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Abstract

Over one and a half million people die of tuberculosis (TB) each year. Multidrug-resistant TB 

infections are especially dangerous, and new drugs are needed to combat them. The high cost and 

complexity of drug development make repositioning of drugs that are already in clinical use for 

other indications a potentially time- and money-saving avenue. In this study, we identified among 

existing drugs five compounds: azelastine, venlafaxine, chloroquine, mefloquine, and proguanil 

as inhibitors of acetyltransferase Eis from Mycobacterium tuberculosis, a causative agent of 

TB. Eis upregulation is a cause of clinically relevant resistance of TB to kanamycin, which is 

inactivated by Eis-catalyzed acetylation. Crystal structures of these drugs as well as chlorhexidine 

in complexes with Eis showed that these inhibitors were bound in the aminoglycoside binding 

cavity, consistent with their established modes of inhibition with respect to kanamycin. Among 

three additionally synthesized compounds, a proguanil analogue, designed based on the crystal 

structure of the Eis-proguanil complex, was 3-fold more potent than proguanil. The crystal 

structures of these compounds in complexes with Eis explained their inhibitory potencies. These 
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initial efforts in rational drug repositioning can serve a starting point in further development of Eis 

inhibitors.
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INTRODUCTION

In 2021, an estimated 1.6 million people worldwide died of tuberculosis (TB).1 TB is 

the second leading cause of death from an infectious disease, recently outpaced by the 

global COVID-19 pandemic.1–3 In fact, COVID-19 reversed a recent trend of declining 

TB deaths, making it difficult to meet the goal of the World Health Organization (WHO) 

to end the global TB epidemic by 2035.4 One of the biggest hurdles in combating TB 

is antibiotic resistance. Treatment of this disease requires the use of multiple antibiotics 

for an extended period of time: months or even years. As the Mycobacterium tuberculosis 
(Mtb) bacterium, the causative agent of TB, has evolved as an infection in the human host, 

drug-resistant strains have emerged due to problems with accurate diagnosis, availability 

of the drugs, and adherence to the treatment regimen. According to current Centers for 

Disease Control and Prevention (CDC) definitions, TB infections that are resistant to potent 

first-line drugs rifampicin and isoniazid (INH) are referred to as multidrug-resistant (MDR) 

TB, whereas MDR TB infections that are additionally resistant to a second-line injectable, 

such as aminoglycoside kanamycin (KAN) or amikacin, or a fluoroquinolone, are classified 

as pre-extensively drug-resistant (pre-XDR) TB. New efficacious anti-TB drugs are clearly 

needed to treat patients who have drug-resistant TB. To this end, our laboratory focused 

on developing small molecules that can inactivate Mtb enhanced intracellular survival (Eis) 
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enzyme. Eis protein (Rv2416c of Mtb strain H37Rv) is an acetyltransferase, which functions 

as a drug-resistance factor when upregulated, by transferring the acetyl group from acetyl 

coenzyme A (AcCoA) to an amino group of aminoglycosides such as second-line anti-TB 

drugs KAN and amikacin, inactivating them.5–10 Eis is upregulated in clinically relevant 

aminoglycoside-resistant Mtb strains due to a mutation either in the eis promoter or in the 

5’-untranslated region of the whiB7 gene.11–13 We successfully employed a biochemical 

assay in a high-throughput setting to discover several families of Eis inhibitors with diverse 

structural scaffolds:14 isothiazole S,S-dioxides,15 sulfonamides,16 methyl 4H-furo[3,2-

b]pyrrole-5-carboxylates and 3-(1,3-dioxolano)-2-indolinones,17 pyrrolo[1,5-a]pyrazines,18 

1,2,4-triazino[5,6b]indole-3-thioethers,19 thieno[2,3-d]pyrimidines,20 substituted benzyloxy-

benzylamines,21 and haloperidol (HAL) derivatives.22 Our numerous crystal structures of 

Eis in complex with these inhibitors15, 16, 18, 20, 22 revealed a “druggable” hydrophobic 

pocket in the substrate binding site occupied by inhibitor moieties, providing a mechanistic 

rationale for the mode of action of the inhibitors and helping design them. The Eis inhibitors 

discovered thus far obstructed proper binding of the aminoglycoside substrate, as concluded 

based on the superimposition of the structures of Eis-inhibitor and Eis-tobramycin (TOB) 

complexes.7 Representatives of different structural families of the Eis inhibitors decreased 

or abolished KAN resistance of the clinically relevant KAN-resistant Mtb strain (K204) 

in culture. Our preliminary safety studies showed that some of these inhibitors lacked 

mammalian cytotoxicity. The potency and lack of toxicity make these molecules promising 

leads for development as aminoglycoside adjuvants in MDR TB treatment. To accelerate 

the drug development process, repositioning existing FDA-approved drugs beyond their 

intended original use has been one of the approaches in the pharmaceutical industry. For 

example, the repositioning strategy allows a highly informed approach to safety testing for 

a new use, since safety and pharmacokinetic information for the approved use is already 

available.23, 24 We recently found that HAL, an FDA-approved antipsychotic drug, was an 

Eis inhibitor and generated a series of HAL analogues in search of anti-TB compounds 

and KAN adjuvants.22 In this study, we identified five other FDA-approved drugs as Eis 

inhibitors: the antihistamine azelastine (AZL), the antidepressant venlafaxine (VEN), and 

the antimalarial drugs chloroquine (CHQ), mefloquine (MEF), and proguanil (PRO).

MATERIALS AND METHODS

Materials and instrumentations.

Azelastine (AZL), venlafaxine (VEN), chloroquine (CHQ), mefloquine (MEF), proguanil 

(PRO), and the additional 20 FDA-approved compounds used for screening were purchased 

from Millipore-Sigma (St. Louis, MO, USA) or AK Scientific (Union City, CA, USA). 

