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The synthesis, absolute stereochemical configuration, complete biological characterization, mechanism 

of action and resistance, and pharmacokinetic properties of (S)-(–)-acidomycin are described.  

Acidomycin possesses promising antitubercular activity against a series of contemporary drug 

susceptible and drug-resistant M. tuberculosis strains (MICs = 0.096–6.2 µM), but is inactive against 

non-tuberculosis mycobacteria, gram-positive and gram-negative pathogens (MICs > 1000 M). 

Page 1 of 57

ACS Paragon Plus Environment

ACS Infectious Diseases

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

mailto:aldri015@umn.edu


2

Complementation studies with biotin biosynthetic pathway intermediates and subsequent biochemical 

studies confirmed acidomycin inhibits biotin synthesis with a Ki of approximately 1 µM through the 

competitive inhibition of biotin synthase (BioB) and also stimulates unproductive cleavage of S-

adenosylmethionine (SAM) to generate the toxic metabolite 5-deoxyadenosine. Cell studies 

demonstrate acidomycin selectively accumulates in M. tuberculosis providing a mechanistic basis for 

the observed antibacterial activity. The development of spontaneous resistance by M. tuberculosis to 

acidomycin was difficult and only low-level resistance to acidomycin was observed by overexpression 

of BioB. Collectively, the results provide a foundation to advance acidomycin and highlight BioB as a 

promising target.  

Keywords: Mycobacterium tuberculosis, tuberculosis, biotin biosynthesis, biotin synthase, 

antimetabolite, acidomycin, accumulation
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Tuberculosis (TB) remains the leading cause of bacterial infectious disease mortality from a single 

agent, with an estimated 1.6 million deaths worldwide in 2016.1  TB is caused by Mycobacterium 

tuberculosis which belongs to the greater Mycobacterium tuberculosis complex, a group of closely-

related human- and animal-adapted strains: M. africanum, M. bovis, M mungi, M. pinnipedii, M. microti, 

M. caprae, and M. canettii.2-3  The standard treatment of drug-susceptible TB is challenging, and 

necessitates a 6–9 month dosing regimen of the four first-line antitubercular agents: isoniazid, rifampicin, 

ethambutol, and pyrazinamide.  The emergence of multidrug-resistant (MDR-TB; resistant to isoniazid 

and rifampicin) and extensively drug-resistant (XDR-TB; MDR-TB resistant to the fluoroquinolones 

and at least one of the injectable aminoglycosides) further complicates the management of TB.4  Since 

the approval of rifampicin in 1971, bedaquiline has been the only new TB antibiotic approved by the 

FDA, illustrating a lack of novel TB antibiotics developed in the last few decades.  Motivated to combat 

drug-resistant TB, researchers have sought to identify and exploit the inhibition of vulnerable pathways 

for antitubercular drug development.  

The output of antibacterial drugs and drug classes has been remarkably low in the past 25 years, 

stymied by the numerous challenges associated with antibacterial discovery.  Effective drug discovery 

programs applied two different approaches to the development of novel antibiotics: target-oriented 

screening, and phenotypic or empirical screening.5  Empirical screening was the predominant method of 

antibiotic drug discovery during the “Golden Age” of antibiotics, where natural products and microbial 

metabolites were being unearthed at impressive rates with an estimated tens of millions of soil 

microorganisms screened.6  These screening methods involved the evaluation of growth inhibition of 

bacterial organisms for natural products, irrespective of whether the mechanism of action was known.  

The method was successful for many years and engendered the discovery of many most common 
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antibiotics known today, including the focus of this study, the thiazolidinone antitubercular drug 

acidomycin. 

Acidomycin (11, ACM, also known as: actithiazic acid, cinnamonin and mycobacidin) was 

discovered in 1952 independently by four different research teams,7-10 and was originally isolated from 

culture filtrates of Streptomyces virginiae,7 Streptomyces acidomyceticus,11 Streptomyces lavendulae,9 

and Streptomyces cinnamonensis.12-13  Acidomycin possessed a considerable degree of selective 

antimicrobial activity against M. tuberculosis in vitro, but was inactive against an M. tuberculosis 

infection in vivo.7,14  The inhibitory activity of acidomycin depended on the incubation period, amount 

of inoculum, and concentration of biotin in the medium.7  Concentrations of acidomycin ranging from 

0.25 to 10 g/mL (1.2–46.0 M) were required to inhibit the growth of mycobacteria in vitro, and 

conversely acidomycin did not inhibit the growth of certain gram-positive and gram-negative bacteria or 

fungi at concentrations as high as 1 mg/mL (4.6 mM).7,9  The presence of biotin in growth media as low 

as 0.064 g/mL (0.26 M) was shown to fully antagonize the antibiotic activity of acidomycin and was 

attributed to the structural similarity between acidomycin and biotin.7,11,13,15-17  Dethiobiotin (DTB, 4) 

also affected the inhibitory of acidomycin, albeit to a much lesser degree.16  Taken together, these data 

implicated acidomycin as an inhibitor of the biotin biosynthetic pathway.  

The biotin biosynthetic pathway (Figure 1) has been proposed as a promising target for 

antitubercular drug development.  Biotin (vitamin H, vitamin B7, or co-enzyme R) is a required cofactor 

for the growth of M. tuberculosis, as it is central to cellular metabolism involving the transfer of CO2 

during carboxylation, decarboxylation and transcarboxylation reactions.  These biotin-dependent 

enzymes play important roles in many biological pathways such as: membrane lipid biosynthesis, amino 

acid metabolism, and tricarboxylic acid cycle replenishment.18-22  Biotin biosynthesis involves the 
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conversion of acyl-carrier protein (ACP) conjugate of pimelate (pimeloyl-ACP, 1) to biotin (5, Figure 1) 

via four highly conserved steps, catalyzed by BioF (7-keto-8-aminopelargonic acid synthase), BioA 

(7,8-diaminopelargonic acid synthase), BioD (dethiobiotin synthetase), and BioB (biotin synthase).  

Biotin is then conjugated onto requisite biotin-dependent proteins by BirA (biotin protein ligase).  

Uniquely, M. tuberculosis relies heavily on this pathway as its genome encodes three putative biotin-

dependent acyl-CoA carboxylases (ACCs, 6), which are essential for the synthesis of the extraordinarily 

complex mycobacterial cell wall, a quintessential hallmark of virulence.23  The biotin biosynthetic 

pathway has also been shown to be essential for bacterial persistence in murine TB infection models, 

thus making it a promising target for novel TB therapy.24-25 
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Figure 1.  The conserved biotin biosynthetic pathway.  Briefly, pimeloyl-ACP (1) is converted to 7-
keto-8-aminopelargonic acid (KAPA, 2) by BioF (KAPA synthetase).  Transamination by BioA (DAPA 
synthetase) converts 2 to 7,8-diaminopelargonic acid (DAPA, 3), followed by insertion of a carbonyl by 
BioD (dethiobiotin synthetase) gives rise to dethiobiotin (DTB, 4).  Finally, BioB (biotin synthase) is 
responsible for the conversion of 4 to biotin (5).  The biological fate of biotin (5) is being ligated onto 
biotin-dependent proteins (such as acyl-CoA carboxylases, ACCs) by BirA (biotin protein ligase, BPL) 
affording the catalytically active biotinylated holo-ACC (6).

Although innovative screening techniques are important to the development of novel antibiotics, the 

gap of new drugs discovered compounded with the urgent need for new antibiotics imposed by the 
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looming threat of M(X)DR-TB prompted us to re-investigate acidomycin as a potential candidate for 

antitubercular drug development.  We hypothesize the disinterest in pursuing acidomycin was the lack 

of in vivo biological activity, unexplored mechanism of action, and the abundance of attractive alternate 

natural products with potent in vitro and in vivo activity.  The goal of this study was to contextualize 

acidomycin as a potential antitubercular agent in the modern drug discovery landscape as well as to 

elucidate its mechanism of action.  Herein we utilize contemporary synthetic, biochemical, and 

microbiological techniques to probe the whole-cell activity of acidomycin, to systematically investigate 

its mechanism of action in terms of both target specificity and selectivity for mycobacteria, and to 

evaluate its pharmacokinetic properties in vivo.  

RESULTS

Synthesis and Stereochemical Determination of Acidomycin. Acidomycin (ACM, 11) is a 

structurally simple antibiotic containing a thiazolidinone ring appended to an aliphatic carboxylic acid at 

the 2-position.  The reported syntheses from the groups at Abbott and Pfizer in 1952–1953 involved a 

low yielding (~40%) condensation of 2-mercaptoacetamide with methyl (9) or ethyl pimelate 

semialdehyde, the latter of which was prepared in four steps from pimelic acid.14,26-27  We devised an 

alternate three-step route to 9 from cycloheptanone 7, which was converted to the corresponding eight-

membered lactone by Baeyer-Villiger oxidation followed by Fischer transesterification to provide 

methyl ester 8 (Figure 2A).  A mild (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) oxidation 

afforded methyl pimelate semialdehyde (9) in a 3.5-fold higher overall yield than the route from pimelic 

acid.26  The key condensation between 2-mercaptoacetamide and methyl pimelate semialdehyde (9) to 

furnish 4-thiazolidinone (±)-10 was achieved in an improved 79% yield employing freshly prepared 2-

mercaptoacetamide.28  Saponification of the methyl ester and recrystallization from water gave racemic 

(±)-acidomycin [(±)-11], which was readily resolved in gram quantities via preparative chiral HPLC 
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(Chiralpak® IE 5 m LC column) to afford the natural product (–)-acidomycin and the unnatural 

antipode (+)-acidomycin in greater than 97.5% optical purities (Figure 2B).  Surprisingly, the absolute 

configuration of (–)-acidomycin had never been established. Thus, the stereochemistry of the 

levorotatory enantiomer was determined by single crystal X-ray diffraction (XRD) analysis. The low 

value of the Flack parameter and its uncertainty unambiguously identified the configuration at C-2 of 

(–)-acidomyin as S (Figure 2C, Table S11). 

Figure 2.  A) Synthetic route to (±)-11 (acidomycin); B) Analytical chiral HPLC trace of (±)-
acidomycin (purple), with each resolved enantiomer (S)-(–)-acidomycin (red) and (R)-(+)-acidomycin 
(blue) using Phenomenex® Cellulose-1 5 m 250 × 2.0 mm LC column; C) X-ray crystal structure of (–)-
acidomycin.  See Supporting Information for further details.

Antimicrobial Activity. Each of the acidomycin enantiomers and racemic acidomycin were initially 

evaluated against wild type M. tuberculosis H37Rv in biotin-free 7H9 medium to determine the 

minimum inhibitory concentration (MIC) that resulted in complete growth inhibition.  (S)-(–)-

Acidomycin had a MIC of 0.6 µM while the unnatural enantiomer (R)-(+)-acidomycin was thirteen-fold 

less active with an MIC of 7.7 µM and racemic (±)-acidomycin displayed an MIC of 1.6 µM, about 2.5-
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fold higher than the natural product. (±)-Acidomycin was bacteriostatic and only modestly impacted M. 

tuberculosis viability (Figure S1).  Pre-cultures grown in the presence or absence of biotin did not affect 

the sensitivity of M. tuberculosis to acidomycin indicating biotin carryover from the initial inoculum 

was minimal.  Further microbiological evaluation against a panel of eight drug sensitive M. tuberculosis 

clinical isolates, hypervirulent M. tuberculosis HN878, M. tuberculosis Erdman as well as a panel of 15 

phenotypically characterized MDR and XDR M. tuberculosis strains demonstrated (±)-acidomycin 

maintained excellent activity with MICs ranging from 0.096 µM to 6.2 µM for these 25 contemporary M. 

tuberculosis strains (Table 1, see Table S1 for more details). (±)-Acidomycin was active against other 

members of the M. tuberculosis complex including M. africanum and M. bovis BCG with MICs of 0.2 

and 1.3 µM, respectively.  Given the alarming rise of non-tuberculosis mycobacteria (NTM) such as M. 

abscessus and members of the M. avium complex, which together account for greater than 90% of the 

total NTM pulmonary diseases in immunocompromised individuals, we also evaluated (±)-acidomycin 

against these NTMs.29  However, all NTM strains examined were intrinsically resistant to acidomycin. 

