed by drug-resistant TB strains and improving treatment outcomes.

2.2. DprE1/DprE2 Complex

As previously described, the DprE1/DprE2 complex plays a pivotal role in the biosyn-
thesis of DPA from DPR in a two-step pathway. In the initial step, DPR interacts with
DprE1 bound to the coenzyme FAD (Flavin adenine dinucleotide), which oxidizes DPR
to produce DPX and FADH2. Subsequently, DPX is transferred to DprE2 along with its
coenzyme NADH, where it undergoes reduction to form DPA and NAD+ [22–26].

To date, there are no solved crystallographic structures available for DprE2 or the
DprE1/DprE2 complex. However, several crystallographic structures of DprE1 have been
elucidated, co-crystallized with its coenzyme FAD, and occasionally with an inhibitor
(PDB code: 4FEH co-crystallized with FAD, 4NRC co-crystallized with FAD and Macozi-
none). Regarding the structure of DprE2 and the DprE1/DprE2 complex, a model has been
constructed based on the amino acid sequence of DprE2, employing techniques such as
homology modeling, protein threading, molecular docking, and dynamic studies. Consid-
ering these insights, the DprE1/DprE2 complex appears to be a bipartite complex localized
in the Mycobacterium periplasm. Transport between DprE1 and DprE2 is speculated to
occur via substrate channeling [27].

3. DprE1 in Mtb
3.1. A Promising Target

DprE1, comprising 461 amino acid residues [27], in complex with the FAD/FADH2
coenzyme, is currently under investigation with four inhibitors in clinical trials (Macozi-
none, BTZ-043, TBA-7371, and OPC-16732, Figure 2). DprE1 stands out as one of the prime
drug targets in tuberculosis (TB) for several reasons [28–33]:

• DprE1 is recognized as an established putative target for TB treatment, as evidenced
by various patents, patent applications [34–61] as illustrated in Figure 3, and ongoing
clinical trials. Inhibiting DprE1 could be critical for combating Mtb;

• The absence of DprE1 in the human body mitigates the risk of human toxicities arising
from target similarity, enhancing the safety profile of potential inhibitors;

• As a novel TB target, DprE1 holds promise in addressing current challenges posed by
multi-drug-resistant (MDR) and extensively drug-resistant (XDR) TB strains;

• DprE1’s localization in the Mycobacterium periplasm facilitates accessibility compared
to various cytoplasmic targets, potentially improving the efficacy of inhibitors.
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These factors underscore DprE1’s versatility and significance in TB treatment, war-
ranting further research and development.
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3.2. DprE1 Covalent Inhibitors

Among the inhibitors of DprE1, some form covalent bonds with Cysteine 387 in Mtb
and Cys 394 in Mycobacterium smegmatis. This covalent linkage typically occurs following
the reduction in a nitro group to a nitroso group [62]. In the case of a covalent drug with
a nitro substituent, DprE1 initially recognizes the nitro group, which is then reduced to
a nitroso group by the coenzyme FADH2/FAD. The ligand is subsequently released and
binds to its binding pocket, forming a covalent bond with Cys387 of DprE1. This covalent
bond can then be cleaved, and the nitroso group can be further reduced to a hydroxylamino
group, which can non-covalently bind to the binding pocket [63–66].

While most known covalent ligands feature a nitro group, Liu et al. [66] demonstrated
the possibility of using different electrophilic warheads such as cyano, methylester, or
primary amides. These findings open new avenues for designing effective DprE1 inhibitors
that can overcome resistance mechanisms and enhance TB treatment.

The current understanding of the DprE1/DprE2 complex and its role in mycobacterial
cell wall biosynthesis highlights its potential as a drug target. Despite the lack of crystallo-
graphic structures for DprE2 and the DprE1/DprE2 complex, advancements in modeling
and structural predictions have provided significant insights. The selective targeting of
DprE1, combined with the development of covalent inhibitors, represents a promising
strategy against MDR and XDR TB strains. Future research should focus on elucidating the
detailed mechanisms of substrate channeling between DprE1 and DprE2, as well as explor-
ing new inhibitory compounds with diverse electrophilic warheads. This comprehensive
approach could pave the way for novel therapeutics that are more effective and less prone
to resistance.