Acetylation activity assays were performed using a multimode SpectraMax M5 plate reader 

from Molecular Devices (Sunnyvale, CA, USA) and 96-well plates from Greiner (Monroe, 

NC, USA). Reagents for Eis inhibition assays such as Ellman’s reagent, Tween® 80, KAN, 

neomycin B (NEO), acetyl-CoA (AcCoA), and chlorhexidine (CHX) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Resazurin was also purchased from Sigma-Aldrich 

(Milwaukee, WI, USA). Mtb mc26230 was a gift from Prof. William Jacobs Jr. (Albert 

Einstein College of Medicine, NY, USA), and the Mtb mc26230 K204 strain was generated 

in our laboratory.22 The chemicals used for synthesis were purchased from Sigma-Aldrich 
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(St. Louis, MO), TCI America (Portland, OR), and Chem-Impex (Wood Dale, IL), and used 

without any further purification. Chemical reactions were monitored by TLC (Merck, silica 

gel 60 F254) and visualization was achieved using UV light. Compounds were purified by 

SiO2 flash chromatography (Dynamic Adsorbents Inc., flash SiO2 gel 32–63μ). 1H and 13C 

NMR spectra were recorded on an Agilent MR-400 spectrometer using deuterated solvents 

as specified. Chemical shifts (δ) are given in parts per million (ppm). Coupling constants 

(J) are given in Hertz (Hz), and conventional abbreviations used for signal shape are as 

follows: s; singlet; d, doublet; dd, doublet of doublets; dt, doublet of triplets; m, multiplet; 

td, triplet of doublets. High resolution-mass spectrometry (HRMS) was carried out using 

a Shimadzu prominence LC system equipped with an AB SCIEX Triple TOFTM 5600 

mass spectrometer (Shimadzu manufacturing, Kyoto, Japan). HRMS [M+H]+ signals were 

consistent with the expected molecular weights for the reported compounds.

Synthesis and characterization of compound 1 (SGT1614).

A solution of 4-chlorobenzaldehyde (100 mg, 0.71 mmol), aminoguanidine hydrochloride 

(94 mg, 0.85 mmol), and a catalytic amount of HCl (0.04 mL) was stirred in anhydrous 

EtOH (5 mL). The resulting mixture was refluxed at 90 °C for 2 h. The organic 

solvents were removed in vacuo after the reaction was complete as determined by TLC 

(hexanes:EtOAc/3:1, Rf 0.26). The residue obtained was suspended in CH2Cl2 (10 mL), 

filtered, and concentrated to yield the pure compound 1 (0.21 g, quant.) as a white solid: 
1H NMR (400 MHz, CD3OD, Figure S1) δ 8.08 (s, 1H, aromatic), 7.80 (d, J = 8.6 Hz, 

2H, aromatic), 7.46 (d, J = 8.6 Hz, 2H, aromatic); 13C NMR (100 MHz, CD3OD, Figure 

S2) δ 157.3, 148.2, 137.9, 133.6, 130.3 (2C), 130.2 (2C); HRMS m/z calcd for C8H9ClN4 

[M+H]+: 197.0594; found 197.0596 (Figure S3).

Synthesis and characterization of compound 2 (SGT1615).

A solution of 4-chlorobenzaldehyde (100 mg, 0.71 mmol), 3-fluorophenylhydrazine 

hydrochloride (139 mg, 0.85 mmol), and a catalytic amount of HCl (0.04 mL) was stirred in 

anhydrous EtOH (5 mL). The resulting mixture was refluxed at 90 °C for 2 h. The organic 

solvents were removed in vacuo after the reaction was complete as determined by TLC 

(hexanes:EtOAc/3:1, Rf 0.25). The residue obtained was suspended in CH2Cl2 (10 mL), 

filtered, and concentrated. The crude product was purified by column chromatography (SiO2 

gel, hexanes:EtOAc/3:1) to yield compound 2 (79 mg, 45%) as a pink solid: 1H NMR (400 

MHz, CD3OD, Figure S4) δ 7.76 (s, 1H, aromatic), 7.63 (d, J = 8.6 Hz, 2H, aromatic), 7.36 

(d, J = 8.6 Hz, 2H, aromatic), 7.17 (td, J1 = 8.2 Hz, J2 = 6.6 Hz, 1H, aromatic), 6.86 (dt, J1 

= 11.6 Hz, J2 = 2.3 Hz, 1H, aromatic), 6.80 (dd, J1 = 8.2 Hz, J2 = 2.1 Hz, 1H, aromatic), 

6.46 (td, J1 = 8.7 Hz, J2 = 2.6 Hz, 1H, aromatic); 13C NMR (100 MHz, CDCl3, Figure S5) δ 
165.4, 163.0, 146.4, 146.3, 136.9, 134.6, 133.7, 130.7 (J = 9.9 Hz, 1C), 129.1, 127.6, 108.5 

(J = 2.6 Hz, 1C), 107.0 (J = 21.6 Hz, 1C), 100.3 (J = 26.5 Hz, 1C); HRMS m/z calcd for 

C13H10ClFN2 [M+H]+: 249.0595; found 249.0598 (Figure S6).

Synthesis and characterization of compound 3 (SGT1616).

A solution of 4-chlorobenzaldehyde (100 mg, 0.71 mmol), 4-fluorophenylhydrazine 

hydrochloride (138 mg, 0.85 mmol), and a catalytic amount of HCl (0.04 mL) was stirred in 
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anhydrous EtOH (5 mL). The resulting mixture was refluxed at 90 °C for 2 h. The organic 

solvents were removed in vacuo after the reaction was complete as determined by TLC 

(hexanes:EtOAc/1:1, Rf 0.81). The residue obtained was suspended in CH2Cl2 (10 mL), 

filtered, and concentrated. The crude product was purified by column chromatography (SiO2 

gel, hexanes:EtOAc/1:1) to yield compound 3 (146 mg, 82%) as a red solid: 1H NMR (400 

MHz, CD3OD, Figure S7) δ 7.73 (s, 1H, aromatic), 7.61 (d, J = 8.6 Hz, 2H, aromatic), 7.34 

(d, J = 8.5 Hz, 2H, aromatic), 7.08–7.04 (m, 2H, aromatic), 6.98–6.93 (m, 2H, aromatic); 
13C NMR (100 MHz, CDCl3, Figure S8) δ 191.1, 141.0, 136.2, 134.3, 134.0, 131.1, 129.7, 

129.5, 129.1, 127.7, 127.4, 116.1 (J = 22.6 Hz, 1C), 114.0 (J = 7.4 Hz, 1C).

