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Copper (Cu) ions are likely the most important immunological metal-related toxin utilized in controlling bacterial infections.
Impairment of bacterial Cu resistance reduces viability within the host. Thus, pharmacological enhancement of Cu-mediated
antibacterial toxicity may lead to novel strategies in drug discovery and development. Screening for Cu toxicity-enhancing anti-
bacterial molecules identified 8-hydroxyquinoline (8HQ) to be a potent Cu-dependent bactericidal inhibitor of Mycobacterium
tuberculosis. The MIC of 8HQ in the presence of Cu was 0.16 �M for replicating and nonreplicating M. tuberculosis cells. We
found 8HQ’s activity to be dependent on the presence of extracellular Cu and to be related to an increase in cell-associated labile
Cu ions. Both findings are consistent with 8HQ acting as a Cu ionophore. Accordingly, we identified the 1:1 complex of 8HQ and
Cu to be its active form, with Zn, Fe, or Mn neither enhancing nor reducing its Cu-specific action. This is remarkable, consider-
ing that the respective metal complexes have nearly identical structures and geometries. Finally, we found 8HQ to kill M. tuber-
culosis selectively within infected primary macrophages. Given the stark Cu-dependent nature of 8HQ activity, this is the first
piece of evidence that Cu ions within macrophages may bestow antibacterial properties to a Cu-dependent inhibitor of M. tuber-
culosis. In conclusion, our findings highlight the metal-binding ability of the 8-hydroxyquinoline scaffold to be a potential focus
for future medicinal chemistry and highlight the potential of innate immunity-inspired screening platforms to reveal molecules
with novel modes of action against M. tuberculosis.

The ability to provide and administer effective treatment to pa-
tients with tuberculosis (TB) disease is an essential component

of global control efforts and, in retrospect, has had a tremendous
impact on controlling TB prevalence and reducing the incidence
of TB and the rates of mortality from TB (1). However, these
major accomplishments are threatened by drug-resistant Myco-
bacterium tuberculosis strains, estimated to be responsible for up
to 5% (480,000) of the 9.6 million annual TB cases worldwide (1).
Of particular worry is the fact that in some countries, up to 34% of
new cases and up to 69% of recurring infections are already clas-
sifiable as multidrug-resistant (MDR) TB (1). Unfortunately, the
efficacy and therapeutic qualities of current MDR TB treatments
do not match those of the standard first-line regimen of isoniazid,
ethambutol, rifampin, and pyrazinamide, reflected in part by an
only �50% treatment success rate within the global cohort with
MDR TB (1). Therefore, new drugs are urgently needed to ensure
the future success of TB treatment and control programs.

Repurposing of existing drugs with known pharmacological
properties is one of the most economical and fastest strategies for
drug discovery and development. One such promising molecule
with a broad spectrum of activity and a high repurposing potential
is 8-hydroxyquinoline (8HQ) (2). The activity of 8HQ and several
of its derivatives against M. tuberculosis has already been investi-
gated in vitro (3, 4) and was successfully tested in both animal
models (5) and humans (6). More recently, high-throughput
screening against M. tuberculosis in culture identified 8HQ deriv-
atives to be a major hit cluster, with more than 200 analogues
being active within a concentration range of from 0.1 to 50 �g/ml.
Remarkably, some of the compounds produced in vitro therapeu-
tic indices of up to 100 when tested against eukaryotic Vero cells
(7). Other desirable properties of halogenated or nonhalogenated
8HQ derivatives include a bactericidal mode of action, activity

against nonreplicating M. tuberculosis cells, and potency against
monoresistant and multidrug-resistant clinical M. tuberculosis
isolates (8). In addition, 8-hydroxyquinoline-2-carboxylic acid
(HCA) has been identified to be a potent noncompetitive in-
hibitor of the M. tuberculosis class IIa fructose 1,6-bisphosphate
aldolase, which is a well-characterized pathogen-specific drug
target (9).

A common trait of 8HQs is their affinity for metal ions, which
is critical for their in vitro antibacterial properties toward most
Gram-positive and Gram-negative organisms (10–13). The power
of 8HQ chelation with physiologically relevant bivalent metal ions
essentially follows the Irving-Williams series of metal complex
stabilities (14) (Zn � Cu � Co � Fe � Mn), according to which
Cu ions form the most stable complexes. However, the type of the
8HQ-metal complex that forms in a given system depends heavily
on the metal ion (M)-to-ligand (L) ratio (12). In the presence of
excess ligand, a 1:2 complex (ML2) forms, while in the presence of
excess metal ion, a complex with a 1:1 (ML) stoichiometry prevails
(12). In addition, pH, temperature, ring adornments, and the
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basicities of the oxygen and nitrogen donor atoms are known to
influence the solubility, hydrophobicity, and/or stability of 8HQ-
metal complexes (15).

Although the impact of metal ion chelation on the in vivo per-
formance of 8HQ and its derivatives remains to be established,
recent research has revealed an intriguing novel opportunity to
potentially utilize metal-chelating agents for anti-infective ther-
apy. Multiple studies suggest that the innate immune system fa-
cilitates the accumulation of Cu ions at the site of infection,
thereby exploiting Cu ions as a natural antimicrobial agent (16–
18). Our laboratories previously reported elevated Cu levels in M.
tuberculosis-infected lung tissue of guinea pigs (18). Such infected
tissue is often hypoxic (19) and usually infiltrated by macrophages
(20). Interestingly, hypoxia stimulates expression of ATP7A (21–
23), a Cu-transporting P-type ATPase present in most eukaryotes
(including humans). In activated macrophages, ATP7A translo-
cates to the phagosome (16, 23), in which trapped mycobacteria
can experience Cu concentrations of up to 400 �M (17). Consis-
tent with this model, M. tuberculosis-Cu homeostasis and resis-
tance genes are induced in macrophages (24) and animal infection
models (25), while impairment of these pathways reduces M. tu-
berculosis virulence (18, 26, 27).

As Cu ions accumulate at the site of infection, compounds that
gain significant antibacterial properties in such Cu-rich environ-
ments may enable pharmacological control of Cu’s antibacterial
potency right at the site of infection. As the ability of 8HQ and
many of its derivatives to bind Cu ions can enhance its antimicro-
bial properties (10–13, 28), derivatives may be ideally suited to
probe the related chemical space for potential metal-dependent
activities. However, a potential synergy between Cu or other phys-
iologically relevant transition metal ions and the activity of 8HQs
on M. tuberculosis is unknown and, to our surprise, was not elu-
cidated in previous studies (3, 8). Given the consideration of 8HQ
as an established scaffold for the development of novel antimyco-
bacterial agents (2, 8) and the omnipresence of Cu ions in vivo (29,
30), it is imperative to detail and understand the impact of tran-
sition metal ions on the activity of 8HQs against M. tuberculosis.

