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The antigen 85 (Ag85) protein family, consisting of Ag85A, -B, and -C, is vital for Mycobacterium tuberculosis due to its role in
cell envelope biogenesis. The mycoloyl transferase activity of these proteins generates trehalose dimycolate (TDM), an envelope
lipid essential for M. tuberculosis virulence, and cell wall arabinogalactan-linked mycolic acids. Inhibition of these enzymes
through substrate analogs hinders growth of mycobacteria, but a link to mycolic acid synthesis has not been established. In this
study, we characterized a novel inhibitor of Ag85C, 2-amino-6-propyl-4,5,6,7-tetrahydro-1-benzothiophene-3-carbonitrile
(I3-AG85). I3-AG85 was isolated from a panel of four inhibitors that exhibited structure- and dose-dependent inhibition of
M. tuberculosis division in broth culture. I3-AG85 also inhibited M. tuberculosis survival in infected primary macrophages. Im-
portantly, it displayed an identical MIC against the drug-susceptible H37Rv reference strain and a panel of extensively drug-re-
sistant/multidrug-resistant M. tuberculosis strains. Nuclear magnetic resonance analysis indicated binding of I3-AG85 to Ag85C,
similar to its binding to the artificial substrate octylthioglucoside. Quantification of mycolic acid-linked lipids of the M. tubercu-
losis envelope showed a specific blockade of TDM synthesis. This was accompanied by accumulation of trehalose monomycolate,
while the overall mycolic acid abundance remained unchanged. Inhibition of Ag85C activity also disrupted the integrity of the
M. tuberculosis envelope. I3-AG85 inhibited the division of and reduced TDM synthesis in an M. tuberculosis strain deficient in
Ag85C. Our results indicate that Ag85 proteins are promising targets for novel antimycobacterial drug design.

The rapid spread of drug-resistant tuberculosis (TB), mainly
multidrug-resistant (MDR) and extensively drug-resistant

(XDR) TB, emphasizes the urgent need for novel targets and an-
ti-TB drugs (50, 54). Mycobacterium tuberculosis, the etiological
agent of TB, has evolved drug resistance mechanisms through a
persistent phenotype and mutations in drug target genes (13). M.
tuberculosis invades host macrophages of infected individuals and
triggers a cascade of immune mechanisms, which culminate in the
formation of tuberculous granulomas in the lung (38). Most bac-
teria are controlled by this host response, but a fraction (i.e., dor-
mant M. tuberculosis) is sustained in this antimicrobial environ-
ment, only to reactivate disease at a later time point (45). Although
the currently implemented multidrug regimen is effective in cur-
ing acute disease, it may fail to completely eradicate the bacteria,
particularly dormant M. tuberculosis (30). Moreover, prolonged
anti-TB therapy over a period of 6 to 9 months frequently leads to
noncompliance, which contributes to the development of MDR
and XDR TB (42, 44). This dire situation demands that we gain a
better understanding of TB pathogenesis, particularly for the de-
velopment of effective intervention strategies.

The lipid-rich M. tuberculosis envelope offers numerous
unique pathways critical for M. tuberculosis survival and serves as
an attractive drug target (7). Mycolic acids are long-chain �-hy-
droxy fatty acids which are found in trehalose dimycolate (TDM)
and trehalose monomycolate (TMM) and are covalently attached
to arabinogalactan-peptidoglycan (mycolyl-AGP [mAGP]) (48).
Prominent first-line drugs against TB, such as isoniazid (INH) and
ethambutol (EMB), target steps in mycolic acid and arabinogalactan
synthesis, respectively (6, 47, 49). Envelope mycolic acids are synthe-
sized as TMM precursors, and the final transfer of mycolic acid from
one TMM molecule to another TMM molecule generates TDM. El-

egant in vitro studies with purified proteins assigned this fundamental
enzymatic activity to the antigen 85 (Ag85) protein family, which
were initially identified as secreted immunogenic M. tuberculosis pro-
teins (1, 8). Ag85A, -B, and -C, the three members of this family, share
70.8 to 77.5% sequence homology and belong to the group of �/�
hydrolases (14, 35). An additional member, FbpC1 (FbpD), was pro-
posed, but functional assays revealed the absence of mycoloyl trans-
ferase activity (22, 33). The conserved active sites point to functional
redundancy of Ag85A, -B, and -C in M. tuberculosis, which is reflected
in nonlethality of single mutants in broth culture (4, 21, 33). How-
ever, the Ag85A mutant is attenuated in host macrophages and in
mice (4, 15, 21). It has also been shown that Ag85C deficiency leads to
a 40% reduction in mAGP, suggesting a role of Ag85 family proteins
in the synthesis of covalently linked mycolic acid (21).