3.2.1. Nitrobenzothiazinones, 2-Nitrothiochromen-ones, Nitrochromen-ones,
Nitrobenzooxazinones, and Nitroquinolinones

The first family of known covalent DprE1 inhibitors is Nitrobenzothiazinone and its
derivatives. The two most representative compounds in this series are Macozinone and
BTZ-043 (both in Phase 2 clinical trials). The success of these compounds in preclinical
and early clinical phases has sparked a wave of studies on Nitrobenzothiazinone analogs.
BTZ-043 was the first benzothiazine to enter clinical trials as a DprE1 inhibitor. It exhibited
a MIC of 2.3 nM on Mtb H37Rv with a toxicity of 11.5 µM (IC50) on HepG2. Macozinone,
also known as PBTZ-169, was obtained after the optimization of BTZ-043 and showed
superior in vitro results with a MIC of 0.65 nM and a toxicity of 127 µM (IC50 on HepG2),
as well as better in vivo activities (Log10 CFU/lung reduction of about 2.4 in lung for
PBTZ-169 and of 1.9 for BTZ-043) [67,68]. After these two compounds entered clinical trials,
numerous analogs have been developed in the pursuit of finding new active compounds.

Various studies have explored modifications and analogs of these compounds. For
instance, attempts to add sulfone to the piperazine ring of Macozinone led to the iden-
tification of promising compounds [69,70]. In another study, compounds combining the
structures of BTZ043 and Macozinone, replacing piperazine substituent with a spyrocycle,
demonstrated low toxicity and potent antimycobacterial activity [71,72]. Additionally,
studies have investigated analogs [70,73] with a cyclohexyl O-methyl oxime substituent
and quinoline substituted derivatives [74], which exhibited favorable MICs against Mtb
H37Rv strains and low cytotoxicity on Vero cells.

Further efforts have explored the impact of replacing the benzothiazinone structure
with benzothiopyranone, benzoxazinone, or benzopyranone. These studies have identified
compounds with potent antimycobacterial activity and reduced toxicity, showcasing the
potential of these structural modifications in enhancing DprE1 inhibition [70,75].

Dube et al. developed compounds with a nitroquinolone structure, positioning the
nitro group at position 6 instead of the usual position 8. Although the activities observed
were not as potent as other studies, this research highlights the potential for covalent
binding to DprE1 with a nitro group at position 7 of the active skeleton. An X-ray structure
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with DprE1 could provide insights into the binding differences compared to inhibitors with
the nitro group in position 8 [76,77].

These studies illustrate the extensive optimization of PBZ169 and the challenges in
developing a superior DprE1 inhibitor with this structure. However, benzothiazinones and
benzothiopyranones show high activity against DprE1 with minimal toxicity on HepG2
and Vero cells. The presence of a nitro group facilitates covalent binding to the target
and hydrophobic groups at position 2 of the structure enhance activity. Positions 3 and 7
have been less explored and could be investigated to further improve compound activity.
Nonetheless, discovering new scaffolds for covalent DprE1 inhibitors might be more
beneficial to prevent future resistance rather than continually optimizing an already well-
optimized structure.

Overall, these studies highlight the extensive optimization and exploration of DprE1
inhibitors based on the benzothiazinone skeleton. While significant progress has been made
in developing potent inhibitors with favorable safety profiles, further research is warranted
to explore new structures and optimize existing ones to address emerging challenges in TB
treatment, including drug resistance.

3.2.2. Nitrobenzothiazoles

Following the success of benzothiazinones as covalent DprE1 inhibitors, various stud-
ies aimed to develop inhibitors with a Nitrobenzothiazole scaffold. Initial investigations by
Landge et al. [78] revealed the influence of different substituents on the benzothiazole ring.
The presence of specific groups, such as a methyl group at position 6 or an oxygen atom
on the nitrogen of the structure, significantly impacted the compound’s activity against
Mtb H37Rv. Additionally, compounds incorporating piperidine or pyridine rings exhibited
potent activities against Mtb.

Liu et al. [79] further explored different substituents in position 2 of the Nitroben-
zothiazole structure and identified compounds with remarkable activities (MIC = 0.01 µM)
against Mtb H37Rv and low toxicities (IC50 > 100 µM), highlighting the potential of this
structural motif in DprE1 inhibition.