In this study, we deconstruct the activity profile of 8HQ against
M. tuberculosis and demonstrate that Cu ions are indispensable for
in vitro inhibition. We characterize the active component to be a
1:1 ligand-ion complex that is able to form under likely therapeu-
tic conditions and that is efficacious even in the presence of other
transition metals. Finally, we employed 8HQ in a macrophage
infection model and for the first time provide evidence that a
Cu-dependent inhibitor is able to synergize with the Cu-burst
action of the innate immune system.

MATERIALS AND METHODS
Chemicals and reagents used in biological assays. Metal salts for biolog-
ical assays (ZnCl2, MnCl2, CuCl2, CuSO4) were all purchased from Sigma
and solubilized in double-distilled H2O. Aliquots of 100 mM stock solu-
tions were stored at 4°C. FeCl2 (Fisher) solution was always prepared
fresh. 8HQ (Sigma), clioquinol (CQ; Sigma), nitroxoline (NQ; Sigma),
and HCA (Fisher) were solubilized in sterile dimethyl sulfoxide (Sigma)
and stored in small 10 mM aliquots at �80°C. The purity of the organic
compounds was ascertained by using 1H and 13C nuclear magnetic reso-
nance spectroscopy. They were found to be more than 95% pure. For
determination of metal complex formation constants, American Chemi-
cal Society (ACS)-grade CuBr2 and ZnSO4 were purchased from Aldrich.
Fluorescein diacetate (FDA) was purchased from Sigma.

Mycobacterial strains and standard growth conditions. Mycobacte-
rium smegmatis strains SMR5 (wild type) (31), ML16 (an SMR5 derivative
from which porins were deleted, SMR5 �mspA �mspC �mspD) (32), and
ML16/pMN016 (an mspA-expressing ML16 derivative) (32) and Myco-
bacterium tuberculosis strains H37Rv (wild type) and mc26230 (an H37Rv
�panCD �RD1 derivative) (33) were grown in Middlebrook 7H9 me-
dium (7H9MB; BD, Difco) or copper sulfate-free Hartmans-de Bont
(HdB) minimal medium (HdBSM) (34) or plated on Middlebrook 7H10
agar (BD, Difco). The base composition of HdBSM is as follows: 15 mM
(NH4)2SO4, 6 mM K2HPO4, 6 mM NaH2PO4, 1% glycerol, 0.5% glucose,
30 �M EDTA, 500 �M MgCl2, 7 �M CaCl2, 0.8 �M Na2MoO4, 1.68 �M
CoCl2, 5.49 �M MnCl2, 6.95 �M ZnSO4, and 20 �M FeSO4. Copper
sulfate-free 7H9 medium (7H9SM) was prepared from scratch by exclud-
ing copper salt from the Middlebrook medium recipe. All growth media
were supplemented with hygromycin (50 �g/ml; BD), 10% oleic acid-
albumin-dextrose-catalase (OADC) supplement (BD Middlebrook),
pantothenate (pan; 24 �g/ml), 0.02% tyloxapol, or combinations thereof
as required.

Dose-response curves for MIC determination. Multidose-response
curves were generated as described previously (35). Briefly, bacteria were
grown in HdBSM. M. smegmatis strains were grown overnight, and M.
tuberculosis strains were grown for up to 14 days to an optical density at
600 nm (OD600) that did not exceed 2.0. Cells were diluted to an OD600 of
0.04 in 2-fold-concentrated medium right before the assay was per-
formed. Compounds were diluted 2-fold down from 10 �M in 96-well
plates in either water or metal salt solutions to reach the concentrations
indicated below. An equal volume of 2-fold-concentrated HdB medium
with cells was then added to each well. Unless stated otherwise, the final
copper sulfate content per well was 10 �M for M. smegmatis or 7.5 �M for
M. tuberculosis in HdB medium. For the medium discrepancy assay, either
a homemade copper sulfate-free 7H9 medium (7H9SM) or commercial
7H9 Middlebrook medium (which already contains �6 �M copper sul-
fate) was used, with Cu-positive wells having additional 6 �M copper
sulfate present. For metal specificity assays, 7.5 �M metal chlorides were
added to the base HdBSM. No differences between the use of CuCl2 and
CuSO4 in biological assays were noted (compare the MIC of Cu combined
with 8HQ from Fig. 1D and 2A). In the case of metal competition assays,
Cu was provided at 7.5 �M and the competing metals were provided at an
additional 20 �M each, unless stated otherwise. To determine the metal
sensitivity of M. tuberculosis mc26230, only the indicated metal salts were
2-fold serially diluted in HdBSM, with the highest concentration being 1
mM. Assay mixtures with M. smegmatis were incubated for 16 to 24 h at
37°C. The incubation period for all M. tuberculosis strains was 7 days.
Thereafter, resazurin dye was added to a final concentration of �90 �M
resazurin. Resazurin (blue) is converted to resorufin (pink) by viable bac-
teria over the course of several hours. The fluorescence intensity of reso-
rufin (excitation wavelength, 560 nm; emission wavelength, 590 nm) was
determined on a Cytation3 imaging reader (BioTek) and analyzed using
Gen5 software (BioTek), Microsoft Excel 2010 software, and GraphPad
Prism (v7) software. All conditions were analyzed in triplicate, and all
experiments were repeated at least once. Plates also contained a medium-
only control to determine background dye conversion in the absence of
cells and a no-treatment condition to determine dye conversion rates
under optimal growth (100% growth). The results for all data points were
normalized to those for plate-specific controls. The MIC was defined as
the lowest concentration effecting a reduction in fluorescence of �85%
relative to the mean for non-drug-treated bacterium-only controls.

Time-to-kill studies. Cells from a growing culture were harvested and
treated in the presence or absence of 7.5 �M CuSO4 with 0.6 �M 8HQ or
NQ in HdBSM at 37°C. The OD600 of the samples was 0.04. Aliquots were
removed at the indicated treatment times. The samples were then diluted
10-fold in 7H9SM. Aliquots (5 �l) of each dilution were spotted on 7H10
agar plates and incubated at 37°C for 11 days before pictures were taken.

Dose matrix experiments. Serial dilutions (2-fold) of CuCl2 or ZnCl2
were carried out at 4-fold concentrations in 96-well plate rows, and one-
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fourth of the total volume of each well was filled with these dilutions. Test
compound was diluted separately in a 12-well reservoir at 4-fold concen-
trations, and then one-fourth volume of each well was added into the wells
of the respective columns containing the metal solutions or water, giving
rise to a dose matrix. Finally, one-half volume of 2-fold-concentrated
HdBSM with cells (OD600 � 0.04) was added to each well. The final con-
centrations of Cu and compounds are given in the appropriate figures.
Plates were incubated at 37°C for 7 days, after which the resazurin assay
was used to determine the growth of the cells by measuring the fluores-
cence intensity using a Cytation3 imaging reader (BioTek). Data were
analyzed using Gen5 software (v2.07; BioTek), Microsoft Excel 2010 soft-
ware, and GraphPad Prism (v7) software.