The fast-growing non-pathogenic M. smegmatis was slightly less susceptible than M. tuberculosis 

H37Rv to (±)-acidomycin requiring 10 µM to achieve ≥90% growth inhibition. As initially reported,7,9 

we confirmed acidomycin was highly selective for mycobacteria as (±)-acidomycin was inactive toward 

several representative gram-negative (Acinetobacter baumannii, Escherichia coli, Pseudomonas 

aeruginosa) and gram-positive pathogens (Staphylococcus aureus, Enterococcus faecalis) cultured in 

M9 minimal medium. Importantly, (±)-acidomycin showed no cytotoxicity at 1 mM against HepG2 

human liver or African green monkey kidney (Vero) cells providing a large therapeutic index 

(CC50/MIC99) of >600 based on the MIC against M. tuberculosis H37Rv and more than 10,000 against 

the most sensitive DS and XDR M. tuberculosis strains. 
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Table 1.  Biological activity and selectivity of (±)-acidomycin.

aBacterial species and strain or mammalian cell line. The number of strains is indicated in parentheses. Further details of the 
strain including a complete description of the phenotypic resistance is provided in the Supporting Information. bClassification: 
WT = wild-type; DS = drug-sensitive Mtb clinical isolates; MDR = multidrug-resistant M. tuberculosis; MDR+ = multidrug 
resistant M. tuberculosis that are additionally resistant to ethambutol, pyrazinamide, kanamycin, streptomycin, ofloxacin, 
moxifloxacin, and/or levofloxacin (see Supporting Information for details); XDR = extensively drug resistant M. tuberculosis; 
MTBC = M. tuberculosis complex;  NTM = non-tuberculosis mycobacteria. cMIC = minimum inhibitory concentrations that 
resulted in complete growth inhibition. dMIC90 = minimum inhibitory concentrations that resulted in ≥90% growth inhibition. 
eEC = effective concentration that resulted in greater than 50% inhibition of cell viability. All MIC experiments were 
performed in triplicate for each concentration and repeated independently at least two times. Mammalian cell viability studies 
were performed in duplicate for each concentration and repeated independently three times.

Mechanism of Action Studies. Shortly following the discovery of acidomycin, several groups 

hypothesized it was a biotin antimetabolite based on the structural similarity to biotin and subsequently 

demonstrated biotin fully antagonized its antitubercular activity.7,11,13,30  Later investigations by 

Eisenberg and Hsiung using resting cells of an E. coli mutant, which overexpressed the entire biotin 

pathway, showed acidomycin inhibited the conversion of DTB to biotin; although these results were 

never extended to M. tuberculosis.31  To pinpoint the biochemical step targeted by acidomycin in M. 

tuberculosis, we thus performed complementation studies with biotin pathway intermediates to 

Strain/Cell Line (#strains)a Classificationb MIC or EC 
(M)c

M. tuberculosis H37Rv WT 1.56
M. tuberculosis (8) DS 0.096-6.2
M. tuberculosis HN878 DS 0.60
M. tuberculosis Erdman DS 1.56
M. tuberculosis (7) MDR 0.60-6.2
M. tuberculosis (6) MDR+ 0.20-4.8
M. tuberculosis (2) XDR 0.096-1.2
M. africanum MTBC 0.20
M. bovis BCG MTBC 1.30
M. abscessus (4) NTM >100
M. avium complex (3) NTM >100
M. smegmatis mc2155 non-pathogenic 10d

E. faecalis gram positive >1000d

S. aureus gram positive >1000d

A. baumannii gram negative >1000d

P. aeruginosa gram negative >1000d

E. coli ATCC 25922 gram negative >1000d

HepG2 mammalian >1000e

Vero mammalian >1000e
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10

determine if growth inhibition by acidomycin could be rescued by upstream exogenous biotin precursors.  

The activity of (±)-acidomycin against M. tuberculosis H37Rv was evaluated in glycerol-alanine-salts 

(GAS) minimal medium supplemented with either 1 M of 7-keto-8-aminopelargonic acid (KAPA), 

DTB or biotin (note: 7,8-diaminopelargonic acid [DAPA] did not complement a bioA M. tuberculosis 

biotin auxotroph presumably due to poor permeability of this highly polar diamino-carboxylic acid 

metabolite and hence was not used in our studies).32  Biotin completely rescued growth inhibition by 

(±)-acidomycin while DTB shifted the MIC approximately two-fold and KAPA had no effect (Figure 

3A, Table S2).  Illustrating the remarkable selectivity, we confirmed supplementation with each of the 

biotin pathway intermediates had no impact on the antitubercular activity of rifampicin (Figure 3B). 

These data are consistent with previous studies,31 and suggest (±)-acidomycin inhibits the conversion of 

DTB to biotin in M. tuberculosis, catalyzed by biotin synthase (BioB).  To further corroborate BioB as 

the primary target of (±)-acidomycin we analyzed an M. tuberculosis strain carrying two copies of the 

bioB gene, which is expected to increase BioB expression. In accordance with the conclusion that BioB 

is the primary target of ACM in M. tuberculosis, the merodiploid shows an increase in the MIC of (±)-

acidomycin but not rifampicin (Figure 3CD)
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11

Figure 3.  Impact of extrabacterial biotin and overexpression of BioB on susceptibility of M. 
tuberculosis H37Rv to (±)-acidomycin. Panels A and B show MIC curves for (±)-acidomycin (A) and 
rifampicin (B) in GAST medium supplemented with 1 µM biotin pathway intermediates (black, biotin; 
red, DTB; green, KAPA) or DMSO only (blue). Panels C and D show MIC curves for M. 
tuberculosis H37Rv (blue squares) and the BioB merodiploid strain (red squares) against (±)-
acidomycin (C) and rifampicin (D) grown in GAST medium. Normalized growth was calculated at 
OD580 at the indicated concentration divided by the OD580 with drug (DMSO). Data are averages (± SD) 
of triplicate cultures and are representative of two independent experiments.

To biochemically validate these findings, we next overexpressed and purified recombinant M. 

tuberculosis BioB (MtBioB) and attempted to reconstitute activity in an anaerobic chamber (< 5 ppm O2) 

using E. coli flavodoxin (FLD) and flavodoxin reductase (FLDR) as described.33  Rather than use the 

initially disclosed high performance liquid chromatography (HPLC)-based assay to monitor MtBioB 

activity, we developed a more sensitive and specific liquid chromatography-mass spectrometry (LC-MS) 

assay employing biotin-d4 as an internal standard.  However, we never observed product formation 

under any assay condition examined.  As a control, we also overexpressed and purified E. coli BioB 

(EcBioB) and assayed it under identical conditions (see methods).  EcBioB was selected because it has 

been subject to detailed steady-state and pre-steady-state kinetic analyses as well as structurally 
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12

characterized with bound substrates SAM and DTB.34-48  Unlike MtBioB, EcBioB displayed time-

dependent formation of biotin with kinetic parameters nearly identical to the reported values.37  Both 

BioB homologues were purified as stable homodimers and exhibited a characteristic brown color from 

the [2Fe-2S]2+ cluster, thus we hypothesized the inability of MtBioB to turnover substrate was due to 

failure of the E. coli FLD to promote electron transfer.  Unfortunately, the M. tuberculosis genome does 

not encode for any flavodoxins; consequently, further studies will be required to identify the putative 

mycobacterial enzyme(s) responsible for single electron transfer to MtBioB.  In lieu of a functional 

assay for MtBioB, we elected to use EcBioB to evaluate inhibition by acidomycin since our homology 

model of MtBioB (see discussion) indicates both active sites are highly conserved.

EcBioB is marked by slow turnover (kcat ≈ 0.2 min-1) and product inhibition (e.g. 5′-deoxyadenosine 

and methionine).37  As a result inhibition studies with acidomycin were conducted at a relatively high 

enzyme concentration (5 M dimer, Figure 4) under single-turnover conditions at fixed saturating 

concentrations of DTB (10 µM) and SAM (100 µM).49  Under these conditions (S)-(–)-acidomycin 

inhibited 50% of EcBioB activity at 13.3 ± 1.8 M while and (R)-(+)-acidomycin showed less than 30% 

inhibition at 100 M.  These results are consistent with the observed relative whole-cell antitubercular 

activities of each enantiomer (Figure 4A).  Since BioB is a radical SAM enzyme, we hypothesized 

acidomycin could potentially act as a mechanism-based inhibitor forming a reactive intermediate that 

subsequently inactivates the enzyme.  To exclude this possibility, we confirmed acidomycin did not 

exhibit time-dependent inhibition by pre-incubating BioB with all substrates and cofactors for various 

times (5–30 minutes) followed by initiating the reaction with DTB.  To determine the modality of 

inhibition as well as inhibition constant (Ki) for (±)-acidomycin, initial velocity was measured as a 

function of DTB concentration (5–30 µM) at several concentrations of (±)-acidomycin ranging from 5 to 

30 µM that provided the saturation curves (Figure 4B) and the corresponding double-reciprocal (Figure 
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4D) which shows (±)-acidomycin is a competitive inhibitor with respect to DTB.  While this assay 

allowed us to operate under initial velocity conditions, the data cannot be interpreted according to 

Michaelis-Menten kinetics, which assumes substrate concentration is much larger than enzyme 

concentration ([S] >> [E]), and the concentration of the enzyme-substrate complex does not change over 

the course of the assay.  Instead, we conducted a simultaneous non-linear regression, modeled according 

to Segel’s treatment of multi-site enzymes, taking into account tight-binding behavior giving a 

calculated Ki of 2.0 ± 1.3 M for (±)-acidomycin or approximately 1 µM for the active S-enantiomer of 

acidomycin (Figure 4C).50 

Figure 4. Inhibition of EcBioB by acidomycin.  A) Concentration-response plots of the fractional initial 
velocity of EcBioB as a function of acidomycin concentration. (R)-(+)-acidomycin (solid circles) shows 
weak inhibition (IC50 of >100 M) while the calculated IC50 for (S)-(–)-acidomycin (solid diamonds) is 
13.3 ± 1.8 M. B) Saturation curve of initial velocity of EcBioB as a function of DTB concentration at 
different fixed concentrations of (±)-acidomycin.  Each curve was fit to Segel’s model for enzymes with 
multiple catalytic sites.50  C) Data from panel B replotted and fit to a modified version of the Morrison 
equation to obtain Ki for (±)-acidomycin  (Ki = 2.0 ± 1.3 M).  D) Lineweaver-Burke double reciprocal 
plot of initial velocity versus free DTB concentration at different concentrations of (±)-acidomycin.  The 
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intersection near the y-axis exhibits some curvature because the free ligand and steady-state assumptions 
are not valid with the implemented assay conditions. 

Careful analysis of the reaction byproducts revealed acidomycin significantly enhanced production 

of 5′-deoxyadenosine (22) by BioB in the absence of DTB compared to the background cleavage rate 

(Figure S7).  We speculate the binding of (S)-(–)-acidomycin to BioB may stimulate unproductive 

cleavage of SAM to generate 5′-deoxyadenosine, which if continuously produced could accumulate to a 

sufficient concentration to inhibit BioB and as well as other metabolic processes.

Accumulation Studies. We hypothesized the selective microbiological activity of acidomycin for 

mycobacteria, despite potent inhibition of EcBioB, may be caused by differential cellular accumulation.  

We therefore utilized the detailed method described by Hergenrother employing liquid chromatography 

tandem mass spectrometry (LC-MS/MS) with slight modification to quantitatively determine antibiotic 

levels in E. coli and M. tuberculosis.51  Rifampicin, thioridazine and tetracycline were used as control 

compounds and results are given in Table 2 and Figure 5. The compound accumulation data are 

expressed in units of nanomoles per 1012 CFU to be consistent with Hergenrother’s data as well as 

intracellular concentration, which was calculated based on the average volume of cells as detailed in 

Table 2.  The intracellular concentration (IC) divided by the extracellular concentration (EC), which was 

50 µM for all compounds, provided the calculated IC/EC ratios.  Consistent with previous studies, we 

observed rifampicin accumulated to low levels in E. coli resulting in an IC/EC ratio of 2.1 while 

tetracycline displayed high accumulation providing an IC/EC value of 62. The accumulation patterns of 

tetracycline in M. tuberculosis aligned with the results with E. coli providing an IC/EC ratio of 88. 