3.2.3. Nitrophenyltriazoles

Another structure capable of covalently binding to DprE1 is the nitrophenyl triazole.
Although distinct from the benzothiazinone, compounds containing this scaffold displayed
potent activities (MIC = 0.03–0.06 µM) against Mtb H37Rv with moderate toxicities on
HepG2 cells (CC50 > 30 µM). While these compounds show promising activities, further
exploration is needed to diversify this class of inhibitors [80].

3.2.4. Nitrobenzene

A new class of DprE1 inhibitors was discovered by Batt et al. [81] with the identification
of the compound CT325. This compound, co-crystallized with DprE1, exhibited potent
inhibitory activity against Mycobacterium bovis. Further studies focusing on the modification
of this structure could lead to the development of novel inhibitors against Mycobacterium
tuberculosis.

3.2.5. Non-Nitrated Compounds

In an attempt to explore alternative electrophilic groups for covalent binding to DprE1,
Liu et al. [66] investigated compounds replacing the nitro group of Macozinone. While
these compounds exhibited inhibitory activity against Mtb H37Rv (MIC = 0.03–0.63 µM)
and demonstrated covalent binding to DprE1, their activities were generally lower than
those of Macozinone. Further evaluation of cytotoxicities is warranted to assess the po-
tential of these compounds as DprE1 inhibitors. Nonetheless, this study provides insights
into alternative substituents for covalent binding to DprE1, which could be valuable for
researchers exploring inhibitors with different structural motifs.
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3.2.6. Comparisons of Different Covalent Inhibitors

To compare various DprE1 inhibitors, representatives from each series were overlaid
on the Discovery Studio Visualizer (Figure 4). This visualization revealed significant
uniformity in the presence and position of key functional groups across different inhibitor
classes. Notably, a nitro group and a trifluoromethyl or fluoro group were consistently
present, often directly linked to a benzene ring. Additionally, a predominantly hydrophobic
moiety, composed of different rings, was observed in diverse structures such as the triazole
series or CT325.
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Figure 5 also illustrates different Macozinone pharmacophores, highlighting critical
features for activity against DprE1. These include the presence of a phenyl ring with a nitro
or electrophilic group, a trifluoromethyl or fluor group, and a heteroatom, particularly
sulfur, which appears important for activity. Nitrogen presence across all ligands indicates
its likely role in favorable hydrogen bonding. Lastly, the presence of a lipophilic chain,
typically composed of one or several rings, strongly influences activity.
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The chemical properties of compounds were studied to ascertain the important prop-
erties of a DprE1 covalent inhibitor. pKa and LogP values were computed using Chemaxon,
while molecular weight and complexity were sourced from PubChem. Notably, most active
inhibitors exhibited a relatively high number of hydrogen bond acceptors (between 8 and
10), with few hydrogen bond donors. The optimal number of free rotations appears to
be 3 or 4, and compounds with a complexity slightly above 700 tend to be more active.
LogP values indicate the compounds’ lipophilicity, with most falling between 3.5 and 5.
The mean pKa of active compounds is typically around seven, while the optimal number
of rings appears to be between three and four, with two or three of them being aromatic.
Additionally, compounds with a molecular weight between 350 g/mol and 500 g/mol may
increase the chances of observing activity against Mtb, as higher molecular weights may
have difficulty crossing Mtb membranes due to their complexity.

These comparisons provide valuable insights into the structural and chemical features
essential for the development of effective DprE1 inhibitors, aiding researchers in the design
of novel compounds targeting tuberculosis.
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3.3. Non-Covalent Inhibitors

Non-covalent inhibitors of DprE1 represent a significant family of compounds, with
two currently in Phase 2 clinical trials (TBA-7371 [82] and OPC-167832 [68]).

