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Abstract

Vancomycin-resistant enterococci (VRE) are the second leading cause of hospital-acquired 

infections (HAIs) attributed to a drug-resistant bacterium in the United States and resistance to the 

frontline treatments is well documented. To combat VRE, we have repurposed the FDA-approved 

carbonic anhydrase drug acetazolamide to design potent anti-enterococcal agents. Through 

structure-activity relationship optimization we have arrived at two leads possessing improved 

potency against clinical VRE strains from MIC = 2 μg/mL (acetazolamide) to MIC = 0.007 μg/mL 

(22) and 1 μg/mL (26). Physicochemical properties were modified to design leads that either have 

high oral bioavailability to treat systemic infections or low intestinal permeability to treat VRE 

infections in the gastrointestinal tract. Our data suggests the intracellular target for the molecules 

are putative α-carbonic and γ-carbonic anhydrases and homology modeling and molecular 

dynamics simulations were performed. Together, this study presents potential anti-VRE 

therapeutic options to provide alternatives for problematic VRE infections.
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INTRODUCTION

Vancomycin-resistant enterococci (VRE) are one of the leading causes of drug-resistant 

healthcare-associated infections (HAIs) in the United States, accounting for 35% of all 

enterococcus-related HAIs.1 In 2017, VRE infections were estimated at approximately 

55,000 in the U.S. and led to a 10% mortality rate2. In addition to the increased rates of 

mortality there is an added economic burden as patients hospitalized with VRE infections 

endure prolonged hospital stays and significantly higher hospitalization costs.3 Moreover, 

the Centers for Disease Control and Prevention (CDC) categorizes VRE as a serious 

healthcare threat.2 The growing problem of VRE in the healthcare setting is exacerbated by 

the lack of effective treatments. Currently, the only two Food and Drug Administration 

(FDA)-approved therapeutic options for treatment of VRE are either linezolid or a 

combination of quinupristin and dalfopristin.4 Linezolid is marginally effective as the 30-

day mortality rate for patients with VRE blood-stream infection is as high as 30%5 and it is 

also associated with toxicity such as myelosuppression, neuropathy and lactic acidosis.6 The 

combination therapy of quinupristin/dalfopristin is rarely used due to its high toxicity.7 

Some studies have evaluated the efficacy of a linezolid/daptomycin combination against 

VRE infections,5 and while these show promise, the combination is not yet approved for 

VRE treatment. Further compounding the VRE problem is the rise of resistance to the FDA-

approved therapies8,9 along with daptomycin10 and the fact that approximately 90% of 

vancomycin-resistant E. faecium clinical isolates are resistant to other antibiotics such as β-

lactams.11 Given the increasing prevalence of VRE in healthcare settings and the rise of 

resistance to the current therapeutic options,12,13 there is a clear and urgent need for novel 

strategies to combat this infection.

Enterococcus is a common colonizer of the human gastrointestinal tract (GIT); however, the 

genus typically accounts for < 0.2% of the total human gut microbiota.14,15 Carriers of VRE 

can either present with symptoms of virulent infections or be asymptomatic. Asymptomatic 

colonization is the most problematic as it is often unnoticed in individuals admitted into 

healthcare settings, but is a strong predictor of HAI transmission and acquisition.16 

Additionally, dysbiosis (imbalance of normal gut microbiota) caused by exposure of patients 

to antibiotics increases the density of VRE in the GIT allowing the pathogen to become a 

predominant species.17,18 This colonization event serves as the origination point for all other 
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nosocomial infections caused by VRE and is a key step for bacteria to enter the 

bloodstream11,18,19. VRE colonization of the GIT is problematic for organ transplant 

patients20 and those in intensive care units21 and is linked to higher risk of death.22 More 

recently, the role of the GIT microbiome in stimulating inflammation, autoimmunity, and 

cancer immunity has been an emerging field of study.23 For example, perturbations of the 

microbiome may lead to increased Enterococcus load in the GIT, which in turn intensifies 

systemic autoimmune disorders such as graft-versus-host disease24 and systemic lupus 

erythematosus25. Thus, in addition to the need for new therapeutics to treat systemic VRE 

infection, decolonization strategies have been investigated as a promising approach for 

reduction of Enterococcus, including VRE, from the GIT before the pathogen can facilitate 

more problematic infections. However, there has been limited success to date with 

decolonization using antibiotics due to either low efficacy, poor patient tolerability, or 

further dysbiosis of the microbiome.26–28 Molecule absorption appears to be a large driver 

for efficacy as non-absorbable antibiotics outperformed absorbable antibiotics, thus a 

molecule that can be taken orally and not be systemically absorbed is preferred.26 Linezolid 

is highly absorbed when taken orally and when used alone is not effective at VRE 

decolonization for this reason.29,30

Our team has previously explored drug repurposing as an avenue to discover new anti-VRE 

agents.30–32 Repurposing FDA-approved drugs with well-characterized toxicology and 

pharmacology to find new applications is an attractive way to reduce time, cost, and risk 

associated with antimicrobial drug development.33–35 As part of our current efforts, we have 

identified FDA-approved carbonic anhydrase inhibitors (CAIs) (Figure 1) as a novel class of 

potent anti-enterococcal agents36 with MICs (minimum inhibitory concentrations) of 0.5 

mg/mL, 4 mg/mL and 1 mg/mL for acetazolamide (AZM), methazolamide (MZM) and 

ethoxzolamide (EZM), respectively.

AZM is currently approved as a mild diuretic for the treatment of glaucoma and congestive 

heart failure37 and is used chronically to treat epilepsy.38,39 Furthermore, AZM is listed on 

the World Health Organizations (WHO) list of essential medicines40 due to its safety profile, 

low cost, high efficacy, and high availability. Aside from the anti-enterococcal activity, AZM 
represents a particularly attractive starting point for optimization because it has an overall 

safe profile, as up to 1 gram dose/day can be given with no toxicity to humans,41 and 

possesses good pharmacokinetic properties with respect to rapid absorption, high renal 

clearance and no metabolites.42–46 Even though AZM has many positives as a starting point 

for optimization there are properties that could be improved. AZM is rapidly absorbed at 

doses up to 5–10 mg/kg but absorption is not efficient at higher doses47–49. This may be due 

to the fact that AZM would be classified as a low-permeable drug (apparent permeability 

coefficient, Papp, < 5.0 × 106 cm/s in Caco-2 assay) according to the Food and Drug 

Administration permeability classifications50. AZM may be comparable to linezolid in 

terms of antibacterial potency it lags well behind linezolid in terms of intestinal 

permeability. Thus, the scaffold could benefit not only from improved potency but also 

intestinal permeability for treatment of systemic infection. Conversely, for treatment and 

decolonization of GIT VRE infection, a parallel approach to develop a second lead with 

reduced permeability is also desirable.

Kaur et al. Page 3

J Med Chem. Author manuscript; available in PMC 2021 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Although AZM is a potent CAI against human carbonic anhydrases (double-digit nanomolar 

biochemical activity against various isoforms)42, it is safe for use in treating chronic 

diseases; thus, short-term treatment of acute bacterial infections would likely not cause 

adverse effects in humans. Moreover, CAIs in general, have garnered attention for their 

promise as antimicrobial agents51,52 as recent literature has characterized carbonic 

anhydrases in bacterial pathogens such as Helicobacter pylori,53–55 Burkholderia 
pseudomallei,56 Vibrio cholerae,57,58 and Neisseria gonorrhoeae59 to name a few. However, 

these studies all stop short of developing novel therapeutics to specifically target these 

pathogens and often do not even test CAIs for activity against the bacteria at all. With 

regards to Enterococcus spp. there are only two instances in which researchers noted the 

presence of putative genes encoding for carbonic anhydrases.60,61 Thus, even though 

carbonic anhydrases possess potential as antibacterial therapeutic targets they remain 

relatively underexplored for drug discovery purposes, especially against Enterococcus spp.

Based on its encouraging drug profile and anti-enterococcal properties, AZM shows 

considerable promise as a potential treatment for VRE. However, because VRE causes both 

systemic and GIT infections, it would be desirable to produce leads that have either: 1) both 

increased potency and permeability for systemic treatment, or 2) increased potency with 

reduced permeability to maintain drug concentration in the GIT as an effective 

decolonization strategy. Moreover, studies dedicated to explore the scaffold for antibiotic 

potential are necessary to fully validate carbonic anhydrases as novel antibacterial 

therapeutic targets. For these reasons we have undertaken a drug-repurposing and 

optimization study for AZM-based VRE inhibitors.

RESULTS

Chemistry

The majority of analogs were synthesized in two or three steps beginning with de-acylation 

of AZM using concentrated hydrochloric acid to form intermediate 1 (Scheme 1). This 

common intermediate served as the diversification point for analog modification on the 

newly exposed amine. The first set of analogs were synthesized by either coupling 

commercially available acyl chlorides, or first converting carboxylic acids to acyl chlorides 

using oxalyl chloride, with 1 to form a set of amide containing analogs (3 – 23). This set 

consisted of primarily linear, branched, or cyclic alkyl moieties as well as phenyl derivatives 

on the amide. The linker between the carbonyl of the amide and the pendant group varies in 

length from 0 – 2 methylenes. A second set of analogs containing heterocycles with either 

one or two methylene linkers were synthesized by first coupling 1 with either 2-chloroacetyl 

chloride to form intermediate 2a or 3-chloropropanoyl chloride to form 2b. These 

intermediates were then subjected to nucleophilic attack with various nitrogen containing 

cycloalkanes to arrive at derivatives 24 - 28. It should be noted that liquid-liquid extraction 

during work up often resulted in significant loss of the highly polar desired product into the 

aqueous phase. Multiple extractions were necessary to isolate the analogs. Thus, elimination 

of the liquid-liquid extraction and moving directly to concentration in vacuo followed by 

flash chromatography provided improved yields.
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Next, three analogs were synthesized to probe the role of the carbonyl for anti-VRE activity. 

These analogs were accessed via reductive-amination in which aldehydes were reacted with 

1 to form the imine intermediate then immediately reduced using sodium cyanoborohydride 

to provide analogs 29 – 31 (Scheme 2).

Finally, a control analog in which the sulfonamide was replaced with a methyl sulfone was 

synthesized from the commercially available 5-(methanesulfonyl)-1,3,4-thiadiazole-2-amine 

32 (Scheme 3). This was then coupled with acetic anhydride to produce analog 33.

Structure-activity relationship for anti-VRE activity

Analogs were initially tested versus the clinical multidrug-resistant VRE strain, E. faecium 
HM-965, to determine MICs in support of SAR around the AZM scaffold. The first set of 

derivatives probed the importance of lipophilic substituents on the amide of AZM (Table 1). 

Gradually increasing alkyl bulk directly next to the amide carbonyl was correlated to 

increased potency against VRE. For example, comparing AZM (methyl) to compounds 3 
(ethyl), 4 (iso-propyl), and 5 (tert-butyl) provided an 8-fold increase in potency across the 

series of nearest neighbor analogs with the tert-butyl analog 5 displaying an MIC = 0.25 

μg/mL compared to the parent AZM (MIC = 2 μg/mL). Inserting a methylene between the 

amide and the alkyl substituents represented by analogs 6 - 8 also provided a boost in 

potency. Additionally, the trend of increasing alkyl bulk correlating to VRE potency was 

maintained in this set of analogs. These SAR data points can be summarized by comparing 

both tert-butyl analog, 5 (MIC = 0.25 μg/mL) to 8 (MIC = 0.015 μg/mL), which contains a 

methylene linker.

The next set of analogs investigated the role of cyclic alkanes on VRE potency. As was 

observed with the branched alkyl derivatives, increased lipophilic bulk for the cyclic alkanes 

also led to improved anti-VRE potency. For example, as observed in the previous set of 

branched alkanes, potency again increased 8-fold across the series of analogs 10 
(cyclopropyl), 11 (cyclobutyl), 12 (cyclopentyl), and 13 (cyclohexyl) with compound 13 
displaying an MIC = 0.25 μg/mL (Table 1). Two additional cyclohexane-based derivatives 

with either a methyl at the 1-position (14) or 4-position (15) were equipotent to the 

cyclohexane alone. Inserting a methylene provided the same boost in potency as was 

observed with the branched alkane series described above. Analogs 17 – 20 extended the 

pendant cycloalkane by a single methylene linker and resulted in a 4- to 8-fold increase in 

anti-VRE activity with an MIC of 0.06 μg/mL for the cyclohexyl derivative 20. Taking this 

SAR trend one step further two analogs were synthesized that extended the pendant group 

with a two-methylene linker. No increase of potency was observed for the cyclopentane 

pendant group going from a one- to two-methylene linker (analogs 19 and 21, respectively). 

However, there was an 8-fold increase in potency observed for the cyclohexane pendant 

group moving from a single methylene (20, MIC = 0.06 μg/mL) to a two-methylene linker 

providing the most potent analog of the series against VRE (22, 0.007 μg/mL). Altogether, 

moving the cyclohexane from no linker to a two-methylene linker provided a 32-fold 

increase in anti-VRE activity.
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The anti-VRE potency appeared to be enhanced by alkyl rings systems over aromatic 

pendent groups. Specifically, comparing the cyclohexane containing analog 13 to the phenyl 

derivative 16, the aromatic group resulted in 8-fold reduction of potency (0.25 μg/mL to 2 

μg/mL, respectively) (Table 1). The same trend was observed with modifying the 

cyclohexane pendant group on analog 22 to a phenyl group in analog 23. These two nearest 

neighbor analog pairs illustrate the preference for saturated ring systems over the aromatic 

pendant groups for anti-VRE activity. Interestingly, while the pendant phenyl derivatives 

were less potent than their cyclohexane counterparts, the SAR trend of extending the linker 

from zero (16) to two-methylenes (23) proved robust as anti-VRE activity for the phenyl 

substituted analogs improved by 32-fold.

To this point only lipophilic alkyl and phenyl substitutions were made to the AZM. These 

modifications improved potency and are likely to increase permeability through the 

intestinal lining compared to AZM, making these analogs potential candidates for treating 

systemic VRE infections. However, the increased intestinal permeability may be detrimental 

toward decolonization of VRE from the gut. Thus, the next a set of analogs explored the 

incorporation of heteroatoms into the cycloalkane groups with the intent to derive analogs 

with increased polarity and decreased permeability that would be beneficial for gut 

decolonization. Across the set of five analogs, the insertion of heteroatoms was detrimental 

to anti-VRE activity. For example, the pyrrolidine (24) and piperidine (25) analogs each 

exhibited MICs of 1 μg/mL (Table 1). These values were 16-fold less potent than the 

cyclopentyl and cyclohexyl counterparts 19 and 20 (0.06 μg/mL each). The same was 

observed with the morpholine derivative 26. Activity was reduced even further with the 

methylpiperazine analog 27. Finally, the extension of the linker displayed relatively no effect 

on potency that was previously observed for the cyclohexyl derivatives (20 compared to 22). 