The utility of Ag85 inhibitors as antimycobacterial agents has been
investigated previously. Notably, 6-azido-6-deoxytrehalose (ADT)
was found to inhibit all three Ag85 proteins in enzymatic assays and
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has a MIC of 200 �g/ml against M. aurum on solid media (8). Deriv-
atives of 6,6=-dideoxytrehalose showed antimycobacterial activity
against clinical M. avium isolates and the avirulent M. tuberculosis
strain H37Ra (37). Additionally, a TDM mimic synergized with INH
to inhibit M. smegmatis as indicated by a disk-based growth assay
(53). Phosphonate inhibitors of Ag85C have been synthesized, with
the most active molecules possessing a MIC range of 188 to 319�g/ml
against M. avium in broth culture, with optical density (OD) as read-
out (20). Recently, modified enzymatic assays for high-throughput
screening of Ag85 proteins have been reported (12, 19). However,
Ag85 antagonists, which inhibit division of pathogenic M. tuberculo-
sis, and their mechanisms of action have not yet been reported.

In this study, we analyzed a novel panel of small-molecule
Ag85C binders (I1-AG85, I2-AG85, I3-AG85, and I4-AG85)
identified by nuclear magnetic resonance (NMR) spectroscopy
(39) (see Fig. S1 in the supplemental material). I1-AG85, iso-
lated from a panel of 5,000 synthetic fragments, bound to pu-
rified Ag85C protein with chemical shift perturbations identi-
cal to those of the active-site binder octylthioglucoside (OSG).
I2-AG85, I3-AG85, and I4-AG85 are analogs derived by substi-
tutions on the I1-AG85 scaffold that increased antimycobacte-
rial activity against M. smegmatis (39). M. tuberculosis growth
inhibition assays in broth culture demonstrated antimycobac-
terial activity of all four molecules. Further, I3-AG85 limited
M. tuberculosis replication in murine macrophages ex vivo. We
also observed that I3-AG85 modulated M. tuberculosis cell wall
mycolic acid specifically with regard to the TDM-TMM bal-
ance. I3-AG85 had antimycobacterial activity against the
Ag85C mutant MYC1554, suggesting broad-spectrum inhibi-
tion of the Ag85 family. I3-AG85 was also active against drug-
resistant M. tuberculosis clinical isolates, indicating a distinct
mode of action. Together, these data point to the Ag85 family
as relevant and promising targets for TB drug discovery.

MATERIALS AND METHODS
M. tuberculosis strains. M. tuberculosis H37Rv (ATCC 27294) and clini-
cal isolates MT103 and MYC1554 (Ag85C mutant) were cultured to log
phase in Middlebrook 7H9 (BD Biosciences) medium with 10% albumin-
dextrose-catalase (BD Biosciences), 0.2% glycerol (Sigma-Aldrich), and
0.05% Tween 80 (Sigma-Aldrich) at 37°C with shaking. Kanamycin at 35
�g/ml was used for selection of the MYC1554 strain.

Compounds. Stock solutions of compounds (100 mM) were prepared
in dimethyl sulfoxide (DMSO) (Sigma-Aldrich), and aliquots were stored
at �20°C.

Mouse macrophages. Bone marrow cells were obtained from the tib-
iae and femora of 8- to 12-week-old female C57BL/6 mice and were dif-
ferentiated into macrophages as described previously (5). The study was
carried out in accordance with the German Animal Protection Law.

Resazurin assay. A rapid colorimetric redox indicator test relying on
the use of a colored oxidation-reduction indicator, resazurin, was used for
MIC determinations. Resazurin is commercially available as alamarBlue
(AbD Serotec) in a 10� stock solution. A 1:1 dilution of this stock in 20%
Tween 80 was prepared, and 50 �l per well (96-well plate) was added to
monitor antimycobacterial activity. Compounds were diluted to working
concentration ranges in 7H9 medium devoid of detergent, log-phase M.
tuberculosis was added to the plates, and the color change of resazurin was
monitored, as described previously (52). To determine the MICs of I3-
AG85 against MDR and XDR M. tuberculosis strains, the resazurin micro-
titer assay (REMA), was used (31). An aliquot (30 �l) of 0.01% resazurin
(Acros Organic N.V.) stock solution was added to 200 �l in each well of a
96-well plate. Reduction of the redox indicator produced a visible change
of color in the medium. Strains with bacterial growth in the presence of

the test compound, compared to the drug-free growth control, were con-
sidered resistant.