The acetylation activity assay to measure Eis inhibition.

The established acetylation assay using Ellman’s reagent14 was utilized to identify inhibitors 

of Mtb Eis in (1) a high-throughput manner, as previously described, using a ~2,500 

compound library,14 and (2) in 96-well plates using 20 FDA-approved selected drugs. 

The 20 FDA-approved drugs were selected based on structural details of Eis inhibitors we 

previously published.25 In this assay, the reaction mixture contained Tris-HCl pH 8.0 (50 

mM), Eis (0.25 μM), NEO (100 μM), AcCoA (40 μM), DTNB (0.5 mM), and a compound 

from the library (20 μM). These reaction assays were carried out in a clear 96-well plate and 

monitored at 412 nm. Confirmation was carried out in triplicate by retesting the inhibitors 

in a concentration-dependent manner. Five compounds: AZL, VEN, CHQ, MEF, and PRO 

were identified as confirmed hits. For these five hits, the IC50 values were determined in a 

reaction assay using the aminoglycoside KAN as an Eis substrate. Briefly, Eis (0.25 μM), 

KAN (100 μM), and the hit compound were first mixed in Tris-HCl pH 8.0 (50 mM) and 

incubated for 10 min at room temperature. AcCoA (0.5 mM) and Ellman’s reagent (2 mM) 

were added to the reaction mixture to initiate the acetylation process. The concentration 

noted in parentheses are all final concentrations. All assays were carried out in triplicate. 

The mean values of the data were normalized to the value of the activity in the absence of an 

inhibitor (not included in the plots). The data were analyzed by nonlinear regression using 

a dose-response curve in SigmaPlot 14.0. A four-parameter logistic curve was used to fit 

the data, where the maximum and the minimum of the activity, IC50 and the Hill coefficient 

were fitting parameters. The chemical structures of the 20 FDA-approved compounds tested 

and the two compound hits from the ~2,500 compound library are shown in Figure S9. The 

IC50 values for AZL, VEN, CHQ, MEF, and PRO are listed in Table 1. The corresponding 

IC50 curves are presented in Figure S10.

Crystallization of the Eis-inhibitor complexes.

The Mtb Eis C204A protein was produced and purified according to our previously reported 

protocol.22 Crystallization of Mtb Eis C204A was carried out following the procedure 

described before.5 Briefly, Eis crystals grown in the presence of KAN (10 mM) and CoA 

(8 mM) were obtained after two weeks by the hanging drop method (in drops containing 

a 1:1 ratio of protein solution:reservoir solution) and then equilibrated against the reservoir 

solution (Tris-HCl pH 8.5 (0.1 M), PEG 8,000 (10% w/v), and (NH4)2SO4 (0.5 M)) at 21 

°C. After that, KAN, CoA, and (NH4)2SO4 were gradually removed by transferring crystals 

in a stabilization solution of Tris-HCl pH 8.5 (0.1 M) and PEG 8,000 (10% w/v). Crystals 

were allowed to stabilize for at least 10 min before they were gradually transferred to a 
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cryoprotectant solution with the same composition as the stabilization solution, additionally 

containing an inhibitor (1 mM) and 20% glycerol. The crystals were incubated in this 

solution in the presence of AZL, VEN, CHQ, MEF, CHX, and PRO, and its analogues 1-3 
for at least 30 min before being rapidly frozen by plunging in liquid nitrogen.

Data collection and structure determination.

X-ray diffraction images were recorded on the Eiger 16M detector at the 22-ID beamline of 

the Advanced Photon Source at Argonne National Laboratory (Argonne, IL) at 100 K. The 

collected datasets were processed using HKL2000 suite.26 Initial models were produced for 

all collected data by molecular replacement using Phaser27 in the CCP4 suite. The crystal 

structure of CoA-Mtb Eis complex (PDB: 3R1K)5 was used as the search model. All initial 

structures were assessed for the presence of unmodelled electron density in Fo-Fc electron 

density maps contoured above 2.0σ, to identify bound inhibitors. The structures were 

improved by several rounds of manual adjustment using WinCoot28 and crystallographic 

refinement via Refmac.29 Water molecules as well as different ligands present in the 

crystallization condition such as PEG, DMSO, and glycerol were then built into the 

structure. The stereochemistry of the refined structures was verified using MolProbity.30 

The data collection and structure refinement statistics are presented in Tables S2 and S3. 

The atomic coordinates and structure factor amplitudes of the refined Eis-inhibitor complex 

structures were deposited in the RCSB PDB website with IDs given in Tables S2 and S3.

Inhibition mode analysis.

The steady-state rates of acetylation (V) were measured as described for IC50 measurements, 

as a function of concentration of KAN for several concentrations ([I]) of AZL, CHQ, MEF, 

PRO, and compounds 1 and 2, as specified. For each inhibitor, all the data were first 

analyzed simultaneously by a global nonlinear regression fit using SigmaPlot 14.0 using 

the mixed inhibition mode with the equilibrium constants for inhibitor binding free enzyme 

(Ki) and for inhibitor binding the enzyme-substrate complex (Ki,u) as fitting parameters. The 

Michaelis-Menten parameter values for the enzyme in the absence of the inhibitor (Km,0 and 

Vmax,0) were also fitting parameters. The following mixed inhibition rate law was used in 

this analysis:

V =   V m,app KAN
Km,app + KAN , (1)

where

V m,app = V m, 0
1

1 + I
Ki,u

(2)

Km,app = Km, 0
1 + I

Ki
1 + I

Ki,u

(3)
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Where this mixed mode analysis was established not to be statistically justified (only the Ki 

or the Ki,u value could be determined), we analyzed the data using the competitive or the 

uncompetitive mode, respectively. The best-fit values of Ki or Ki,u are given in Table 1.