3.3.1. Pyrrolopyridines, Benzimidazoles, Imidazopyridines, Pyrazolopyridines, and
Thiazolopyridines

TBA-7371, a pyrrolopyridine-based compound, exhibited promising activities
(CMI = 0.78 µM) against Mtb H37Rv. Additionally, compounds such as PP1 and PP2
(MIC: <0.39 µM and 0.78 µM, respectively) [83] showed significant potencies, albeit with
some toxicity concerns. Toxicities were evaluated revealing cytochrome P450 (CYP) in-
hibition (CYP1A2, CYP2C9, CYP2C19, CYP3A4) at doses exceeding 33 µM and hERG
inhibition above 33 µM. Additionally, PDE6 IC50 (retina proteins) assessments showed
toxicities (TBA7371: 4 µM; PP1: >100 µM; PP2: 1 µM). The presence of a methyl on the
heteroaryl group reduced toxicities on PDE6 and enhanced compound activity. Predicted
clearances on human microsomes were between 15% and 30% liver blood flow (LBF). A
scaffold morphing study revealed the potency of benzimidazoles through the discovery of
compounds BZ1-8, modulating the amide and pyrimidine ring substituents. This study
suggested replacing the methyl group with a methoxy group to enhance solubility. Al-
though CYP inhibition and hERG toxicities remained consistent, PDE6 toxicities were not
assessed. The study presented several compounds with MICs < 0.39 µM, but structural
discussion was limited due to a lack of testing at lower concentrations.

Imidazolopyridine compounds (IZP1-4) [84] exhibited MICs ranging from 0.5 µM
to 0.8 µM, highlighting their affinity for DprE1. Interestingly, despite the presence of a
nitro group on these compounds, they do not appear to covalently bind to DprE1. This
observation highlights the potential significance of the nitro group’s position for covalent
binding to DprE1.

Pyrazolopyridone compounds [85,86] emphasized the importance of specific structural
features for activity against Mtb. This study showed the importance of the methyl in para of
the CF3 group, the cyclopropyl group, and the presence of a phenyl group or a hydrophobic
group in position 1 of the pyrazolopyridine ring.

Compounds based on benzothiazoles and thiazolopyridines [87–89] demonstrated
significant MICs (0.77–3.1 µM) on Mtb H37Rv, although with some toxicity concerns. The
objective of these compounds was to target Leu317 of DprE1 with a hydrophobic binding
to enhance their activity.

3.3.2. Imidazoles, Thiophene, and Thiadiazoles

Studies on the hydantoin structures [90–93] revealed promising activities
(MIC = 2.5–10 µM) against Mtb H37Rv, with low cytotoxicities (IC50 > 100 µM). Studies
aimed to optimize hits through Structure Activity Relationship (SAR) analysis, synthesizing
over 85 compounds tested on Mtb. Compounds showed sub-micromolar activities (MICs:
0.6–0.9 µM) without toxicity. In vivo testing revealed a favorable pharmacokinetic profile
but modest activity. Notably, the S enantiomer of compound IMI8 was inactive, while the R
enantiomer IMI8 showed a MIC of 0.78 µM. The racemic mixture exhibited higher activity
(MIC: 0.7 µM), indicating enantiomeric synergy. Despite modest in vivo results, the study
highlights the potential of the hydantoin moiety for new DprE1 inhibitors.

Thiophene [70,94] compounds exhibited significant activities (MIC = 0.035–0.32 µM)
against Mtb H37Rv, with compound Thio1 showing promising in vivo results (1.11 reduction
log10 CFU/macrophages at 5 µg/mL). Moreover, activity was maintained (MIC: 0.062 µg/mL)
against PBTZ-169-resistant strains. Various PK parameters were calculated for these inhibitors,
and future studies will aim to enhance their drug-like properties.

Among 177 GSK small molecules published for TB, a thiadiazole-based inhibitor [70,95,96],
presented a MIC90 of 4 µM on Mtb H37Rv, contributing to the pool of potential drugs for
tuberculosis treatment.
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3.3.3. Pyrimidine

The previous structures underwent optimization, with the thiadiazole moiety being
replaced by a pyrimidine one and the thiophene one by a morpholine [96]. In this study,
compounds were identified as potential drug candidates, with MICs on Mtb H37Rv of
0.6–1.7 µM, low toxicities on HepG2 (pIC50 4.3–4.5), and promising efficacy in vivo in a mouse
model (ED99 around 30 mg/kg), despite low t1/2 (0.45–1.0 h at 5 mg/kg). These compounds
still require optimization but demonstrate the potency of a pyrimidino–morpholine structure.

In another study by Oh et al. [97], a structure–activity relationship (SAR) study based
on the pyrimidine moiety was conducted, where compounds appeared to be promising,
with MIC = 2.3–4.7 µM on Mtb H37Rv and exhibited an IC50 over 100 µM on HEPG2. Com-
pound Py2 underwent further experimentation, particularly in vivo, and demonstrated
favorable pharmacokinetic properties with a T1/2 of 4.1 h at a 10 mg/kg dose.