[3H]uracil assay. (i) Kinetics of M. tuberculosis growth in vitro.
Compounds were diluted to working concentration ranges in 90 �l of
7H9 medium without detergent, in sextuplicates, in 96-well plates. Log-
phase M. tuberculosis bacteria were washed once with phosphate-buffered
saline (PBS) (composed of 1.06 mM monobasic potassium phosphate,
155.17 mM sodium chloride, and 2.97 mM dibasic sodium phosphate
[pH 7.4]) (Gibco), and a single-cell suspension was prepared in PBS. INH,
a first-line TB drug, was used as positive control at 10 �M. Bacteria were
enumerated with a spectrophotometer (Novaspec; Pharmacia Biotech);
an OD at 580 nm (OD580) of 0.1 was equivalent to ca. 5 � 107 bacteria/ml.
A sample of 106 bacteria in 10 �l was added to each well, and plates were
incubated at 37°C. At 24 h before each time point, 1 �Ci of [5,6-3H]uracil
(Perkin-Elmer) was added to each well. After 24 h, bacilli were fixed with
10% paraformaldehyde (100 �l added to each well) and radiometric
counts were measured with a Top Count NXT microplate scintillation
and luminescence counter (Perkin-Elmer).

(ii) Kinetics of M. tuberculosis growth ex vivo. Mouse primary mac-
rophages (5 �104/well) were plated in sextuplicates in 96-well plates in
complete Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) with
10% heat-inactivated fetal calf serum (Gibco), 5% horse serum (Gibco),
0.2 mM L-glutamine (Gibco), 10 mM HEPES (pH 6.5 to 7.5; PAA Labo-
ratories), and 1 mM sodium pyruvate (Biochrom AG) and were incubated
overnight at 37°C. Infection was performed with log-phase M. tuberculo-
sis, prepared as described above, at a multiplicity of infection (MOI) of 5.
After 4 h, fresh medium with the desired concentration of compound was
added. Plates were pulsed with [5,6-3H]uracil (Perkin-Elmer) and ana-
lyzed as described above.

Lipid synthesis assay. Log-phase M. tuberculosis bacteria were diluted
in 7H9 medium devoid of detergent such that the OD580 was ca. 0.01 and
were incubated at 37°C until an OD580 of approximately 0.3 to 0.4 was
reached. I3-AG85 was then added at the desired concentration, and cul-
tures were incubated with shaking at 37°C for 48 h. Sodium [1,2-14C]ac-
etate (Perkin-Elmer) was added at 0.5 �Ci/ml, and cultures were incu-
bated for an additional 24 h with shaking at 37°C. Lipid extraction was
performed as described previously (10). Extractable lipids containing
TDM, TMM, and free mycolic acids were run on silica gel-coated G-60
plates with chloroform-methanol-water (30:8:1) to separate TDM and
TMM bands and with chloroform-methanol (9:1) to identify free mycolic
acids. Mycolic acid methyl esters (MAME) were extracted from mAGP on
delipidated bacilli by standard protocols and were run with petroleum
ether-diethyl ether (9:1) four times to observe mAGP MAME. The com-
plete bacterial pellet was autoclaved, and MAME were extracted and were
run with petroleum ether-diethyl ether (9:1) to visualize total cell MAME.
Quantification was performed using Typhoon 9400 imaging (GE Health-
care) and ImageQuant software (GE Healthcare).

Permeability assay. Log-phase M. tuberculosis bacteria were diluted in
7H9 medium without detergent to obtain 107 bacteria per ml. I3-AG85
was added at 100 �M, and cultures were incubated at 37°C for 48 h with
mild shaking. One microcurie of [5,6-3H]uracil was added to each culture
and incubated at 37°C for an additional 24 h. The cell pellet was suspended
in 1 ml PBS, and 100 �l was collected to measure radiometric counts to
enumerate cell numbers as a normalizing factor. Remnant cells were cen-
trifuged and suspended in 600 �l of PBS. Two microcuries of [U-14C]g-
lycerol (Perkin-Elmer) was added to each sample, and the cell pellet was
collected, snap-frozen on dry ice, and fixed immediately with 10% para-
formaldehyde (time zero). Similarly, samples were collected at 2, 6, 10, 15,
and 20 min after addition of glycerol. Radiometric counts were measured
and normalized, first to the cell numbers as measured by 3H counts and
then to untreated sample(s), taken as 1.

NMR studies. (i) Recombinant expression of Ag85A, -B, and -C.
Plasmids for expression of Ag85A (NP_338463.1; amino acids 62 to 355)
and Ag85B (NP_336393.1; amino acids 91 to 374) (pQE80L derivatives)
were kindly provided by Kris Huygen (WIV Pasteur Institute, Brussels,
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Belgium). Plasmid pMRLB16 (pET22b-Ag85C) for the expression of
Ag85C (NP_334547.1; amino acids 53 to 346) was obtained from BEI
Resources. Ag85variants were cloned without signal peptides. The Ag85A
and -B constructs carry an N-terminal His tag, and the Ag85C construct
carries a C-terminal His tag (see Fig. S2 in the supplemental material).
Expression and purification of proteins were performed as described in
the supplemental material.