Thioridazine does not accumulate in M. tuberculosis and was thus selected as control for a low 

accumulator. As expected, the IC/EC value for thioridazine was only 0.7 in M. tuberculosis.52  However, 

(±)-acidomycin showed a substantial difference reaching an intracellular concentration of 2200 µM in M. 
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tuberculosis and only 80 µM in E. coli resulting in IC/EC ratios of 52 and 1.6, respectively. Thus, (±)-

acidomycin accumulated to approximately 30-fold higher levels in M. tuberculosis than in E. coli.  We 

hypothesized that biotin could potentially compete with transport of (±)-acidomycin in M. tuberculosis 

and thus repeated all studies in the presence of 1 M biotin; however, exogenous biotin levels had little 

impact on cellular accumulation of (±)-acidomyin in M. tuberculosis as well as the other antibiotics 

examined. These data suggest M. tuberculosis is uniquely susceptible to (±)-acidomycin because of 

selective accumulation that provides an intracellular concentration more than 50-times greater than the 

extracellular concentration. 

Figure 5.  Differential accumulation in M. tuberculosis (blue bars) vs. E. coli (red bars) grown in the 
absence of biotin.  Accumulation levels (represented in nmol / 1012 CFUs) are shown for acidomycin, 
high accumulating antibiotic (tetracycline) and low accumulating antibiotics (rifampicin and 
thioridazine).  

Table 2.  Cellular accumulation of antibiotics in E. coli and M. tuberculosis.  
 Accumulation  
 (nmol/1012 CFUs)Antibiotic Organism

-biotin +biotin

Intracellular
Concentration,
-biotin (µM)a

IC/EC
Ratiob

E. coli     80 ± 20     61 ± 2     80 ± 20    1.6 ± 0.4
(±)-Acidomycin

M. tuberculosis 1300 ± 400 1150 ± 40 2600 ± 800     52 ± 16
E. coli 3100 ± 120 1600 ± 100 3100 ± 120     62 ± 2

Tetracycline
M. tuberculosis 2200 ± 200 2220 ± 50 4400 ± 400     88 ± 8

Rifampicin E. coli   110 ± 60   144 ± 4   110 ± 60  2.14 ± 0.06
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Thioridazine M. tuberculosis     18 ± 1    5.2 ± 0.4     36 ± 2  0.72 ± 0.04
aCell concentrations were calculated based on a cell volume of 1.0 µm3 for E. coli53 and 0.5 µm3 for M. tuberculosis54-55; 

bIC/EC ratios were calculated by dividing the intracellular concentrations by the incubation concentration of 50 µM.

Resistance Studies. We were unable to isolate any resistant mutants of (±)-acidomycin by plating at 

least 1 × 108 colony forming units (CFUs) of M. tuberculosis H37Rv on biotin-free 7H9 agar plates 

containing (±)-acidomycin at 10-, 25-, and 50-fold its agar MIC (12 M), indicating the frequency of 

resistance (FOR) for (±)-acidomycin is less than or equal to 1 × 10-8.  To favor isolation of resistant 

mutants, we next plated M. tuberculosis H37Rv in both the presence and absence of 2 µM DTB and 

decreased the amount of (±)-acidomycin to be four times its agar MIC.  We were unable to isolate any 

mutants in plates lacking DTB but identified a single mutant with an MIC approximately 16-fold higher 

than that of WT M. tuberculosis H37Rv in plates containing DTB (Figure S2).  Whole-genome 

sequencing identified a chromosomal duplication spanning from 1750550 to 1807050 which includes 

the bioAFD- and bioB-containing operons (SRA accession number: PRJNA507782).  This suggested 

that resistance was due to overexpression of proteins in the biotin biosynthetic pathway.  Western blot 

analysis probing for BioA and BioB revealed the mutant to have higher levels of these two enzymes 

compared to WT H37Rv (Figure S3).

Additional Mechanism of Action Studies. As a biotin antimetabolite, we hypothesized acidomycin may 

be recognized by biotin protein ligase (MtBPL), encoded by birA, in M. tuberculosis where it could 

either act as an inhibitor or potentially act as a substrate.  Given the high intracellular concentration 

achieved by acidomycin, a secondary mechanism of action could be expected to contribute substantially 

to the observed antitubercular activity; moreover, inhibition of biotin synthase depletes biotin levels, 

which would serve to potentiate the inhibition of MtBPL by acidomycin.  Therefore, we investigated the 

effect of (S)-(–)-acidomycin on global biotinylated protein levels in M. tuberculosis using a far-western 

blot assay and discovered acidomycin had very little impact on the degree of protein biotinylation in the 
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time-frame of the assay, even at concentrations that were 10-fold its MIC (Figure 6A, Figure S9).  This 

result contrasted with a known MtBPL inhibitor, 5ʹ-[N-(D-biotinoyl)sulfamoyl]amino-5ʹ-deoxyadenosine 

(Bio-AMS), which showed a noticeable decrease in protein band intensity as a function of inhibitor 

concentration.56  Furthermore, we evaluated the binding affinity of (S)-(–)-acidomycin to MtBPL by 

isothermal titration calorimetry (ITC) in a direct titration experiment.  We observed no heat generated 

when (S)-(–)-acidomycin was titrated into MtBPL, relative to the binding enthalpy generated when a 

known substrate (biotin) was titrated into MtBPL (Figure 6B, Figure S10).  These data indicate (S)-(–)-

acidomycin does not bind to MtBPL, and thus does not act as an antimetabolite in protein biotinylation .

Figure 6.  A) Far-western blot of the biotinylated proteome of M. tuberculosis grown in biotin-free 7H9 
media, in the presence of acidomycin.  Concentration of acidomycin (M) is depicted at the bottom of 
the blot.  Lane L: Protein ladder; Lanes 1–3: M. tuberculosis grown in the presence of acidomycin at 0 
(lane 1), 1 (lane 2) and 10 (lane 3) its MIC.  This experiment was performed twice, independently. B) 
Isothermal titration calorimetry thermogram of (S)-(–)-acidomycin (750 M, red) and biotin (750 M, 
black) titrated into MtBPL (50 M), with the binding data for biotin shown in black.  This experiment 
was repeated twice, independently.
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Pharmacokinetics of Acidomycin.  To assess the pharmacokinetic (PK) parameters of acidomycin 

and compare them to previous pharmacological studies, we administered CD-1 mice a single dose of 

either natural (S)-(–)-acidomycin or unnatural (R)-(+)-acidomycin (Table 3).  The mediocre aqueous 

solubility of acidomycin (< 4 mM) prevented formulations at higher concentrations without using 

DMSO, which prompted optimization of the counterion to further improve the solubility.  Using the 2-

amino-2-methylpropan-1,3-diol (AMP2) salt form of acidomycin, a known counterion used in the 

formulation of carboxylic acid drugs,57 we were able to improve its aqueous solubility substantially to 

greater than 50 mM.  We therefore used this formulation for the PK experiments.  The plasma 

concentrations of (S)-(–)-acidomycin and (R)-(+)-acidomycin at various time points after a single dose 

were determined by LC-MS/MS (Figure 7).  Each compound was orally (p.o.) dosed at 25 mg/kg in 

three mice, or intravenously (i.v.) dosed at 5 mg/kg.  From these studies, the area under the 

concentration-time curve (AUC) for each dose and absolute oral bioavailability (F) were determined.  

Additional parameters that were determined from these experiments were the volume of distribution (Vd), 

terminal elimination half-life (t1/2) and clearance (CL).  Oral administration (p.o.) of (S)-(–)-acidomycin 

and (R)-(+)-acidomycin gave an oral bioavailability of 8 and 16%, respectively.  Following intravenous 

(i.v.) administration, both (S)-(–)-acidomycin and (R)-(+)-acidomycin exhibited monoexponential 

elimination with half-lives of 14.4 and 19.2 min, respectively.  Consequently, the unnatural (R)-(+)-

acidomycin enantiomer possessed roughly the same PK profile, but improved oral bioavailability 

relative to the natural (S)-(–)-acidomycin.  
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Table 3. In vivo Pharmacokinetic Parameters of (R)-(+)-acidomycin and (S)-(–)-acidomycin in CD-1 
mice (n = 3).

Pharmacokinetic indicesa (R)-(+)-acidomycin (S)-(–)-acidomycin

Dose i.v., p.o. (mg/kg) 5, 25 5, 25
AUC0–∞ (p.o., ng·hr/mL) 1591 ± 718 890 ± 106
AUC0–∞ (i.v., ng·hr/mL) 2055 ± 564 2116 ± 115
Vd (i.v. L/kg) 1.12 ± 0.37 0.82 ± 0.05
CL (i.v., mL/kg·hr) 2433 ± 482 2363 ± 126
t1/2 (i.v., min) 19.2 ± 2.4 14.4 ± 0.1
F (%) 16 ± 7 8 ± 1

aValues are reported as the mean of three replicates.  AUC0–∞, are under the plasma concentration-time curve from time 0 to 
infinity; Vd, volume of distribution; CL, clearance; t1/2, terminal elimination half-life; F, relative oral bioavailability 
calculated as follows: F = 100 × [(AUCp.o. × Di.v.)/(AUCi.v. × Dp.o.)] where D is the dose.

Figure 7.  Mean plasma concentration versus time curves after single p.o. (25 mg/kg, blue) and i.v. (5 
mg/kg, red) administration of acidomycin to CD-1 mice.  Error bars represent standard deviation of the 
mean (n = 3); A) (R)-(+)-acidomycin; B) (S)-(–)-acidomycin.
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DISCUSSION

Since its discovery, acidomycin was recognized as an antimetabolite of the biotin biosynthetic 

pathway due to the resemblance of the thiazolidinone ring to that of the tetrahydrothiophene/ureido rings 

of biotin.7-8,13,16,30  Early biochemical characterization and elucidation of the mechanism of acidomycin 

showed accumulation of biotin pathway intermediates (termed “vitamers”) increased by two- to seventy-

fold when acidomycin was added to the culture media of various microorganisms, as determined by a 

Saccharomyces cerevisiae-based bioassay.58-59  Conversely, the total amount of biotin detected post-

assay decreased substantially when given acidomycin, which strongly suggest it directly affects biotin 

synthesis.58-59  Corroborating these data, we also discovered biotin to rescue activity when M. 

tuberculosis was grown in the presence of acidomycin, but that other pathway intermediates could not 

complement growth (Figure 3) suggesting that acidomycin inhibits biotin synthase (BioB), the enzyme 

responsible for synthesizing biotin (5) from DTB (4).

BioB catalyzes the final step of the biotin biosynthetic pathway (Figures 1 & 8).  First characterized 

in Escherichia coli by Ifuku and coworkers in 1992,60 BioB is part of the radical SAM superfamily and 

is a homodimeric protein responsible for the formation of the tetrahydrothiophene ring in biotin via 

insertion of a sulfur atom between the C-6 and C-9 carbons in DTB.  Like most radical SAM enzymes, 

BioB utilizes a reduced [4Fe–4S]+ cluster to cleave SAM (20) into methionine and a high-energy 5-

deoxyadenosyl radical (21, Figure 8A).61-63  This reactive, transient radical is responsible for a single 

hydrogen atom abstraction from the C-9 carbon and allows for the insertion of sulfur via a newly formed 

C–S bond originating at a second [2Fe–2S]+ cluster (Figure 8B).44  The tetrahydrothiophene ring is 

closed from subsequent generation of a second 5-deoxyadenosyl radical (21), abstracting the hydrogen 

atom from C-6, and thereby closing the ring (Figure 8B).  As a result, BioB requires two equivalents of 

SAM (20) per complete turnover.44,64  The direct donation of the [2Fe–2S]+ sulfur atom thus makes 
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BioB appear to act as a substrate in vitro, rather than a catalytically functional enzyme, with some 

studies reporting less than one turnover per protein monomer.65-66  Thus, BioB distinctively possesses a 

layer of complexity when considering it as a target for drug development that is absent in most 

enzymatic systems.  In the E. coli BioB system, once a successfully completed turnover has occurred, 

during which the [2Fe–2S]2+ cluster is destroyed, BioB has an increased propensity for oxidative 

degradation via ATP-dependent proteolysis.40  This begs the question of whether BioB acts as a “true” 

prototypical enzyme capable of multiple turnovers, or a complex substrate facilitating the conversion of 

DTB to biotin and dismantling itself in the process.66  However, the extremely tight regulation of biotin 

production (vis-à-vis BioB degradation) could prove to be promising for antibiotic development 

targeting BioB, such as acidomycin. 
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Figure 8.  Proposed mechanism of BioB and inhibition by acidomycin (11).  A) A single electron from 
flavodoxin reduces the [4Fe–4S]+ cluster, promoting the homolytic cleavage of SAM (20) into 
methionine and a high-energy 5′-deoxyadenosyl radical (21).  B) Under normal circumstances, the 5′-
deoxyadenosyl radical (21) abstracts the C-9 hydrogen atom of the native substrate DTB (4), forming 5′-
deoxyadenosine (22) and allows for the insertion of sulfur from the [2Fe–2S]+ cluster (labeled as 
“productive radical propagation”).  Another 5′-deoxyadenosyl radical (21) is responsible for the C-6 
hydrogen atom abstraction, completing the thiophane ring in biotin (5).  C) When acidomycin (11) is 
bound to the active site instead, the lack of a C-6 hydrogen atom prevents the highly reactive 5′-
deoxyadenosyl radical (21) from H-atom abstraction, leading to the radical to be unproductively 
quenched as a result (labeled as “unproductive radical termination”).  