Additionally, a structure-based virtual screening [98] identified another pyrimidine
compound that exhibited a MIC of 3.1 µM on M. smegmatis ATCC 607 with an IC50 on
Vero cells, Lo2 cells, and L929 cells over 100 times the MIC and no damage observed in
mice at doses under 2 g/kg during a 14-day period. At 30 mg/kg, this compound showed
a 2.1 CFU log10 reduction in the lung and a 1.3 CFU log10 reduction in the spleen. All these
compounds underscore the potency of the pyrimidine nucleus in developing in vitro and
in vivo efficient DprE1 inhibitors.

These studies highlight the diversity of non-covalent inhibitors targeting DprE1 and
highlight the potential for developing effective therapies against tuberculosis. Further
research into optimizing these compounds and understanding their pharmacokinetic
properties is warranted to enhance their clinical utility.

3.3.4. Quinoline, Quinoxaline, and Benzodioxine

Currently, in clinical trials, OPC-167832 demonstrates exceptional potency against
Mtb H37Rv with a sub-nanomolar MIC of 0.5 nM. It exhibits promising in vivo results and
shows potential as a new tuberculosis drug. Additionally, it displays nanomolar or sub-
nanomolar MICs on various resistant Mtb strains without significant toxicities, highlighting
its therapeutic potential [99].

Quinolinone derivatives exhibit submicromolar MIC on Mtb H37Rv with minimal
cytotoxicity. A scaffold morphing study led to the discovery of analogs showing improved
potency [86,100].

Quinoxaline compounds demonstrate activity against Mtb H37Rv, albeit with rela-
tively high toxicities on HepG2 cells [86,101]. X-ray structures confirmed the fact those
compounds are non-covalent DprE1 inhibitors.

Benzodioxine derivatives served as a starting point for developing new DprE1 in-
hibitors, leading to the discovery of compounds with improved MIC = 2.5–4 µM. Further
optimization of these compounds is warranted [102].

3.3.5. Selamectin

Originally a veterinary drug for treating fleas, Selamectin inhibits DprE1 with a MIC
of 5.1 µM on Mtb H37Rv [103]. While its size may limit its in vivo efficacy, further research,
especially crystallization studies, could offer insights into its binding mechanisms and
potential for tuberculosis treatment.

3.3.6. Comparison of Non-Covalent Inhibitors

A physicochemical characteristics analysis of non-covalent DprE1 inhibitors reveals
essential factors influencing their activity. The most active compounds typically have
6–8 hydrogen bond acceptors (HBAs) and generally one to two hydrogen bond donors
(HBDs). These compounds tend to exhibit five to six free rotations. The complexity of these
compounds varies, with most falling between 350 and 850. While most compounds lack
asymmetric centers, their presence can impact activity. Active compounds usually have a
LogP between three and five. There is considerable variability in pKa values, with no clear
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correlation to activity. Most active compounds have three to four rings, with two to four of
these being aromatic. The optimal molar weight range for efficient membrane penetration
falls between 350 g/mol and 480 g/mol.

Structural analysis highlights the importance of hydrophobic groups, phenyl rings,
HBA, and specific functional groups in enhancing activity. Understanding these pharma-
cophores guides the design of potent DprE1 inhibitors for tuberculosis therapy.

To determine if a general structural shape is evident among different DprE1 non-
covalent inhibitors, the best compounds were overlaid (50% steric/50% electrostatic) using
Discovery Studio Visualizer (Figure 4). The overlay reveals that these compounds form a
general shape that closely aligns with the structure of OPC-167832, highlighting the extent
to which this compound has been optimized to fit the DprE1 pocket.

The molecular overlay between TBA7371 and OPC-167832 shows that, while the
pyrrolopyridine and quinoline rings are not superimposed, the overall shape of the
molecules appears coherent. This suggests a similar binding conformation within the
DprE1 pocket, warranting further investigation with X-ray models to compare their bind-
ing modes directly.