MIC determination.

The anti-Mtb activity of the 5 hits (AZL, VEN, CHQ, MEF, and PRO) and the three 

synthesized compounds (1, 2, and 3) was determined by testing the effect of the compounds 

on the growth of Mtb mc26230 and its K204 variant. The Mtb strains were grown in 7H9 

broth supplemented with tyloxapol (0.05%), glycerol (0.5%), OADC (10%), casamino acids 

(0.2%), and pantothenate (24 μg/mL). The mycobacterial strains were grown on agar plates 

corresponding to the broth. Cells were transferred from the plates to the corresponding 

liquid medium until the attenuance at 600 nm was equal to that of a 0.5 McFarland standard. 

The culture was then diluted 1:100 and added to the compounds dissolved in the appropriate 

medium. Plates were incubated at 37 °C until growth was observed in the wells containing 

no compound (1–2 weeks). To assess the growth inhibition, 5 μL of a 2.5 mg/mL solution 

of resazurin was added to each well. Color change for each well was observed after an 

overnight incubation at 37 °C. We also determined the MIC value of KAN in the presence of 

the compounds listed above to identify if the hit compounds could be used as KAN adjuvant 

against Mtb mc26230 and K204 strains. Here, we followed the same procedure as above, 

except for the addition of KAN in the medium. For instance, the 1:100 dilution (100 μL) 

of the bacterial culture was added to the KAN (10–1.25 μg/mL) per compound (½× MIC 

concentration) mixture. These MIC data were measured in duplicate and are listed in Table 

1.

Inhibitor selectivity.

AZL, CHQ, MEF, PRO, and compounds 1, 2, and 3 were also tested at a concentration of 

200 μM with a variety of acetylating enzymes to identify if these molecules were selective 

inhibitors of Mtb Eis. They were tested against three aminoglycoside acetyltransferases 

(AACs): AAC(2’)-Ic, AAC(3)-IV, and AAC(6’)-Ie/APH(2”)-Ia. Production and purification 

of these enzymes were reported previously.5, 31 The conditions of the acetylation assays 

used for determination of IC50 values were the optimum conditions for each enzyme. 

Compounds were dissolved in buffer (MES pH 6.6 (50 mM) for AAC(6’)-Ie/APH(2”)-Ia 

and AAC(3)-IV, and sodium phosphate pH 7.4 (100 mM) for AAC(2’)-Ic). Enzyme (0.25 

μM for AAC(6’)-Ie/APH(2”)-Ia, and 0.125 μM for AAC(3)-IV and AAC(2’)-Ic), NEO (100 

μM), and AcCoA (150 μM) were used in these assays. The experiments with AAC(3)-IV 

and AAC(2’)-Ic were performed at 25 °C. The assays with AAC(6’)-Ie/APH(2”)-Ia were run 

at 37 °C. All other methods and concentrations were the same as for the assays with Eis.

RESULTS AND DISCUSSION

Discovery of Eis inhibitors among FDA-approved drugs.

We recently reported a discovery of the antipsychotic FDA-approved drug HAL as an 

Eis inhibitor by testing a ~2,500-compound library using an established aminoglycoside 

acetyltransferase assay.22 Among the compounds from the same library, we also identified 

AZL (Figure 1A) as a hit with a signal-to-noise ratio greater than 3. AZL is a phthalazine 
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derivative and a commonly used antihistamine, delivered either as intranasal spray for 

allergic and vasomotor rhinitis or eye drops for treatment of allergic conjunctivitis.32 

With HAL and AZL identified as HTS hits, we decided to test for Eis inhibition other 

FDA-approved compounds that had similar sizes and diverse chemical features (Figure 

S9). We included in this set antidepressants trimipramine (TRI), imipramine (IMP), 

maprotiline (MPT), and amitriptyline (AMI), an antipsychotic triflupromazine (TFZ), an 

antimalarial drug halofantrine (HFT), and a muscle relaxant cyclobenzaprine (CBP). We 

tested antidepressants mirtazapine (MRZ) and mianserin (MNS) to check if bulky tetracyclic 

compounds could inhibit Eis. We also included in this library a beta blocker propranolol 

(PPN) and antimalarial agents mefloquine (MEF) and chloroquine (CHQ). CHQ contains 

a halogenated aromatic ring system. A halogenated phenyl group was shown to be an 

important pharmacophore in other Eis inhibitor families,15, 16, 18–22, 25 which prompted us 

to also include an antimalarial drug proguanil (PRO). Other compounds we tested were an 

anesthetic drug procaine (PRC) and a heart medicine procainamide (PCA), which contained 

an aniline group. In addition, we tested an antimalarial venlafaxine (VEN) and an anesthetic 

lidocaine (LDC), which bore methoxy and two methyl substituents on their phenyl rings, 

respectively. Finally, we chose to include beta blockers with a central phenyl ring betaxolol 

(BTX) and metoprolol (MPL). We tested the above compounds for inhibition of NEO 

acetylation activity of Mtb Eis at low-μM concentrations. We found that, in addition to 

AZL, four of the compounds, VEN, CHQ, MEF, and PRO (Figures 1A and S9) displayed 

detectable inhibition at the conditions of the original high-throughput assay. AZL, CHQ, 

and PRO contain a halogenated aromatic group. The discovery of MEF and VEN as Eis 

inhibitory hits revealed scaffolds that were not previously found among Eis inhibitors. To 

validate these five inhibitory hits, we carried out dose-response assays measuring acetylation 

of aminoglycoside KAN by Eis at different concentrations of the compounds prepared from 

fresh powders (Figure S10). In this set, AZL was the most potent inhibitor, with an IC50 

value of 0.79 ± 0.08 μM, followed by MEF with an IC50 value of 4.2 ± 0.8 μM (Table 1). 