Generation of nonreplicating M. tuberculosis mc26230 cells. Non-
replicating cells were prepared as described elsewhere with some modifi-
cations (36). Briefly, the strain was grown in Middlebrook 7H9 medium
with 10% OADC (BD Middlebrook), pan (24 �g/ml), and 0.02% tylox-
apol for 7 days to an OD600 of �2. The cells were harvested by centrifu-
gation (30 min at 3,500 	 g), washed three times with phosphate-buffered
saline (PBS) buffer (pH 7.4) containing pan (24 �g/ml) and 0.02% tylox-
apol, and then resuspended in 50 ml of the same buffer. Incubation at
37°C continued for at least 6 weeks. Then, the cells were harvested by
centrifugation (30 min at 3,500 	 g) and resuspended in fresh 7H9SM for
treatment with various concentrations of 8HQ in the presence or absence
of 7.5 �M copper sulfate. The inoculum for nonreplicating cells gave an
OD600 of 0.04 when all components were added to the wells. Other than
that, the assay was performed like a standard dose-response assay, as de-
scribed above. In addition, before addition of resazurin to the wells, the
samples were mixed, and 5 �l was removed and immediately spotted on
Middlebrook 7H10 agar plates. The agar plates were incubated at 37°C for
an extra 11 days before pictures were taken.

PGFL assay. The previously developed PhenGreen FL (PGFL) assay
(37) was used to determine the treatment-dependent alterations of the
labile cellular metal content. Mycobacteria were grown in Cu-free HdBSM,
washed once in the same medium, adjusted to an OD600 of 1.0, and then
treated with the concentrations of compound and/or copper sulfate indi-
cated below for 2 h at 37°C. Thereafter, cells were washed once in PBS (pH
6.8) containing 500 �M EDTA and 0.02% tyloxapol and then twice in PBS
with tyloxapol and were then resuspended in the same buffer to give an
OD600 of 1. A 100-�l aliquot of each sample was transferred into 96-well
plates in triplicate, and PGFL solution was added to give a final concen-
tration of 2.5 �M. After 30 min of incubation, fluorescence (excitation
wavelength, 490 nm; emission wavelength, 520 nm) was measured on a
Cytation3 imaging reader (BioTek), controlled by Gen5 software, and
analyzed using Microsoft Excel 2010 software and GraphPad Prism (v7)
software.

Fluorescein diacetate viability staining of M. tuberculosis and flow
cytometry. Fluorescein diacetate requires metabolic conversion to fluo-
rescein in order to become fluorescent. Only metabolically active M. tu-
berculosis cells are able to perform this conversion. Therefore, the accu-
mulation of fluorescence is a measure of the vital state of individual cells
without the need to rely on cellular multiplication (38). We essentially
followed the staining procedure described previously (38, 39). Briefly, M.
tuberculosis mc26230 cells were harvested from cultures by centrifugation,
resuspended in HdBSM or RPMI 1640 medium supplemented with 10%
heat-inactivated fetal bovine serum (FBS) and M. tuberculosis mc26230-
specific supplements (tyloxapol, pan) to an OD600 of 0.04, and treated
with 1 or 10 �M 8HQ for 48 h at 37°C. Where indicated, CuSO4 was added
to a final concentration of 7.5 �M. Then, 25 �l was removed, transferred
into a fresh 96-well plate, and mixed with 2.5 �l FDA solution to give a
final FDA concentration of 500 ng/ml. After 1 h of incubation at 37°C,
staining was stopped by adding 200 �l PBS with 0.02% tyloxapol to each
well. Samples were analyzed on a Guava EasyCyte flow cytometer (Guava
Technologies, Inc.) using the green fluorescent channel. The flow cytom-
eter was controlled by CytoSoft (v5.3) software (Guava Technologies,
Inc.). Data were analyzed and graphed using Microsoft Excel software.

Determination of metal complex formation constants. For determi-
nation of metal complex formation constants, ACS-grade CuBr2 and
ZnSO4, purchased from Aldrich, were used. Stock solutions of 8HQ, CQ,
NQ, HCA, and the metal salts were prepared in HEPES buffer, pH 7.4 (100
�M for the organic compounds, 10 �M for the metal cations), and kept
under argon. All UV-visible titration experiments were performed at 25°C
using a Varian Cary 500 UV–visible–near-infrared spectrophotometer in
4.0-ml quartz cuvettes. The ratios of metal cations and organic ligands
were preoptimized using the BINDSIM tool on www.supramolecular
.org, which is an online tool for supramolecular research and analysis
provided by the ARC Centre of Excellence in Convergent Bio-Nano Sci-
ence & Technology, University of New South Wales, Australia (www
.supramolecular.org) (40, 41). The fitting of the data was performed by
utilizing the L-BFGS-B algorithm, which is available on the website (42).
The calculations assume that complexation between the metal (M) and
the ligand (L) proceeds in two consecutive steps (see reactions I and II),
with the partial formation constants (k1 and k2) and the overall formation
constant (Kf) being defined as shown in equations 1 to 3, respectively. The
maximal errors of all measurements/calculations were �5% for k1, �3%
for k2, and �15% for Kf. The BINDSIM tool was also used to calculate the
mole fractions of L, ML, and ML2, shown in Fig. S6A to C in the supple-
mental material, from determined values (see Table S2 in the supplemen-
tal material) or previously published values for k1 (12).

M � L →
k1

ML (reaction I)

ML � L →
k2

ML2 (reaction II)

k1 �
[ML]

[M][L]
(1)

k2 �
[ML2]

[ML][L]
(2)

Kf � k1 k2 (3)

Cytotoxicity assay on peritoneal macrophages using resazurin. Peri-
toneal macrophages were seeded at 60,000 cells per well in 96-well plates
and grown in RPMI 1640 medium (Gibco) supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin-glutamine in a 5% CO2

environment at 37°C. Drugs and metals were added at the concentrations
indicated below. To determine the Cu-related toxicity of the drugs on
eukaryotic cells, compounds were diluted in RPMI 1640 medium supple-
mented with 10% fetal bovine serum and 1% penicillin-streptomycin-
glutamine and then transferred into the wells containing cells. The plates
were incubated at 37°C in a 5% CO2 incubator for up to 48 h. Resazurin
dye was added to each well at a final concentration of �90 �M. After
continued incubation for �6 h, microscopic pictures were taken (magni-
fication, 	20) and the fluorescence of the metabolically converted resaz-
urin dye was quantified using a Cytation3 imaging reader (BioTek) and its
accompanying Gen5 software.

Macrophage infection assay. Mouse peritoneal macrophages were
isolated from female C57BL/6 mice as previously described (35, 43). Ap-
proval for the use of mice for the generation of peritoneal macrophages
was granted by the University of Alabama at Birmingham’s Institutional
Animal Care and Use Committee (animal project number IACUC-08560)
under full compliance with applicable institutional and NIH policies.
Macrophages were seeded at a density of 60,000 per well in 96-well plates
and allowed to adhere and rest for 3 days. Then, macrophages were in-
fected with M. tuberculosis mc26230 at a multiplicity of infection of 1:1
(using a conversion factor in which an OD600 of 1 is equal to 3 	 108

bacteria) in RPMI 1640 medium supplemented with 10% heat-inacti-
vated FBS for 4 h at 37°C. After three washes to remove extracellular M.
tuberculosis, the wells were replenished with fresh medium in the absence
and presence of 1 or 10 �M 8HQ. Thereafter, at 0 and 48 h postinfection,
macrophages were lysed using 200 �l 0.025% SDS to release intracellular
M. tuberculosis. The macrophage lysate was serially diluted in complete
7H9 medium and plated on 7H10 agar plates supplemented with 24
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�g/ml pantothenic acid. The plates were incubated at 37°C for 14 days,
and the number of CFU was counted.