Additionally, while it was suggested that Selamectin might bind to a different pocket [103],
the overlay with OPC-167832 indicates that Selamectin could fit into the same binding pocket
as other inhibitors. This finding enhances our understanding of the structural requirements
for effective DprE1 inhibition and provides valuable guidance for the future design and
optimization of inhibitors. Figure 5 further illustrates various OPC-167832 pharmacophores,
highlighting critical features essential for the design of new TB drugs.

3.4. Link between Covalent and Non-Covalent Inhibitors
3.4.1. Structural and Characteristic Differences

A comparison of HBAs reveals that covalent inhibitors generally have more HBAs
compared to non-covalent inhibitors. This is attributed to the presence of nitro groups
in many covalent inhibitors. Conversely, non-covalent inhibitors typically exhibit fewer
HBAs, possibly due to the accessibility of certain amino acids in the binding pocket.

In terms of HBDs, non-covalent inhibitors tend to possess more HBDs than covalent
inhibitors. This is likely influenced by the conformational flexibility and accessibility of
functional groups in the binding pocket.

Regarding free rotations, non-covalent inhibitors show a higher number of free rota-
tions compared to covalent inhibitors. This may be due to the absence of a conformational
lock provided by covalent binding.

Interestingly, covalent inhibitors exhibit higher complexity than non-covalent in-
hibitors. This may be influenced by factors such as the number of HBAs, rings, and
molecular weight.

Non-covalent inhibitors, particularly those influenced by Selamectin, have a higher av-
erage count of asymmetric centers. Excluding Selamectin, the difference between covalent
and non-covalent inhibitors is less pronounced.

Both covalent and non-covalent inhibitors show relatively stable LogP values, reflect-
ing the challenge of membrane penetration. Variation in pKa may be attributed to structural
diversity among the inhibitors.

Covalent and non-covalent inhibitors typically possess three to four rings, with
two to three aromatic rings. This indicates the importance of this structural feature for
DprE1 inhibition.

Finally, covalent and non-covalent inhibitors exhibit relatively stable molar weights. This
reflects the size and shape of DprE1’s pocket and the challenges of membrane penetration.

3.4.2. Structural Comparison: OPC-167832 and Macozinone

OPC-167832 and Macozinone, representing the most potent inhibitors of each class, dis-
play striking similarities in their fitting into DprE1’s pocket, suggesting potential overlaps
in their binding modes.
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This highlights common pharmacophores essential for DprE1 inhibition, underscoring
the shared features required for effective inhibition across covalent and non-covalent
inhibitor classes.

3.4.3. Insights and Future Directions

While covalent and non-covalent inhibitors exhibit differences in certain structural and
characteristic aspects, their similarities underscore common features crucial for effective
DprE1 inhibition.

Further structural studies, such as X-ray crystallography, could provide valuable
insights into the binding modes of these inhibitors, aiding in the rational design of new
DprE1 inhibitors.

4. Conclusions

In conclusion, DprE1 emerges as a pivotal protein in Mtb responsible for arabino-
galactan synthesis, particularly arabinose. Its indispensable role in Mtb survival, unique
presence in mycobacteria, and location in the bacterial periplasm make it an attractive
target for new anti-tuberculosis (TB) drugs.

While there are currently no marketed DprE1 inhibitors as anti-TB agents, promising
candidates such as Macozinone, BTZ-043, TBA-7371, and OPC-167832 are undergoing
clinical trials, demonstrating sub-nanomolar minimum inhibitory concentrations (MICs).
The availability of X-ray structures of DprE1 co-crystallized with various inhibitors offers
valuable insights for drug development endeavors.

However, a notable lack of structural diversity among known DprE1 ligands exists.
Hence, the discovery of new molecular scaffolds capable of targeting DprE1 could signifi-
cantly advance TB treatment strategies. SAR studies highlighted in this review provide
crucial guidelines for developing effective DprE1 inhibitors, emphasizing key physico-
chemical properties such as optimal LogP around 3.5, 3–4 rings, approximately 8 hydrogen
bond acceptors, and a molecular weight of around 430 g/mol.

Looking ahead, leveraging the wealth of available data on known DprE1 ligands and
the structural insights into the target protein will be pivotal for the development of novel
and potent anti-TB drugs. By expanding the structural diversity of DprE1 inhibitors and
optimizing their pharmacological properties, researchers can contribute significantly to the
global effort to combat tuberculosis.
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