CHQ, PRO, and VEN were the weakest Eis inhibitors in this set, with IC50 values of 20 ± 2 

μM, and 30 ± 7 μM, and 134 ± 21 μM respectively.

Crystal structures of Eis in complexes with AZL, CHQ, MEF, and VEN.

To study the mechanism of inhibition exerted by the five newly discovered Eis inhibitors 

as well as chlorhexidine (CHX), a topical antiseptic drug discovered as an Eis inhibitor 

previously14 similar in structure to PRO (Figure S9), we determined crystal structures of 

the complexes of Eis with these six compounds (Tables S2 and S3). The crystals of these 

Eis-inhibitor complexes diffracted in the resolution range of 1.9 to 2.4 Å. The inhibitors 

were defined well by the strong omit Fo-Fc electron density maps (Figure S11), except for 

the azepanyl moiety of AZL and a part of the bound CHX. The absence of these moieties in 

the electron density was likely due to the lack of strong interactions of these moieties with 

Eis resulting in their rotational flexibility, leading to disorder of these regions in the crystals.

The inhibitors occupied sites that overlapped with or that were in the immediate vicinity 

of the aminoglycoside binding site of Eis (Figures 2A,B and S12),7, 15 as was observed 

with other Eis inhibitors we previously reported. This inhibitor binding site included a 

hydrophobic pocket lined by side chains of several hydrophobic residues including Trp36 
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and Phe84 (Figure 2B–F). The Eis inhibitors reported so far were shown by kinetic studies 

to be competitive with the aminoglycoside substrate.19–22 This mode of inhibition was 

explained by a spatial overlap of the bound inhibitors with the bound aminoglycoside 

substrate observed in the crystal structure of the Eis-TOB complex (Figures 2B and S12).7 

The hydrophobic pocket snugly accommodated the chlorophenyl ring of AZL (Figure 2C), 

the substituted quinoline moieties of CHQ (Figure 2D) and MEF (Figure 2E), and the 

methoxyphenyl ring of VEN (Figure 2F). These rings and ring systems of the inhibitors 

were nearly superimposable with each other and coplanar, interacting with nonpolar side 

chains of Leu63, Val40, Phe27, and Ala33, and sandwiched between Trp36 and Phe84. 

Standing out was the methoxy group of VEN, where the oxygen atom was in a dehydrated 

hydrophobic environment of the above residues, lacking a potential hydrogen bond donor. 

The loss of one or two potential hydrogen bonds upon binding Eis could explain the 

low inhibitory potency of VEN. The position of the chlorophenyl moiety of AZL in this 

hydrophobic pocket was similar to those of phenyl groups of our previously reported 

inhibitors (PDB IDs: 5EBV,15 6P3U,25 6X6Y,22 6X10,22 6X7A,22 6X6I,22 and 6X6G22). 

For VEN, the phenyl ring was slightly rotated with respect to that of AZL, to fit the methoxy 

group in the binding pocket. The chloroquinoline moiety of CHQ was bound so that its 

chlorinated ring was superimposable with the methoxyphenyl ring of VEN. Although both 

MEF and CHQ contained a quinoline group, the 2,8-bis(trifluoromethyl)quinoline of MEF 

did not adopt a similar orientation to that of CHQ. Instead, it was wedged deeply in the 

hydrophobic pocket. The binding of this moiety caused a concerted movement of an Eis 

helix (residues 27–39), where the backbone atoms shifted by as much as 2.7 Å, to enlarge 

the pocket to accommodate the bulky substituted quinoline. As a result, one trifluoro group 

interacted with the side chains of Phe27, Phe17, and Ala33, while the other trifluoromethyl 

occupied the hydrophobic pocket lined by Phe84, Leu63, Val40, and Arg37. We suggest 

that this considerable remodeling of the substrate binding region by MEF contributes to its 

inhibitory potency, despite a relatively minor steric overlap with the bound TOB substrate 

from our prior structure.

The remaining chemical moieties of the inhibitors were bound in a shallow region of the 

binding site that was adjacent to or overlapping with the aminoglycoside binding site (Figure 

S12). The 2-methylphthalazinone of AZL was held by perpendicular stacking interactions 

with the indole ring of Trp36 on one side and the phenyl ring of Phe27 on the other (Figure 

2C). The N-2 nitrogen atom of the 2-methylphthalazinone was located appropriately for 

hydrogen bonding with the hydroxyl group of Ser83 and the C-terminal (Phe402) carboxyl 

group. The oxygen atom, on the other hand, formed a hydrogen bond with a nearby water 

molecule, which in turn was bonded to the carboxyl group of Asp26. The azepanyl moiety 

was mostly disordered with only two of its carbon chains placed in the electron density map 

(Figure S11A). The azepanyl moiety protruded into a solvent filled entrance to the binding 

site, which was additionally occupied by several bound water molecules and a glycerol 

molecule from the cryoprotectant solution (Figure 2C); therefore, the disorder of this largely 

hydrophobic moiety was unsurprising. In the structure of the Eis-MEF complex (Figure 2E), 

the 2-piperidylethanol group of MEF occupied the site where the 2-methylphthalazinone 

of AZL was bound, with the piperidyl ring rotated by about 90° with respect to the 

2-methylphthalazone. The nitrogen of the piperidyl ring of MEF formed a water mediated 

Pang et al. Page 9

Biochemistry. Author manuscript; available in PMC 2024 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hydrogen bond with the C-terminal carboxyl group of Eis. We previously showed that the 

C-terminal carboxyl group was essential for catalysis.5 The engagement of AZL and MEF 

with the C-terminal carboxyl group observed in these structures explain the observed potent 

inhibition of Eis by these two drugs. The aliphatic part of the piperidyl ring of MEF was 

in the hydrophobic environment of the aromatic side chains of Phe84, Phe24, and Phe27. 