(ii) Binding studies by NMR. Binding of I3-AG85 or OSG to Ag85A,
-B, and -C was monitored by two series of 15N-1H heteronuclear single-
quantum correlation spectroscopy (HSQC) experiments using either (i)
PBS buffer with 0.5% DMSO at pH 7.0 or (ii) 5 mM citrate buffer (pH 6.0)
containing 1 mM dithiothreitol (DTT), 0.5% DMSO, and 0.1% 3-[(3-
cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) to
achieve better resolution. With Ag85C, an additional experiment was per-
formed with the latter buffer modified using 5% DMSO to generate re-
sults comparable to those obtained by Scheich et al. (39). The protein
concentration was 30 �M. The compounds were added from a stock so-
lution in DMSO to yield a concentration of 600 �M and a DMSO con-
centration of 0.5%. All measurements were performed at 300 K using
5-mm sample tubes and 10% D2O in the buffer. Spectra were recorded on
a Bruker AVIII 600-MHz spectrometer using a 5-mm inverse triple reso-
nance (TCI) probe equipped with a one-axis shielded gradient. 15N-1H
HSQC spectra were recorded using Watergate water suppression, 250
scans, and 512 � 64 complex points (11, 28, 32). Spectral widths were
3,012 Hz and 10,000 Hz and in F1 and F2, respectively. Raw data were
processed with Topspin 3.1 (Bruker, Karlsruhe, Germany). A squared
cosine window function was applied in F1 and a Lorentz-to-Gauss win-
dow in F2. Zero filling yielded a final data matrix of 4,096 � 2,048 complex
points. Spectra were referenced externally to 4,4-dimethyl-4-silapentane-
1-sulfonic acid (DSS) (1H) and liquid ammonia (15N).

RESULTS
Ag85C inhibition restricts M. tuberculosis growth. The MICs of
the Ag85C inhibitors I1-AG85, I2-AG85, I3-AG85, and I4-AG85
were evaluated against M. tuberculosis cultured in 7H9 broth, using
the standard resazurin assay. Resazurin, a blue dye, is reduced to pink
resorufin by respiratory enzymes in live cells. Thus, inhibition of this
color change indicates impaired M. tuberculosis division (52). The
starting structure, 2-amino-cyclohepta[b]thiophene-3-carbonitrile
(I1-AG85), displayed negligible M. tuberculosis growth inhibition,
with inhibitory concentrations of 1.3 mM and above (Fig. 1A). The
analogs, I2-AG85, I3-AG85, and I4-AG85, had lower MICs of 250,
100, and 50 �M, respectively (Fig. 1A).

Incorporation of radioactive uracil during M. tuberculosis mul-
tiplication was monitored to determine antimycobacterial activity
of the analogs over a period of 120 h. Radiometric counts per
minute directly correlate with the number of bacteria during ac-
tive replication (9). I3-AG85 was the most active analog, since 250
�M I3-AG85 was sufficient to reduce uracil incorporation by 99%
after 120 h of incubation (Fig. 1B). Moreover, as early as 24 h
postincubation, the reduced uracil counts observed indicated
growth inhibition. On the other hand, I2-AG85 displayed 85%
reduction in uracil incorporation only at 250 �M, while I4-AG85
showed similar activity at all concentrations after 120 h of incuba-
tion with M. tuberculosis (Fig. 1B).

During infection, M. tuberculosis is taken up by macrophages,
where it actively replicates (16). Hence, we tested I2-AG85, I3-
AG85, and I4-AG85 in ex vivo infection assays with mouse bone
marrow-derived macrophages. Nontoxic concentration ranges
were first determined with a colorimetric cell viability assay using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), a yellow tetrazole (see Fig. S3 in the supplemental mate-
rial) (29). Primary macrophages were infected with log-phase bac-

teria at an MOI of 5, and compounds were added to the medium
after 4 h of infection. The effects of the compounds on internal-
ized M. tuberculosis within macrophages were evaluated by the
[3H]uracil incorporation assay. Only I3-AG85 reduced survival of
M. tuberculosis inside macrophages and at a 100 �M concentra-
tion (Fig. 1C).

I3-AG85 is active against MDR and XDR M. tuberculosis
strains. Next, we investigated whether I3-AG85 could inhibit the
growth of drug-resistant M. tuberculosis strains. MDR and XDR
TB are serious public health problems in numerous parts of the
world (34). A panel of 7 MDR and 3 XDR M. tuberculosis strains,
originating from different parts of the globe and resistant to a
spectrum of current first- and second-line TB drugs, were exposed
to I3-AG85 (Table 1). The standard REMA revealed an MIC of 200
�M or lower for I3-AG85 against all 10 strains tested, which was
indistinguishable from that against the drug-susceptible reference
strain, H37Rv (MIC of 200 �M) (Table 1) (26, 41). This result
suggests a mode of action that differs from those of the antibiotics
that are ineffective against the tested M. tuberculosis strains.