RESULTS
The antimycobacterial activity of 8-hydroxyquinoline is copper
dependent. Most reported bioactivities of 8HQ (see Fig. S1A in
the supplemental material) are linked to its metal-chelating prop-
erties, except for its activity against M. tuberculosis H37Rv, where
its mode of action was explicitly reported to be metal independent
(8). However, a limited copper complexation screen conducted in
our laboratories (35, 44) indicated that its activity is strongly en-
hanced by copper (Cu) ions. Given this discrepancy, we reevalu-
ated the activity of 8HQ toward M. tuberculosis H37Rv and its
auxotroph surrogate, mc26230. We first confirmed activity in
standard Middlebrook 7H9 medium. In agreement with previous
reports (8), the MIC was 2.5 �M (Fig. 1A). However, as Middle-
brook 7H9 medium is formulated with �6 �M CuSO4, we next
tested 8HQ in 7H9 medium made without CuSO4. Here, 8HQ was

completely inactive against M. tuberculosis H37Rv (Fig. 1B). The
addition of 6 �M CuSO4 to the medium fully restored 8HQ’s
activity (Fig. 1B), while the addition of CuSO4 to commercial
Middlebrook 7H9 medium had no major impact (Fig. 1A). To
exclude the possibility of medium-specific effects and to deter-
mine the full extent of the synergy between Cu and 8HQ, we re-
peated the experiment in Hartmans-de Bont minimal medium
(HdBSM), which permits the growth of M. tuberculosis in the ab-
sence of potentially interfering albumin supplements. Albumin is
known to bind Cu and other metal ions and may therefore reduce
the sensitivity of the assay (35, 45). As expected, the Cu depen-
dency was much more pronounced, yielding an MIC of �0.16 �M
for M. tuberculosis H37Rv (Fig. 1C) and its avirulent surrogate, M.
tuberculosis mc26230 (H37Rv �RD1 �panCD) (Fig. 1D).

Numerous derivatives of 8HQ are marketed for a variety of
antimicrobial applications in industry and medicine, including
the antiprotozoal/antifungal clioquinol (CQ; see Fig. S1B in the

FIG 1 Copper-dependent activity of 8HQ on Mycobacterium tuberculosis H37Rv or mc26230 (�RD1 �panCD). (A and B) M. tuberculosis H37Rv was treated with
8HQ with or without addition of copper sulfate (CuSO4) at 6�M in either commercial Middlebrook 7H9 medium (7H9MB) (A) or homemade CuSO4-free 7H9 medium
(7H9SM) (B). (C and D) The experiment was then repeated using CuSO4-free HdBSM with or without supplementation with 7.5 �M CuSO4 to compare the activities on
M. tuberculosis H37Rv (C) and M. tuberculosis mc26230 (D). (E and F) The 8HQ derivatives CQ (E) and NQ (F) were then tested under similar conditions on M.
tuberculosis mc26230 in HdBSM. Arrowheads, the MICs of compounds in the presence (black) or absence (gray) of added CuSO4 to highlight Cu-dependent or
Cu-independent antibacterial activity. Data sets are representative of those from at least three independent assays conducted under similar conditions. Data points
represent the averages from at least three replicates from which the background value was subtracted, with error bars indicating standard deviations. Rel., relative.
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supplemental material) and the antibacterial nitroxoline (NQ; see
Fig. S1C in the supplemental material). We found that both CQ
and NQ displayed Cu-dependent activity against M. tuberculosis
mc26230 (Fig. 1E and F), similar to 8HQ. However, in direct con-
trast to 8HQ and CQ, NQ actually lost its activity at concentra-
tions above 1.25 �M in the presence of Cu ions (Fig. 1F). Spotting
of samples from the NQ assays on agar plates directly confirmed
the bactericidal action of NQ at lower NQ concentrations and the
presence of viable cells at higher NQ concentrations (see Fig. S2 in
the supplemental material).

Differences in the killing kinetics of 8HQ and NQ were also
observed. While 8HQ at 0.63 �M killed M. tuberculosis mc26230
within 5 h of exposure in the presence of Cu ions (see Fig. S3A in
the supplemental material), NQ acted much slower under com-
parable conditions, requiring an exposure time of �42 h to kill M.
tuberculosis mc26230 (see Fig. S3B in the supplemental material).
We therefore suspect that the failure of NQ to kill M. tuberculosis
mc26230 at higher concentrations may be related to Cu-mediated
precipitation of the compound. Indeed, we noticed precipitation
to occur at higher concentrations (�50 �M) (data not shown)
upon mixing of NQ with Cu ions in test tubes, but precipitation
was also observed for 8HQ and CQ under similar conditions.
Given the fast-acting properties of 8HQ, we assume that 8HQ
might act before precipitating out, while the potency of NQ may
be more prone to precipitation due to its much slower action.

We further investigated the possible interaction between Cu
ions and 8-hydroxyquinoline-2-carboxylic acid (HCA) (see Fig.
S1D in the supplemental material). HCA was previously reported
to inhibit the zinc-dependent fructose 1,6-bisphosphate aldolase
of M. tuberculosis in enzymatic assays (9, 46). In accordance with
previous reports (9), we confirmed that the compound is a rela-
tively poor inhibitor of whole cells (see Fig. S4A in the supplemen-
tal material), with 500 to 1,000 �M HCA being needed to inhibit
M. tuberculosis mc26230. In stark contrast to the findings for the
other three analogs examined (Fig. 1), there was no increase in
activity upon the addition of Cu (see Fig. S4A in the supplemental
material). Instead, HCA reversed the toxicity of Cu ions: while 30
�M Cu inhibited M. tuberculosis in HdBSM, addition of HCA cor-
responding to 2-fold or more the concentration of added Cu (e.g.,
�60 �M HCA and 30 �M Cu, �120 �M HCA and 60 �M Cu)
caused the dose-response curve to mirror that obtained with HCA
alone (see Fig. S4A in the supplemental material). Dose matrix
studies using Zn in combination with HCA showed neither an
enhancement nor a reduction in HCA’s potency (see Fig. S4B in
the supplemental material). Together, the results of these experi-
ments indicate that the presence of Cu ions can have greatly varied
effects modulating the activity of 8-hydroxyquinolines. While the
activity of 8HQ, CQ, or NQ was enhanced, HCA’s low-level activ-
ity remained unchanged. In addition, HCA acted as a Cu ion tox-
icity-averting agent.