The piperidyl spatially overlaps the aminoglycoside binding site observed in our reported 

structure of the Eis-TOB complex (Figure S12C). The greater degree of this overlap for AZL 

than for MEF due to the bulky methylated azepanyl group may explain the higher potency 

of AZL compared to that of MEF. In the Eis-VEN complex (Figure 2F), the cyclohexane 

ring of the VEN was located and oriented similarly to the piperidyl ring of MEF. The 

hydroxyl group of VEN was positioned appropriately to form a hydrogen bond with the 

carboxyl group of Asp26, whereas the cyclohexane ring abutted the phenyl ring of Phe24. 

The respective part of CHQ located in the substrate binding site is highly flexible, which 

may account for the relatively weak inhibition of Eis by this molecule. In the Eis-CHQ 

structure (Figure 2D), the nitrogen atom of the N,N-diethyl group formed a salt bridge with 

the carboxyl group of Asp26, while the two ethyl groups interacted with the phenyl ring of 

Phe24.

Crystal structures of Eis in complexes with CHX and PRO.

We previously reported that CHX (Figure S9C) exhibited sub-μM inhibition of Eis (Table 

1).14 In fact, CHX had a similar potency to that of AZL, which also contained a 

chlorophenyl moiety. In this study, we were surprised to learn that PRO, a structural relative 

of CHX, was a 45-fold weaker Eis inhibitor than CHX. In the crystal structure of the 

Eis-CHX complex determined here (Table S3, Figure 3A), one chlorophenyl group, the 

adjacent biguanide group and a half of the linker were ordered, whereas the other half of the 

molecule was disordered (Figure S11E). The disordered part, regardless of its conformation 

must occupy the aminoglycoside binding site (Figure S12E). The chlorophenyl group was 

bound in the hydrophobic pocket similarly to that of AZL. The positively charged biguanide 

formed a strong salt bridge with the carboxyl group of Asp26. The side chain of Asp26 

was in a different rotamer state than in the complex with AZL apparently to form this salt 

bridge. The three methylene groups of the linker made nonpolar contacts with the indole 

ring of Trp36. On the other hand, in the crystal structure of the Eis-PRO complex (Table S3, 

Figure 3B), the bound PRO was observed in two equally occupied conformations (Figures 

3B and S11F). In both conformations, the chlorophenyl group was bound to Eis the same 

way, similarly to the respective group of CHX, and the guanidinyl adjacent to this group 

stacked onto the indole ring of Trp36. The second guanidinyl-isopropyl moiety was bound 

in two conformations. This was apparently a result of the presence of an isopropyl group in 

this molecule. One of the conformations was like that of CHX, where a biguanide-Asp26 

salt bridge was present. However, in this conformation the methyl group of PRO (not 

present in CHX) was in the hydrophilic environment of the hydroxyl group of Ser32 and 

the backbone amide nitrogen of Ala33, which likely made this conformation unstable. In the 

other conformation, the biguanide formed a salt bridge with the C-terminal carboxyl group, 

while the isopropyl group was in a negatively charged environment of the carboxyl groups of 

Asp26 and Glu401, lacking a suitable hydrophobic pocket. These unfavorable interactions of 

the bound PRO likely explain why it is a much less potent inhibitor of Eis than CHX.
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Design of PRO/CHX analogues and crystal structures of Eis-analogue complexes.

Due to reported toxic effects of CHX,33 this molecule could not be used systemically. We 

then asked if a similar potency could be achieved by making relatively simple compounds 

containing a p-chlorophenyl group in combination with a guanidinyl or another halophenyl 

group. We designed three analogues where a guanidinyl, an m-fluorophenyl, and p-

fluorophenyl (compounds 1-3, respectively; Figure 1B) were connected to a p-chlorophenyl 

group via a hydrazone linkage. Compound 1 was designed based on the crystal structure 

of the Eis-PRO complex with an idea of removing the isopropyl group while preserving 

a positively charged guanidinyl. These three compounds were generated using a linear 

one-step synthesis (Figure 1B). The commercially available 4-chlorobenzaldehyde was 

stirred in ethanol and concentrated hydrochloric acid with aminoguanidine hydrochloride, 

3-fluorophenylhydrazine hydrochloride, and 4-fluorophenylhydrazine hydrochloride to form 

hydrazone derivatives 1-3 in 45%-quantitative yields, respectively. These three compounds 

were dissolved in DMSO and tested for the inhibition of Eis analogously to the FDA-

approved drugs (Figure S10). Compound 1, an analogue of PRO, was 3-fold more potent 

than PRO as an Eis inhibitor (Table 1), an improvement by rational design. On the other 

hand, the IC50 values of compounds 2 and 3 were 5- and >7-fold higher than that of PRO, 

respectively (Table 1).

Crystal structures of Eis in complexes with compounds 1, 2, and 3.

We examined how compounds 1, 2, and 3 were bound to Eis, by determining the crystal 

structures of Eis in complexes with these compounds (Table S3, Figure 4). The bound 1 
was well resolved in the omit Fo-Fc electron density map (Figure S11G). The chlorophenyl 

moiety was bound in the hydrophobic pocket similarly to that of PRO, as predicted (Figure 

4A). The hydrazone-guanidinyl portion was bound in the conformation resembling to the 

second conformation of the biguanide of PRO, where the guanidinyl of 1 was stacked with 

the indole ring of Trp36, engaging in a π-cation interaction, while making a salt bridge 

with the terminal carboxyl of Eis. Likely because 1 lacked an isopropyl group present in 

PRO, which did not seem to fit properly into the binding pocket, 1 was observed in a 

single conformation and was 3-fold more potent than PRO in inhibiting Eis. This example 

showcases basic structure-based design principles.