Our efforts to probe the inhibitory effect of acidomycin on BioB thus led us to the discovery that 

acidomycin is a competitive inhibitor with respect to DTB (Figure 4D).  We resorted to using EcBioB 

for our inhibition assay as we were unable to develop a functional assay for MtBioB.  Although 

enzymatic activity of MtBioB was obtained previously,33 we were unable to replicate these conditions 
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using the E. coli FLD and FLDR electron transport system.  We surmise the electron donation system 

for BioB is highly tuned to be species-specific and thus the E. coli FLD and FLDR proteins are not 

functionally active with MtBioB.  Genomic mining of M. tuberculosis failed to identify any candidate 

flavodoxins, which might facilitate the analogous reactions in mycobacteria suggesting a different 

electron transport mechanism in M. tuberculosis versus E. coli.  This is not uncommon, and other 

organisms are known to utilize ferredoxins in lieu of a flavoprotein for single electron transfer 

reactions.67  We found five putative ferredoxins in the M. tuberculosis genome that could potentially act 

as the electron donor: Rv0763c, Rv1177 (potentially FdxC), Rv1786, Rv2007c (potentially FdxA), or 

Rv3503c (potentially FdxD).  Of these, Rv1786 was recently expressed and characterized to couple with 

flavoprotein reductase A (FprA) and ferredoxin reductase A (FdrA), but its function in vivo is still 

unknown.68  Investigations into the expression and biochemical evaluation of the MtBioB electron 

transport partner(s) are ongoing.

To reasonably extrapolate the EcBioB inhibitory data of acidomycin to MtBioB, we therefore 

constructed a homology model to investigate any differences in the binding site of both EcBioB and 

MtBioB using the X-ray crystal structure for EcBioB (PDB: 1R30).34  The two sequences have greater 

than 75% similarity near the binding pocket and some non-conserved residues such as Ser212 (Cys221) 

and Met246 (Phe253) have backbone interactions with DTB resulting in a nearly identical active site 

(Figure 9A).  The structural similarity between DTB and acidomycin is evident in our model, as it shows 

that substantial overlap in the active site is possible (Figure 9B).  Assuming DTB and acidomycin bind 

to BioB as illustrated by the model, it is reasonable to extrapolate the EcBioB inhibitory data of 

acidomycin to MtBioB.
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Figure 9.  A) Homology model of EcBioB (grey, faded) aligned to MtBioB (blue, solid) depicting DTB 
(purple) and SAM (green) bound to the active site.  All key interactions with residues remain the same 
between species.  B) EcBioB with comparison of acidomycin and DTB (green and purple, respectively) 
aligned in the active site.   

The modest Ki (~1 M) of acidomycin against EcBioB (and assuming similarity in the inhibitory 

concentrations between EcBioB and MtBioB), could indicate off-target binding or secondary/indirect 

effects.  In our efforts to explain the difference between the whole-cell activity and enzymatic activity of 

acidomycin, we discovered an increase in the amount of 5′-deoxyadenosine (22) produced compared to 

baseline levels in assays containing acidomycin (Figure S7).  This unproductive cleavage of SAM does 

not affect the [2Fe-2S]+ cluster of BioB, which is responsible for the insertion of sulfur into DTB.  This 

implies cleavage of SAM to be catalytic, and thus not obstructed by the Fe-S cluster regeneration 

requirement that plagues the natural reaction mechanism.  Furthermore, the X-ray co-crystal structure of 

EcBioB and DTB (PDB: 1R30), previously reported by Berkovitch and coworkers, depicts DTB 

sandwiched between the [4Fe–4S] and [2Fe–2S] clusters with the C-9 only 4.6 Å away from the closest 

bridging sulfide in the [2Fe–2S] cluster.34  This presumably requires a slight structural change in the 

conformation of BioB to enable the abstraction of the C-9 H-atom from the SAM-derived 5′-

deoxyadenosyl radical (21).  With acidomycin bound instead, the reductive homolytic cleavage of SAM 
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(20) could still take place in the active site of BioB in an unproductive manner, whereby the highly 

reactive 5′-deoxyadenosyl radical (21) is quenched before reacting with acidomycin (Figure 8C).  

Although it is known that the H-atom abstraction and subsequent sulfide insertion is step-wise, it is still 

unclear as to whether or not the binding event of SAM and DTB occur in any ordered fashion.42  

Therefore, acidomycin could bind to the active site in a competitive manner followed by a “pseudo 

mechanism-based” inhibition of BioB via depletion of the biologically active SAM.  The utilization of 

the methylthioadenosine/S-adenosylhomocysteine nucleosidase MtnN in our in vitro assays prevented 

this known substrate inhibition through hydrolysis of the 5′-deoxyadenosine derived from SAM.69  If 

pools of SAM are depleted in vivo, however, it should come as no surprise that this could be problematic 

for the survival of the organism, as many essential enzymes – even within the biotin biosynthetic 

pathway – are SAM-dependent such as BioC and BioA.70  Additionally, M. tuberculosis lacks the ability 

to scavenge exogenous SAM and intermediates of SAM/methionine biosynthesis, emphasizing a major 

reliance on intracellular levels of SAM.71  Interestingly, a recent study showed potentiation of para-

aminosalacylic acid (PAS), a selective antimetabolite of the folate metabolic pathway, to biotin 

deprivation by utilizing a biotin auxotrophic strain of M. bovis BCG with a disruption in the bioB gene.72  

Methionine is a known potent antagonist of PAS in mycobacteria,73 and thus the connection between 

PAS, methionine and biotin biosynthesis inhibition could be attributed to SAM as well.74

We hypothesized acidomycin may possess a secondary mechanism of action, wherein it would act as 

a substrate for MtBPL and become incorporated into the biotin carrier carboxylase protein (BCCP) 

domain of acyl-CoA carboxylases (ACC) instead of biotin (Figure 1).  This modification would not only 

inactivate biotin-dependent proteins, but also prevent canonical activation, as only non-ligated apo-

proteins are recognized by BPLs.  Acidomycin ligated to proteins would be unable to facilitate carboxyl-

group transfer, as it lacks the proper ureido nitrogen responsible for fixing CO2.  The unique bicyclic 
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ring system of biotin is thought to have evolved specifically for carboxylation, as the presence of the 

sulfur atom reduces unproductive hydrolysis by blocking the approach of water from one side, greatly 

improving the efficiency of biotinylated enzymes.75-76  The importance of the sulfur in biotin is evident 

from an evolutionary standpoint as BioB is a highly regulated enzyme with a complex mechanism for 

sulfur insertion.  Therefore, any deviation from this highly specialized ring system (even similar 

molecules such as DTB) would presumably result in a non-functional enzyme. However, both our 

whole-cell biotinylated proteome assays (Figure 6A) and direct binding assays (Figure 6B) showed 

acidomycin does not bind to MtBPL, and thus acidomycin does not appear to possess this intriguing 

secondary mechanism of action.  

Antibiotics with poor cellular accumulation was a major problem faced during many early discovery 

programs.77-78  As such, the ability to quantify intracellular accumulation of drugs has become a recent 

trend in the evaluation of antibiotics, new and old.51,79-80  In an effort to reconcile the disparate whole-

cell inhibitory activity of acidomycin against E. coli and M. tuberculosis, even though we presented 

direct inhibition of EcBioB, we chose to look at the levels of intracellular accumulation for these two 

organisms.  Alas, we discovered a thirty-fold increase in intracellular accumulation of acidomycin in M. 

tuberculosis compared to E. coli, which is a trend we expected, but does not fully explain the >100-fold 

difference in whole cell activity.  These measurements account for drug association within the cells as 

well as (in the case of M. tuberculosis) embedded in the cell envelope, and these concentrations 

represent concentrations after a five-minute incubation period.  Efflux pumps in E. coli and M. 

tuberculosis could act on these drugs at different rates, which could also affect the intracellular 

concentration at a given time.  However, solely relying on accumulation to explain the difference in 

activity oversimplifies the mechanism of selectivity between these two organisms.    
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A promising result in our studies was the observation of the very low frequency of resistance of 

acidomycin, consistent with previous studies.7  When M. tuberculosis was grown in the presence of 

acidomycin and 2 M DTB, we observed a 16-fold increase in the MIC.  The rationale for including 

DTB was to “force” a mutation of bioB, however when DTB concentrations were reduced to 1 M, only 

a two- to three-fold increase in MIC was observed.  Grundy and coworkers discovered resistance to 

acidomycin was not easy acquired, as a meager two-fold increase in inhibitory concentrations were 

achieved after growth in the presence of acidomycin.7  Sequencing of the mutant identified 

chromosomal duplication leading to the overexpression of enzymes required for biotin synthesis.  The 

difficulty in obtaining a viable resistant mutant suggests simple point mutations to BioB are unable to 

confer resistance to acidomycin.  

Although acidomycin displayed promising in vitro selective inhibitory activity against mycobacteria, 

it was shown in this study and in previous studies to be pharmacodynamically inert.11,81-82  The inability 

of acidomycin to exert an antitubercular effect in vivo prompted researchers to hypothesize that biotin 

present in tissues antagonized the in vivo activity of acidomycin, when dosed to mice and rats.11,30  

Schnappinger and coworkers definitively proved this to not be the case, as their conditionally-regulated 

bioA knockdown mutant was not only unable to establish an infection in mice, but also chronic 

infections were cleared when biotin biosynthesis was inhibited, indicating M. tuberculosis requires de 

novo biotin biosynthesis for the persistence in vivo.24,83  Conditional genetic inactivation of BPL further 

exemplified that not only de novo biotin biosynthesis but also protein biotinylation is required by M. 

tuberculosis to sustain an infection.25  Our own PK experiments showed rapid elimination of acidomycin 

from mice (Table 3).  Biotin concentrations in mammalian tissues (including mice) are well under the 

amount required to antagonize acidomycin, implying the lack of in vivo activity could be explained by 

rapid elimination.  To that end, one study observed approximately 30 % of the intravenous (i.v.) 
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acidomycin dose was recovered from the urine of mice, dogs, cats, and rabbits within 60 minutes, as 

well as provide evidence that acidomycin is partially inactivated by the abdominal organs.82  Further 

early in vivo experiments also showed elevated levels of biotin in the urine of rabbits treated with 

acidomycin.11,15,82  Acidomycin did not significantly change the measured degree of biotin deficiency in 

egg white-fed rats but rather increased the amount of what was then-termed “avidin uncombinable biotin” 

and “SC factor,” which was later elucidated to be biotin pathway intermediates.81,84  Combined with our 

PK data, we can establish the reason for its inactivity to be due to rapid elimination from the host rather 

than biotin antagonism.  Further improvement of these parameters would necessitate the design of 

prodrugs to increase permeability and extend its terminal half-life.  

In addition to the antimicrobial and pharmacological experiments performed, several structurally 

related acidomycin analogues were synthesized and evaluated for antimicrobial activity against both M. 

tuberculosis and M. avium.7-8,13,16,30,85-86  The optimal chain length is five methylene units, and removing 

the carboxylic acid ablates activity.86  Any modifications to the N3 position, as well as oxidizing the 

sulfur also diminishes activity.85   The primary amide and lower alkyl esters showed improved 

antitubercular activity, but this could be due to increased cellular permeability.86  The activity of 

acidomycin derivatives seem to be sensitive to minor changes, indicating a limited scope of SAR.  