For example, derivatives to investigate extending the morpholine from a single methylene 

(26) to a two-methylene (28) linker was essentially equipotent (MIC = 2 μg/mL). This set of 

analogs indicates that the addition of heteroatoms in the pendant group reduces anti-VRE 

activity of the molecules compared to the alkyl derivative; however, they were still 

equipotent in activity to linezolid against VRE (Table 2).

To conclude the SAR study for this series a limited set of analogs to explore modifications to 

the other parts of the AZM scaffold were tested. First the necessity of the sulfonamide was 

probed by testing the methylsulfone derivative 33. This substitution abolished the anti-VRE 

activity (Figure 2). Modifications to the thiadiazole core of AZM also led to loss of potency. 

Specifically, converting the thiadiazole to a thiazole central core with substitution of a 

carbon for nitrogen at the 4-position as seen in analog 34, also abrogated activity against 

VRE. The same was true for analog 35, which contained a central phenyl core in place of the 

thiadiazole. These analogs, combined with the previously reported activities for the FDA-

approved CAIs36 shown in Figure 1 highlight the importance of the central thiadiazole core 

to the anti-VRE activity.

Anti-VRE activity against additional VRE and VSE bacterial strains.

The activity of thirteen analogs (5, 7, 8, 9, 12, 13, 17, 19, 20, 21, 22, 23, 26) AZM, 

vancomycin and linezolid were tested against a panel of eleven VRE clinical isolates. As 
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presented in Table 2, compounds 8 and 22 exhibited the most potent activity against the 

tested isolates inhibiting their growth at concentrations ranging from 0.007 to 0.06 μg/mL 

with MICs50 and MICs90 of 0.015 μg/mL and 0.03 μg/mL, respectively. These were 

followed closely by 9 and 19 (MIC50 of 0.03 μg/mL and MICs90 of 0.06 μg/mL and 0.125 

μg/mL, respectively) then 20 and 21 (MIC50 of 0.06 μg/mL and MICs90 of 0.125 μg/mL and 

0.06 μg/mL, respectively) while the rest ranged from MIC50 values of 0.125 – 2 μg/mL and 

MICs90 of 0.5 μg/mL and 4 μg/mL. Most compounds outperformed the drug of choice, 

linezolid, which exhibited an MIC50 and MIC90 values 1 μg/mL with range from 0.25 to 1 

μg/mL. Finally, selected analogs along with linezolid and vancomycin were tested versus 

vancomycin-sensitive enterococci (VSE) strains (Table S1). These results indicate the 

molecules exhibit similar potencies between VRE and VSE and show no unexpected 

discrepancies between isolates.

Toxicity against human Caco-2 cell lines

Toxicity to host tissues is an important property that must be assessed for novel 

antimicrobial compounds in the drug discovery process. The ability of new compounds to 

exhibit their activity against the target microorganism without affecting the host 

(mammalian) tissues is highly important to confirm early in the drug discovery process. To 

determine if AZM analogs were toxic to eukaryotic cells, the viability of colon 

adenocarcinoma (Caco-2) cells, exposed to the most potent analogs, was assessed using the 

MTS assay. All the tested AZM analogs proved to be highly tolerable and non-toxic to 

mammalian cells at a concentration as high as 128 μg/mL (Figure 3, full data set Table S2). 

The 50% cytotoxic concentrations (CC50), the compounds’ concentration leading to 50% 

viability of the cells, for all the tested analogs was higher than 128 μg/mL. This 

concentration represents more than 8500-fold and 64-fold higher than the MIC50 values 

obtained for analogs 22 and 26 against clinical VRE isolates, respectively. We should note 

Caco-2 cells have high endogenous expression of human CA XIII62 and AZM binds to this 

isoform with a KI value of 16 nM.63

Mechanism of action studies

During SAR optimization we began to investigate the potential mechanism of action for the 

AZM-based analogs. Recent literature described above has suggested carbonic anhydrases 

as potential therapeutic targets for antibacterial drug development. This, combined with the 

fact that AZM is a carbonic anhydrase inhibitor, led us to hypothesize that inhibition of a 

carbonic anhydrase might be the likely mechanism of action for this scaffold against VRE. 

Moreover, the SAR also pointed in this direction. For example, the sulfonamide moiety on 

AZM is necessary for chelation of a catalytic Zn2+ ion in the active site of carbonic 

anhydrases and removal of this functional group abrogates any binding to carbonic 

anhydrases. The same methylsulfone analog 33 was also inactive against VRE strains 

suggesting the role of chelation of a metal ion for anti-VRE activity. However, there is 

limited literature suggesting the presence of carbonic anhydrases in Enterococcus species 

and no reports of carbonic anhydrases characterized from this genus.

A common method to determine if an inhibitor is exhibiting cellular activity that is mediated 

through inhibition of a carbonic anhydrase is to test for activity under both normal culture 
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conditions and in conditions with increased CO2 levels59,64. As CO2 is the natural substrate 

for carbonic anhydrases, the molecules will exhibit reduced activity in the CO2 conditions 

compared to normal conditions. This test was performed on five representative enterococcal 

strains with both AZM and 20 (Table 3). We observed that both AZM and 20 were inactive 

against these VRE strains when incubated in presence of 5% CO2 compared to incubation in 

the ambient air. The same was true for additional analogs against E. faecium ATCC 700221 

under both conditions (Table S3). Linezolid was used as a control and, as expected, 

displayed no shift in potency between ambient air and 5% CO2 conditions suggesting the 

change in potency for AZM and derivatives is not an unintended effect of the increased CO2 

but is from target engagement with carbonic anhydrase. These results, combined with the 

SAR data for the 33, suggest the intracellular target for these molecules is likely a carbonic 

anhydrase.

Next, analogs 22, 26, AZM and linezolid were assessed in time-kill assays to determine 

whether the scaffolds exhibit bacteriostatic or bactericidal activity against VRE. All 

molecules were shown to be bacteriostatic versus E. faecium and significantly reduced the 

bacterial burden compared to the DMSO-treated controls (Figure 4). The control linezolid 

also displayed bacteriostatic activity consistent with the known mechanism for this antibiotic 

against Enterococcus strains65. It reduced the VRE burden more than the reduction observed 

with compounds 22 and 26 or AZM.

Enterococcus faecium genome encodes for both α- and γ-carbonic anhydrase classes

Only twice in previous literature have carbonic anhydrases been annotated in Enterococcus 
genomes. The first was in 1999 when Smith et al. compared genomes of various bacteria and 

archaea species and reported genes that were putative α- and γ-carbonic anhydrases 

(hereafter referred to as α-CA and γ-CA, respectively) in E. faecalis.60 In 2015, Cappasso et 

al. reported that E. faecalis only expressed γ-CA.61 However, there are no reports of 

carbonic anhydrases in genomes from E. faecium. Given the evidence that the inhibitors 

reported herein may be engaging a carbonic anhydrase as the intracellular target, we 

analyzed the genome of the E. faecium DO strain (TX0016/ATCC BAA-472) for putative 

carbonic anhydrase genes in Uniprot (https://www.uniprot.org). It was found that E. faecium 
DO encodes genes for both the α-CA and γ-CA.

The E. faecium α-CA (Efα-CA, Uniprot ID: Q3XYE8) is predicted to be 234 amino acids in 

length and shares high sequence homology with many predicted α-CAs across the 

Enterococcus genus. To determine the similarity of Efα-CA with characterized α-CAs from 

other genera, both bacterial and human, we performed a sequence alignment in Uniprot 

(Figure S1). H. pylori α-CA was the most similar to Efα-CA with the same sequence length 

of 234 amino acids, 23.9% identity and 37.2% similarity (Table S4). This equated to these 

two α-CAs sharing 61.1% sequence identity + similarity. The α-CA from N. gonorrhoeae 
was also very similar with a combined residue identity + similarity of 59.5%. Two human α-

CAs, human CA 1 and CA 2, were around 50% sequence identity + similarity compared to 

Efα-CA.

The γ-CA class is much less characterized compared to α-CAs. Most of the structural and 

catalytic studies of γ-CAs has been for archaea species,66 however, there are recent reports 
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characterizing the structures and enzymatic activity of bacterial γ-CAs.67,68 The E. faecium 
γ-CA (Efγ-CA, Uniprot accession: Q3XX77) is predicted to be 161 amino acids in length 

and shares high sequence homology with many predicted γ-carbonic anhydrases across the 

Enterococcus spp. To determine the similarity of Efγ-CA with γ-CAs characterized from 

other species we performed a sequence alignment in Uniprot (Figure S2). Of the organisms 

analyzed, Efγ-CA was most similar with the 165 amino acid γ-CA from C. difficile, sharing 

77% of residues that were identical + similar (Table S5). The structure of C. difficile γ-CA 

has been deposited in the PDB (ID: 4MFG) from the Center for Structural Genomics of 

Infectious Disease (csgid.org) but has never been characterized for catalytic activity or 

published in any manuscript. Three other bacterial γ-CAs that have been previously reported 

in the literature (Escherichia coli,67 V. cholerae,57 and F. tularensis69) ranged from 62 – 65% 

identity + similarity to Efγ-CA and were generally larger proteins (179 – 184 amino acids). 

Finally, two thermostable microorganisms, Methanosarcina thermophila and Thermus 
thermophilus, displayed the lowest homology (approximately 50%) and were considerably 

larger (247 and 230 amino acids, respectively). Additionally, there are no ligand bound 

structures of γ-CA and only a few reports of inhibitory data with AZM. Thus, this class is 

understudied as a potential therapeutic target for treating bacterial infections.

Homology modeling of E. faecium carbonic anhydrases

Once the intracellular targets for the analogs were determined to likely be one or both of two 

previously uncharacterized carbonic anhydrases expressed in E. faecium, homology models 

were generated for each carbonic anhydrase. Efα-CA shared the highest sequence homology 

with the H. pylori α-CA; however, two critical residues in the active site differed between 

the species. The active site of H. pylori contains an alanine at position 192 and asparagine at 

position 108 (Figure S3A). E. faecium has a threonine in place of the alanine (position 180 

in Efα-CA) and an aspartic acid in place of the asparagine (position 94 in Efα-CA, Figure 

S1). The Thr180 is particularly important because in species where this residue is conserved 

it forms contacts with the thiadiazole nitrogen atoms AZM. For example, in the AZM bound 

structure of human CA 2 (PDB: 3HS470), the corresponding Thr200 residue side chain 

forms a productive contact with the thiadiazole core (Figure S3B). To determine which 

would provide the higher quality homology model, we made two models for the Efα-CA: 

one using human CA 2 as the template and one using H. pylori α-CA using Prime71,72 

(Schrödinger, LLC). The resulting Efα-CA homology models shared high structural 

similarity as the overlaid models aligned with the template structures. To assess the quality 

of the model we calculated a Schrödinger structural alignment score for each. Efα-CA based 

on human CA 2 had a score of 0.038 with a protein RMSD of 0.975 Å. Alternatively, the 

model based on the H. pylori α-CA template produced an alignment score of 0.006 and an 

RMSD value of 0.397 Å. According to the Prime software the lower the structural alignment 

score the better quality of the alignment for overlaid structures. A score of 0.7 or greater 

would indicate a poorly aligned structure. With this information we chose to move forward 

with the Efα-CA homology model based on H. pylori α-CA as the template (Figure 5A). 

The histidine residues that coordinate the Zn2+ and residues lining the active site are well 

conserved both in sequence and secondary structure with the exception of the Asn108 and 

Ala192 (Figure 5B). Both the high degree of sequence and structural homology between the 

template and the model provides confidence the homology model is an accurate prediction 
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of the actual Efα-CA structure. Both a structural overlay (Figure S4) and surface 

representation for Efα-CA and H. pylori α-CA (Figure S5) are shown in supporting 

information.

Efγ-CA shared the highest sequence homology with C. difficile γ-CA, and since there are 

no ligand bound structures of carbonic anhydrase inhibitors with γ-CAs, we chose to use the 

C. difficile structure (PDB ID: 4MFG) as the template to build homology model of the Efγ-

CAs. The Efγ-CA model exhibits the same trimeric catalytic unit found in this particular 

class of CA (Figure 6A and B) and shares high structural similarity to the C. difficile γ-CA 

with an alignment score of 0.015 (overlay of catalytic site histidine residues in Figure 6D). 

The surface representation (Figure 6C) indicates a deep groove below the catalytic Ni2+ ion 

that would be able to accept a ligand. The site was mapped using the software FTSite73 and 

was identified to be an acceptable ligand binding site. The groove is relatively long and deep 

providing an oval shaped site (Figure S6).

Both models appear to be of high quality compared to the reference crystal structures. In the 

case of the Efα-CA, it possesses the known carbonic anhydrase inhibitor binding site 

observed across the α-CA class. The Efγ-CA also has an observed ligand binding site 

mapped by FTSite. These models were selected to perform molecular dynamics simulations 

on prioritized ligands in order to better understand the observed SAR from the series.

Molecular dynamics simulation for analogs binding to E. faecium homology models

To try to better understand the SAR that was observed with this set of analogs, we performed 

molecular dynamics (MD) simulations using Desmond (D.E. Shaw Research, release 2020–

1) via the Maestro interface using AZM, 22, and 26. The MDs were performed on both Efα-

CA and Efγ-CA homology models and run on a 75 ns timescale. Beginning with Efα-CA, 

we first performed an MD simulation with AZM and compared the predicted pose of the 

same ligand with human CA 2 (PDB: 3HS4). In human CA 2, nitrogens of the AZM 
thiadiazole are positioned in proximity to Thr200 forming a hydrogen bond with the side-

chain of the residue (Figure S3B). Thr199 formed side-chain mediated hydrogen bonds with 

sulfonamide while it is coordinated to the Zn2+ ion. The MD simulation reached 

convergence at about 10 ns and largely recapitulated these same interactions in the Efα-CA 

homology model (MD simulation report and video file in supporting information). It was 

predicted the side chain of Thr180 forms hydrogen bond contacts with 3-nitrogen of the 

thiadazole core (Figure 7A) as seen in the AZM-human CA 2 ligand bound structure. 

Additionally, the backbone amide carbonyl of Pro181 is predicted to from a productive 

interaction with proton on the amide of AZM. Both of these interactions are observed at > 

60% of the 75 ns timescale. The water mediated interaction is predicted with Asn125, 

however, this appears to be weaker as the contact was only made 30% of the time.