Compounds 2 and 3 were bound to Eis with the well resolved fluorophenyl moieties bound 

in the hydrophobic pocket (Figure S11H,I) so that the fluorine was in the same location 

for both compounds (Figure 4B,C), also approximately coincident with the chlorine atom 

of the bound compound 1. As a result, the hydrazone linker path had a minor difference, 

as the chlorophenyl moiety in compounds was also located in the same site for both bound 

molecules. For 2, the conformation of the linker placed it too far to form a hydrogen bond 

with the hydroxyl group of Ser83 (Figure 4B), whereas for 3 the relevant N-O distance was 

appropriate (2.9 Å; Figure 4C). The chlorophenyl moiety was well resolved for compound 

3 (Figure S11I), where it interacted with the indole ring of Trp36 and the side chain of 

Ile28 (Figure 4B). The linker in both 2 and 3 was apparently too long to allow ideal parallel 

stacking between the chlorophenyl rings of these compounds and the indole of Trp36, 

placing a part of the ring in a charged environment of the carboxyl groups of Glu401 and 

the C-terminus. The chlorophenyl ring of 2 was largely disordered (Figure S11H), likely 
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because rotational dynamics due to the above unfavorable interactions and the lack of the 

hydrogen bond that would stabilize the hydrazone linker. These structures suggest that the 

unfavorable interactions of the chlorophenyl moiety of 2 and 3 with Eis account for their 

weak enzyme inhibition.

Kinetic analysis of inhibition.

We investigated the mode of inhibition and determined the for all but the weak inhibitors 

VEN and compound 3 by carrying out the Michaelis-Menten analysis of KAN acetylation 

by Eis at different inhibitor concentrations (Figures 5 and 6 and Table S1). An unbiased 

analysis for each inhibitor was performed by a global nonlinear regression of all the 

data using the mixed mode of inhibition. This analysis yielded the best-fit values for the 

equilibrium constants of inhibitor binding to free enzyme (Ki) and to the enzyme-substrate 

complex (Ki,u; Table 1). Where only the former or the latter value could be determined 

with statistical significance, the mode was established as competitive or uncompetitive, 

respectively. AZL, CHQ, PRO, and compound 1 were competitive inhibitors with respect 

to KAN. Binding of AZL and CHQ to enzyme-substrate complex had a weak statistical 

significance as judged by the p-values and confidence intervals (Table 1), and it was of 

a much lower affinity than to free enzyme. MEF was a noncompetitive inhibitor, with 

Ki, ≈ Ki,u, while compound 2 was uncompetitive. As described in the previous section, 

MEF did not appear to clash significantly with the aminoglycoside substrate (which would 

presumably allow MEF to bind Eis in the presence of bound KAN), while considerably 

remodeling the substrate binding site. This remodeling likely interfered with the catalysis. 

We described that the chlorophenyl moiety of 2, which would cause minor steric hindrance 

for aminoglycoside binding, was not stably associated with Eis and was partially solvent 

exposed. Due to the conformational flexibility and a relatively small size of 2, bound KAN 

and 2 could both be accommodated in the binding site, stabilizing each other, as indicated 

by the kinetic data. As with our previous attempts to crystallize the Eis-KAN complex, 

our efforts to crystallize Eis in complex with KAN in the presence of 2 did not yield 

electron density for KAN. We explain this by multiple binding modes of KAN to Eis, as 

evidenced by its acetylation by Eis at different positions in a random order.7 Although a 

weak inhibitor, compound 2 is the first example of an uncompetitive Eis inhibitor, with the 

structure illustrating that a hydrophobic pocket in the vicinity of a substrate binding site 

can, in principle, be used to design uncompetitive inhibitors. Such rational design would be 

complicated since the inhibitors would directly interact with and stabilize the substrate (or 

the product); hence, predicting the inhibitor pose and interaction can be challenging.

Evaluation of compounds in M. tuberculosis cultures.

The Eis inhibitors were tested for their inhibition of growth of Mtb mc26230,34 a BSL-2 

Mtb strain derived from strain H37Rv. Some of the previously reported Eis inhibitors were 

observed to be toxic to H37Rv even in the absence of an aminoglycoside,20 by an unknown 

mechanism. In this study, we identified MEF and CHQ to have MIC values of 16 μM and 

64 μM, respectively (Table 1). The MEF MIC value was consistent with a previous report of 

modest inhibitory activity of MEF against a large panel of Mtb clinical isolates.35 Inhibition 

of Eis cannot explain this effect, because Eis is not essential for Mtb growth in vitro.36 None 

of the other compounds inhibited the growth of Mtb mc26230 at the highest concentration 
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tested (64 μM) (Table 1). We also tested if the Eis inhibitors behaved as KAN adjuvants 

by using our previously engineered Mtb strain mc26230 K204.22 This strain harbored a 

point mutation in the eis promoter upregulating the expression of eis and rendering this 

strain KAN-resistant (Table 1), analogously to its H37Rv counterpart.11 For this experiment, 

we measured the MIC of KAN in the absence and in the presence of Eis inhibitors at 

concentrations equal to their respective ½× MIC values or at 64 μM for all other compounds 

at four KAN concentrations in a clinically relevant range (10, 5, 2.5, and 1.25 μg/mL). Even 

though some synergy with KAN cannot be ruled out, in this range KAN remained inactive 

against the mycobacteria, indicating that these compounds did not inhibit Eis to a significant 

extent. The lack of Eis inhibition in the mycobacterial cells could be due to poor penetration 

of these compounds through the thick and waxy mycobacterial envelope. The toxicity of 

MEF and CHQ limited their concentrations to those near their IC50 values for Eis. For this 

reason, even if these molecules could reach cytoplasmic Eis, the partial Eis inhibition might 

not have been sufficient to observe significant synergy with KAN.