Antibacterial properties of 8-hydroxyquinolines in combi-
nation with other metal ions. Many simple 8-hydroxyquinolines
act as typical bidentate metal chelators (47–49). These complexes
share nearly identical structures and geometries (see Fig. S1E and
F in the supplemental material), regardless of the metal ion in-
cluded. Given the complexity of the cellular milieu, 8HQ would
likely encounter metals such as manganese, iron, and zinc. Due to
the roles of the last two metals within the context of nutritional
immunity, the viability of a Cu-dependent therapeutic rests upon
whether its interaction with such metals modulates activity to-

ward M. tuberculosis. Though Cu-free HdBSM already contains
Zn, Fe, and Mn (the recipe is detailed in Materials and Methods),
we established baseline 8HQ dose-response curves by supple-
menting HdBSM with an additional 7.5 �M FeCl2, MnCl2, ZnCl2,
or CuCl2. While Cu was by far the most potent metal (MIC, 0.15
�M), Zn showed some efficacy in the presence of 10 �M 8HQ
(Fig. 2A). Fe and Mn showed only a negligible inhibition at the
highest 8HQ concentration tested (Fig. 2A). Similarly, CQ was the
most potent in the presence of Cu, though the boost provided by
Zn was much more pronounced than that for 8HQ (Fig. 2A and
B). No boosting by a metal ion other than Cu was observed for NQ
(Fig. 2C). HCA displayed no detectable metal-related activity on
whole cells over the concentration range tested, despite being pre-
viously shown to inhibit Zn-dependent enzymes (50% inhibitory
concentration, 10 �M) (9).

With the Cu specificity of 8HQ firmly established, we next
sought to determine whether the presence of other metals in ex-
cess could ablate activity. After first confirming that Fe, Zn, and
Mn are not toxic to M. tuberculosis mc26230 in HdBSM up to a
concentration of 1 mM (see Fig. S5A in the supplemental mate-
rial), we tested 8HQ in the presence of 7.5 �M Cu and combina-
tions of physiological levels of Fe, Zn, and/or Mn (at 20 �M each)
(50) (see Fig. S5B in the supplemental material). Even in the pres-
ence of all three other metals (for a combined excess of 60 �M),
8HQ retained full Cu-dependent activity.

The copper-monoligand complexes are likely the active form
of 8-hydroxyquinlines in solution. As the unique nature of inhi-
bition is seemingly reliant on the interaction of both ligand and
metal, we next investigated the identity of the active complex.
8-Hydroxyquinolones are known to coordinate Cu, as well as
other bivalent metal ions, in two possible stoichiometries: either
in a 1:1 ligand-ion complex (ML) (reaction I) or a 2:1 ligand-ion
complex (ML2) (reaction II). For most bivalent transition metal
ions, including Cu, complex formation with 8HQ, CQ, or NQ
involves two consecutive reactions: the formation of ML (reaction
I) and the subsequent formation of the ML2 complex, where a
second free ligand molecule binds to the ML complex (reaction II)
(see Fig. S1E and F in the supplemental material). The partial
formation constants k1 (equation 1) and k1 (equation 2), which
give rise to an overall formation constant, Kf (equation 3), char-
acterize reactions I and II, respectively. Depending on the assay
conditions, Kf values for the reaction between 8HQ and Cu or Zn
vary greatly throughout the literature (see Table S1 in the supple-
mental material). To provide a comparable set of binding con-
stants for the compounds investigated here, we determined k1 and
k2 values for Cu and Zn coordination in a system buffered to pH
7.4 with relevance to our assays (see Table S2 in the supplemental
material). We included Zn because it is the most abundant phys-
iological transition metal ion and therefore Cu’s most likely com-
petitor. The experimentally determined Kf values for 8HQ and CQ
complexes were in good agreement with those determined by Fer-
rada et al. (51), who used conditions relatable to ours (see Table S1
in the supplemental material). By using these constants and the
actual input concentrations of Cu ions and ligand, we were able to
project the mole fractions of free ligands (L) and both metal com-
plexes, ML and ML2 (see Fig. S6A in the supplemental material).
These calculations suggest that at the MICs of 8HQ, CQ, and NQ
(�0.16 �M), ligands are either free (L) or engaged in a 1:1 com-
plex (ML), with nearly no 1:2 complex (ML2) forming (see Fig.
S6A in the supplemental material). The formation of the Zn com-
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plexes follows a similar pattern (see Fig. S6B in the supplemental
material). Mole fraction calculations using binding constants for
8HQ with other metals (Zn, Fe, Mn) from another study (12) also
predict that the 1:1 complexes form (see Fig. S6C in the supple-
mental material). However, these binding constants represent
only a very narrow snapshot of what is happening when the com-
pounds and the metals are mixed. The equilibrium in the actual
assay is expected to be highly dynamic, given the complexity of the
utilized growth medium (HdB or 7H9 medium). Furthermore,
mycobacterial cells might extract the ML complexes from the me-
dium, thereby potentially driving the equilibrium toward the con-
tinuous formation of ML. This would explain why CQ is still ac-
tive, even though very little of it (�1%) is predicted to convert
into the 1:1 complex (see Fig. S6A in the supplemental material).
Because the ligands are not active in the absence of Cu and because
the 1:2 complex is unlikely to form or would likely precipitate out
(12), we attribute the Cu-dependent anti-M. tuberculosis effects of
8-hydroxyquinolines to their 1:1 complexes.

The copper complexes of 8HQ and CQ utilize different path-
ways to cross the mycobacterial OM. After elucidating the 1:1
ligand-Cu complex to be the likely active component, we next
examined the pathway by which 8-hydroxyquinolines likely cross
the mycobacterial outer membrane (OM), which constitutes the
most important permeability barrier of the mycobacterial cell en-
velope (52). Two passive uptake pathways are typically consid-
ered: (i) the hydrophobic pathway, by which lipophilic molecules
directly penetrate the lipid layers, or (ii) the hydrophilic pathway,
by which small and hydrophilic molecules utilize outer membrane
channel proteins called porins for crossing (53). As it is largely
unknown how M. tuberculosis functionalizes its OM for the up-
take of molecules, we used the model organisms M. smegmatis