Going forward, it would be prudent to improve the PK properties of acidomycin through prodrug design 

(via alkyl esters and amides), rather than through analogues of the parent compound.  

CONCLUSION

We have explicitly demonstrated the mechanism of acidomycin against M. tuberculosis using both 

whole-cell and in vitro biochemical assays.  Biotin was the only biotin pathway intermediate to 

antagonize the inhibitory activity of acidomycin against M. tuberculosis. This was further confirmed as 
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(±)-acidomycin displays competitive inhibition against EcBioB, with an inhibitory constant, Ki of 2.0 

M, which is analogous to MtBioB due to the high sequence similarity in the active sites of EcBioB and 

MtBioB.  The purified natural product (S)-(–)-acidomycin shows a 14-fold or greater increase in activity 

over the non-natural (R)-(+)-acidomycin enantiomer in both whole-cell and in vitro biochemical assays.  

We observed a 30-fold increase in the amount of accumulated acidomycin in M. tuberculosis over E. 

coli, owing to its selectivity for M. tuberculosis.  The low FOR of acidomycin against M. tuberculosis 

initially suggested a secondary mechanism of action, but none of our experiments showed evidence of 

acidomycin acts as a biotin antimetabolite or binds to MtBPL.  We also discovered the lack of in vivo 

activity of (S)-acidomycin in mice was caused by poor PK properties as it is rapidly eliminated with a 

half-life of 14.4 min.  Overall, this study provides the most detailed study of acidomycin’s mechanism 

of action and selectivity in M. tuberculosis and demonstrates future efforts should focus on improving 

the pharmacokinetic properties of acidomycin.  

METHODS

General materials and methods for synthesis. Chemicals and solvents were purchased from Acros 

Organics, Alfa Aesar, Sigma-Aldrich, and TCI America and were used as received.  An anhydrous 

solvent dispensing system using two packed columns of neutral alumina was used for drying MeOH, 

toluene, THF and CH2Cl2, while two packed columns of molecular sieves were used to dry DMF, and 

the solvents were dispensed under argon gas (Ar).  EtOAc and hexanes were purchased from Fisher 

Scientific.  All reactions were performed under an inert atmosphere of dry argon gas (Ar) in oven-dried 

(180 °C) glassware.  TLC analyses were performed on TLC silica gel 60F254 plates from EMD 

Chemical Inc. and were visualized with UV light.  Optical rotations values were obtained on a 

polarimeter using a 1 dm cell.  Purification by flash chromatography was performed using a medium-

pressure flash chromatography system equipped with flash column silica cartridges with the indicated 
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solvent system.  Analytical reversed-phase high performance liquid chromatography (HPLC) was 

performed on a Phenomenex Luna® Omega 3 µm Polar C-18 100 × 2.1 mm LC column operating at 

0.300 mL/min with detection at 254 nm and 210 nm employing a linear gradient of 5 to 65 % MeCN + 

0.1 % formic acid (solvent B) in water + 0.1 % formic acid (solvent A) for 10 minutes and maintaining 

65 % solvent B for an additional 5 min (Method A).  Chiral analytical HPLC was performed on a 

Phenomenex Lux® 5 µm Cellulose-1 100 × 4.6 mm LC column operating at 1.000 mL/min with 

detection at 230 nm and 210 nm employing a linear gradient of 5 to 40 % MeCN + 0.1 % formic acid 

(solvent B) in water + 0.1 % formic acid (solvent A) for 5 minutes and maintaining 40 % solvent B for 

an additional 5 min (Method B).  Chiral preparative HPLC was performed on a Chiralpak® IE 5 m 250 

× 2.0 mm LC column operating at 45 g/min with detection at 210 nm employing an isocractic elution of 

30 % MeOH (solvent B) in supercritical CO2 (solvent A) for 8 minutes (Method C). 1H and 13C spectra 

were recorded on a 400 or 500 MHz NMR spectrometer. Proton chemical shifts are reported in ppm 

from an internal standard of residual chloroform (7.27), methanol (3.31) or dimethyl sulfoxide (2.50); 

carbon chemical shifts are reported in ppm from an internal standard of residual chloroform (77.0), 

methanol (49.1), or dimethyl sulfoxide (39.5).  Proton chemical data are reported as follows: chemical 

shift, multiplicity (s = singlet, d = doublet, dd = doublet of doublets, dt = doublet of triplets, t = triplet, 

dq = doublet of quartets, m = multiplet, br = broad, ABqd = AB quartet of doublets, ABq = AB quartet), 

coupling constant(s), integration.  High-resolution mass spectra were obtained on an LTQ Orbitrap 

Velos instrument (Thermo Scientific, Waltham, MA).  All compounds were determined to be >95 % by 

analytical reverse-phase HPLC (purities for each final compound are given in the experimental section 

below).  

Methyl 7-hydroxyheptanoate (8).  To a solution of 7 (31.3 mL, 0.27 mol, 1.0 equiv) in CH2Cl2 

(700 mL) was added 3-chloroperoxybenzoic acid (130 g, 0.40 mol, 1.5 equiv) at 23 °C and stirred for 6 
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days during which a white precipitate formed.  The reaction mixture was then filtered through Celite, 

and washed thoroughly with saturated aqueous NaHCO3 (5 × 250 mL), saturated aqueous NaCl (250 

mL), H2O (250 mL), dried (MgSO4) and concentrated in vacuo to afford crude product as an off-yellow 

oil which was purified by high vacuum distillation (75–80 °C under 1.0 torr) to give ζ-enantholactone 

(19 g, 57 %) as a colorless oil: 1H NMR (400 MHz, CDCl3)  1.40–1.77 (m, 8H), 2.42 (t, J = 6.3 Hz, 

2H), 4.22 (t, J = 5.5 Hz, 2H); 13C NMR (100 MHz, CDCl3)  23.6, 25.4, 28.0, 30.5, 31.0, 67.6, 176.4.

To a solution of ζ-enantholactone (20 g, 160 mmol, 1.0 equiv) in MeOH (1000 mL) was added conc. 

H2SO4 (1 mL) at 23 °C and stirred overnight.  After 16 h, the reaction mixture was concentrated in 

vacuo, and re-dissolved in Et2O (250 mL), washed with H2O (2 × 150 mL), dried (MgSO4) and 

concentrated in vacuo to yield the title compound (26 g, 99 %) as a colorless oil which was used in the 

next step without purification:  Rf  = 0.31 (1:1 EtOAc–hexanes); 1H,13C NMR and MS match previously 

reported spectra.87

Methyl pimelate semialdehyde (9).  A mixture of 8 (2.0 g, 12.5 mmol, 1.0 equiv.), CH2Cl2 (100 

mL), H2O (50 mL), and sodium bromide (1.56 g, 15.0 mmol, 1.2 equiv.) was rapidly stirred in a round-

bottom flask (500 mL) and cooled to 0 °C.  (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO, 12 mg, 

0.024 mmol, 0.6 mol%) was added followed by addition of a mixture of sodium hypochlorite solution (4 

– 6 % aqueous,  22 mL, 15.0 mmol, 1.2 equiv.) in NaHCO3 solution (5 % aqueous, 25 mL) at 0 °C.  

Reaction was monitored by TLC, and at 1 hour showed complete conversion to 9.  The reaction was 

diluted with CH2Cl2 (100 mL), and the CH2Cl2 layer was separated.  The aqueous layer was extracted 

with CH2Cl2 (2 × 100 mL), and combined extracts were washed with 5 % (w/v) aqueous potassium 

bisulfate (150 mL), 5 % (w/v) aqueous sodium thiosulfate (150 mL), saturated aqueous NaCl (150 mL), 

dried (MgSO4), and concentrated in vacuo to give an orange oil which was purified by high vacuum 

Page 31 of 57

ACS Paragon Plus Environment

ACS Infectious Diseases

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



32

fractional distillation (75–85 °C under 0.9 torr) to give the title compound (1.8 g, 91 %) as a colorless oil: 

Rf = 0.47 (3:7 EtOAc–hexanes); 1H, 13C NMR and MS match previously reported spectra.87

2-Mercaptoacetamide.  To a 30 mL pressure vessel was added a solution of ammonium in 

methanol (7.0 N, 7.0 mL) and methyl thioglycolate (2.0 mL, 22.3 mmol).  The vessel was purged with 

argon, sealed and stirred for 2 days at 23 °C.  The solution was de-gassed with argon, concentrated in 

vacuo, re-suspended in toluene (10 mL), and concentrated again to afford the title compound (2.03 g, 

99%) as an amorphous white powder, which was used directly in the next reaction without purification: 

1H NMR (400 MHz, CDCl3)  1.95 (t, J = 9.0 Hz, 1H), 3.25 (d, J = 8.6 Hz, 2H), 5.79 (br d, 2H); 13C 

NMR (125 MHz, CDCl3)  29.5, 173.9.

NOTE: Methyl thioglycolate is extremely volatile and both methyl thioglycolate and 2-

mercaptoacetamide produces a potent, noisome odor even at extremely low concentrations; much care is 

necessary when handling.  Additionally, as bleach (sodium hypochlorite) is typically used to wash 

glassware handling thiols, ensure all ammonia is properly and thoroughly removed from the vessel 

before washing.  2-mercaptoacetamide should be used immediately or stored neat at -20 °C for no more 

than three days before discarding.  

Methyl 6-(4-oxothiazolidin-2-yl)hexanoate (10).  To a solution of 9 (1.0 g, 6.3 mmol, 1.0 equiv) 

and freshly prepared 2-mercaptoacetamide (2.0 g, 20.7 mmol, 3.1 equiv) in toluene (60 mL) at 23 °C 

was added p-toluenesulfonic acid monohydrate (60 mg, 0.316 mmol, 5 mol%) and powdered 4Å 

molecular sieves (0.5 g).  The reaction was then heated to 110 °C.  After 16 h, the reaction was cooled to 

23 °C and filtered through a pad of Celite.  The filtrate was concentrated in vacuo, and the residue was 

dissolved in EtOAc (50 mL), washed with saturated aqueous NaHCO3 (50 mL), saturated aqueous NaCl 

(50 mL), dried (MgSO4) and concentrated in vacuo.  Purification by flash chromatography (1:1–3:1 

EtOAc–hexanes, linear gradient) afforded the title compound (1.2 g, 79 %) as an off-white amorphous 
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solid: Rf = 0.29 (7:3 EtOAc–hexanes); HPLC purity: 99.1 %, tR = 9.6 min, k' = 7.7 (Method A); 1H 

NMR (400 MHz, CDCl3)  1.24–1.52 (m, 4H), 1.63 (dt, J = 14.5, 7.6 Hz, 2H), 1.68–1.77 (m, 1 H), 

1.76–1.90 (m, 1H), 2.30 (t, J = 7.2 Hz, 2H), 3.50 (s, 2H), 3.66 (s, 3H), 4.70 (t, J = 6.1 Hz, 1H), 7.37 (br s, 

1H); 13C NMR (100 MHz, CDCl3)  24.6, 25.0 , 28.6, 31.9, 33.8, 38.7, 51.5, 57.3, 174.0, 174.8; HRMS 

(ESI+) calcd for C10H17NO3SNa+ [M + Na]+ 254.0821, found 252.1559.

6-(4-Oxothiazolidin-2-yl)hexanoic acid/(±)-Acidomycin (11).  To a solution of 10 (0.76 g, 3.29 

mmol) in MeOH (10 mL) was added a 10 % (w/v) aqueous NaOH solution (10 mL) at 23 °C.  After 2 h, 

the reaction was concentrated in vacuo, re-dissolved in H2O (2 mL), and cooled to 0 °C.  The solution 

was acidified to pH 1-2 using 6 N HCl during which an off-white precipitate formed.  The precipitate 

was collected by filtration, recrystallized from H2O (2 mL), and dried under high vacuum (P < 0.9 Torr) 

to afford the title compound (0.63 g, 89 %)  as white, needle-like crystals: Mp: 120–124 °C; HPLC 

purity: 99.9 %, tR = 8.3 min, k' = 6.5 (Method A); []  ± 0.0° (c 1.00, MeOH); 1H NMR (500 MHz, 23
 
 
D

CD3OD)  1.33–1.52 (m, 4H), 1.55–1.76 (m, 3H), 1.84 (ddd, J = 13.8, 9.4, 4.9 Hz, 1H), 2.30 (t, J = 7.5 

Hz, 2H), 3.49 (ABqd, JAB = 15.0 Hz, J = 1.8 Hz, 2H), 4.75 (t, J = 5.8 Hz, 1H); 13C NMR (100 MHz, 

CD3OD)  26.02, 26.04, 29.9, 32.9, 34.9, 39.7, 59.2, 177.1, 177.7; HRMS (ESI+) calcd for C9H16NO3S+ 

[M + H]+ 218.0845, found 218.0668.