I3-AG85 inhibits TDM synthesis. Mycolic acid-containing
lipids generated by Ag85 proteins were analyzed in M. tuberculosis
after I3-AG85 exposure. As a first step, TDM and mAGP syntheses
were assessed. To measure the amounts of TDM and TMM syn-
thesized during compound exposure, log-phase cultures of M.
tuberculosis were incubated with 50 �M and 100 �M compound
or without compound for 48 h. [14C]acetate was then added to
label the lipid fraction, and crude lipid extracts were obtained after
24 h. The extracts were separated by thin-layer chromatography
with chloroform-methanol-water at a ratio of 30:8:1 as the solvent
on a silica gel matrix. The intensities of the observed TDM and
TMM bands were quantified.

The TDM band intensity was reduced by 15% at a 100 �M
concentration of I3-AG85, while the TMM intensity increased to
125 or 200% at an I3-AG85 concentration of 50 or 100 �M, re-
spectively (Fig. 2A). Unexpectedly, free mycolic acids also showed
an increase to 200% of the untreated level at 100 �M (Fig. 2A). On
the other hand, mAGP-derived MAME remained unchanged,
suggesting a specific effect on TDM synthesis (Fig. 2B). I3-AG85
did not modify mycolic acid synthesis, as total cell-derived MAME
were similar to those in untreated controls (Fig. 2B). I3-AG85 thus
perturbed the TDM-TMM balance.

The mode of action of I3-AG85 was distinct from that of INH,
which targets the earlier FASII-mediated mycolic acid synthesis
step during M. tuberculosis lipid biogenesis (25). The drastic re-
duction of TDM, TMM, mAGP-MAME, and total MAME
amounts with 10 �M INH exposure supports this suggestion (Fig.
2A and B). It could also explain I3-AG85 activity against INH-
resistant MDR and XDR M. tuberculosis strains (Table 1).

I3-AG85 modulates cell envelope integrity. TDM and TMM
are localized in the outer, noncovalently attached layer of the my-
cobacterial cell wall. These mycolic acid-containing lipids are
essential for maintenance of this structure and its limited perme-
ability (18). Differential TDM-TMM abundance induced by I3-
AG85 could lead to changes in envelope integrity. To measure this,
the accumulation of radioactively labeled glycerol over 20 min was
monitored in bacteria pretreated with 100 �M I3-AG85 (23).
Glycerol is a small, hydrophilic source of carbon that is taken up
by both passive diffusion and active transport. A 30% increase in
uptake of glycerol was observed, which suggests modification of
M. tuberculosis’s envelope organization (Fig. 2C). Mild perturba-
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tion of the M. tuberculosis envelope by I3-AG85 treatment could
result in uncontrolled diffusion leading to bacterial death.

An Ag85C mutant is susceptible to I3-AG85. I3-AG85 speci-
ficity was investigated by measuring susceptibility of an M.
tuberculosis strain (MYC1554) deficient in Ag85C (21). The
resazurin assay indicated inhibition of MYC1554 and its wild-
type background strain, MT103, by I3-AG85 at and above 100
�M (Fig. 3A). This was mirrored in the uracil incorporation
assay (Fig. 3B).

TDM and TMM band intensities were also analyzed after ex-
posure of MYC1554 and MT103 to 100 �M I3-AG85. As with
H37Rv, TDM was reduced by up to 20% in MT103, while in
MYC1554 there was a larger reduction of 40% (Fig. 3C). However,
there was no significant accumulation of TMM but a 4-fold in-
crease in free mycolic acids (Fig. 3C).

I3-AG85 binds to Ag85C. I1-AG85 binding to Ag85C has been

demonstrated by recent NMR studies (39). Here, the binding
of the derivative I3-AG85 to Ag85C was investigated by 15N-1H
HSQC using three different buffer systems containing different
amounts of DMSO or including/excluding CHAPS (see Materials
and Methods). The spectrum of Ag85C with I3-AG85 showed
peak shifts caused by compound binding in comparison to the
spectrum without ligand (Fig. 4A). These binding studies were
performed in citrate buffer with CHAPS and a low DMSO con-
centration (0.5%), compatible with the MIC assays (Fig. 1) in
which DMSO concentrations of 0.1 to 0.25% were used. Ag85C
also showed chemical shift changes with OSG, again concordant
with published results (Fig. 4B) (39). The interaction of Ag85C
with OSG and I3-AG85 was also observed in physiological PBS
buffer at pH 7.0 with a low DMSO concentration of 0.5% but
without the detergent CHAPS (see Fig. S4A and B in the supple-