Evaluation of inhibitor selectivity.

Selectivity of the inhibitors was characterized by testing whether they inhibited NEO 

acetylation by other aminoglycoside acetyltransferases (AACs) that shared the basic GNAT 

fold with the catalytic domain of Eis, but differed in the structures of the substrate binding 

sites, the presence of other domains, and in their quaternary structures. We tested AZL, 

CHQ, MEF, and PRO with AAC(6’)-Ie, AAC(2’)-Ic, and AAC(3)-IV. All three acetylating 

enzymes were not inhibited by any of the Eis inhibitors at concentrations up to 200 μM. This 

result indicated that the compounds were selective inhibitors of Eis.

CONCLUSIONS

Repositioning of approved drugs is a potentially cost-effective strategy to aid in the 

development of new treatment regime for TB, especially useful considering that many 

TB patients worldwide cannot afford expensive medication. Our combined HTS-driven 

approach in searching for inhibitors identified five compounds that can block the acetylation 

activity of Eis, a drug resistance factor and compete with an aminoglycoside substrate. 

Among these inhibitors are AZL, VEN, PRO, CHQ, and MEF. Repositioning of antimalarial 

drugs CHQ and MEF as anti-TB drugs was recently discussed.37 Our crystallographic 

studies indicated that these compounds bind in the substrate binding cavity explaining 

their modes of inhibition established by the kinetic analysis. Further medicinal chemistry 

optimization of these Eis inhibitors as aminoglycoside adjuvants is clearly needed to 

improve the penetration of the Mtb envelope by the analogues of these compounds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Chemical structures of Eis inhibitors. A. Two hits (HAL22 and AZL) found by screening the 

~2,500 HTS compound library (yellow box), and the other four FDA-approved drugs (VEN, 

MEF, CHQ, and PRO) originated from a rationally selected 20 compound library (grey box). 

B. The synthetic scheme used for the preparation of PRO analogues 1-3.
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Figure 2. 
Crystal structures of Eis in complexes with AZL, CHQ, MEF, and VEN. A. The overall view 

of an Eis C204A protomer in complex with AZL. B. A magnified view of the dotted box 

in panel A, showing the bound AZL and superimposed tobramycin (TOB) and CoA from 

our previously reported structure of the Eis-TOB complex (PDB ID: 4JD6). Panels C, D, 

E, and F show the chemical structures of the inhibitors with the schematic of the binding 

pocket (left) and the magnified views of the Eis-inhibitor interfaces in the respective crystal 

structures (right) for AZL, CHQ, MEF, and VEN, respectively. The inhibitors are shown as 

yellow sticks, the residues interacting with the inhibitors as blue sticks, and water molecules 

as red balls.

Pang et al. Page 18

Biochemistry. Author manuscript; available in PMC 2024 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Magnified views of the Eis-inhibitor interfaces for CHX and PRO. A. The Eis-CHX 

interface. B. The Eis-PRO interface. The chemical structures of the inhibitors are shown 

in the lower left corners of the respective panels, with the part of the structure bound in the 

hydrophobic pocket indicated by a green curve. The inhibitors are shown as yellow sticks, 

and the Eis residues surrounding the inhibitors as blue sticks.
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Figure 4. 
Magnified views of the Eis-inhibitor interfaces for compounds 1, 2, and 3. A. The Eis-1 
interface. B. The Eis-2 interface. C. The Eis-3 interface. The chemical structures of the 

inhibitors are shown in the lower left corners of the respective panels, with the part of the 

structure bound in the hydrophobic pocket indicated by a green curve. The inhibitors are 

shown as yellow sticks, and the Eis residues surrounding the inhibitors as blue sticks.
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Figure 5. 
Mode of inhibition of AZL, CHQ, and MEF. The Michaelis-Menten curves (left) and 

Lineweaver-Burk plots (right) illustrated the modes of inhibition of the compounds.
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Figure 6. 
Mode of inhibition of PRO, 1, and 2. The Michaelis-Menten curves (left) and Lineweaver-

Burk plots (right) illustrated competitive inhibition of the PRO and compound 1, but 

uncompetitive inhibition for compound 2.
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Table 1.

Activity of KAN and tested compounds in the Eis acetylation assays and in Mtb mc26230 culture growth 

assays.

Compounds IC50 (μM)
Ki (μM)

a
Ki,u (μM)

b MIC (μM) 
mc26230

MICKAN (μg/mL) 
mc26230

MICKAN (μg/mL) 
mc26230 K204

Azelastine (AZL) 0.79 ± 0.08 0.24 ± 0.05 0.9 ± 0.5 (p = 0.08) 32 ≤ 1.25 > 10

Venlafaxine (VEN) 134 ± 21 N/D N/D > 64 ≤ 1.25 > 10

Chloroquine (CHQ) 20 ± 2 12.3 ± 2.7 35 ± 20 (p = 0.1) 64 ≤ 1.25 > 10

Mefloquine (MEF) 4.2 ± 0.8 7.2 ± 1.1 5.9 ± 1.3 (p = 
0.0002)

16 ≤ 1.25 > 10

Proguanil (PRO) 30 ± 7 28 ± 10 N/D > 64 ≤ 1.25 > 10

1 10 ± 3 17.0 ± 2.4 N/D > 64 ≤ 1.25 > 10

2 160 ± 49 N/D 104 ± 8 > 64 ≤ 1.25 > 10

3 > 200 N/D N/D > 64 ≤ 1.25 > 10

Chlorhexidine (CHX)
0.67 ± 0.19

c
≤ 0.03

a N/D N/D

Kanamycin (KAN) 0.17 0.1 320

Isoniazid (INH) ≤ 3.6

a
The equilibrium constant for inhibitor binding to free enzyme.

b
The equilibrium constant for inhibitor binding to enzyme-substrate complex.

c
A previously published value.14

N/D = Not determined.
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