(R)-(+)-Acidomycin: (±)-Acidomycin was resolved by chiral HPLC (method C).  Mp: 122–124 °C; 

HPLC purity: 97.1 %, tR = 5.25 min, k' = 3.0 (Method B); []  + 46.4° (c 1.00, MeOH); enantiomeric 23
 
 
D

ratio (er): 97.1:1.0; 1H NMR (500 MHz, CD3OD)  1.33–1.52 (m, 4H), 1.55–1.76 (m, 3H), 1.84 (ddd, J 

= 13.8, 9.4, 4.9 Hz, 1H), 2.30 (t, J = 7.5 Hz, 2H), 3.49 (ABqd, JAB = 15.0 Hz, J = 1.8 Hz, 2H), 4.75 (t, J 

= 5.8 Hz, 1H); 13C NMR (100 MHz, CD3OD)  26.02, 26.04, 29.9, 32.9, 34.9, 39.7, 59.2, 177.1, 177.7; 

HRMS (ESI+) calcd for C9H16NO3S+ [M + H]+ 218.0845, found 218.0663.
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(S)-(–)-Acidomycin: (±)-Acidomycin was resolved by chiral HPLC (method C).  Mp: 122–124 °C; 

HPLC purity: 99.9 %, tR = 5.55 min, k' = 3.2 (Method B); []  – 46.0° (c 1.00, MeOH); enantiomeric 23
 
 
D

ratio (er): 1:97.5;  1H NMR (500 MHz, CD3OD)  1.33–1.52 (m, 4H), 1.55–1.76 (m, 3H), 1.84 (ddd, J = 

13.8, 9.4, 4.9 Hz, 1H), 2.30 (t, J = 7.5 Hz, 2H), 3.49 (ABqd, JAB = 15.0 Hz, J = 1.8 Hz, 2H), 4.75 (t, J = 

5.8 Hz, 1H); 13C NMR (100 MHz, CD3OD)  26.02, 26.04, 29.9, 32.9, 34.9, 39.7, 59.2, 177.1, 177.7; 

HRMS (ESI+) calcd for C9H16NO3S+ [M + H]+ 218.0845, found 218.0678. 

Acidomycin AMP2 salt formulation: To a solution of 2-amino-2-methylpropan-1,3-diol (25 mM, 

1.0 equiv) in water was added an equimolar amount of acidomycin (1.0 equiv).  The mixture was stirred 

vigorously for 10 min at 23 °C.  The solution was then concentrated overnight via lyophilization to 

afford the 2-ammonium-2-methyl-propan-1,3-diol salt of acidomycin.  The equivalents of AMP2 were 

determined by NMR: 1H NMR (500 MHz, CD3OD)  1.22 (s, 3H, AMP2), 1.33–1.50 (m, 4H), 1.58–

1.74 (m, 3H), 1.80–1.89 (m, 1H), 2.17 (t, J = 7.5 Hz, 2H), 3.49 (ovlp ABqd, JAB = 15.0 Hz, J = 1.8 Hz, 

2H), 3.56 (ovlp dd, J = 53.4, 11.6 Hz, AMP2), 4.75 (t, J = 6.3 Hz, 1H).

MIC Assays and conditions: MICs for acidomycin were experimentally determined as previously 

described using M. tuberculosis H37Rv grown in GAST medium [0.3 g/L Difco Bacto Casitone, 4.0 g/L 

K2HPO4, 2.0 g/L citric acid, 1.0 g/L L-alanine, 1.2 g/L MgCl2 · 6 H2O, 0.6 g/L K2SO4, 2.0 g/L NH4Cl, 

18 mM NaOH, 1% (v/v) glycerol, and 0.05% (v/v) Tyloxapol, pH 6.6] or biotin-free 7H9 medium [0.5 

g/L (NH4)2SO4, 0.5 g/L L-glutamic acid, 0.11 g/L sodium citrate tribasic dihydrate, 4.72 g/L 

Na2HPO4 · 7 H2O, 1 g/L KH2PO4, 40 mg/L ammonium ferric citrate, 0.1 g/L MgSO4 · 7 H2O, 0.66 mg/L 

CaCl2 · 2 H2O, 1.78 mg/L ZnSO4 · 7 H2O, 1 mg/L CuSO4, and 1 mg/L pyridoxine, 2.5 g/L Bovine Serum 

Albumin Fraction V protease-free (Roche), 1 g/L dextrose, 0.425 g/L NaCl, 0.2% (v/v) glycerol, and 

0.05% (v/v) Tyloxapol, pH 6.6] where noted, with an initial inoculum of approximately 106 CFU/mL in 

a 384 well plate.56  The plates were incubated at 37 °C under 5% CO2 and OD580 was measured after 11 
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or 12 days of incubation to monitor growth.  MIC90 was defined as the concentration of the compound at 

which roughly 90 percent growth inhibition was observed compared to the no drug control.  

Supplementation assays were performed as previously described, supplementing cultures with 7-keto-8-

aminopelargonic acid (KAPA), DTB, or biotin at a final concentration of 1 M.20  M. bovis, M. 

africanum, M. abscessus, M. avium, and M. smegmatis strains were grown in biotin-free 7H9 medium 

and MICs were determined as described above, in either 96 or 384 well plates, with incubation times 

adjusted for strains as needed.  All M. tuberculosis DS, MDR, MDR+, XDR, and clinical isolates88 were 

grown in Dubos-based medium (6.5 g/L Dubos broth base, 0.81 g/L NaCl, 7.5 g/L glucose and 5 g/L 

BSA fraction V) to an OD650 of 0.2.  Cells were diluted 1000-fold in this medium and 50 L per well 

dispensed into round-bottom clear sterile polypropylene plates containing either acidomycin or linezolid 

serially diluted from 50 to 0.049 M in the same medium at 50 L per well.  Plates were incubated for 

up to 2 weeks at 37 °C and MIC scored under an inverted enlarging mirror.  The ability of biotin to 

rescue growth was confirmed by performing the MIC under identical conditions with the addition of 

biotin (final concentration 10 g/mL) to the media.  All experiments were performed in triplicate for 

each concentration (technical replicates) and repeated independently at least two times (biological 

replicates).

The MICs of acidomycin against E. faecalis (V583), S. aureus (USA300), A. baumannii (AB5075), 

P. aeruginosa (PA14) and E. coli (ATCC: 25922) were determined by broth microdilution method as 

previously described.89  E. faecalis, A. baumannii, P. aeruginosa and E. coli were grown in LB medium 

overnight and sub-cultured into M9 minimal medium supplemented with 0.2% (v/v) glucose; S. aureus 

sub-cultured into M9 medium supplemented with: 0.2% (v/v) glucose, 0.5% (v/v) Casamino acids, 2 

g/mL pantothenate, 2 g/mL nicotinamide, and 2 g/mL thiamine.  MIC was defined as the 

concentration of the compound which completely prevented visible grown after incubation at 37 °C for 
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24 h.  All experiments were performed in triplicate for each concentration (technical replicates) and 

repeated independently at least two times (biological replicates).

Cell Cytotoxicity Assay:  Human hepatocellular carcinoma cells (HepG2, ATCC: HB-8065) and 

African green monkey kidney cells (Vero, ATCC: CCL-81) were cultivated in Dulbecco’s minimum 

essential medium (MEM) supplemented with 10% (v/v) fetal bovine serum, 100 U/mL penicillin, and 

100 g/mL streptomycin at 37 °C and 5% CO2 in a humidified incubator.  HepG2 and Vero cells were 

used to seed white opaque 96-well plates at a density of 20,000 cells/well in a total volume of 100 L.  

After incubation for 24 h, the medium was carefully removed from adherent cells and acidomycin 

(formulated as the 2-ammonium-2-methylpropan-1,3-diol [AMP2] salt) was added to each well in 

yielding final concentrations of 1 mM, 0.5 mM and 0.1 mM, and subsequently allowed to incubate for a 

further 72 h.  Control wells contained either no compound (negative control) or 1 % Triton X-100 

(positive control).  All experiments were performed in duplicate for each concentration (technical 

replicates) and repeated independently three times (biological replicates).  Following the 72 h incubation, 

MEM containing acidomycin was aspirated and 50 L of fresh MEM was added with 50 L of the 

Celltiter-Glo® reagent (Promega).  Cells were lysed via shaking at 350 rpm for 2 min on an orbital 

shaker, and then incubated at 23 °C for 10 min.  The luminescent signal was measured in a Synergy H1 

hybrid multimode microplate reader (BioTek).  

Acidomycin Frequency of Resistance (FOR): The MIC of acidomycin (2-ammonium-2-

methylpropan-1,3-diol [AMP2] salt) on agar plates was determined by spotting approximately 106 

bacteria onto biotin-free 7H9 agar [same as broth recipe above without BSA, dextrose, and NaCl, but 

including 15 g/L agar, 10% (v/v) OADC, 0.5% (v/v) glycerol] plates and varying drug concentrations. 

The lowest drug concentration where no growth was observed upon visual inspection after incubation at 

37 °C for three weeks was used as the agar MIC.  To isolate resistant mutants, approximately 108 
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bacteria were plated onto biotin-free 7H9 agar plates containing acidomycin at a concentration of 4×, 

10×, 25×, or 50× the agar MIC (the experiment with 4× was performed both with and without 2 µM 

DTB supplementation in the agar). After incubation at 37 °C for 3 weeks, colonies were counted. Plates 

without colonies were incubated for a further 6 weeks and a final count was done at the end of 9 weeks 

of incubation. The initial number of bacteria was determined by plating dilutions of the original culture.  

FOR was calculated as the number of CFUs divided by the total number of bacteria plated for each 

concentration of acidomycin.

Chromosomal DNA Isolation: This method was adapted from a previously-described protocol.91 

Briefly, mid-exponential growth bacteria were suspended to a final OD580 of 0.1–0.2 in 30 mL fresh 7H9 

[4.7 g/L Middlebrook 7H9 Broth Base, 2.5 g/L Bovine Serum Albumin Fraction V protease-free 

(Roche), 1 g/L dextrose, 0.425 g/L NaCl, 0.2% (v/v) glycerol, and 0.05% (v/v) Tyloxapol] in a vented 

T175 flask, and were incubated for 7 d at 37 °C and 5% CO2 in a humid incubator. Bacteria in 20 mL of 

this culture were pelleted by centrifugation. The pellet was re-suspended in 1 mL TE Buffer [10 mM 

Tris, 1 mM EDTA, pH 8.0]. 50 µL of 10 mg/mL lysozyme (Sigma) prepared in TE Buffer and 0.25 µL 

of 100 mg/mL RNaseA (Qiagen) was added to the suspension, which was then briefly vortexed. The 

suspension was distributed equally between two 1.5-mL Eppendorf tubes and was incubated at 37 °C 

overnight. 5 µL of 20 mg/mL Proteinase K (Invitrogen) and 45 µL of 10% (w/v) SDS solution was 

added to each tube followed by a brief vortex. The tubes were incubated at 65 °C for 1 h. 50 µL of 3 M 

NaCl and 40 µL of 10% (w/v) CTAB (hexadecyltrimethyl ammonium bromide) was added to each tube, 

followed by a brief vortex. The tubes were further incubated at 65 °C for 1 h. The contents of the two 

tubes derived from the same suspended pellet were re-combined in a single 2-mL Eppendorf tube. 700 

µL of ice-cold chloroform was added to the tube which was then shaken to mix the contents well. The 

layers were separated by centrifugation in a microcentrifuge at 13,000 rpm and 4 °C for 5 min. The 
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upper aqueous layer was transferred to a new 2-mL tube. 1 mL of phenol–chloroform solution (from 

phenol:chloroform:isoamyl alcohol 25:24:1, saturated with 10 mM Tris, pH 8.0, 1 mM EDTA [Sigma]) 

was added to the tube which was then shaken to mix the contents well. The layers were separated by 

centrifugation in a microcentrifuge at 13,000 rpm and 4 °C for 5 min. The upper aqueous layer was 

transferred to a new 2-mL tube and was mixed with 1 mL of chloroform. The layers were separated by 

centrifugation in a microcentrifuge at 13,000 rpm and 4 °C for 5 min. The upper aqueous layer was 

transferred to a new 1.5-mL tube. 420 µL of isopropanol was added to the tube and the solution was 

mixed by inversion to precipitate out the DNA. 10 µL of 3 M sodium acetate was added to the tube with 

mixing by inversion, and the DNA was pelleted by centrifugation in a microcentrifuge at 13,000 rpm 

and 4 °C for 30 min. The supernatant was removed from the pellet, and the pellet was then washed with 

500 µL of 75% (v/v) ethanol. The DNA was re-pelleted by centrifugation in a microcentrifuge at 13,000 

rpm and 4 °C for 5 min. The supernatant was removed and the pellet was allowed to air dry. The DNA 

was re-suspended in 50 µL of TE Buffer.