SMR5 and its well-characterized triple porin mutant ML16
(�mspA �mspC �mspD) to distinguish between hydrophilic and
hydrophobic uptake pathways (52). The principal outer mem-
brane architecture of M. smegmatis is similar to that of M. tuber-
culosis (52, 54), and the lack of porin channels in ML16 mimics the
low OM permeability of M. tuberculosis and mediates high-level
resistance to small and hydrophilic antibiotics (e.g., 
-lactam an-
tibiotics) (52). Conversely, the lack of differences in sensitivity to
a particular compound between ML16 and its wild-type strain, M.
smegmatis SMR5, indicate that these compounds may freely cross
the mycobacterial OM (52). The ML16 system is therefore ideally
suited to investigate by which pathway the antibacterial copper
complexes of 8HQs cross the OM. We first confirmed that 8HQ
and CQ displayed Cu-dependent antibacterial properties against
M. smegmatis SMR5 (Fig. 3A and B, respectively). Although the
MICs for both compounds in the presence of Cu (1.25 �M) were
�8-fold higher than those for M. tuberculosis (0.16 �M) (Fig. 1),
the micromolar sensitivity validates M. smegmatis as a suitable
model to assess how the copper complexes of 8HQ and CQ enter
mycobacterial cells. Unfortunately, NQ displayed only Cu-inde-
pendent activity against M. smegmatis (Fig. 3C), precluding us
from investigating its copper-dependent activity in this model.
We found that ML16 was more resistant to CQ than the wild-type
strain (SMR5) or its MspA-complemented counterpart (Fig. 3B).
In analogy to ML16’s increased resistance to small and hydro-
philic antibiotics (52), the CQ data suggest that the CQ-Cu com-
plex is unable to freely cross the mycobacterial OM. In stark con-
trast, the lack of porins in the OM of M. smegmatis ML16 did not
significantly alter the activity of 8HQ in the presence of Cu, which
is indicative of direct penetration across the OM (Fig. 3A). To-
gether, these data suggest that the minor structural differences

FIG 2 Metal specificity of 8-hydroxyquinolines’ anti-M. tuberculosis activity. The anti-M. tuberculosis activities of 8-hydroxyquinoline (A), CQ (B), NQ (C), and
HCA (D) with metal were evaluated in HdBSM supplemented with 7.5 �M chloride salts of Fe, Mn, Zn, and Cu. The data shown are representative of those from
at least two independently conducted experiments. Individual data points represent the means from three replicates from the same assay plate. Error bars indicate
standard deviations. Background values were subtracted from all values, and all values were normalized to those for the untreated controls (Ctrl).
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between 8HQ and CQ, which is only two atoms (see Fig. S1A and
B in the supplemental material) impact the mechanism by which
these compounds cross the mycobacterial OM.

Cotreatment with 8HQ and copper leads to an increase in the
amount of the cell-associated labile metal pool. As a class, Cu-
dependent inhibitors are known to act through a wide range of
mechanisms. They can act as ionophores, overloading cells with
Cu ions (e.g., 8HQ against Cryptococcus neoformans [28]); as lib-
erators, growing the pool of bioavailable (and toxic) Cu without
an overall increase (e.g., disulfiram against M. tuberculosis [45]);
and even as traditional antibiotics, disrupting specific enzymatic
targets (e.g., glyoxal-bis[N(4)-methylthiosemicarbazonato]cop-
per(II) complex against Neisseria gonorrhoeae [55]). To gain in-
sight into the mechanism of mycobacterial inhibition, we utilized
PhenGreen FL (PGFL), a fluorescent metal sensor, to determine
net changes in the amounts of cell-associated labile metal ions
upon treatment with Cu or 8HQ alone or cotreatment with Cu
ions and 8HQ. Because PGFL requires metabolic activation upon
entry into cells, the assay can be performed only on viable cells. As
we already determined that 8HQ-Cu treatment kills M. tubercu-
losis mc26230 within 5 h of exposure (see Fig. S3A in the supple-
mental material), we opted for a 2-h treatment period, which did
not affect viability (see Fig. S7A in the supplemental material). We
chose to compare 8HQ and HCA due to their contrasting activity
profiles in the presence of copper (Fig. 2A and D). As the Cu
content is the only metal-related variable that changed in our ex-
periments, we attribute the quenching of fluorescence to an up-
shift of the cell-associated labile Cu ion content. In comparison to
the results for the untreated control, the treatments with 2.5 �M
Cu or 0.62 �M 8HQ alone did not affect PGFL fluorescence (Fig.
4A). As expected, treatment with 50 �M Cu dramatically reduced

the fluorescence (Fig. 4B). Interestingly, cotreatment of M. tuber-
culosis mc26230 with 8HQ in the presence of 2.5 �M Cu then
showed a 76% reduction in fluorescence (Fig. 4A). In stark con-
trast, cotreatment of cells with high concentrations of Cu (50 �M)
and HCA (100 �M) counteracted the quenching, despite the high
Cu ion content (Fig. 4B). The observed lack of quenching in the
presence of 50 �M Cu is consistent with HCA’s ability to avert Cu
ion toxicity at high concentrations (see Fig. S4A in the supplemen-
tal material), likely by preventing Cu from accumulating inside
the cells. Conversely, the ability of 8HQ to quench PGFL fluores-
cence in the presence of low Cu concentrations suggests that 8HQ
acts as a Cu ionophore facilitating the accumulation of bioavail-
able Cu ions inside the cell.

In the presence of copper, 8HQ is as effective against M. tu-
berculosis mc26230 cells recovering from starvation as their rep-
licating counterparts. A major challenge in antituberculosis ther-
apeutics is that of dormant, nonreplicating M. tuberculosis cells.
These bacteria are phenotypically drug resistant, necessitating
lengthy treatment regimens (56). To control the disease, it is vital
to target this population both to prevent the subsequent reactiva-
tion of latent M. tuberculosis and to avoid the generation of drug-
resistant strains (57). To determine the efficacy of 8HQ against
dormant populations, nonreplicating cells were generated using
the standard M. tuberculosis starvation protocol (36). These non-
replicating cells were then transferred into 7H9SM for treatment
and assessed for their ability to recover/survive in the presence of
8HQ with or without 7.5 �M Cu. We chose to investigate only
8HQ, as it showed the highest degree of Cu specificity and a lack of
Cu-independent activity in prior assays (Fig. 2). The MIC of 8HQ
in the presence of Cu ions for cells recovering from starvation was
similar to the one obtained for replicating cells receiving an iden-

FIG 3 Impact of MspA-mediated outer membrane permeability on the activity of 8HQs against M. smegmatis SMR5. Dose-response curves of the M. smegmatis
wild type (wt), its triple porin mutant ML16, and the MspA-expressing ML16 strain (ML16 mspA) against 8-hydroxyquinoline (A), CQ (B), and NQ (C) in the
presence or absence of CuSO4. Error bars represent standard deviations from at least three sample replicates. Individual data points represent the means from
three replicates from the same assay plate. Error bars indicate standard deviations. Background values were subtracted from all values, and all values were
normalized to those for the untreated controls.
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tical treatment (1.25 �M). Interestingly, cells recovering from
starvation even showed sensitivity to 8HQ in the absence of Cu
ions (Fig. 5A), which we did not observe for replicating cells (Fig.
5A and 1B). The MIC of 8HQ for latent cells in the presence of Cu
ions is in good agreement with the MIC previously determined by

other investigators (�3.3 �M) in commercial Middlebrook me-
dium (8). Additionally, spotting of samples from each well on
7H10 agar plates confirmed that both cells recovering from star-
vation and replicating cells were killed at the respective MICs (Fig.
5B). The Cu-independent mode of action on recovering cells sug-
gests that 8HQ may act by multiple mechanisms dependent on the
metabolic state of the cells.