FIG 1 M. tuberculosis Ag85C antagonists inhibit M. tuberculosis growth in broth culture. (A) Log-phase M. tuberculosis organisms diluted in 7H9 medium
without detergent were treated with indicated concentrations of compounds, I1-AG85, I2-AG85, I3-AG85, and I4-AG85. AlamarBlue (1� final concen-
tration) was added after 96 h of incubation with compounds, and the color change was monitored after 24 h. Pink indicates live bacteria, while blue
indicates dead bacteria. The figure is representative of three independent experiments. (B) Log-phase M. tuberculosis organisms were incubated with 50
�M (magenta), 100 �M (green), or 250 �M (pink) of I2-AG85, I3-AG85, or I4-AG85, with isoniazid (INH) at 10 �M (blue), or without compound
(black) in 7H9 medium without detergent for 120 h. At 24 h prior to each time point, 1 �Ci of [3H]uracil was added to each sample, and incorporation
was measured after fixation, harvesting, and measurement of cpm. cpm is plotted against duration of exposure. Means � standard deviations from
sextuplicates in a representative experiment, from two independent experiments, are shown. (C) Primary mouse macrophages derived from bone marrow
of C57BL/6 mice were infected with log-phase M. tuberculosis organisms at a multiplicity of infection of 5. After 4 h of infection, cells were incubated with
10 �M (magenta), 50 �M (green), or 100 �M (pink) of I2-AG85, I3-AG85, or I4-AG85, with INH at 100 �g/ml (blue), or without compound (black).
[3H]uracil incorporation by M. tuberculosis was measured as described above. Means � standard deviations from sextuplicates in a representative
experiment, from two independent experiments, are shown.
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mental material). The chemical shift changes observed upon ad-
dition of OSG were always stronger than those for I3-AG85.

The crystal structures of Ag85A, -B, and -C reveal nearly iden-
tical catalytic sites around the serine nucleophile and high struc-
tural conservation at the carbohydrate binding site (2, 35, 36) (Fig.
4E). Hence, NMR binding assays were performed with the two
homologs Ag85A and -B. Minimal peak shifts were observed in
the spectra of Ag85A with I3-AG85 (Fig. 4C), and there were some
effects of line broadening. Raising the DMSO concentration to 5%
to ensure I3-AG85 solubility or using physiological PBS buffer at
pH 7.0 did not enhance the effect (see Fig. S5A and B in the sup-
plemental material). OSG did bind to Ag85A when CHAPS in
citrate buffer at pH 6.0 was used (Fig. 4D). However, few chemical
shift changes were observed under physiological buffer conditions
(see Fig. S5C in the supplemental material). Ag85B did not inter-
act with I3-AG85 or OSG (see Fig. S6A and B in the supplemental
material).

The binding patterns of Ag85 cognates with I3-AG85 are dis-
tinct, suggesting that I3-AG85 is highly specific for Ag85C, since it
binds only weakly to Ag85A and not to Ag85B. This can be attrib-
uted to the presence of critical aromatic residues (F150 and W158)
in Ag85C that could aid binding to the lipid moiety of OSG and,
presumably, to the aliphatic chain of I3-AG85 (Fig. 4E).

DISCUSSION

Historically, the bacterial cell wall has been a preferred target for
development of antibiotics, as exemplified by �-lactams, cephalo-
sporins, and glycopeptides (40). The mycobacterial cell envelope
has been the subject of extensive research, primarily due to its
unique chemical components, such as the 70- to 90-carbon-atom
mycolic acids (17). Ag85 proteins catalyze the pivotal mycoloyl
transfer reaction in M. tuberculosis envelope biogenesis. We have

TABLE 1 Activity of I3-AG85 against drug-resistant Mycobacterium
tuberculosis

Straina

MIC
(�M) Drug resistance profileb

XTB-09-036 (XDR) 200 INH, RIF, EMB, AMK, KAN, CAP, STR,
OFL, RFB, ETH, PAS

BTB-06-191 (XDR) 200 INH, RIF, EMB, AMK, KAN, CAP, OFL,
MXF, ETH, PAS

XTB-09-105 (XDR) 200 INH, RIF, EMB, AMK, KAN, CAP, STR,
OFL, RFB, ETH, PAS

XTB-09-035 (MDR) 100 INH, RIF, EMB, AMK, KAN, CAP, STR,
RFB, PAS

XTB-09-037 (MDR) 200 INH, RIF, EMB, AMK, KAN, CAP, STR,
RFB, PAS

XTB-09-106 (MDR) 200 INH, RIF, EMB, AMK, KAN, CAP, STR,
RFB, PAS

XTB-09-108 (MDR) 200 INH, RIF, EMB, CAP, STR, RFB, CS, PAS
BTB-09-086 (MDR) 100–200 INH, RIF, EMB, RFB, PAS
BTB-08-309 (MDR) 100–200 INH, RIF, RFB, PAS
BTB-08-325 (MDR) 100–200 INH, RIF, EMB, RFB, PAS
H37Rv 200 Pansusceptible
a MDR, multidrug resistant; XDR, extensively drug resistant.
b AMK, amikacin; CAP, capreomycin; CS, cycloserine; EMB, ethambutol; ETH,
ethionamide; INH, isoniazid; KAN, kanamycin; MXF, moxifloxacin; OFL, ofloxacin;
PAS, para-amino salicylic acid; RFB, rifabutin; RIF, rifampin; STR, streptomycin. The
drug resistance profile was determined by standard reference techniques, i.e., the
proportion method on Lowenstein-Jensen medium for PAS and CYC and the MGIT
960 system (Becton & Dickinson) for the rest of the substances (41).