Next an MD simulation was performed for 22 binding in the Efα-CA active site. This 

trajectory reached convergence at approximately 35 ns (MD simulation report and video file 

in supporting information). The ligand remained fairly rigid aside from the pendant 

cyclohexane moiety. Interestingly, contacts with the side chains of Thr179 and Thr180 were 

predicted to remain, albeit, with different atoms on the ligand (Figure 6B). The simulation 

predicts the thiadiazole core to be flipped in the active site relative to how AZM binds 
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(Figure 6D) and the side-chain of Thr180 forms a hydrogen bond with the carbonyl of the 

amide on 22 while Thr179 forms hydrogen bonds with the sulfonamide similar to those 

observed with AZM and human CA 2. This may be a factor of the hydrophobic side chain 

migrating toward a hydrophobic patch on the side of the active site made up of Leu178, 

Pro181, and Pro182 (Figure 7E and S7). It is possible that for this hydrophobic interaction to 

take place with the low energy conformation of the ligand, that it must flip in the active site 

to accommodate this interaction. Indeed, it has previously been reported that the active site 

of CAs possess a hydrophobic patch and a polar patch, and this interaction predicted in the 

MD simulation is consistent with previously reported hydrophobic contacts of carbonic 

anhydrase inhibitors and CA active site.74,75 Additionally, reported structural data of other 

CAIs has shown the central aromatic core of the inhibitor can rotate in active site to take to 

access productive contacts with the surface of the CA.76 Regardless, the predicted 

interactions with Thr179 and Thr180 may be stronger interactions than those observed with 

AZM in the Efα-CA active site as they are predicted to be maintained for greater that 80% 

of the duration of the simulation. According to this simulation, it is possible this ligand, with 

the alternative orientation, forms stronger hydrogen bonds and additional hydrophobic 

interactions with the Efα-CA catalytic site.

The final MD simulation in the Efα-CA active site was performed with 26. This trajectory 

reached convergence quickly, within the first 10 ns (MD simulation report and video file in 

supporting information), and the thiadiazole core again adopted an alternative pose 

compared to that of AZM (Figure 6C and D). The ligand is predicted to form hydrogen bond 

contacts similar to those observed with 22 as Thr180 donated a hydrogen bond to the amide 

carbonyl of the ligand while Thr179 made the same contacts with the sulfonamide. However, 

the predicted strength of the Thr180 interaction with the amide carbonyl of 26 was reduced 

and predicted to interact approximately 50% of the time compared to 89% of the time with 

the carbonyl of 22. Alternatively, the Thr179 interaction was intact for almost the full 

duration of the simulation. Thus, there appears to be a trade-off in binding strength at each 

Threonine residue. The pendant morpholine group is lifted in the active site away from the 

hydrophobic patch and more in vicinity of a polar region of the protein active site lined by 

Glu67, Lys69, and Asn70 (Figure 7E and S8). However, there are no predicted contacts 

made by the morpholine moiety with these residues and in the video file (Analog 26 Efα-

CA MD.mp4 in supplemental information) it shows the morpholine remained flexible and 

does not stay in any particular location in the active site. Contrast this with the video for 22 
(Analog 22 EfaCA MD.mp4 in the supplemental) where the cyclohexane moiety is also 

relatively flexible and but it remains in a conformation that extends toward the hydrophobic 

patch for a longer duration of the simulation. This would indicate that no meaningful 

binding interaction are made or sustained. As a result of the morpholine lifting the ligand 

toward the polar region there was a new opportunity to form a water mediated hydrogen-

bond with Asp94 and the proton on the amide nitrogen of 26. However, this interaction is 

only maintained 41% of the time and may be relatively weak compared to the hydrogen 

bonds directly to the ligand from residues.

Next MD simulations were performed for all three ligands into the newly generated Efγ-CA 

homology model. While these calculations may provide some insight into potential binding 
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interactions, they should be interpreted with caution as there is no experimentally derived 

ligand bound structural data with γ-CA reported. Thus, we do not have a template to work 

from as we did with AZM to provide confidence in the simulations and these poses are 

speculative. Nonetheless, there is evidence reported in the literature that carbonic anhydrase 

inhibitors are capable of inhibiting γ-CAs,77,78 therefore, we know that the ligand can 

indeed bind to this potential target. However, at least in the case of the γ-CA from the oral 

pathogen Porphyromonas gingivalis, they tend to bind with weaker KI values in the upper 

nanomolar and low micromolar range compared to low nanomolar against human CA 2 for 

example.77 Regardless, MD simulations of the potential binding interactions may provide 

some insight into the observed SAR and future analog design.

Aside from the sulfonamide coordination with the Ni2+, in this case most of the proposed 

interactions took place via water mediated contacts with the catalytic site. Additionally, 

compared to the apo-Efγ-CA homology model, the active site in the MD simulated 

structures appear to be flexible as the cavity in which the ligand binds, opens up. The 

calculation indicated that helix α1 shifts approximately 3.3 Å upon binding (Figure S9A). 

The surface representations of the apo versus the predicted bound state for ligand 22 show 

the widening of the active site pocket to accommodate the ligand (Figures S9B and C). The 

widening may allow more access to the pocket for solvent water molecules leading to the 

aforementioned water mediated hydrogen bonds with the protein residues. For example, 

AZM is predicted to form relatively strong water mediated hydrogens bonds from the 3-

nitrogen on the thiadiazole to Asp53 from the proton on the amide nitrogen to Glu109 on 

one monomer, while the amide carbonyl is predicted to form a water bridged hydrogen bond 

to Met85 on the other monomer lining the catalytic site (Figure 8A). These interactions all 

occur over 50% of the time during the simulation.

Similar to what was observed in the Efα-CA binding for 22 and 26, these ligands also 

adopted alternative poses compared to AZM. Both were pulled toward one side of the site 

that displayed a weak positive surface charge (Figure 8D). The proposed interactions with 

this surface were made by the carbonyl oxygen on the amide of each ligand. In the case of 

22 the ligand is a bit more extended in the active site with the carbonyl oxygen predicted to 

form a water mediated hydrogen bond with the backbone nitrogen of Ala103 for 54% of the 

simulation (Figure 8B). Analog 26 in predicted to make a water mediated contact with 

Gln45 but for only about 34% of the simulation indicating this interaction is slightly weaker 

(Figure 8C). Judging solely on the predicted strength of the interactions from the MD 

simulation, it would appear that AZM would be predicted to bind with the highest affinity 

followed by 22 and then 26. However, without experimental binding data, both structural 

and biochemical, it is difficult to make conclusions based on this model.

To summarize the MD simulations of ligands bound to both Efα-CA and Efγ-CA homology 

models were performed. In the case of Efα-CA the experimentally derived ligand bound 

structure for AZM to other α-CAs was mostly recapitulated and provided confidence in the 

simulation. In the calculations the central thiadiazole core of 22 and 26 appears to rotate in 

the active site compared to AZM. Further experimental evaluation is necessary to validate 

these proposed binding poses. The proposed poses for the ligands with Efγ-CA at this point 

are to be taken with a bit of caution as there is no structural information of an inhibitor 
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bound to a γ-CA to use as a benchmark. Nonetheless, the data does provide some insight 

into the observed SAR that will be discussed below. All PDB files for the homology models 

and representative time points for ligands bound within the simulation, MD simulation 

report files, and .MP4 video files for each ligand binding simulation are provided in the 

supporting information.

In Vitro Solubility, Caco-2 Permeability, and Human Liver Microsome Stability

Compounds 22 and 26 were selected for in vitro ADME evaluation. We chose the most 

potent analog in 22, as well as 26 because it maintained appreciable activity and possesses 

physicochemical properties expected to reduce GIT permeability. It is our hypothesis that 

these compounds, exhibiting different physicochemical and potency profiles, would be 

effective against different forms of VRE infection, either systemic or gut colonization.

Aqueous solubility in phosphate buffered saline (PBS) at pH 7.4, Caco-2 permeability, and 

human liver microsome (HLM) stability were all determined for each analog (Table 4). 22 
was measured to have a mean maximum solubility of 32.8 μM in PBS at pH 7.4 and 25 °C 

(Table 4), about 100-fold less soluble than AZM, which has a reported solubility of 3200 

μM,45 although the AZM measurement was taken in water rather than PBS. The reduced 

solubility of 22 could be expected due to the addition of a highly lipophilic alkyl 

substituents; however, the peak solubility is still approximately 1500-fold greater than the 

MIC concentration against E. faecium HM-965 (32.8 μM converts to 10.4 μg/mL). Analog 

26 displayed improved solubility compared to 22 with a mean maximum solubility of 126.6 

μM. This maximum solubility is approximately 40-fold greater than the MIC for this analog 

against the same strain (126.6 μM converts to 39 μg/mL). Therefore, it is reasonable to 

believe the molecules should remain in solution at concentrations necessary to kill VRE in 

the respective compartments.

Permeability was also assessed for each molecule using the Caco-2 assay79
, in both 

directions (apical➔basolateral and basolateral➔apical), was performed. To mimic the 

intestine-to-blood pH gradient, the donor samples were maintained at pH 6.5 (the pH of the 

lumen of the intestine) while the receiver sample was at pH 7.4 (blood pH). AZM has a 

previously reported Papp = 0.19 × 10−6 cm/s (A➔B) and 0.77 × 10−6 cm/s (B➔A) with a 

pH gradient of 6.0/7.4 (donor/receiver samples) (Table 4).46 The net transport for AZM is 

0.24 (A➔B) and this was shown to be a result of efflux by P-glycoproteins (P-gp) as P-gp 

inhibitors increased the net transport up to 1.92 in the A➔B direction. Analog 22 exhibited 

an increase in Papp with a value of 6.5 × 10−6 cm/s in the A➔B direction and 14.1 × 10−6 

cm/s in the B➔A direction resulting in a net transport 0.46 (A➔B). The increased rate of 

permeability and net transport can likely be attributed to the increase in LogP (calculated in 

PKCSM)80 for 22 compared to AZM making it more membrane permeable. Gratifyingly, 

the design of analog 26 managed to reduce the permeability almost completely as the 

concentration of molecule in the receiver chambers was below the limit of detection for the 

assay (83% of 26 was recovered from the sample chambers).

AZM is excreted through the kidneys and urine unmetabolized81,82. To assess metabolic 

stability of 22 and 26, the analogs were submitted for in vitro metabolism analysis in HLMs 
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according to literature protocols83. The molecules did exhibit slow clearance within HLMs 

with 62% of 22 and 86% of 26 remaining after 60-minute incubation with estimated half-

lives of 74 and 297 minutes, respectively. Additionally, according to permeability data, 26 
would likely have little liver exposure in vivo as it would exhibit little intestinal absorption. 

These data indicate that the pharmacophore of analogs 22 and 26 would remain intact and in 

solution in the respective compartments in therapeutically relevant amounts to combat the 

VRE infection. Full tabular data for in vitro ADME experiments presented in Tables S6 – 

S8.

Evaluation of pharmacokinetics upon oral administration for analog 22

In preparation for future in vivo efficacy assays we chose to evaluate analog 22 in an in vivo 
pharmacokinetics assay to assess the oral bioavailability of this molecule in mice. Mice were 

dosed by oral gavage at 10 mg/kg and then plasma samples were collected at eight 

timepoints (10, 30, 60, 120, 240, 260, 480 and 1440 min post dose). The analog was shown 

to enter circulation rapidly and effectively with a plasma concentration of 184 ± 178 ng/mL 

at the 10 min time point and peaked at 30 min with a Cmax value of 456 ± 21 ng/mL (Figure 

9, Table 5, and Table S9). The analogs had a measured area under the curve (AUCinf) value 

of 562 h*ng/mL. The time the molecule was in the plasma at a total drug concentration 

greater than the MIC90 (T>MIC90) is approximately 3 hrs, however, the concentration of 

unbound fraction is likely much less given that AZM is highly protein bound in plasma.43 

The molecule is completely excreted at the 1440 min (24 hr) time point. This data would 

indicate that the lead molecule 22 is capable of entering the systemic circulation efficiently 

and would be a good a candidate for treating systemic forms of VRE infections.

DISCUSSION

Optimization of novel class of anti-VRE molecules based on the FDA approved CAI AZM 
was carried out. Data suggests the mechanism of action for this series may be inhibition of 

two previously uncharacterized carbonic anhydrases, an α-class and a γ-class, encoded for 

in the Enterococcus genome. The series exhibited tractable SAR trends with respect to the 

substitution on the amine portion of the 5-amino-1,3,4-thiadiazole-2-sulfonamide scaffold 

(Figure 10). A SAR trend that was observed across three matched molecular pairs (AZM 
and 29; 13 and 30; 16 and 31) was the removal of the amide carbonyl resulting in significant 

reduction or complete loss of anti-VRE potency. Secondly, it was observed that increasing 3-

dimensional alkyl bulk off the amide yielded increased potency toward the pathogen. For 

example, the anti-VRE activity increased moving from methyl < ethyl = i-propyl < t-butyl 

for the series of AZM, 3, 4, and 5. It was more pronounced when the chain length was 

extended by one methylene with stepwise increases in potency moving from pendant methyl 

(3, MIC = 1 μg/mL), ethyl (6, 0.5 μg/mL), i-propyl (7, 0.125 μg/mL), and t-butyl (8, 0.015 

μg/mL). The same could be observed when comparing cyclic alkyl moieties as the anti-VRE 

potency increased with larger ring size for the series of analogs 10 – 13 and 17 – 20.

Extending the distance of the pendant group from the carbonyl also led to improved anti-

VRE potency across several nearest neighbor analogs. One such example being the set of 

analogs moving the pendant cyclohexane moiety from directly next to the amide (13, MIC = 
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0.25 μg/mL), to a one-methylene (20, 0.06 μg/mL) and then to a two-methylene linker (22, 

0.007 μg/mL). Interestingly, incorporation of polar atoms such as nitrogen or oxygen into 

the cycloalkane ring reduced activity and these molecules also did not adhere to previously 

observed SAR trends (analogs 24 – 28). Nonetheless, even though potency was reduced 

most of the analogs were equipotent to linezolid.

To round out SAR trends, three analogs were tested to explore the necessity of the 

sulfonamide and modifications to the central thiadazole-core. First, the sulfone containing 

analog 33, in which the sulfonamide nitrogen was replaced with a methyl group, exhibited a 

complete loss of activity consistent with SAR from this class of inhibitors and human 

carbonic anhydrase targets. The next derivative maintained the sulfonamide substituent 

while removing a nitrogen from the 4-position that flanks the sulfonamide in the central 

thiadiazole core to provide thiazole derivative (34). Surprisingly, this analog also displayed a 

complete loss of anti-VRE activity suggesting the nitrogen placement in the thiadiazole ring 

is equally as crucial for binding. This is further supported by analog 35, in which the 

thiadiazole core is replaced by a central phenyl core, also leading to a complete loss of 

activity. Taken together these analogs suggest the critical element for inhibition by this series 

of molecules must contain the sulfonamide with a nitrogen in the ring directly next to it 

(Figure 10).

In an attempt to better understand the observed SAR, homology models for the proposed 

intracellular targets Efα-CA and Efγ-CA were built and MD simulations were performed. 