Toxicity and antibacterial effects of 8HQ on M. tuberculosis
mc26230-infected primary macrophages. Finally, we wanted to
examine whether the Cu-dependent nature of inhibition could be
harnessed in a pseudo-in vivo model of macrophage infection. For
this, we focused our investigation on 8HQ because its activity
displayed the highest degree of Cu specificity in the absence of
Cu-independent inhibition (Fig. 2). 8HQ was nontoxic in stan-
dard medium (RPMI 1640 medium plus 10% FBS), as determined
by means of bright-field microscopy (see Fig. S8 in the supple-
mental material) with the metabolic cell health indicator dye res-
azurin (Fig. 6A). We treated M. tuberculosis mc26230-infected
peritoneal macrophages with 8HQ and determined the number of
viable intracellular bacteria (CFU counts) (Fig. 6B). In compari-
son to the results for the untreated control, the number of CFU in

FIG 4 The contrasting effects of 8HQ and HCA on the cell-associated labile copper pool of M. tuberculosis mc26230. Cells were treated with 2.5 �M copper (Cu)
or 0.62 �M 8HQ alone or in combination (A) or were treated with 50 �M copper (*Cu) or 100 �M HCA alone or in combination (B). Untreated controls (Ctrl)
were included in both assays. A Student’s t-test (two-tailed) was performed to evaluate the significance of the difference between fluorescence intensities detected
from the indicated conditions. P values are given in the graphs. The data sets are representative of those from at least two independent experiments, and the error
bars indicate the standard errors from three technical replicates. Double-headed arrows, reduction of fluorescence relative to that for the untreated control; RFU,
relative fluorescence units.

FIG 5 Activity of 8HQ on M. tuberculosis mc26230 cells recovering from
starvation in 7H9SM under growth permissive conditions. (A) Dose-response
profile of 8HQ on growing (G) and recovering (R) cells in the presence or
absence of 7.5 �M CuSO4. Individual data points represent the means from
three replicates from the same assay plate. Error bars indicate standard devia-
tions. Background values were subtracted from all values, and all values were
normalized to those for the untreated controls. (B) Samples (5 �l) from the
actual dose-response assay plate were spotted on 7H10 agar to confirm the
results obtained from the dose-response curve shown in panel A. Black and
gray arrowheads, MICs in the presence (�) and absence (�) of 7.5 �M CuSO4

(Cu), respectively. The concentration differential of 8HQ between individual
data points is 2-fold, with the maximum being 10 �M.

FIG 6 Efficacy of 8HQ against intracellular M. tuberculosis mc26230. (A) Sen-
sitivity of peritoneal murine macrophages to 8HQ in standard cell culture
medium (RPMI 1640 medium) supplemented with 10% heat-inactivated fetal
bovine serum. (B) M. tuberculosis mc26230-infected macrophages were treated
for 48 h with 1 or 10 �M 8HQ (as indicated on the x axis). Upon completion of
treatment, macrophages were lysed, and serial dilutions of the lysate were
plated on 7H10 agar for determination of CFU counts. The data are represen-
tative of those from two independent experiments with similar outcomes. Data
points represent the averages for three identically treated wells, with the stan-
dard deviations being shown. �, change in the numbers of CFU; hpi, hours
postinfection.
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1 and 10 �M 8HQ-treated samples was reduced by �34% and
�52%, respectively. Given that 8HQ is unable to kill M. tubercu-
losis in the absence of Cu (Fig. 1), we conclude that intracellular M.
tuberculosis mc26230 is exposed to the 8HQ-Cu complex. To de-
termine whether 8HQ utilizes Cu from the cell culture medium,
we treated M. tuberculosis mc26230 with 8HQ in RPMI 1640 me-
dium and performed a fluorescein diacetate viability stain on M.
tuberculosis cells 48 h later. Flow cytometry detected high fluores-
cence (see Fig. S9 in the supplemental material) in these cells,
suggesting that the Cu ion content in RPMI 1640 medium is not
sufficient to activate the antibacterial properties of 8HQ. In con-
trast, no fluorescence was detected in M. tuberculosis cells co-
treated with 8HQ and Cu in HdBSM (see Fig. S9 in the supplemen-
tal material), which was to be expected, given the already
established bactericidal action of 8HQ under those conditions (see
Fig. S3 in the supplemental material). As the Cu ions in RPMI
1650 medium (1 to 2 �M Cu stems from the addition of 10% FBS)
are sequestered by serum proteins (e.g., albumin, ceruloplasmin)
and we already observed a decreased potency of 8HQ in albumin-
containing 7H9 medium (Fig. 1), we conclude that the Cu ion
content of RPMI 1640 medium is insufficient for 8HQ to become
bactericidal. Therefore, our data suggest that 8HQ acquires Cu
ions inside the macrophage, perhaps taking advantage of the na-
tive Cu ion pool within M. tuberculosis-containing phagosomes,
whose concentration peaks at 400 �M (17).

DISCUSSION

The metal-binding abilities of 8HQ and its derivatives are well
established and in many, though not all, cases have been linked to
their anticancer, neuroprotective, and antimicrobial activity (2).
One notable exception is mycobacteria (2, 8), against which
8HQ’s Cu requirement for activity remained unobserved in pre-
vious studies (7, 8). In this study, we were able to clearly demon-
strate that in these previous experiments the Cu ion content of
commercial Middlebrook 7H9 medium disguised the Cu ion de-
pendency of 8HQ (Fig. 1). The only existing experimental evi-
dence for a metal-related mode of action for this type of com-
pound against M. tuberculosis therefore probably comes from in
vitro enzymatic screens on mycobacterial metalloenzymes. The
most recent targets were the two methionine aminopeptidases
metA (rv0734) and metB (rv2861c) and fructose 1,6-bisphosphate
aldolase (fba, rv0363c) (9, 46, 58). These enzymes are inhibited by
the 8HQ derivative HCA through documented interactions be-
tween the inhibitor and a catalytically essential zinc or cobalt ion
(9, 46, 58). However, an often observed shortcoming of enzymatic
inhibitors from such target-based approaches is the lack of signif-
icant activity on respective model organisms (59), and unfortu-
nately, HCA is no exception (9). The failure of HCA to effectively
inhibit the growth of M. tuberculosis in culture medium (see Fig.
S4 in the supplemental material) (9) suggests either that the en-
zyme in its natural environment is inaccessible to the inhibitor or
that any enzymatic inhibition that does occur is not significant
enough to produce relevant phenotypic inhibition. The high MIC
of HCA (500 �M) may suggest that its ability to bind trace metal
ions may simply deprive cells of these essential nutrients. This is
particularly likely when, as in the case of HCA, the chelator con-
centration exceeds the combined transition metal ion content of
the medium (in HdB medium, the Zn, Fe, Mn, and Co ion con-
centration combined is 35 �M) or, as recently reported for a novel
pyrazolopyrimidinone, when the molecule acts as an intracellular

metal chelator (60). The Cu ion toxicity-averting action for HCA
observed here (see Fig. S4A in the supplemental material) would
then suggest that Cu chelation by HCA reduces Cu’s bioavailabil-
ity and, thereby, its toxic impact on M. tuberculosis.