FIG 2 I3-AG85 modifies TDM-TMM and perturbs the M. tuberculosis enve-
lope through Ag85 blockade. Log-phase M. tuberculosis bacilli exposed to the
indicated concentration of I3-AG85 or 10 �M isoniazid (INH) were pulsed
with [14C]acetate to label lipids. (A) Extractable lipids were resolved by thin-
layer chromatography (TLC), and the band intensities for trehalose dimyco-
late (TDM) (black bars), trehalose monomycolate (TMM) (white bars), and
free mycolic acid (gray bars) were measured and normalized to total lane
intensity. This was then converted to a percentage, with the value for untreated
cells taken as 100%. Means � standard deviations from three independent
experiments are shown. (B) Mycolyl-arabinogalactan-peptidoglycan (mAGP)
mycolic acids (black bars) or total mycolic acids (white bars) were extracted
from the surface of delipidated bacteria and total bacterial pellet, respectively.
After conversion to methyl esters (MAME), samples were resolved by TLC to
yield distinct MAME bands. The total MAME band intensity was measured
and normalized to the total lane intensity. It was then converted to a percent-
age, with the value for untreated cells taken as 100%. Means � standard devi-
ations from three independent experiments are shown. (C) I3-AG85-treated
(�) or untreated (�) M. tuberculosis bacilli were incubated with [14C]glycerol,
and radiometric counts in the bacterial pellet were measured over 20 min. This
was first normalized for number of bacteria and then normalized to untreated
cells, taken as 1. Statistical significance was calculated with the paired Student
t test: *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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validated Ag85 as a drug target by detailed characterization of an
Ag85C binding molecule, 2-amino-6-propyl-4,5,6,7-tetrahydro-1-
benzothiophene-3-carbonitrile (I3-AG85). Derived from 2-amino-
cyclohepta[b]thiophene-3-carbonitrile (I1-AG85), I3-AG85 exhib-
ited antimycobacterial activity toward M. tuberculosis growing in
broth culture and within macrophages.

Although chemical inhibitors against Ag85 proteins with activ-
ity toward other mycobacterial strains have been designed and
tested, clear demonstration of pathway inhibition in M. tubercu-

losis is missing. We show that I3-AG85 blocks Ag85-mediated
TDM synthesis with accumulation of the substrate, TMM, in M.
tuberculosis. However, synthesis of covalently linked mycolic acids
remains unaffected. A possible explanation for this might be con-
formational changes at the active site for arabinogalactan transfer
of mycolic acid, which is inaccessible to I3-AG85. The three-di-
mensional (3D) structure of Ag85C cocrystalized with I3-AG85
could support this hypothesis. The highly conserved catalytic and
sugar binding sites of Ag85 proteins should enable simultaneous