We first attempted docking for all analogs to try to gain insight into molecule SAR but 

docking scores are not meant to provide comparative values for analogs.84 The more 

accurate method to evaluate binding is MD simulation; thus, given the heavy computational 

burden of these calculations, we carried them out for three molecules: AZM, 22, and 26 
against each homology model. AZM served as a benchmark as there is sufficient ligand 

bound structural data to various α-CAs to evaluate the accuracy of the MD simulation. The 

binding mode was largely the same and formed similar contacts compared to the 

experimentally derived interactions for AZM providing confidence in the Efα-CA 

simulations. The atoms mainly involved in binding, aside from the normal sulfonamide 

interactions, according to the simulation were the 3-nitrogen within the thiadiazole ring and 

the nitrogen in the amide. These interactions may explain why the other FDA approved 

CAIs and analog 35 had lower efficacy against VRE as these were all more sterically 

hindered at the 3-nitrogen or lacked it completely. Surprisingly, the MD simulation did not 

predict any interactions with the amide carbonyl or the 4-nitrogen in the thiadiazole even 

though these atoms appear to be crucial for activity against VRE. We would have expected 

some interactions with these atoms given that removing led to losing the activity all together 

(see analogs 29 – 31 and 34). This discrepancy may be attributed to the fact that we are 

performing the MD simulations on a homology model and not on a known crystal structure. 

Another alternative explanation for the reduced efficacy of 34 and 35, is that lacking a 4-

nitrogen in thiadiazole or substituting a phenyl ring in place of the thiadiazole, may be the 

modulated pKa of the sulfonamide nitrogen. It was shown recently that modulation of the 

pKa to make the sulfonamide more acidic improves the binding affinity and the on-rate for 

binding the human CA 2.76 AZM has a reported pKa of the sulfonamide of 7.285 and a 
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predicted pKa of 7.3 using MarvinSketch (Version 18.28, ChemAxon, 

www.chemaxon.com). Analog 34, lacking the 4-nitrogen, has a predicted sulfonamide pKa 

increase to 8.43 and analog 35, with a central phenyl core, has a predicted sulfonamide pKa 

of 10.28. Moreover, other reports have estimated that the sulfonamide interaction accounts 

for up to 65% of the Gibbs free energy of binding to the CA in a series of fluorinated CAIs.
86 While the analogs reported here are not directly comparable to the fluorinated derivatives 

it does underscore the importance of tuning the sulfonamide interaction with the metal. 

Thus, the combination of reduced interactions with the active site along with increasing the 

pKa of the sulfonamide may be two likely factors contributing to the loss of activity for 

these analogs.

Interestingly, the binding poses for 22 and 26 adopt alternative orientations that seem to 

accommodate for the increased bulk of the cyclohexyl and morpholine moieties. These 

orientations are predicted to still maintain the contact with Thr180, however, the hydrogen 

bond is now to the carbonyl on the amide rather than the 3-nitrogen in the thiadiazole. This 

binding pose would indicate increased importance of the carbonyl. Comparing a similar 

cyclohexane containing analog lacking the carbonyl and reducing the linker by a single 

methylene (30), the analog was again inactive against VRE suggesting this potential 

interaction may be real and is critical for inhibition. Compound 22 was the most potent of 

the three analogs tested experimentally and, according to the MD simulation calculation, this 

analog would also form the strongest interactions with the Efα-CA site. Moreover, the 

lipophilic cyclohexane tail is predicted to place itself along the well-known hydrophobic 

patch of the active site. Thus, the increased strength of the proposed hydrogen bonds 

combined with the added hydrophobic binding could partially explain the increased potency 

of 22 over the other analogs. The SAR trend of increasing length of the alkyl linker to 

improve potency also fits this binding pose as the lipophilic portions would be able to reach 

the hydrophobic patch more effectively without pulling the molecule away from the 

productive contacts with Thr180.

Finally, the difference in potency between 22 and 26 could also potentially be explained by 

where the morpholine tail on 26 resides during the simulation. This polar tail does not move 

toward the hydrophobic patch but rather is oriented toward a more polar region of the active 

site. However, even though it aligns itself with this region it does not form any new 

productive contacts. Furthermore, this pose may pull the amide carbonyl away from Thr180 

in turn, reducing the strength of the hydrogen bond, as observed in the simulation. This pose 

could account for the reduced potency of all analogs that had heteroatoms inserted into the 

pendant cyclic group. Indeed, a new from study Glöckner et al. that investigated a 

congeneric series of alkyl substituents concluded that increasing alkyl length improves the 

kinetics on-rate (kon) of CAI ligands, via interaction with hydrophobic patch.87,88 

Alternatively, addition of polar atoms into the alkyl chains reduced the kon. Combining this 

information with the sulfonamide interaction studies referenced above one could deduce that 

the hydrophobic tail of series presented herein could improve the kon to facilitate the 

sulfonamide interaction with the active site Zn2+ more efficiently. These more exhaustive 

thermodynamic and kinetic studies will be performed in the future to delineate the 

contributions of the substituents in out series toward Efα-CA binding.
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The MD simulations for the Efγ-CA at this point are speculative and it is difficult to 

generate any meaningful conclusions with respect to observed SAR. However, they do 

provide predicted interactions that could be probed in the future.

This data combined with the fact that modification of the sulfonamide to the sulfone (33) 

abolishes VRE potency (previously seen in CAI SAR) and that the bacteria are no longer 

susceptible to the molecules in conditions with high CO2 strongly suggests the intracellular 

target for these molecules might be one or both of the carbonic anhydrases.

Even though the MD simulations for these three molecules does provide some insight into 

the predicted binding and observed SAR, there are still caveats to be kept in mind. First, 

potency toward the bacteria is not solely based on binding affinity to the targets, but also it is 

a cellular response that is heavily reliant on molecule permeability and access to the 

intracellular targets, an aspect that is much different and more difficult to predict in bacteria 

compared to human cells. Second, if these molecules are indeed inhibiting both classes of 

CA then the balance of polypharmacology would have an effect on the overall cellular 

potency. Third, we have yet to determine which class of CA is more essential to the survival 

of the bacteria. Questions regarding the expression levels of both the Efα-CA and Efγ-CA 

or the essentiality of the processes they regulate still need to be answered before we can 

determine if one or both are suitable drug targets. Also, does one CA compensate for the 

other making it beneficial to inhibit both? These items will be investigated in follow-up 

work.

Finally, in preparation of future in vivo work, analogs 22 and 26 were assessed for in vitro 
ADME properties including aqueous solubility in PBS buffer at pH 7.4, Caco-2 cell 

permeability, and HLM stability as well as in vivo oral bioavailability The analogs did 

exhibit reduced solubility compared to AZM; however, this could be expected given the 

addition of lipophilic substituents and they still maintained aqueous solubility well above the 

concentrations necessary for potency against the bacteria. The molecules also provided 

diverging profiles for Caco-2 permeability as 22 was sufficiently permeable, more than the 

reported values for AZM. This was also showed in the in vivo PK assay as 22 proved to be 

orally bioavailable and this data positions our team to assess various dose sizes and 

schedules for treatment of systemic VRE infections. Alternatively, analog 26 was designed 

to reduce cell permeability as a strategy to sequester the molecule in the human gut 

compartment for treatment of gut colonization. The permeability data suggests the strategy 

was successful as the molecule was not detected in the receiver samples. The increased 

permeability observed for 22 is likely a result of the addition of a highly lipophilic 

functionality that would allow for more efficient diffusion through a hydrophobic cellular 

membrane, although the molecule still appears to be a substrate for P-gp. On the other hand, 

the decreased permeability of 26 is likely a result of the addition of more polar heteroatoms 

into the alkyl ring, although, it is a bit surprising that these modifications reduced 

permeability to a degree that the molecule level was below the limit of detection in the 

receiver samples. For comparison, linezolid has a reported Papp (A ➜ B) = 18.1 × 10−6 cm/s 

and 31.2 × 10−6 cm/s (B ➜ A)89. This high permeability rate may be a contributing factor to 

the lack of efficacy for linezolid in VRE decolonization30.
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Although AZM is reported to not be metabolized in vivo and is excreted unchanged through 

the urine, this attribute may not translate to 22 and 26 as these are new chemical entities so 

an assessment of molecules stability in HLMs was obtained. The molecules exhibited an 

overall stable profile in HLMs with 62% of 22 remaining and 86% of 26 remaining after 60-

minute incubation. What this method does not account for is loss of molecule to non-specific 

binding to membranes of the microsomes; however, there may be some metabolic activity 

for 22 and less so for 26. There is no reported data of AZM in HLMs for comparison. Given 

the reduced permeability of 26, we are less concerned about any potential metabolic liability 

as this molecule would likely not make it to the liver in the first place. However, in vivo PK 

analysis would need to be performed to confirm the molecule does not enter the blood 

stream in appreciable amounts. Alternatively, even though 22 has an apparent half-life of 

approximately 74 minutes in HLMs, that could reduce the overall concentration of the active 

molecule in circulation after first pass metabolism.

Items that remain in question regarding this series that will be part of future investigation 

include modification to increase plasma half-life, and unbound drug concentration 

specifically. AZM is known to bind plasma protein at over 90%.43 While high plasma 

protein binding is typically an indicator of less free drug to access the desired target that is 

not that case for carbonic anhydrase inhibitors. AZM has better affinity for carbonic 

anhydrase than it does for human serum albumin and this pushes the equilibrium toward 

high concentrations at the target. For example, total drug concentration is much greater in 

red blood cells (RBCS) (>10-fold), where carbonic anhydrase 2 is located, than in plasma.
90,91 Therefore, even though plasma protein binding is >90% for AZM there is less total 

drug in the plasma water than at the site of action and the equilibrium is always moving 

toward binding to carbonic anhydrase as a sink until sites are saturated. Given that the 

MIC90 for 22 is 0.030 μg/mL, which equates to 94.2 nM cellular potency, it is reasonable to 

assume that the affinity at the intracellular carbonic anhydrase target would be low nM 

range. Thus, even though it is unknown how effectively 22 binds to plasma proteins the 

molecule may behave similarly to AZM as far as distribution. Nonetheless, improving the 

plasma protein binding parameter will be a priority and further in vivo PK will be evaluated 

as part of future studies. Additional evaluation of potential metabolic by-products for 22 is 

also warranted to determine how much is excreted unchanged or to identify potential hot 

spots that may be susceptible to metabolism. Additional optimization of the lead 26 to 

improve upon the MIC90 while maintaining low GIT permeability is also a priority of future 

work. Finally, future in vivo studies are planned to assess the efficacy of these molecules in 

systemic and gut decolonization models of VRE.

CONCLUSION

In conclusion, we report a new class of potent anti-enterococcal agents based on the FDA-

approved CAI, AZM. This scaffold has undergone SAR optimization to yield two potential 

leads for treatment of VRE infections. The most potent analog 22 was shown to have an 

MIC = 0.007 μg/mL versus clinical strains of VRE and an MIC90 value of 0.03 μg/mL. 

Alternatively, 26 had a measured MIC = 1 μg/mL and an MIC90 value of 4 μg/mL. Our data 

suggests the intracellular targets for these analogs might be uncharacterized Efα-CA and 
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Efγ-CA. MD simulation studies indicate the analogs bind efficiently to both targets and 

provide insight into the observed SAR as well as potential future modifications. These 

molecules diverge in Caco-2 permeability where 22 exhibited increased permeability 

compared to AZM while 26 was effectively impermeable. Thus, it is our hypothesis that 22, 

with superior anti-VRE potency and permeability, will be effective against systemic VRE 

infections; while 26, with much reduced permeability will be particularly effective in VRE 

gut decolonization. Future studies are required and planned to test this hypothesis. To close, 

the lead molecules described represent promising, novel therapeutic treatment options for a 

wide variety of VRE infections and both possess potency and/or PK properties that are 

superior to the current standard treatment of VRE.

EXPERIMENTAL SECTION

Chemistry

General Methods.—1H and 13C NMR spectra were recorded on either a Bruker DRX500 

(operating at 500 and 126 MHz) or Avance-III-800 spectrometer (operating at 800 and 200 

MHz) in either CDCl3, MeOD-d4, or DMSO-d6 with or without the internal standard of 

TMS at 0.05% v/v. The chemical shifts (δ) reported as parts per million (ppm) and the 

coupling constants are reported as s = singlet, bs = broad singlet, d = doublet, t = triplet, q = 

quartet, dd = doublet of doublet, m = multiplet. The purity of all final compounds was >95 

% purity as assessed by HPLC according to current American Chemical Society guidelines 

for publication. Final compounds were analyzed on an Agilent 1200 series chromatograph. 

The chromatographic method utilized as ThermoScientific Hypersil GOLD C-18 or silica 

column. UV detection wavelength = 220/254 nm; flow-rate = 1.0 mL/min; mobile phases: 1) 

acetonitrile/water with 0.1% formic acid or 2) acetonitrile/water with 0.1% ammonium 

hydroxide. The mass spectrometer used is an Advion CMS-L Compact Mass Spectrometer 

with an ESI or an APCI source. Samples are submitted for analysis solubilized in 1:1 

acetonitrile:water solution or using the atmospheric solids analysis probe (ASAP). 

Compounds were generally prepared according to scheme 1 and protocols are detailed 

below. The following analogs were purchased from commercial vendors, fully characterized 

to confirm identify and purity then used for biological evaluation: AZM (Alfa Aesar, Cat # 

L07562), EZM (Sigma Aldrich, Cat # 333328), 40 (Enamine, Cat # EN300–79477), and 41 
(Combi-Blocks, Cat # A59503).

N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)acetamide (acetazolamide, AZM).

AZM was purchased from a commercial vendor (Alfa Aesar, Cat # L07562) and 

characterized prior to biological evaluation. 1H NMR (500 MHz, DMSO-d6): δ 13.04 (s, 

1H), 8.36 (s, 2H), 3.41 (s, 3H). 13C NMR (126 MHz, DMSO-d6): δ 169.8, 164.6, 161.4, 

22.7. APCI-MS−: m/z 220.9 [M - H]−. HPLC retention time: 7.935 min (mobile phase 1). 

HPLC Purity: 95.5%.

6-Ethoxybenzo[d]thiazole-2-sulfonamide (ethoxzolamide, EZM).

EZM was purchased from a commercial vendor (Sigma Aldrich, Cat # 333328) and 

characterized prior to biological evaluation. 1H NMR (500 MHz, DMSO-d6): δ 8.23 (s, 2H), 

8.00 (d, J = 9.0 Hz, 1H), 7.75 (d, J = 2.5 Hz, 1H), 7.20 (dd, J = 9.0, 2.5 Hz, 1H), 4.09 (q, J = 
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7.0 Hz, 2H), 1.34 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 166.6, 158.3, 

146.3, 137.9, 125.2, 118.1, 105.7, 64.2, 14.9. APCI-MS−: m/z 256.9 [M - H]−. HPLC 

retention time: 11.263 min (mobile phase 1). HPLC Purity: 98.3%.

5-Amino-1,3,4-thiadiazole-2-sulfonamide (1).