Whole genome sequencing.  Between 150 and 200 ng of genomic DNA was sheared acoustically 

and HiSeq sequencing libraries were prepared using the KAPA Hyper Prep Kit (Roche). PCR 

amplification of the libraries was carried out for 10 cycles. 5-10106 50-bp paired-end reads were 

obtained for each sample on an Illumina HiSeq 2500 using the TruSeq SBS Kit v3 (Illumina). Post-run 

demultiplexing and adapter removal were performed and fastq files were inspected using fastqc. 

Trimmed fastq files were then aligned to the reference genome (M. tuberculosis H37RvCO; 

NZ_CM001515.1) using bwa mem.  Bam files were sorted and merged using samtools. Read groups 

were added and bam files de-duplicated using Picard tools and GATK best-practices were followed for 

SNP detection.  The circular binary segmentation algorithm was used to identify genomic regions with 

abnormal copy number.
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Immunoblot analysis of WT H37Rv and Acidomycin-resistant mutant whole-cell lysates: Mid-

exponential growth bacteria were suspended to a final OD580 of 0.01 in 50 mL fresh biotin-free 7H9 in 

vented T175 flasks and were incubated for 11 or 12 d at 37 °C and 5% CO2 in a humid incubator. 

Bacteria were pelleted by centrifugation and pellets were washed three times with 10 mL of 10% 

glycerol. After the final wash, pellets were re-suspended in 500 µL PBS containing cOmplete EDTA-

free Protease Inhibitor Cocktail (Roche) and transferred to 2-mL O-ringed, screw-capped tubes 

containing about 300 µL of 0.1-mm diameter zirconia/silica beads (BioSpec). The pellets were 

mechanically lysed three times with a BeadBug Microtube Homogenizer (Southern Labware) for 30 s at 

the highest speed setting, with at least a 2-min rest at ambient temperature between cycles. 50 µL of 20% 

SDS solution was added to each lysate, followed by a quick vortex and incubation at 65 °C for 1 h. 

Tubes were vortexed again briefly and beads/insoluble debris were pelleted by centrifugation in a 

microcentrifuge at 13,000 rpm for 5 min. The supernatants were transferred to fresh 2-mL O-ringed, 

screw-capped tubes and were centrifuged once more at 13,000 rpm for 5 min to pellet any remaining 

beads and/or insoluble debris. The lysates were sterilized by centrifugation at 13,000 rpm for 5 min 

through 0.22-µm cellulose acetate Spin-X Centrifuge Tube Filters (Corning). Total lysate protein 

concentrations were measured by Pierce BCA Protein Assay Kit (Thermo) according to manufacturer 

instructions. Quantified lysates were diluted as appropriate to 0.4 µg/µL with 4× loading buffer (240 

mM Tris·HCl pH 6.8, 40% glycerol, 8% SDS, 0.04% bromophenol blue, and 5% β-mercaptoethanol) 

and 2% SDS in PBS. Prepared samples were heated at 100 °C for 10 min and 8 µg per sample was 

separated via SDS-PAGE at 150 V using 4–15% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad) 

according to manufacturer instructions. Proteins were transferred to a nitrocellulose blotting membrane 

via iBlot 2 Dry Blotting System (Invitrogen) according to manufacturer instructions, using the 

instrument’s P0 preset transfer protocol. Membranes were first incubated with Odyssey Blocking Buffer 
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(LI-COR) for 30 min at ambient temperature. Membranes were then probed with rabbit-generated 

antisera against BioA or BioB at a dilution of 1:1000, and NadE (loading control) at a dilution of 1:500 

in Odyssey Blocking Buffer with 0.1% tyloxapol, for 1 h at ambient temperature. Primary antibodies 

were washed away with three incubations at ambient temperature in PBS with 0.1% tyloxapol (5 min 

each). The membranes were then probed with IRDye 800CW Donkey anti-Rabbit IgG (H + L) (LI-

COR), prepared according to manufacturer instructions, at a dilution of 1:12,500 in Odyssey Blocking 

Buffer with 0.1% tyloxapol, for 1 h at ambient temperature. The secondary antibody was washed away 

with three incubations at ambient temperature in PBS with 0.1% tyloxapol (5 min each). The 

membranes were dried at ambient temperature on paper towels and were scanned with an Odyssey 

Infrared Imaging System (LI-COR).

Construction of an M. tuberculosis strain carrying two copies of bioB. The M. tuberculosis bioB 

gene was PCR amplified from genomic DNA using primers clo-SD1-bioB-attB2 (5 ′ -

GGGGACAGCTTTCTTGTACAAAGTGGCTAAGGAGGTATCTCCATGACGCAAGCG 

GAACGCGACCGA-3’) and  clo-bioB-attB3 (5 ′ -

GGGGACAACTTTGTATAATAAAGTTGTTACAGGCTGGCGTTGAGTGCCT-3′) and was cloned 

into a pDE43-MCZ destination vector with hsp60 promoter of mycobacteria. The cloning was 

performed as described previously.91 The resulting plasmid pGMCZ-phsp60-SD1-BioBtb was integrated 

into the attachment site of the phage L5 by transformation of M. tuberculosis H37Rv and selection with 

zeocin.

In vitro BioB inhibition assay.  General methods: E. coli biotin synthase (EcBioB),37 M. 

tuberculosis biotin synthase (MtBioB),33 flavodoxin (FLD),42 ferredoxin(flavodoxin):NADP+ 

oxidoreductase (FNR)42 and methylthioadenosine nucleosidase (MtnN)90 were expressed and purified as 

previously reported.  S-adenosyl-L-methionine (SAM) was synthesized enzymatically as previously 
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described.37  Nicotinamide adenine dinucleotide phosphate (NADPH) stock solution concentration was 

determined spectrophotometrically using 340 = 2600 M-1 cm-1 at pH 7.  All other reagents were 

purchased from commercial sources and used without further purification.

Enzyme assay: All assays were performed as previously described to obtain baseline activity for 

EcBioB.37  Briefly, 45 min prior to the start of the assay, all materials were transferred into an anaerobic  

chamber (< 1 ppm O2).  Each reaction was carried out in a final volume of 200 L, and final 

concentrations of materials are indicated in parentheses.  EcBioB (5 M dimer) was added to Tris-HCl 

pH 8.0 (50 mM), KCl (100 mM), and DTT (5 mM).  Na2S (80 M) and (NH4)2Fe(SO4)2 (80 M) were 

added and incubated for 10 min at 23 ⁰C to reconstitute the [4Fe-4S]2+ cluster.  FLD (15 M), FNR (5 

M), NADPH (1 mM), MtnN (70 nM), dethiobiotin (5–30 M) and acidomycin (0–30 M) were added 

and incubated for 10 min at 37 ⁰C.  The reaction was initiated by the addition of SAM (100 M), and 

reactions were incubated for 6 min at 37 ⁰C (unless otherwise stated).  The reaction was then quenched 

with 5 M sodium acetate pH 4 (20 L) and incubated at 0 ⁰C for 15 min to precipitate proteins.  The 

precipitate was removed by centrifugation (18,000 × g for 10 min), and the supernatant was collected 

and analyzed by LC-MS.  

Instrumentation and quantification: Samples were analyzed by LC-MS (Agilent 1100 series, Agilent 

Technologies, Inc., Santa Clara, CA). Reverse-phase LC was performed on an Eclipse XDB C-18 

column (50 mm  4.6 mm, 5.0 µm particle size; Agilent Technologies, Inc.) operating at 0.700 mL/min 

with UV detection at 254 nm employing a linear gradient of 5 to 30 % MeCN + 0.1 % formic acid 

(solvent B) in water + 0.1 % formic acid (solvent A) for 9 minutes.  The injection volume was 10 µL.  

The LC system was coupled to an Agilent 6400 triple-quandrupole mass spectrometer (Agilent 

Technologies, Inc., Santa Clara, CA) and operated in ESI positive mode with the mass range m/z 100–

400 at 0.99 scan/sec.  Biotin (tR = 6.0 min, m/z 245.1 [M + H]+, m/z 227.1 [M – H2O + H]+, m/z 267.1 
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[M + Na]+), acidomycin (tR = 7.8 min, m/z 218.1 [M + H]+, m/z 200.0 [M – H2O + H]+, m/z 240.1 [M + 

Na]+) and caffeine (tR = 4.5 min, m/z 195.1 [M + H]+, internal standard) were quantified by integration 

of peak area in the extracted ion chromatogram and peak areas were normalized to internal standard 

peak areas, and the analyte concentrations were determined with an appropriate standard curve.

Intracellular accumulation of antibiotics: Accumulation assay:  Assay conditions were adapted 

and slightly modified from previously reported conditions.51  Briefly, E. coli K-12 or M. tuberculosis 

H37Ra were grown overnight at 37 °C in either: minimal (M9) medium, or M9 medium supplemented 

with 1 M biotin for E. coli; biotin-free 7H9 medium (described above), or 7H9 medium for M. 

tuberculosis.  Overnight cultures were then diluted (1:10, 250 mL) into fresh M9, LB (E. coli) or biotin-

free 7H9, 7H9 medium (M. tuberculosis) and grown to an optical density (OD600) of ~0.40–0.60.  The 

bacteria were pelleted by centrifugation (3,000 × g for 10 min), resuspended in 40 mL phosphate 

buffered saline (PBS), and pelleted again as before.  The supernatant was discarded, the cells 

resuspended in PBS (10 mL) and aliquoted into Eppendorf tubes (450 L each).  The colony-forming 

units (CFUs) were obtained from the remaining stock of resuspended cells in PBS by a calibration curve 

on LB agar (E. coli) or 7H9 (M. tuberculosis) agar plates.  The samples were equilibrated at 37 °C for 5 

min, then drug (acidomycin, tetracycline, rifampicin, or thioridazine) was added (50 L of a 500 M 

stock, giving a final concentration of 50 M) to each sample, which were incubated at 37 °C for 10 min.   

After incubation, 400 L of each sample was layered onto 400 L of silicone oil (9:1 AR-20:Sigma high 

temperature oil, cooled to –78 °C).  Bacteria were pelleted through the oil by centrifugation (13,000 × g 

for 5 min).  Both the supernatant layers were removed, and the pellets were resuspended in H2O (200 

L).  The cells were lysed by multiple rounds of freeze-thaw (–78 to 65 °C) cycles.  The lysates were 

diluted (1:1) with 10% (w/v) aqueous TCA (trichloroacetic acid) + 500 nM biotin-d4 (as an internal 
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standard), filtered through 0.2 m filters, and analyzed by LC-MS/MS.  Each compound was run in 

triplicate and experimental results were verified with two independent experiments.  