FIG 3 An Ag85C mutant is susceptible to I3-AG85 and displays a reduction of TDM upon I3-AG85 treatment. (A) Log-phase bacteria of an Ag85C mutant
(MYC1554) and its wild-type background strain (MT103) were subjected to the indicated concentrations of I3-AG85 and tested with the standard resazurin
assay. The figure is representative of two independent experiments. (B) Log-phase MYC1554 and MT103 bacteria were incubated with 50 �M (magenta), 100 �M
(green), or 250 �M (pink) of I2-AG85, I3-AG85, or I4-AG85, with isoniazid (INH) at 10 �M (blue), or without compound (black), in 7H9 medium without
detergent for 120 h. [3H]uracil incorporation by M. tuberculosis was measured as described in the text. cpm is plotted against duration of exposure. Means �
standard deviations from sextuplicates in a representative experiment from two independent experiments are shown. (C) Log-phase M. tuberculosis bacilli were
treated with 100 �M I3-AG85 or left untreated and pulsed with [14C]acetate to label lipids. Extractable lipids were resolved by thin-layer chromatography. TDM
(black bars), TMM (white bars), and free mycolic acid (gray bars) band intensities were measured and normalized to total lane intensity. This was then converted
to a percentage, with the value for the untreated sample taken as 100%. Each graph represents the means � standard deviations for duplicates in a representative
experiment from two independent experiments. Statistical significance was calculated with the paired Student t test: *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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FIG 4 I3-AG85 binds only to Ag85C in the Ag85 family as revealed by NMR analysis. (A and B) Overlay of nuclear magnetic resonance (NMR) spectra of 30 �M
Ag85C with and without a 20-fold excess of I3-AG85 (A) and of 30 �M Ag85C with and without a 20-fold excess of octylthioglucoside (OSG) (B) in 5 mM citrate
buffer (pH 6.0)–1 mM dithiothreitol (DTT)– 0.1% CHAPS with 0.5% dimethyl sulfoxide (DMSO). (C and D) Analogous representations for Ag85A. Panels B
and D indicate a clear pattern of binding of the artificial substrate OSG to Ag85C and Ag85A, respectively, by chemical shift changes. Panels A and C show less
clear binding effects of I3-AG85 on Ag85C and Ag85A, respectively. While Ag85C showed a few chemical shift changes via interaction with I3-AG85 (A), the 15N
HSQC of Ag85A was nearly unchanged by this compound; only line broadening, which appeared to be a decrease in cross-peak intensity up to extinction (circles
in panel C), was found. (E) OSG binding site in Ag85C (red). Structural superposition of Ag85A (green, 1SFR), Ag85B (blue, 1F0N) and Ag85C (red, 1VA5) is
shown. Residues are numbered in black according to the Ag85C sequence. Residues labeled in brown correspond to positions in Ag85A/B that differ from those
in Ag85C (red) (F150/L152 and W158/G160 in Ag85C and Ag85A/B, respectively). The catalytic triad is 100% identical (S124, H260, and E228) in all three Ag85
proteins. The surface residues that form the carbohydrate binding portion of substrate binding site are also 100% conserved in all three Ag85 proteins. In the
mycolate binding site, F150 and W158 are present only in Ag85C (L152 and G160 in Ag85A and Ag85B).
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inhibition of the three cognates through chemical blockade of the
active site. Our analysis of I3-AG85 specificity through NMR
binding assays and mutant susceptibility testing indicates a more
complex scenario. The Ag85C mutant was susceptible to I3-AG85
treatment and displayed a reduced TDM phenotype, similar to
wild type, hinting at simultaneous Ag85 protein family inhibition.
However, NMR analysis did not detect significant binding of I3-
AG85 to Ag85A or Ag85B. We observed only minor disturbance of
Ag85A NMR signals by I3-AG85 and no effect on Ag85B signals.
One possible explanation could simply be differential enzymatic
activity of recombinant Ag85 proteins used in vitro for NMR ex-
periments compared to their native counterparts in a complex in
vivo environment used for MIC determination and lipid analysis.
I3-AG85 could, for instance, interfere with alternate sites of the
multiprotein Ag85 complex in vivo or cause allosteric effects when
binding to the catalytic center of Ag85C. Such scenarios were not
fully addressed when analyzing single purified recombinant pro-
teins by NMR. Multidimensional interactions between Ag85 pro-
teins are required for catalysis. Moreover, repression by feedback
loops, involving products and precursors, might be involved. The
slightly different substrate binding sites of Ag85C on the one hand
and Ag85A and -B on the other lead to different activity profiles.
The mild TDM synthase activity of Ag85A or -B, or any other vital
process, could be repressed in wild-type strains due to allosteric
effects or the accumulation of certain reactants and precursors
(Fig. 2A). The survival of the Ag85C mutant could, for example, be
attributed to the altered concentrations of mycolic acid derivatives
(Fig. 3C) or a distinct topology of the remaining Ag85A-B com-
plex lacking regulatory mechanisms present in the wild-type
strain. Further experiments with more specific I3-AG85 deriva-
tives would be useful to clarify the molecular basis of our obser-
vations.

The partial redundancy of Ag85A, -B, and -C, demonstrated
through single-gene deletion and structural analysis, has added
one more layer of complexity to our understanding of the distinct
roles of cognates. The relatively high MIC of 100 �M (22 �g/ml)
might prevent I3-AG85 from further development, but it could be
a useful tool compound to dissect the Ag85-catalyzed pathway.
Although phosphorylation of key enzymes, such as InhA, MabA,
HadAB, and HadBC, has been identified as a regulatory mecha-
nism to control mycolic acid synthesis, other mechanisms are pos-
sible (27, 43, 51). Thus, I3-AG85 could serve as a tool to identify
novel regulatory pathways and the interdependence, if any, of
overall lipid metabolic pathways in M. tuberculosis.

Additionally, I3-AG85 disrupts mycolic acid synthesis at a step
distinct from that of the first-line drug INH, since the total my-
colic acid abundance remained unchanged after I3-AG85 expo-
sure. This can be presumably extended to other front-line drugs
with the observed susceptibility of MDR and XDR M. tuberculosis
strains to I3-AG85. Thus, the Ag85 pathway offers valuable targets
that might overcome resistance to most, if not all, existing anti-TB
drugs.

In conclusion, the Ag85 family of proteins, and thus mycoloyl
transferase activity, is a valid target for current TB drug discovery
aiming to control MDR and XDR TB. Several front-runners in
current clinical and preclinical studies, such as TMC-207, PA-824,
and benzothiazinones, have a novel mode of action (3, 24, 46).
However, additional candidate/lead compounds need to be iden-
tified to compensate for high attrition rates in drug discovery

pipelines and to counteract the continuing emergence of drug
resistance.
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