To a 100 mL roundbottom flask was added AZM (2.1 g, 9.3 mmol, 1 eq.) and concentrated 

HCl (10 mL, 120 mmol, 13 eq.) to form a white suspension. The reaction was refluxed at 95 

°C and the white suspension became a colorless solution. After 24 h the reaction was cooled 

to rt and a white precipitate began to form. The reaction was removed from stirring and the 

white precipitate was allowed to settle. The excess HCl was decanted off and the remaining 

solid suspension containing as little HCl as possible was cooled in ice bath. This suspension 

was neutralized to pH 7 with 5.0 M aqueous NaOH solution. The white precipitate was 

filtered out by vacuum filtration to afford 2 as a white solid (1.23 g, 6.8 mmol, 74 %). 1H 

NMR (500 MHz, DMSO-d6): δ 8.02 (s, 2H), 7.77 (s, 2H). 13C NMR (126 MHz, DMSO-d6): 

δ 171.8, 158.5. APCI-MS+: m/z 180.9 [M + H]+. HPLC retention time: 2.174 min (mobile 

phase 2). HPLC Purity: 98.6%.

2-Chloro-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)acetamide (2a).

To a vial was added the 2 (1.0 g, 5.6 mmol, 1 eq.) in anhydrous acetonitrile (25 mL) 

followed by addition of triethylamine (0.93 mL, 6.7 mmol, 1.2 eq.). The reaction was cooled 

to 0 °C then a solution of chloroacetyl chloride (0.49 mL, 6.1 mmol, 1.1 eq.) in acetonitrile 

(5 mL) was added over 15 minutes. The reaction was stirred at 0 °C for 6 hrs then allowed to 

warm to room temperature overnight. The solvent was removed in vacuo and the resulting 

crude material was treated with water (30 mL) and extracted with dichloromethane (3 × 40 

mL). The organic layers were combined, washed with brine and dried over MgSO4. The 

suspension was filtered and the filtrate was concentrated. The crude product was purified by 

column chromatography (30 – 50% EtOAc:Hex) to afford intermediate 3a (0.66 g, 2.6 

mmol, 46%) as a white solid. 1H NMR (500 MHz, DMSO-d6): δ 13.37 (s, 1H), 8.33 (s, 2H), 

4.48 (s, 2H). APCI-MS: m/z 256.9 [M + H]+.

3-Chloro-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)propanamide (2b).

Prepared according to same procedure as intermediate 3a using 2 (0.50 g, 2.8 mmol, 1 eq.), 

triethylamine (0.50 mL, 3.6 mmol, 1.3 eq.), and 3-chloropropanoyl chloride (0.46 g, 3.6 

mmol, 1.3 eq.) to yield 2b (0.29 g, 1.1 mmol, 39%) as an off-white solid. 1H NMR (500 

MHz, DMSO-d6): δ 13.15 (s, 1H), 8.30 (s, 2H), 3.88 (t, J = 6.3 Hz, 2H), 3.03 (t, J = 6.3 Hz, 

2H). APCI-MS: m/z 270.8 [M + H]+.

General Procedure 1 for analogs 3 – 23. Described in detail for analog 3.

N-(5-Sulfamoyl-1,3,4-thiadiazol-2-yl)propionamide (3).92—To an argon flushed vial 

was added 1 (0.200 g, 1.1 mmol, 1 eq.) dissolved in 1 mL of acetonitrile, followed by 

triethylamine (187 μL, 0.27 mmol, 1.2 eq.) at 0 °C. Propionyl chloride (96 μL, 1.1 mmol, 1 

eq.) was then diluted with acetonitrile (0.2 mL) and added drop-wise to the reaction mixture 

at 0 °C. The reaction mixture was stirred for 14 hours at room temperature. The reaction 

mixture was then worked up using DCM and washed with 2N HCl, followed by brine and 
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was further purified by normal phase chromatography (0 – 100% ethyl acetate: hexane) to 

afford desired product 3 as a white solid (0.041 g, 0.17 mmol, 16%). 1H NMR (500 MHz, 

DMSO-d6): δ 12.98 (s, 1H), 8.34 (s, 2H), 2.56 – 2.52 (m, 2H), 1.11 (t, J = 7.5 Hz, 3H). 13C 

NMR (126 MHz, DMSO-d6) δ 173.3, 164.5, 161.5, 28.5, 9.1. ESI-MS: m/z 236.6 [M+H]+. 

HPLC retention time: 8.672 min (mobile phase 1). HPLC Purity: 98.2%.

N-(5-Sulfamoyl-1,3,4-thiadiazol-2-yl)isobutyramide (4).92—Prepared according to 

general procedure 1 using 1 (0.050 g, 0.28 mmol, 1 eq.), isobutyryl chloride (29 μL, 0.28 

mmol, 1 eq.), and triethylamine (47 μL, 0.34 mmol, 1.2 eq.). Isolated as a white solid (0.049 

g, 0.20 mmol, 71%). 1H NMR (500 MHz, DMSO-d6): δ 13.01 (s, 1H), 8.34 (s, 2H), 2.84–

2.79 (m, 1H), 1.15 (d, J = 6.8 Hz, 6H). 13C NMR (126 MHz, DMSO-d6) δ 176.4, 164.7, 

161.6, 34.3, 19.2. ESI-MS: m/z 250.6 [M+H]+. HPLC retention time: 9.553 min (mobile 

phase 1). HPLC Purity: 100%.

N-(5-Sulfamoyl-1,3,4-thiadiazol-2-yl)pivalamide (5).93—Prepared according to 

procedure 1 using 1 (0.050 g, 0.28 mmol, 1 eq.), pivaloyl chloride (34 μL, 0.28 mmol, 1 eq.), 

and triethylamine (47 mL, 0.34 mmol, 1.2 eq.). Isolated as a white solid (0.021 g, 0.080 

mmol, 29%). 1H NMR (500 MHz, DMSO-d6): δ 12.75 (s, 1H), 8.33 (s, 2H), 1.27 (s, 9H). 
13C NMR (126 MHz, DMSO-d6) δ 173.5, 162.7, 159.2, 38.8, 28.5. APCI-MS: m/z 264.9 [M

+H]+. HPLC retention time: 10.230 min (mobile phase 1). HPLC Purity: 99.2%

N-(5-Sulfamoyl-1,3,4-thiadiazol-2-yl)butyramide (6).92—Prepared according to 

procedure 1 using 1 (0.053 g, 0.29 mmol, 1 eq.), butyryl chloride (30 μL, 0.29 mmol, 1 eq.), 

and triethylamine (47 mL, 0.34 mmol, 1.2 eq.). Isolated as a white solid (0.009 g, 0.036 

mmol, 17 %). 1H NMR (500 MHz, DMSO-d6): δ 12.98 (s, 1H), 8.29 (s, 2H), 2.48 (bs, 2H), 

1.64–1.58 (m, 2H), 0.87 (t, J = 7.3 Hz). 13C (126 MHz, DMSO-d6: δ 172.5, 164.6, 161.4, 

37.0, 18.2, 13.8. APCI-MS: m/z 251.0 [M+H]+ HPLC retention time: 9.465 min (mobile 

phase 1). HPLC Purity: 95.9%.

3-Methyl-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)butanamide (7).94—Prepared 

according to procedure 1 using 1 (0.050 g, 0.28 mmol, 1 eq.), isovaleryl chloride (34 μL, 

0.28 mmol, 1 eq.), and triethylamine (47 mL, 0.34 mmol, 1.2 eq.). Isolated as a white solid 

(0.036 g, 0.14 mmol, 49 %). 1H NMR (500 MHz, DMSO-d6): δ 13.03 (s, 1H), 8.33 (s, 2H), 

2.42 (d, J = 7.1 Hz, 2H), 2.11 (m, 1H), 0.93 (d, J = 6.7 Hz, 6H). 13C NMR (126 MHz, 

DMSO-d6): δ 171.9, 164.6, 161.3, 44.0, 25.7, 22.5. APCI-MS: m/z 265.0 [M + H]+. HPLC 

retention time: 10.306 min (mobile phase 1). HPLC Purity: 100%.

3,3-Dimethyl-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)butanamide (8).—Prepared 

according to procedure 1 using 1 (0.050 g, 0.28 mmol, 1 eq.), 3,3-dimethylbutyryl chloride 

(39 μL, 0.28 mmol, 1 eq.), and triethylamine (47 μL, 0.34 mmol, 1.2 eq.). Isolated as a white 

solid (0.033g, 0.12 mmol, 43 %). 1H NMR (500 MHz, DMSO-d6): δ 12.98 (s, 1H), 8.32 (s, 

2H), 2.42 (s, 2H), 1.01 (s, 9H). 13C NMR (126 MHz, DMSO-d6): δ 171.2, 164.5, 161.2, 

48.1, 31.4, 29.7. APCI-MS: m/z 279.0 [M+H]+. HPLC retention time: 10.844 min (mobile 

phase 1). HPLC Purity: 100%.
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N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)heptanamide (9).—Prepared according to 

procedure 1 using 1 (0.050 g, 0.28 mmol, 1 eq.), heptanoyl chloride (43 μL, 0.28 mmol, 1 

eq.), and triethylamine (47 μL, 0.34 mmol, 1.2 eq.). Isolated as a white solid (0.028 g, 0.12 

mmol, 35 %). 1H NMR (500 MHz, DMSO-d6): δ 13.00 (s, 1H), 8.33 (s, 2H), 1.65 – 1.57 

(m, 2H), 1.34 – 1.20 (m, 8H), 1.86 (t, J = 7.1 Hz). 13C NMR (126 MHz, DMSO-d6): δ 172.4, 

164.3, 161.1, 34.9, 30.9, 28.2, 24.4, 22.0, 14.0. APCI-MS: m/z 293.0 [M+H]+. HPLC 

retention time: 11.600 min (mobile phase 1). HPLC Purity: 99.2%.

N-(5-Sulfamoyl-1,3,4-thiadiazol-2-yl)cyclopropanecarboxamide (10).—Prepared 

according to procedure 1 using 1 (0.035 g, 0.19 mmol, 1 eq.), cyclopropanecarbonyl 

chloride (21 μL, 0.23 mmol, 1.2 eq.), and triethylamine (32 μL, 0.23 mmol, 1.2 eq.). Isolated 

as a white solid (0.010 g, 0.040 mmol, 21%). 1H NMR (500 MHz, DMSO-d6): δ 13.28 (s, 

1H), 8.30 (s, 2H), 2.04 – 1.99 (m, 1H, CH), 1.03 – 0.97 (m, 4H). 13C NMR (126 MHz, 

DMSO-d6) δ 173.2, 164.6, 161.5, 14.1, 9.6. APCI-MS: m/z 249.0 [M+H]+. HPLC retention 

time: 9.253 min (mobile phase 1). HPLC Purity: 100 %.

N-(5-Sulfamoyl-1,3,4-thiadiazol-2-yl)cyclobutanecarboxamide (11).—Prepared 

according to procedure 1 using 1 (0.040 g, 0.22 mmol, 1 eq.), cyclobutanecarbonyl chloride 

(26 μL, 0.27 mmol, 1.2 eq.), and triethylamine (37 μL, 0.27 mmol, 1.2 eq.). Isolated as a 

white solid (0.026 g, 0.057 mmol, 26%). 1H NMR (500 MHz, DMSO-d6): δ 12.88 (s, 1H), 

8.29 (s, 2H), 3.43–3.36 (m, 1H), 2.25–2.18 (m, 2H), 2.17–2.14 (m, 2H), 1.98–1.89 (m, 1H), 

1.83–1.76 (m, 1H). 13C NMR (126 MHz, DMSO-d6): δ 174.0, 164.6, 161.6, 38.5, 24.8, 

18.0. ESI-MS: m/z 262.9 [M+H]+. HPLC retention time: 11.133 min (mobile phase 1). 

HPLC Purity: 100 %.

N-(5-Sulfamoyl-1,3,4-thiadiazol-2-yl)cyclopentanecarboxamide (12).—Prepared 

according to procedure 1 using 1 (0.050 g, 0.28 mmol, 1 eq.), cyclopentanecarbonyl chloride 

(34 μL, 0.28 mmol, 1.2 eq.), and triethylamine (46 μL, 0.33 mmol, 1.2 eq.). Isolated as a 

white solid (0.025 g, 0.089 mmol, 32%). 1H NMR (500 MHz, DMSO-d6): δ 12.98 (s, 1H), 

8.29 (s, 2H), 2.99–2.93 (m, 1H), 1.91–1.84 (m, 2H), 1.73–1.67 (m, 2H), 1.64–1.60 (m, 2H), 

1.57–1.50 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 175.6, 164.6, 161.6, 44.2, 30.1, 26.0. 

APCI-MS: m/z 277.1 [M + H]+. HPLC retention time: 10.498 min (mobile phase 1). HPLC 

Purity: 99.5%.

N-(5-Sulfamoyl-1,3,4-thiadiazol-2-yl)cyclohexanecarboxamide (13).—Prepared 

according to procedure 1 using 1 (0.050 g, 0.28 mmol, 1 eq.), cyclohexanecarbonyl chloride 

(34 μL, 0.28 mmol, 1.2 eq.), and triethylamine (46 μL, 0.33 mmol, 1.2 eq.). Isolated as a 

white solid (0.027 g, 0.094 mmol, 34%). 1H NMR (500 MHz, DMSO-d6): δ 12.97 (s, 1H), 

8.33 (s, 2H), 2.62 – 2.54 (m, 1H), 1.86 (broad m, 2H), 1.74 (broad m, 2H), 1.46–1.37 (m, 

2H), 1.33 – 1.12 (m, 4H). 13C NMR (126 MHz DMSO-d6): δ 175.3, 164.7, 161.5, 43.7, 

28.9, 25.5, 25.3. APCI-MS: m/z 291.2 [M+H]+. HPLC retention time: 11.043 min (mobile 

phase 1). HPLC Purity: 95.2%.
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1-methyl-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)cyclohexane-1-carboxamide (14).

Step 1:  To a vial was added the 1-methylcyclohexane-1-carboxylic acid (95 mg, 0.67 mmol, 

1.1 eq.) in DCM (1 mL). This was cooled to 0 °C followed by addition of oxalyl chloride 

(0.40 mL, 0.80 mmol, 1.2 eq.) and DMF (1 drop). The reaction then allowed to warm to 

room temperature and stirred for 2 hrs. After 2 hrs the reaction was concentrated in vacuo 
and the crude acyl chloride was carried into step 2 uncharacterized.

Step 2:  Same as procedure 1 using 1 (0.12 g, 0.64 mmol, 1 eq.), crude acyl chloride (step 

1), and triethylamine (100 μL, 0.70 mmol, 1.2 eq.). Isolated as a white solid (0.015 g, 0.050 

mmol, 7.8%). 1H NMR (500 MHz, DMSO-d6): δ 12.68 (s, 1H), 8.28 (s, 2H), 2.09 – 2.04 

(m, 2H), 1.49 – 1.26 (m, 8H), 1.19 (s, 3H). 13C NMR (200 MHz, DMSO-d6) δ 177.3, 164.8, 

162.4, 43.4, 34.7, 25.5, 22.8. APCI-MS: m/z 305.1 [M+H]+. HPLC retention time: 11.416 

min (mobile phase 1). HPLC Purity: 100 %.

4-methyl-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)cyclohexane-1-carboxamide (15).