Instrumentation and quantification: Samples were analyzed by LC-MS/MS (Shimadzu UFLC XR-

AB SCIEX QTRAP 5500). Reverse-phase LC was performed on a Kinetix C-18 column (50 mm  2.1 

mm, 2.6 µm particle size; Phenomenex, Torrance, CA) operating with a flow rate was 0.500 mL/min 

and column oven at 40 C.   Solvent A was 5% (v/v) MeCN in 10 mM ammonium formate pH 4.5 + 0.1% 

aqueous formic acid and solvent B was 90% (v/v) MeCN in 10 mM ammonium formate pH 4.5 + 0.1% 

aqueous formic acid for acidomycin, biotin, rifampicin and tetracycline.  Solvent A was water + 0.1% 

aqueous formic acid and solvent B was MeCN + 0.1% aqueous formic acid for thioridazine.  Initial 

conditions were 5% B from 0 to 0.5 min, after which the %B was increased to 95% from 0.5 to 3 min.  

The column was washed in 95% B for 2 min, returned to 5% over 0.2 min, and allowed to re-equilibrate 

for 2.8 min in 5% B to provide a total run time of 8 min.  The injection volume was 10 µL.  All analytes 

were analyzed by MS in positive ionization mode by Multiple Reaction Monitoring (MRM), and 

quantified by integration of peak area in the extracted ion chromatogram.  The mass spectrometry 

settings were optimized by direct infusion of authentic standards for: acidomycin, biotin, rifampicin, 

tetracycline and thioridazine.  The collision energy ranged from +20 to +36 V; the declustering potential 

was +35 V.  The following transitions were observed: acidomycin (tR = 1.9 min, m/z 227.1 [M + H]+ → 

m/z 200.1 [M – H2O + H]+), biotin (tR = 1.5 min, m/z 245.1 [M + H]+ → m/z 227.1 [M – H2O + H]+), 

biotin-d4 (tR = 1.5 min, m/z 249.1 [M + H]+ → m/z 231.1 [M – H2O + H]+), rifampicin (tR = 2.6 min, m/z 

823.2 [M + H]+ → m/z 791.4 [M – OH – Me + H]+), rifampicin quinone (tR = 2.6 min, m/z 821.2 [M + 

H]+ → m/z 789.4 [M – OH – Me + H]+), tetracycline (tR = 1.5 min, m/z 445.2 [M + H]+ → m/z 410.1 [M 

– H2O – OH + H]+), thioridazine (tR = 3.1 min, m/z 371.1 [M + H]+ → m/z 126.1).  Analyte and internal 

standard peak areas were calculated (MultiQuant, version 2.0.2, AB SCIEX).  Analyte peak areas were 
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normalized to internal standard peak areas, and the analyte concentrations were determined with an 

appropriate standard curve. 

Biotinylated Proteome Assay.  This experiment was performed according to a previous 

procedure.56  Briefly, a 30 mL culture of E. coli K12 in either biotin-containing M9 (supplemented with 

0.2% glucose and 1 mM biotin) or M9 (supplemented with 0.2% glucose, biotin-free) media were grown 

at 37 oC until an OD600 ~0.1 was achieved.  Each culture was split unto 3 × 10 mL cultures, and were 

treated with 0, 1, 10, or 100 M of acidomycin.  The cultures were then grown until OD600 ~0.6 was 

reached, and the cells were harvested via centrifugation (10 min, 5,000 × g) and the cell pellets were 

washed once with PBS (10 mM sodium phosphate and 150 mM NaCl, pH 7.4) and harvested via 

centrifugation (10 min, 5,000 × g).  The pellets were resuspended in 1 mL PBS + inhibitor cocktail (1 

EDTA-free tablet per 10 mL PBS, Roche), and subjected to bead beating (250 L worth of zirconium 

beads + 500 L of cell suspension).  The lysate was separated from the cellular debris via centrifugation 

(30 min, 13,000 × g).  For M. tuberculosis lysates: a 30 mL culture of M. tuberculosis H37Ra in either 

7H9 or biotin-free 7H9 media were grown at 37 oC until an OD600 ~0.1 was achieved.  Each culture was 

split unto 3 × 10 mL cultures, and were treated with 0, 1, or 10 M of (S)-(–)-acidomycin or 0, 0.78, or 

7.8 M of 5ʹ-[N-(D-biotinoyl)sulfamoyl]amino-5ʹ-deoxyadenosine (Bio-AMS, synthesized as previously 

described).56  The cultures were then grown until OD600 ~0.6 was reached (24 h), and the cells were 

harvested, lysed and lysates were obtained the same way as described above.  The total protein 

concentrations were determined for each sample and diluted with PBS until they were all 4.0 mg/mL.  

To the samples was then added 5 SDS reducing gel electrophoresis loading buffer, which were 

subsequently heated for 5 min at 80 oC. A 30 L aliquot of each sample was separated by denaturing gel 

electrophoresis (4–20% Tris/Glycine Mini-Protean TGX, Bio-Rad) and was transferred to a 

nitrocellulose membrane (iBlot System, Invitrogen).  The membrane was blocked with Tris-buffered 
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saline (TBS) containing 0.05% Tween-20 (TBST) containing 1.0% BSA for 30 min at 25 oC.  The 

membrane was incubated with an AlexaFluor 647 fluorescent-streptavidin conjugate (Invitrogen) at a 

dilution of 1:1000 in TBST for 1 h at 25 oC, after which the membrane was washed 3 × 10 mL TBST.  

Biotinylated proteins within the membrane were visualized by fluorescence scanning using a Typhoon 

imager (FLA 7000, General Electric).  Band intensities were normalized for protein concentration using 

the ImageQuant software (v 7.0, General Electric) to provide the normalized percentage band intensity 

values.  

Isothermal titration calorimetry (ITC).  All ITC experiments were conducted on an automated 

microcalorimeter (Malvern Instruments).  The experiments were performed at 25 °C in ITC buffer (10 

mM Tris pH 7.5, 30 mM NaCl, 200 mM KCl, 2.5 mM MgCl2).  MtBPL was exchanged (3  10 mL) into 

ITC buffer using an Amicon Ultra concentrator, and the final filtrate was used to prepare a solution of 

the analogs from a 10 mM stock in DMSO.  Final sample concentrations were 50 M for MtBPL, 750 

M acidomycin and 750 M biotin (determined by weighing sample on an ultramicrobalance [Mettler 

Toledo] accurate to 0.001 mg).  In the direct titration experiments, the analogue was injected into a 

solution of the enzyme.  Titrations were carried out with a stirring speed of 750 rpm and 200 s interval 

between 2 L injections.  The first injection for each sample was excluded from data fitting.  Titrations 

were run past the point of enzyme saturation to correct for heats of dilution.  The experimental data were 

fitted to a theoretical titration curve using the Origin software package (version 7.0) provided with the 

instrument to afford values of KA (the binding constant of the ligands in the presence of biotin in M-1), n 

(stoichiometry of binding) and H (the binding enthalpy change in kcal/mol).   

Pharmacokinetic studies.  All studies were carried out in accordance with the guide for the fair and 

ethical use of Laboratory Animals of the National Institutes of Health, with approval from the 

Institutional Animal Care and Use Committee (IACUC) of the New Jersey Medical School, Rutgers 
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University, Newark under IACUC protocol number 15114. Drug administration: Acidomycin [both (+)- 

and (–)-] were evaluated in uninfected CD-1 mice to determine pharmacokinetic (PK) parameters.  A 

single dose of (+)- or (–)-acidomycin was administered either intravenously (IV) at 5 mg/kg or orally 

(PO) at 25 mg/kg to groups of three mice (N = 3).  Both the IV and PO formulations were the 2-

ammonium-2-methylpropan-1,3-diol (AMP2) salt of (+)- and (–)-acidomycin in water.  Blood was 

collected in K2EDTA-coated tubes pre-dose and at 1 min, 15 min, 1, 3, 5, and 8 h post-dose following 

IV administration or pre-dose and at 30 min, 15 min, 1, 3, 5, 8, and 24 h post-dose following PO 

administration.  Plasma was obtained by centrifugation for 10 min at 5,000 rpm and stored at –80 oC 

until analyzed.  Concentrations of both (+)- and (–)-acidomycin were determined as described below.  

The lower limit of quantification was 5 ng/mL.  The PK parameters (area under the curve [AUC] from 

time 0 to time t [AUC0–t] and AUC from time 0 to 24 h [AUC0–24], peak [maximum] plasma 

concentration [Cmax], and half-life [t1/2]) were calculated from the mean concentrations using Microsoft 

Excel software (Office 2010; Microsoft Corp., Redmond, WA).  AUCs were calculated using the linear 

trapezoidal rule.  Half-life and elimination rate constants were calculated by linear regression using 

semilogarithmic concentration-versus-time data.  

Instrumentation and quantification: Neat 1 mg/mL DMSO stocks of all tested compounds (described 

above) were first serially diluted in MeCN:water (1:1), and subsequently serially diluted in drug-free 

CD-1 mouse plasma (K2EDTA; Bioreclamation IVT, NY) to create standard curves and quality control 

(QC) spiking solutions.  20 L of standards, QC samples, control plasma, and study samples were 

extracted by adding 200 L of MeCN:MeOH (1:1) protein precipitation solvent containing the internal 

standard (10 ng/mL verapamil).  Extracts were vortexed for 5 min and centrifuged at 4,000 rpm for 5 

min.  One hundred microliters of supernatant were transferred for high-pressure liquid chromatography 

tandem mass spectrometry (LC–MS/MS) diluted with 100 L of deionized water.  
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Extracts were then analyzed by LC–MS/MS (SCIEX QTRAP 6500+ triple-quadrupole mass 

spectrometer coupled to a Shimadzu 30ACMP HPLC).  Reverse-phase LC was performed on an Agilent 

Zorbax SB-C8 column (30 mm  2.1 mm, 3.6 µm particle size).  Mobile phase A was 0.1% aqueous 

formic acid while mobile phase B was 0.1% formic acid in acetonitrile.  Initial conditions were 5% to 90% 

B from 0 to 2 min, after which the %B was maintained at 90% from 2 to 3 min.  The column was then 

returned to 5% B, and allowed to re-equilibrate for 0.5 min to provide a total run time of 3.5 min.  The 

flow rate was 0.7 mL/min.  The injection volume was 2 µL.  All analytes were monitored by MS in 

negative ionization mode by Multiple Reaction Monitoring (MRM).  The following transitions were 

observed: acidomycin (m/z 218.2 [M – H]– → m/z 158.1), diclofenac (m/z 293.2 [M – H]– → m/z 249.8, 

internal standard).  Analyte and internal standard peak areas were integrated using Analyst (version 

1.6.2, AB SCIEX).  Analyte peak areas were normalized to internal standard peak areas and the analyte 

concentrations were determined with the appropriate standard curve.
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ABBREVIATIONS

ACCs, acyl-CoA carboxylases; ACM, acidomycin; ACP, acyl-carrier protein; AMP2, 2-amino-2-

methylpropan-1,3-diol; AUC, area under the curve; BioA, 7,8-diaminopelargonic acid synthase; BioB, 

biotin synthase; BioD, dethiobiotin synthetase; BioF, 7-keto-8-aminopelargonic acid synthase; BirA, 

biotin protein ligase; BPL, biotin protein ligase; CL, clearance; DAPA, 7,8-diaminopelargonic acid; 

DTB, dethiobiotin; DR, drug-resistant; DUC, dual-control; EcBioB, E. coli biotin synthase; FdrA, 

ferredoxin reductase A; FOR, frequency of resistance; FLD, flavodoxin; FLDR, flavodoxin reductase; 

FprA, flavoprotein reductase A; HPLC, high performance liquid chromatography; IC/EC, intracellular 

concentration/extracellular concentration; ITC, isothermal titration calorimetry; IV, intravenous; KAPA, 

7-keto-8-aminopelargonic acid; LC-MS/MS, liquid chromatography tandem mass spectrometry; 

mCPBA, meta-chloroperoxybenzoic acid; MDR-TB, multidrug-resistant TB; MIC, minimum inhibitory 

concentration; MTBC, M. tuberculosis complex; MtBioB, M. tuberculosis biotin synthase; MtBPL, M 

tuberculosis biotin protein ligase; NTM, non-tuberculosis mycobacteria; PK, pharmacokinetics; PO, oral; 

PTSA, para-toluenesulfonic acid; SAM, S-adenosyl-L-methionine; SAR, structure-activity relationship; 

TB, tuberculosis; TEMPO, (2,2,6,6-tetramethylpiperidin-1-yl)oxyl; WT, wild type; XDR-TB, 

extensively drug-resistant TB; XRD, X-ray diffraction. 
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