Step 1:  To a vial was added the 4-methylcyclohexane-1-carboxylic acid (114 mg, 0.80 

mmol, 1.4 eq.) in DCM (1 mL). This was cooled to 0 °C followed by addition of oxalyl 

chloride (0.40 mL, 0.80 mmol, 1.4 eq.) and DMF (1 drop). The reaction then allowed to 

warm to room temperature and stirred for 2 hrs. After 2 hrs the reaction was concentrated in 
vacuo and the crude acyl chloride was carried into step 2 uncharacterized.

Step 2:  Same as procedure 1 using 1 (0.10 g, 0.57 mmol, 1 eq.), crude acyl chloride (step 

1), and triethylamine (100 μL, 0.70 mmol, 1.2 eq.). Isolated as a white solid (0.076 g, 0.25 

mmol, 44%). 1H NMR (500 MHz, DMSO-d6) δ 12.95 (s, 1H), 8.29 (s, 2H), 2.45 (m, 1H), 

1.80 (dd, 2H, J = 10, 5 Hz), 1.70 (dd, 2H, J = 10, 5 Hz), 1.40 (qd, J = 12.9, 3.3 Hz, 2H), 1.34 

– 1.23 (m, 1H), 0.95 – 0.87 (qd, J = 12.9, 3.3 Hz, 2H), 0.84 (d, J = 6.5 Hz, 3H).13C NMR 

(200 MHz, DMSO-d6) δ 175.5, 164.7, 161.6, 43.0, 33.6, 31.8, 29.0, 21.6. APCI-MS: m/z 

305.0 [M+H]+. HPLC retention time: 11.572 min (mobile phase 1). HPLC Purity: 96.8%.

N-(5-Sulfamoyl-1,3,4-thiadiazol-2-yl)benzamide (16).93—Prepared according to 

procedure 1 using 1 (0.043 g, 0.24 mmol, 1 eq.), benzoyl chloride (34 μL, 0.28 mmol, 1.2 

eq.), and triethylamine (40 μL, 0.28 mmol, 1.2 eq.). Isolated as a white solid (0.0035 g, 

0.012 mmol, 5%). 1H NMR (500 MHz, DMSO-d6): δ 13.56 (s, 1H), 8.37 (s, 2H), 8.19 – 

8.12 (m, 2H), 7.73 – 7.66 (m, 1H), 7.61–7.58 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 
166.1, 165.0, 162.6, 133.7, 131.3, 129.1, 129.0. APCI-MS: m/z 284.9 [M+H]+. HPLC 

retention time: 10.288 min (mobile phase 1). HPLC Purity: 99.4%.

2-Cyclopropyl-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)acetamide (17).

Step 1:  To a vial was added the 2-cyclopropyl acetic acid (31 mg, 0.31 mmol, 1.1 eq.) in 

DCM (1 mL). This was cooled to 0 °C followed by addition of oxalyl chloride (29 μL, 0.33 

mmol, 1.2 eq.) and DMF (1 drop). The reaction then allowed to warm to room temperature 

and stirred for 1 hr. After 1 hr the reaction was concentrated in vacuo and the crude acyl 

chloride was carried into step 2 uncharacterized.
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Step 2:  Same as procedure 1 using 1 (0.050 g, 0.28 mmol, 1 eq.), crude 2-cyclopropyl 

acetyl chloride (step 1), and triethylamine (46 μL, 0.33 mmol, 1.2 eq.). Isolated as a white 

solid (0.023 g, 0.088 mmol, 31%). 1H NMR (500 MHz, DMSO-d6): δ 12.95 (s, 1H), 8.29 (s, 

2H), 2.39 (d, J = 7.1 Hz, 2H), 1.06–0.98 (m, 1H), 0.46 (q, J = 5.7 Hz, 2H), 0.17 (q, J = 4.9 

Hz, 2H). 13C NMR (126 MHz, DMSO-d6): δ 172.2, 164.5, 161.6, 40.1, 7.4, 4.4. APCI-MS: 

m/z: 262.9 [M+H] +. HPLC retention time: 9.599 min (mobile phase 1). HPLC Purity: 

99.1%.

2-Cyclobutyl-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)acetamide (18).

Step 1:  To a vial was added the 2-cyclobutyl acetic acid (80 μL, 0.77 mmol, 1.4 eq.) in 

DCM (1 mL). This was cooled to 0 °C followed by addition of oxalyl chloride (0.40 mL, 

0.85 mmol, 1.5 eq.) and DMF (1 drop). The reaction then allowed to warm to room 

temperature and stirred for 2 hrs. After 2 hrs the reaction was concentrated in vacuo and the 

crude acyl chloride was carried into step 2 uncharacterized.

Step 2:  Same as procedure 1 using 1 (0.10 g, 0.57 mmol, 1 eq.), crude 2-cyclobutyl acetyl 

chloride, and triethylamine (100 μL, 0.70 mmol, 1.2 eq.). Isolated as a white solid (0.033 g, 

0.12 mmol, 42%). 1H NMR (500 MHz, DMSO-d6) δ 12.96 (s, 1H), 8.29 (s, 2H), 2.69 – 2.56 

(m, 3H), 2.03 (m, 1H), 1.86 – 1.73 (m, 2H), 1.68 (q, J = 8.8 Hz, 2H). 13C NMR (200 MHz, 

DMSO-d6) δ 171.6, 164.7, 161.4, 42.3, 32.2, 27.6, 18.5. APCI-MS: m/z 277.0 [M+H]+. 

HPLC retention time: 10.490 min (mobile phase 1). HPLC Purity: 98.9 %.

2-Cyclopentyl-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)acetamide (19).

Step 1:  To a vial was added the 2-cyclopentyl acetic acid (38 μL, 0.31 mmol, 1.1 eq.) in 

DCM (1 mL). This was cooled to 0 °C followed by addition of oxalyl chloride (29 μL, 0.33 

mmol, 1.2 eq.) and DMF (1 drop). The reaction then allowed to warm to room temperature 

and stirred for 1 hr. After 1 hr the reaction was concentrated in vacuo and the crude acyl 

chloride was carried into step 2 uncharacterized.

Step 2:  Same as procedure 1 using 1 (0.050 g, 0.28 mmol, 1 eq.), crude 2-cyclopentyl 

acetyl chloride, and triethylamine (46 μL, 0.33 mmol, 1.2 eq.). Isolated as a white solid 

(0.035 g, 0.12 mmol, 43%). 1H NMR (500 MHz, DMSO-d6): δ 12.98 (s, 1H), 8.30 (s, 2H), 

2.51 (d, J = 7.3 Hz, 2H), 2.25–2.18 (m, 1H), 1.75–1.69 (m, 2H), 1.61–1.54 (m, 2H), 1.52–

1.45 (m, 2H), 1.17–1.10 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 172.2, 164.6, 161.3, 

41.0, 36.5, 32.1, 24.8. APCI-MS: m/z 291.2 [M+H]+. HPLC retention time: 11.152 min 

(mobile phase 1). HPLC Purity: 100 %.

2-Cyclohexyl-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)acetamide (20).—Prepared 

according to procedure 1 using 1 (0.050 g, 0.28 mmol, 1 eq.), 2-cyclohexylacetyl chloride 

(53 μL, 0.33 mmol, 1.2 eq.), and triethylamine (46 μL, 0.33 mmol, 1.2 eq.). Isolated as a 

white solid (0.033 g, 0.11 mmol, 39 %). 1H NMR (500 MHz, DMSO-d6): δ 13.00 (s, 1H), 

8.32 (s, 2H), 2.42 (d, J = 7.1 Hz, 2H), 1.83–1.75 (m, 1H), 1.69 – 1.59 (m, 4H), 1.26–1.09 

(m, 4H), 1.02–0.91 (m, 2H). 1H NMR (500 MHz, CD3OD-d4) δ 2.40 (d, J = 7.2 Hz, 2H), 

1.90 – 1.82 (m, 1H), 1.76 – 1.69 (m, 4H), 1.68 – 1.63 (m, 1H), 1.33 – 1.25 (m, 2H), 1.23 – 

1.16 (m, 1H), 1.08 – 0.99 (m, 2H). 13C NMR (126 MHz, DMSO-d6): δ 171.8, 164.6, 42.8, 
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34.9, 32.7, 26.0, 25.8. 13C NMR (126 MHz, CD3OD-d4) δ 171.7, 164.9, 161.4, 42.6, 35.0, 

32.5, 25.7, 25.6. APCI-MS: m/z 305.1 [M+H]+. HPLC retention time: 11.609 min (mobile 

phase 1). HPLC Purity: 100%.

3-Cyclopentyl-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)propanamide (21).—Prepared 

according to procedure 2 using 2 (0.050 g, 0.28 mmol, 1 eq.,), 3-cyclopentylpropanoyl 

chloride (51 μL, 0.33 mmol, 1.2 eq.), and triethylamine (46 μL, 0.33 mmol, 1.2 eq.). Isolated 

as a white solid (0.022 g, 0.076 mmol, 26 %). 1H NMR (500 MHz, DMSO-d6): δ 12.98 (s, 

1H), 8.29 (s, 2H), 2.49 (t, J = 7.5 Hz, 2H), 1.72 – 1.67 (m, 3H), 1.63–1.54 (bm, 4H), 1.47 – 

1.43 (m, 2H), 1.05 (bs, 2H). 13C NMR (126 MHz, DMSO-d6): δ 172.7, 164.6, 161.4, 39.4, 

34.5, 32.3, 30.9, 25.0. APCI-MS: m/z 305.0 [M+H]+. HPLC retention time: 11.783 min 

(mobile phase 1). HPLC Purity: 99.2%.

3-Cyclohexyl-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)propanamide (22).

Step 1:  To a vial was added the 3-cyclohexylpropanoic acid (0.31 g, 2.0 mmol, 1.1 eq.) in 

DCM (5 mL). This was cooled to 0 °C followed by addition of oxalyl chloride (0.27 g, 2.1 

mmol, 1.2 eq.) and DMF (1 drop). The reaction then allowed to warm to room temperature 

and stirred for 1 hr. After 1 hr the reaction was concentrated in vacuo and the crude 3-

cyclohexylpropanyl chloride was carried into step 2 uncharacterized.

Prepared according to procedure 1 using 1 (0.32 g, 1.8 mmol, 1 eq.,), 3-cyclohexylpropanyl 

chloride (from step 1), and triethylamine (300 μL, 2.1 mmol, 1.2 eq.). Isolated as a white 

solid (0.18 g, 0.57 mmol, 32 %). 1H NMR (500 MHz, DMSO-d6): δ 13.00 (s, 1H), 8.33 (s, 

2H), 2.54 (t, J = 7.7 Hz, 2H), 1.71 – 1.63 (m, 4H), 1.63 – 1.57 (m, 1H), 1.56 – 1.48 (m, 2H), 

1.24 – 1.09 (m, 4H), 0.93 – 0.83 (m, 2H). 1H NMR (500 MHz, CD3OD-d4) δ 2.58 – 2.48 

(m, 2H), 1.79 – 1.69 (m, 4H), 1.69 – 1.62 (m, 1H), 1.59 (q, J = 7.2 Hz, 2H), 1.33 – 1.12 (m, 

4H), 0.98 – 0.87 (m, 2H). 13C NMR (126 MHz, DMSO-d6): δ 172.8, 164.6, 161.4, 39.9, 

32.8, 32.1, 26.4, 26.0. 13C NMR (126 MHz, CD3OD-d4) δ 172.8, 164.9, 161.6, 37.0, 32.6, 

32.5, 31.9, 26.1, 25.8. APCI-MS: m/z 319.0 [M+H]+. HPLC retention time: 12.322 min 

(mobile phase 1). HPLC Purity: 100%.

3-Phenyl-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)propanamide (23).95—Prepared 

according to procedure 1 using 1 (0.025 g, 0.14 mmol, 1.0 eq.), 3-phenylpropanoyl chloride 

(0.023 mL, 0.15 mmol, 1.1 eq.), potassium carbonate (0.023 g, 0.17 mmol, 1.2 eq.). Isolated 

as a white solid (0.013 g, 0.042 mmol, 30%). 1H NMR (500 MHz, DMSO-d6): δ 13.02 (s, 

1H), 8.29 (s, 2H), 7.30–7.12 (m, 5H), 2.91 (t, J = 7.6 Hz, 2H), 2.81 (t, J = 7.6 Hz, 2H). 13C 

NMR (126 MHz, DMSO-d6): δ 172.0, 164.5, 161.5, 140.8, 128.7, 128.6, 126.5, 37.0, 30.5. 

APCI-MS+: m/z 313.0 [M + H]+. HPLC retention time: 10.952 min (mobile phase 1). HPLC 

Purity: 98.2 %.

General Procedure 2 for analogs 24 - 28. Described in detail for analog 24.

2-(Pyrrolidin-1-yl)-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)acetamide (24).—To a vial 

was added intermediate 2a (0.050 g, 0.19 mmol, 1 eq.) and anhydrous THF (3 mL) and 

cooled to 0 °C. This was followed by addition of triethylamine (0.054 mL, 0.39 mmol, 2.0 

eq.) and pyrrolidine (0.021 g, 0.29 mmol, 1.5 eq.). The reaction stirred at 0 °C for 1 h then 

Kaur et al. Page 25

J Med Chem. Author manuscript; available in PMC 2021 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



warmed to room temperature and stirred overnight. The reaction was then concentrated in 
vacuo and the crude product was adsorbed to Celite and purified by reverse-phase flash 

chromatography (5 – 100% acetonitrile:water) to afford 24 (0.013 g, 0.043 mmol, 22%) as 

an off-white solid. 1HNMR (500 MHz, DMSO-d6) δ 7.84 (s, 2H), 3.87 (s, 2H), 3.24–3.12 

(m, 3H), 2.53–2.44 (m, 2H), 1.87 (t, J = 6.6 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 
170.2, 169.7, 161.2, 58.8, 54.3, 23.1. APCI-MS: m/z 292.0 [M + H]+. HPLC retention time: 

3.430 min (mobile phase 1). HPLC Purity: 96.8%.

2-(Piperidin-1-yl)-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)acetamide (25).—Prepared 

according to general procedure 2 using 2a (0.050 g, 0.19 mmol, 1.0 eq.), triethylamine 

(0.050 mL, 0.39 mmol, 2.0 eq.) and piperidine (0.040 mL, 0.29 mmol, 2.0 eq.). Isolated as a 

white solid (0.049 g, 0.15 mmol, 81 %). 1H NMR (500 MHz, DMSO-d6): δ 7.96 (s, 2H), 

3.66 (s, 2H), 2.92 (s, 4H), 1.69–1.62 (m, 4H), 1.44 (s, 2H). 13C NMR (126 MHz, DMSO-d6) 

δ 169.7, 167.9, 162.0, 60.5, 53.5, 23.7, 22.4. APCI-MS: m/z 306.1 [M + H]+. HPLC 

retention time: 3.445 min (mobile phase 1). HPLC Purity: 95.3%.

2-(Morpholin-1-yl)-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)acetamide (26).96—
Prepared according to general procedure 2 using 2a (0.10 g, 0.39 mmol, 1 eq.), triethylamine 

(0.11 mL, 0.78 mmol, 2.0 eq.) and morpholine (0.068 g, 0.78 mmol, 2.0 eq.). Isolated as a 

white solid (0.056 g, 0.18 mmol, 47 %). 1H NMR (500 MHz, DMSO-d6): δ 3.56 – 3.53 (m, 

4H), 3.19 (s, 2H), 2.46 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 173.0, 167.4, 160.9, 

66.2, 62.9, 53.1. APCI-MS: m/z 308.1 [M+H]+. HPLC retention time: 3.441 min (mobile 

phase 1). HPLC Purity: 96.4%.

2-(4-Methylpiperazin-1-yl)-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)acetamide (27).
96—Prepared according to general procedure 3 using 2a (0.05 g, 0.19 mmol, 1 eq.), 

triethylamine (0.050 mL, 0.39 mmol, 2.0 eq.) and 1-methylpiperazine (0.029 g, 0.29 mmol, 

1.5 eq.). Isolated as a white solid (0.017 g, 0.052 mmol, 26 %). 1H NMR (500 MHz, 

DMSO-d6): δ 8.14 (s, 2H), 3.42 (s, 2H), 2.65 (brs, 4H), 2.52 (brs, 4H), 2.25 (s, 3H). 13C 

NMR (126 MHz, DMSO-d6) δ 170.2, 163.8, 163.3, 60.3, 54.0, 51.9, 45.2. APCI-MS: m/z 

321.1 [M+H]+. HPLC retention time: 3.358 min (mobile phase 1). HPLC Purity: 96.2%.

3-Morpholino-N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)propanamide (28).—Prepared 

according to general procedure 3 using 2b (0.05 g, 0.18 mmol, 1.0 eq.), triethylamine (0.048 

mL, 0.36 mmol, 2.0 eq.) and morpholine (0.032 g, 0.36 mmol, 2.0 eq.). Isolated as a white 

solid (0.049 g, 0.15 mmol, 82 %). 1H NMR (500 MHz, DMSO-d6): δ 8.28 (s, 2H), 3.54–

3.46 (m, 4H), 2.71–2.61 (m, 4H), 2.36 (s, 4H). 13C NMR (126 MHz, DMSO-d6) δ 171.7, 

164.6, 161.5, 66.4, 53.8, 53.2, 32.8. APCI-MS: m/z 322.1 [M+H]+. HPLC retention time: 

3.436 min (mobile phase 1). HPLC Purity: 99.3%.

General Procedure 3 for analogs 29 - 31. Described in detail for analog 29.

5-(ethylamino)-1,3,4-thiadiazole-2-sulfonamide (29).—Under argon atmosphere, 

acetic acid (0.02 ml) was added dropwise to the solution of 1 (0.11 g, 0.60 mmol) and 

acetaldehyde (40 μL, 0.90 mmol) in anhydrous CH2Cl2 (4 mL) and MeOH (4 mL) at room 

temperature. After 1 hour, sodium cyanoborohydride (0.057 g, 0.90 mmol) was added 
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portionwise to the reaction mixture at 0 °C, then stirred at room temperature overnight. The 

reaction mixture was concentrated under vacuum and the crude product was purified by 

normal phase flash chromatography (0% MeOH/DCM ~10 % MeOH/DCM) to afford 

compound 29 (0.027 g, 0.13 mmol, 22 %) as white solid; 1H NMR (500 MHz, DMSO) δ 
8.28 (s, 1H), 7.88 (s, 2H), 2.97 (q, J = 7.2 Hz, 2H), 1.01 (t, J = 7.2 Hz, 3H). 13C NMR (126 

MHz, DMSO-d6) δ 172.2, 155.7, 38.2, 15.2. MS (APCI) m/z: 209.0 (M+1) +. HPLC 

retention time: 2.436 min (mobile phase 2). HPLC Purity: 96.8%.

5-((cyclohexylmethyl)amino)-1,3,4-thiadiazole-2-sulfonamide (30).—Prepared 

according to general procedure 3 using 1 (0.11 g, 0.60 mmol), cyclohexanecarbaldehyde 

(110 μl, 0.90 mmol) and sodium cyanoborohydride (0.057 g, 0.90 mmol) to afford 

compound 30 (0.023 g, 0.084 mmol, 14 %) as white solid. 1H NMR (500 MHz, DMSO) δ 
8.36 (t, J = 5.8 Hz, 1H), 7.92 (s, 2H), 2.82 (t, J = 6.3 Hz, 2H), 1.64–1.71 (m, 4H), 1.58–1.63 

(m, 1H), 1.44–1.36 (m, 1H), 1.20–1.09 (m, 3H), 0.91–0.80 (m, 2H). 13C NMR (126 MHz, 

DMSO-d6) δ 172.1, 155.8, 49.3, 37.6, 30.3, 26.2, 25.6. MS (APCI) m/z: 277.0 (M+1) +. 

HPLC retention time: 11.295 min (mobile phase 1). HPLC Purity: 95.2%.

5-(benzylamino)-1,3,4-thiadiazole-2-sulfonamide (31).—Prepared according to 

general procedure 3 using 1 (0.11 g, 0.60 mmol), benzaldehyde (110 μl, 0.90 mmol) and 

sodium cyanoborohydride (0.057 g, 0.90 mmol) to afford compound 5 (0.013 g, yield 7.9% ) 

as white solid; 1H NMR (500 MHz, DMSO) δ 8.88 (s, 1H), 7.88 (s, 2H), 7.32–7.19 (m, 5H), 

4.16 (s, 2H). 13C NMR (126 MHz, DMSO-d6) δ 172.2, 155.7, 137.7, 128.7, 127.9, 127.6, 

46.6. MS (APCI) m/z: 270.9 (M+1)+. HPLC retention time: 10.249 min (mobile phase 1). 

HPLC Purity: 95.5%.

N-(5-(Methylsulfonyl)-1,3,4-thiadiazol-2-yl)acetamide (33).—In a vial was added 32 
(0.050 g, 1 eq., 0.28 mmol) followed by acetic anhydride (0.043 g, 1.5 eq., 0.42 mmol) in 

acetic acid (1 ml). The reaction mixture was stirred at 60 °C for 1 h. The solution was 

gradually cooled followed by the addition of water (10 ml). The suspension was cooled to 0 

°C and the target compound was collected by filtration as a white solid (0.026 g, 0.12 mmol, 

42%). 1H NMR (500 MHz, DMSO-d6): δ 13.26 (s, 1H), 3.52 (s, 3H), 2.27 (s, 3H). 13C 

NMR (126 MHz, DMSO-d6) δ 170.0, 162.7, 162.6, 43.6, 22.7. HPLC retention time: 8.680 

min (mobile phase 1). HPLC Purity: 99.8%.

N-(5-sulfamoylthiazol-2-yl)acetamide (34).—34 was purchased from a commercial 

vendor (Enamine, Cat # EN300–79477) and characterized prior to biological evaluation. 1H 

NMR (500 MHz, DMSO-d6): δ 12.45 (s, 1H), 7.81 (s, 1H), 7.68 (s, 2H), 2.19 (s, 3H). 13C 

NMR (126 MHz, DMSO-d6) δ 169.3, 160.9, 140.4, 133.4, 22.4. APCI-MS+: m/z 222.0 [M 

+ H]+. HPLC retention time: 7.874 min (mobile phase 1). HPLC Purity: 97.6%.

N-(4-sulfamoylphenyl)acetamide (35).—35 was purchased from a commercial vendor 

(Combi-Blocks, Cat # A59503) and characterized prior to biological evaluation. 1H NMR 

(500 MHz, DMSO-d6): δ 10.24 (s, 1H), 7.87 – 7.59 (m, 4H), 7.19 (s, 2H), 2.04 (s, 3H). 13C 

NMR (126 MHz, DMSO-d6) δ 169.2, 142.5, 138.4, 127.0, 118.8, 24.4. APCI-MS: m/z 

215.0 [M + H]+. HPLC retention time: 7.880 min (mobile phase 1). HPLC Purity: 97.5%.
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Computational Modeling

Uniprot data mining and sequence alignments

To search for putative carbonic anhydrases in the genome of E. faecium we searched 

UniProt (https://www.uniprot.org)97 for the term “enterococcus faecium carbonic 

anhydrase”. We identified a carbonic anhydrase in the well-studied genome of E. faecium 
DO and chose to move forward with this particular species carbonic anhydrases. We found 

both an α- and γ-CA. We then used the “Align” tool in UniProt to align the newly found 

putative sequences from E. faecium with the sequences of previously reported α- and γ-

CAs. The alignment files were loaded into ESPript 3.098 to generate the color coded 

sequence alignments.

Generation of homology models for Efα-CA and Efγ-CA

Homology models for Efα-CA and Efγ-CA were built based on the crystal structures of H. 
pylori (PDB ID 4YGF) and C. difficile (PDB ID 4MFG) retrieved from the Protein Data 

Bank,99 respectively. The sequences of the two proteins were collected from the Universal 

Protein Resource, UniProt. All sequence alignments were performed using the Prime STA 

sequence alignment method. Then, both homology models were built using Prime’s 

knowledge-based method in the Schrödinger suite (version 2020–1, Schrödinger, LLC: New 

York, NY, 2017), including all relevant ions and ligands.

Protein structure preparation and molecular docking

The Efα-CA and Efγ-CA homology models were then further preprocessed for docking 

using the Protein Preparation Wizard from the Schrödinger suite. Bond orders were 

assigned, hydrogen bonds were added, zero-order bonds to metals were formed, disulfide 

bonds were formed, and heteroatom states were generated between 7.0 ± 2.0 using Epik. H-

bond assignments were performed at pH 7.4 using PROPKA. Then, all waters with fewer 

than 3 H-bonds to non-waters were removed. Finally, a restrained minimization using the 

OPLS3e forcefield was performed with heavy atoms converging to an RMSD of 0.3 Å.

To generate the docked structures of AZM, 22, and 26 with Efα-CA, Interactive Pose 

Prediction was used. A grid was generated from the workspace using AZM as the 

workspace reference ligand and the active site Zn2+ ion as an interaction constraint atom. 

After docking the reference ligand, 22 and 26 were docked. These structures were then used 

for the MD simulation. For Efγ-CA, a grid was generated using the Receptor Grid 

Generation application within Glide. The site was defined using the area denoted from 

FTMap (coordinates: X: 14.87, Y: −1.34, Z: 2.41) with the Ni2+ ion as an interaction 

constraint atom. AZM, 22, and 26 were prepared using LigPrep. Possible ionization states 

were generated at 7.0 ± 2.0 using Epik, metal binding states were included, and tautomers 

were generated.

Schrödinger’s Glide was used in extra precision (XP) to generate several poses per 

compound. Compounds were ranked based on the Glide-XP scoring function. The poses 

with the best Glide-XP score that also formed an interaction between the sulfonamide 

nitrogen and Ni2+ ion were visually inspected and selected for MD simulations.
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Molecular dynamics simulation of analog binding

The top-scored docking poses were subjected to solvent-explicit, all-atom molecular 

dynamics simulation using the GPU-accelerated DESMOND software. TIP3P was selected 

as the solvent model, and the boundary conditions were defined as orthorhombic. The box 

size calculation method was defined as “buffer”, and the box was minimized. Ions and salts 

were excluded from within 5 Å of the ligand. Ions were added to neutralize each complex, 

and salt (NaCl) was added at a concentration of 0.15 M. Each molecular dynamic production 

run was carried out for 76 ns with 10 ps recording intervals. The NPT ensemble class was 

set to 300.0 K and the pressure was set to 1.01325 bar. All other options were kept at default 

values.

Biological Evaluation

Bacterial strains, media and chemicals

The enterococcal clinical isolates used in this study were obtained from Biodefense and 

Emerging Infections Research Resources Repository (BEI Resources) and the American 

Type Culture Collection (ATCC). All drugs used in this study were purchased from chemical 

vendors: linezolid (Chem-impex International, Wood Dale, IL), vancomycin hydrochloride 

(Gold Biotechnology, St. Louis, MO), acetazolamide (Sigma-Aldrich, St. Louis, MO). 

Trypticase soy broth (TSB), and trypticase soya agar (TSA) were purchased from Becton, 

Dickinson and Company (Cockeysville, MD). Phosphate buffered saline was purchased 

from Fisher Scientific (Waltham, MA). All synthesized compounds were prepared in a stock 

concentration of 10 mg/mL in DMSO.

Antibacterial activity of synthesized compounds against VRE strains

The minimum inhibitory concentrations (MICs) of the compounds and control drugs were 

determined using the broth microdilution method, according to guidelines outlined by the 

Clinical and Laboratory Standards Institute (CLSI100). Enterococci strains were grown 

aerobically overnight on trypticase soya agar plates at 37° C. Afterwards, a bacterial solution 

equivalent to 0.5 McFarland standard was prepared and diluted in trypticase soy broth (TSB) 

to achieve a bacterial concentration of about 5 × 105 CFU/mL and seeded in 96-well well 

plates. Compounds and control drugs were added and serially diluted along the plates. Plates 

were then, incubated aerobically at 37° C for 18–20 hours. MICs reported are the minimum 

concentration of the test agents that completely inhibited the visual growth of bacteria.

For the MIC results presented in Table 3 and Table S3, MICs were determined as described 

above for the results referred to as “normal” where the plates were incubated in the ambient 

air at 37 °C for 18 – 20 hours before recording MICs. For the “CO2” conditions, plates were 

incubated in presence of 5% CO2 at 37 °C for 18 – 20 hours before recording MICs.

Time-kill assay

A time kill analysis was conducted for acetazolamide, 22, 26, and the control antibiotic 

linezolid following a method described previously32. Briefly, an overnight culture of E. 
faecium ATCC 700221 was diluted in trypticase soy broth to reach a starting inoculum of 

3.5 × 106 CFU/mL. Compounds and linezolid (all tested at 5× MIC, in triplicates), were 
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incubated with the bacterial suspension for 24 hours. DMSO (the solvent for compounds and 

linezolid) served as a negative control. Samples were taken at 2h, 4h, 6h, 8h, 12h, and 24h 

post inoculation, diluted in PBS, and plated onto trypticase soya agar plates. Plates were 

incubated at 37 °C for 16 hours before counting colonies to determine viable CFU/mL.

Toxicity against human Caco-2 cell lines

To explore the tolerability of AZM analogs, the cytotoxicity profile of the most potent 

compounds was assessed against human colorectal adenocarcinoma (Caco-2) cells as 

described previously.101,102 Briefly, Caco-2 cells were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), non-essential 

amino acids (1X), and penicillin-streptomycin at 37 °C with 5% CO2. The cells were 

incubated with different concentrations of AZM analogs in a 96-well plate at 37 °C with 5% 

CO2 in serum-free media for 2 hours. Control cells were treated with DMSO at a 

concentration equal to that in the compounds-treated samples. The assay reagent MTS, 

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium) (Promega, Madison, WI, USA) was subsequently added and the plates were 

incubated for three hours. Absorbance readings (at OD490) were recorded using a kinetic 

microplate reader (Spectra MAX IX3, Molecular Device, CA, USA). The data are presented 

as percent cells viability after treatment with each compound relative to the viability in 

DMSO-treated control cells (average ± standard deviation). The 50% cytotoxic 

concentration (CC50) for each compound was determined and used to express the 

cytotoxicity pattern.

Aqueous Solubility

Assay were performed by Eurofins Panlabs (MO, USA) according to the following protocol 

from Lipinski et al.103 Aqueous solubility (μM) was determined by comparing the peak area 

of the principal peak in a calibration standard (200 μM) containing organic solvent 

(methanol/water, 60/40, v/v) with the peak area of the corresponding peak in a buffer 

sample. In addition, chromatographic purity (%) was defined as the peak area of the 

principal peak relative to the total integrated peak area in the HPLC chromatogram of the 

calibration standard.

Caco-2 permeability Assay

Assays and data analysis were performed by Eurofins Panlabs (MO, USA) according to the 

following protocol from Obach et al83. Calculations were carried out as follows:

Permeability—The apparent permeability coefficient (Papp) of the test compound was 

calculated using equation 1 below:

Papp(cm/s) = VR ∗ CR, end
Δt ∗ 1

A ∗ CD,mid − CR,mid
Eq.1

where VR is the volume of the receiver chamber. CR,end is the concentration of the test 

compound in the receiver chamber at the end time point, Δt is the incubation time and A is 

the surface area of the cell monolayer. CD,mid is the calculated mid-point concentration of 
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the test compound in the donor side, which is the mean value of the donor concentration at 

time 0 minute and the donor concentration at the end time point. CR,mid is the mid-point 

concentration of the test compound in the receiver side, which is one half of the receiver 

concentration at the end time point. Concentrations of the test compound were expressed as 

peak areas of the test compound.

Recovery of test compound from permeability assay—The recovery of the test 

compound was calculated as follows using equation 2:

Recovery (%) = VD ∗ CD, end + VR ∗ CR, end
VD ∗ CD0

∗ 100 (2)

where VD and VR are the volumes of the donor and receiver chambers, respectively. CD,end 

is the concentration of the test compound in the donor sample at the end time point. CR,end is 

the concentration of the test compound in the receiver sample at the end time point. CD0 is 

the concentration of the test compound in the donor sample at time zero. Concentrations of 

the test compound were expressed as peak areas of the test compound.

Human Liver Microsome Stability

Assays and data analysis were performed by Eurofins Panlabs (MO, USA) according to the 

protocol from Hidalgo et al.79

In vivo pharmacokinetics

Assays and data analysis were performed by Eurofins Panlabs (Taiwan). 24 mice (male, ICR 

strain) were dosed orally with 10 mg/kg 22 by oral gavage. Blood-plasma concentrations of 

molecules were analyzed at 8 time-points (10, 30, 60, 120, 240, 360, 480 and 1440 min). 

Each time point consisted of n = 3 mice. Samples were collected by cardiac puncture and 50 

μL plasma was collected and mixed with 150 μL buffer containing 0.5 ng/μL of internal 

standard oxybutynin. Samples were diluted further with acetonitrile, vortexed and submitted 

for LC/MS/MS analysis. LC was run using an Agilent Poroshell 120 EC-C18 column 2.7μm 

(3.0 × 50mm) with Mobile Phase A: Acetonitrile/formic acid (0.2% v/v) and Mobile Phase 

B: water/formic acid (0.2% v/v). Samples were analyzed by multiple reaction monitoring 

and the plasma concentration was determined by comparison to a previously derived 

standard curve for the analog.

This study and the related standard operating procedures (SOPs) were reviewed and 

approved by Pharmacology Discovery Services Taiwan, Ltd. Institutional Animals Care and 

Use Committee (IACUC).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
FDA-approved carbonic anhydrase inhibitors with reported efficacy against VRE32.
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Figure 2. 
Analogs 33 – 35 have MICs > 64 μg/mL against E. faecium HM-965.

Kaur et al. Page 40

J Med Chem. Author manuscript; available in PMC 2021 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Cell viability for Caco-2 cells dosed at 64 μg/mL (blue bars) and 128 μg/mL (red bars) for 

representative analogs.
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Figure 4. 
Time-kill assay for analogs 22 and 26 along with AZM and linezolid compared to DMSO-

treated controls over 24 hours at 37 °C. Limit of detection is 100 CFU/mL. The data were 

analyzed via two-way ANOVA with post-hoc Dunnett’s test for multiple comparisons. 

Asterisks (*) denote statistically significant different (p < 0.05) between treatments with 

either 22, 26, AZM or linezolid in comparison to DMSO-treated cells.
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Figure 5. 
(A) Homology model of Efα-CA (gray ribbons) built with H. pylori α-CA crystal structure 

(PDB: 4YGF) as the template. Catalytic Zn2+ shown with dark grey sphere. (B) Zoom in of 

active site for Efα-CA model (light gray) overlaid with H. pylori α-CA crystal structure 

(magenta). Conserved residues and/or residues important to AZM binding shown in sticks. 

Amino acid numbers for H. pylori shown in labels. E. faecium amino acids that are different 

from H. pylori in parentheses. All images generated using PyMol.
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Figure 6. 
Representations of Efγ-CA homology model. (A) Side view ribbon representation, Ni2+ 

(gray spheres); (B) Top view representation shows trimeric catalytic unit. (C) Side view 

surface representation, black arrow orients viewer to Ni2+. (D) Overlay of C. difficile γ-CA 

crystal structure (purple, PDB: 4MFG) and Efγ-CA homology model (gold). Overlaid active 

site histidine residues in sticks. Residue numbers correspond to of C. difficile γ-CA. H79 

from one monomeric unit while H64’ and H84’ from adjacent monomer. Images generated 

using PyMol.
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Figure 7. 
Ligand poses for AZM, 22 and 26 generated by MD simulation in the active site of the Efα-

CA. Ligands, residues and waters important for ligand interactions shown as sticks. Polar 

hydrogens shown for clarity of proposed hydrogen bond interactions (yellow dashed lines). 

(A) Generated pose for AZM (green sticks) in the Efα-CA site. (B) Generated pose for 22 
(cyan sticks). (C) Predicted binding pose for 26 (yellow sticks). (D) Overlaid ligands show 

the alternative positions adopted by analogs 22 and 26 compared to AZM. (E) Surface 

representation of Efα-CA with 22 (cyan sticks) and 26 (yellow sticks). The hydrophobic 

patch lined with Leu178, Pro181, and Pro182 shown as red surface. Polar patch lined by 

Glu67, Lys69, and Asn70 shown as blue surface. Images generated using PyMol.
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Figure 8. 
Proposed binding poses of analogs from MD simulation with Efγ-CA. (A) Binding pose for 

AZM (green sticks). Residues associated with binding interactions are in sticks and labeled. 

Water molecules associated with binding interactions shown as red and white sticks. 

Predicted interactions shown as yellow dashed lines. Ni2+ ion shown as gray sphere. (B) 
Predicted binding pose for 22 (cyan sticks). (C) Predicted binding pose for 26 (yellow 

sticks). (D) Surface electrostatic map for Efγ-CA with ligands overlaid to show different in 

predicted binding modes. Blue surface indicates net positive charge and red surface indicates 

net negative charge. Images generated using PyMol.
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Figure 9. 
In vivo pharmacokinetic analysis of plasma concentrations for analog 22 in mice dosed 

orally. Seven time points shown, final time point at 1440 min was 0 ng/mL and not included 

on plot. Error bars indicate standard deviation at each time point (n = 3 per time point). 

Green dotted line represents the MIC concentration of 22 (0.007 μg/mL).
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Figure 10. 
Summary of SAR for sulfonamide anti-VRE scaffold.
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Scheme 1. 
Synthetic route for analogs 3 – 28. Reagents and conditions: a) concentrated HCl (13 eq.), 

95 °C, 24 hr, 74%; b) 1 (1.0 eq.), 2-chloroacetyl chloride (1.1 eq to yield 2a) or 3-

chloropropanoyl chloride (1.1 eq to yield 2b), TEA (1.2 eq.), MeCN, 0 °C – rt 19 hr, 46 and 

39%, respectively; c) R-COOH (1.1 eq.), oxalyl chloride (1.2 eq.), DMF (1 drop), DCM, 0 

°C – rt, 2 hr, crude product carried into the next step; d). 1 (1.0 eq.), R2-COCl (from 

previous step or commercial source, 1.1 eq.), TEA (1.2 eq.), MeCN, 0 °C – rt, 14 hr, 4.5 – 

71%; e) 2a or 2b (1.0 eq.), cyclic amine (2.0 eq.), TEA (2.0 eq.), anhydrous THF, 0 °C – rt, 

20 hr, 82%.
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Scheme 2. 
Synthesis of analogs 29 - 31. Reagents and conditions: a) i. 1 (1.0 eq.), R-CHO (1.5 eq.), 

CH2Cl2, rt, 1 hr; ii. sodium cyanoborohydride (1.5 eq.), 0 °C – rt, 18 hr, 8 – 21%.
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Scheme 3. 
Synthesis of analog 33. Reagents and conditions: a) 32 (1.0 eq.), acetic anhydride (1.5 eq.), 

acetic acid, 60 °C, 1 hr, 42%.
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Table 1.

Minimum inhibitory concentrations (MICs) for AZM-based analogs against E. faecium HM-965

Compound R MIC
a Compound R MIC

a

AZM 2 17 0.25

3 1 18 0.25

4 1 19 0.06

5 0.25 20 0.06

6 0.5 21 0.06

7 0.125 22 0.007
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Compound R MIC
a Compound R MIC

a

8 0.015 23 0.06

9 0.015 24 1

10 2 25 1

11 0.5 26 1

12 0.25 27 8

13 0.25 28 2
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Compound R MIC
a Compound R MIC

a

14 0.25 29 > 64

15 0.25 30 > 64

16 2 31 > 64

AZM = acetazolamide.

a
MIC values in μg/mL against E. faecium strain HM-965
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Table 2.

MICs for selected analogs against a panel of VRE isolates

VRE 
strains

Compounds/control drugs

AZM 5 7 8 9 12 13 17 19 20 21 22 23 26 Van Lin

E. faecium 
HM-968

2 0.5 0.125 0.015 0.015 0.5 0.5 0.5 0.06 0.06 0.06 0.03 0.25 1 64 0.5

E. faecium 
NR-28978

2 0.25 0.25 0.03 0.06 0.5 0.5 1 0.125 0.125 0.125 0.06 0.5 2 32 1

E. faecium 
NR-31903

2 0.5 0.125 0.015 0.03 0.5 0.5 0.25 0.125 0.125 0.03 0.015 0.25 2 >64 1

E. faecium 
NR-32065

1 0.25 0.25 0.007 0.03 0.5 0.5 0.25 0.015 0.06 0.06 0.015 0.125 2 64 0.25

E. faecium 
NR-31914

2 0.5 0.25 0.007 0.03 0.5 0.5 0.5 0.125 0.06 0.06 0.03 0.25 2 64 1

E. faecium 
NR-31916

2 0.5 0.125 0.03 0.06 0.5 0.25 0.25 0.015 0.125 0.03 0.03 0.125 1 >64 1

E. faecium 
NR-32052

2 0.5 0.125 0.015 0.03 0.5 0.5 0.25 0.06 0.06 0.06 0.015 0.5 1 64 0.5

E. faecium 
NR-31971

2 0.5 0.5 0.06 0.03 1 0.5 0.5 0.06 0.03 0.03 0.007 0.125 2 64 1

E. faecium 
NR-31972

2 1 0.5 0.015 0.03 1 0.25 0.5 0.03 0.06 0.03 0.015 0.125 4 >64 0.5

E. faecalis 
HM-335

2 0.5 0.125 0.03 0.015 0.5 0.5 0.25 0.03 0.03 0.06 0.03 0.125 0.5 >64 0.5

E. faecalis 
HM-334

2 0.5 0.5 0.03 0.015 0.5 0.25 0.5 0.03 0.03 0.015 0.007 0.015 4 64 1

MIC50 2 0.5 0.25 0.015 0.03 0.5 0.5 0.5 0.03 0.06 0.06 0.015 0.125 2 64 1

MIC90 2 0.5 0.5 0.03 0.06 1 0.5 0.5 0.125 0.125 0.06 0.03 0.05 4 >64 1

MIC50: minimum inhibitory concentration at which the compound/drug inhibited 50% of the tested strains, MIC90: minimum inhibitory 

concentration at which the compound/drug inhibited 90% of the tested strains. Lin = linezolid, Van = vancomycin. MIC values in μg/mL.
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Table 3.

MICs of AZM and 20 under normal and CO2 conditions

Strain AZM
a

20
a

normal
b

CO2
c

normal
b

CO2
c

E. faecium NR-31971 2 >64 0.03 >64

E. faecium NR-31972 2 >64 0.06 >64

E. faecium HM-965 2 >64 0.06 >64

E. faecalis HM-334 2 >64 0.03 >64

E. faecium ATCC 700221 1 >64 0.06 >64

AZM = acetazolamide.

a
MIC values in μg/mL.

b
indicates standard conditions in ambient air.

c
indicates incubation in presence of 5% CO2.
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Table 4.

In Vitro ADME Profiles for AZM, 22, and 26

Comp LogP
a

Solubility (μM)
b

Papp A → B
c

Papp B → A
c

HLM % remaining
d Half-life (min)

AZM −0.86
3200

e
0.19

f
0.77

f - -

22 1.49 32.8 6.5 14.1 62 74

26 −1.54 126.6
< 0.17

g
<0.17

g 86 297

a
Calculated using pKCSM.71

b
Solubility in PBS at pH 7.4 at equilibrium at room temperature at 24 hr.

c
Bi-directional Caco-2 permeability with pH 6.5/7.4 for donor/receiver chambers, respectively. A = apical, B = basolateral. Papp is the apparent 

permeability coefficient (10−6 cm/sec).

d
HLM = human liver microsomes. Tested at 37 °C in 0.1 mg/mL HLMs. % remaining is percentage of comopound remaining in sample at 60 min 

time point and is average of 2 replicates.

e
Granero et al.45 measured in water at 25 °C.

f
Crowe et al.46 measured at pH 6.0/7.4 in donor/receiver chambers.

g
Detection was below limit of quantitation in receiver sample.
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Table 5.

Experimental pharmacokinetic indices for analog 22

Animal-Dose Tmax (h)
b

Cmax (ng/ml)
c

AUCinf (h*ng/mL)
d

AUC/D (h*kg*ng/mL/mg)
e

MRT (h)
f

PO-Mouse
a 0.50 456 ± 21 562 56 1.35

a
Dosed by oral gavage to mice.

b
Tmax = time-point of maximum plasma concentration.

c
Cmax = maximum plasma concentration.

d
AUCinf = area under the curve extrapolated to timepoint infinity.

e
AUC/D = area under the curve divided by dose.

f
MRT = mean residence time.
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