In stark contrast to the findings for HCA, the combination of
8HQ and Cu ions manifests a growth-inhibitory phenotype on M.
tuberculosis at concentrations of Cu ions or 8HQ that are nontoxic
to M. tuberculosis when each one is administered individually (Fig.
1). Given the well-characterized coordination chemistry of 8HQ,
it is straightforward to anticipate that this antibacterial action is
related to the formation of an 8HQ-Cu complex. Such Cu com-
plexes have been described for all 8-hydroxyquinolines investi-
gated herein (28, 61, 62). However, the identity of the complex
endowed with said activity is uncertain. 8HQ can form Cu com-
plexes of a 1:1 or 1:2 metal/ligand ratio (see Fig. S1E and F, respec-
tively, in the supplemental material). This process depends on the
concentration of Cu relative to that of the ligand (12). On the basis
of the very poor solubility of the 1:2 complex (63), available for-
mation constants (see Tables S1 and S2 in the supplemental ma-
terial), and actual concentration ratios in our system, it is unlikely
that the observed Cu-dependent activity of 8HQ depends on the
formation of a 1:2 complex. As our calculations indicate that only
the 1:1 complex forms in our assays (see Fig. S6A in the supple-
mental material), we attribute the Cu-related anti-M. tuberculosis
activity of 8HQ to the formation of the 1:1 complex.

Given that the 1:1 complex carries a positive net charge, we
next investigated potential pathways by which the 1:1 complex
enters the mycobacterial cell. Charged molecules are typically not
expected to simply diffuse freely through membranes. Thus, my-
cobacterial porins may provide a possible entry pathway, at least
across the outer membrane. However, our data only vaguely indi-
cate that the CQ-Cu complex may utilize porins to enter the cell.
The activity of 8HQ-Cu was porin independent in M. smegmatis
(Fig. 5), pointing toward the possibility that the active form of
8HQ can freely cross the mycobacterial OM. While our investiga-
tions are inevitably limited to MspA, which is currently the only
mycobacterial porin known to facilitate the passage of small and
hydrophilic molecules (including antibiotics) across the myco-
bacterial OM (52, 64, 65), we cannot exclude the possible involve-
ment of yet unidentified porins or other factors that may facilitate
the uptake of 8HQ-Cu complexes, particularly in the context of
M. tuberculosis.

Alternatively, one could also hypothesize an association of the
1:1 complex with one or more additional ligands. This may neu-
tralize the net charge of the resulting mixed ligand complex. Dou-
ble-positive Cu ions favor octahedral, square planar, or tetrahe-
dral coordination geometries (66). It is therefore important to
note that the 8HQ-Cu complex is likely associated with other neu-
tral or anionic medium constituents (e.g., H2O, Cl�, or OH�) to
accommodate the coordination geometries of Cu. In a highly dy-
namic manner, this process may generate a variety of neutral
mixed ligand complexes able to cross the mycobacterial OM.
Other potential ligand candidates could be free amino acids or
citrate, which are also able to coordinate copper with a reasonable
affinity. These components were present in our medium, and an-
tibacterial synthetic mixed ligand complexes of 8HQ-Cu and var-
ious amino acids or citrate have been reported previously (67, 68).

Another interesting aspect is the lack of 8HQ’s antimycobac-
terial properties in the absence of Cu and the presence of other
bivalent transition metal ions. If one considers the Irving-Wil-
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liams series of relative metal complex stabilities (14), one could
hypothesize that the affinity of the 8HQ scaffold for Cu ions may
be a determining factor. Indeed, the series typically identifies Cu
to be the physiologically relevant transition metal ion with the
highest affinity for many simple-structured metal-binding li-
gands. This correlation also applies to 8HQ (12) and was con-
firmed at least for Cu and Zn ions in our system (see Table S2 in
the supplemental material). The significantly weaker effects of
other metal ions or the complete lack thereof (Fig. 2A) may there-
fore partially reflect this correlation. However, under consider-
ation of published Kf values (12) and the concentrations given in
our system, the impact of 8HQ’s affinity for a particular metal ion
(Zn, Fe, or Mn) appears to be negligible. Any of the respective 1:1
metal complexes are expected to form (see Fig. S5C in the supple-
mental material). The activity is therefore more likely related to
the intrinsic properties of the associated metal ion (e.g., antibac-
terial activity), with the ligand being responsible for the disguise
and delivery of the proper metal ion to a sensitive target site. The
entire complex could then resemble a Trojan horse, as previously
proposed by us in the context of the Cu-active drug disulfiram
(45). In such a scenario, the complex would be expected to act on
targets within the cell. These targets are still unknown, but their
identification is a current focus in our laboratories.

Lastly, we tested 8HQ for efficacy against intracellular M. tu-
berculosis in a primary macrophage infection model. In similarity
with a study by Festa et al. (28), who investigated the efficacy of
8HQ against Cryptococcus neoformans-infected macrophages and
mice, we, too, found 8HQ to be effective in killing intracellular
microbes. Given the strict Cu-dependent nature of 8HQ’s activity
against both M. tuberculosis and the pathogenic fungus C. neofor-
mans, these data collectively suggest that 8HQ’s action against
intracellular microbes may be linked and dependent upon host
cell-derived intracellular Cu ion pools. We exclude the possibility
that 8HQ would deplete Cu ions from essential intracellular Cu
ion reservoirs (e.g., mitochondrial respiration), as this would
likely kill the host cell, which we did not observe (Fig. 6A; see also
Fig. S8 in the supplemental material). Besides, while we deter-
mined an affinity of 8HQ for Cu in the nanomolar range (log Kf �
9.22; see Table S2 in the supplemental material), intracellular Cu-
requiring proteins bind Cu ions with much greater affinities (69,
70). These protein-bound Cu ions are therefore unlikely accessible
to 8HQ. In addition, free Cu ions do not exist within the cyto-
plasm of any cell (71). Therefore, 8HQ would most likely associate
with other transition metal ions, such as Zn, Fe, or Mn, which are
considerably more abundant than Cu and less tightly bound to
proteins (72). However, as these metal ions do not bestow signif-
icant activity to 8HQ, the presence of other, more easily accessible
intracellular Cu pools must be considered. Previous reports estab-
lished the presence of Cu ions in macrophage phagosomes in re-
sponse to microbial encounters (16, 17). In the absence of any
known phagosomal Cu-binding or sequestration proteins, phago-
somal Cu ions would be expected to be thermodynamically less
restricted than its protein-incorporated counterparts. It is there-
fore straightforward to propose that the phagosomal Cu ion con-
tent may render 8HQ active against bacteria, at least inside the
phagosome. Hence, our data (Fig. 6) suggest a possible link be-
tween Cu-related innate immunity and the efficacy of antibiotics
with Cu-dependent activities. Our data, however, do not exclude
the possibility that the antibacterial properties of 8HQ in the mac-

rophage model may be due to potential interactions with or acti-
vation of Cu-independent antibacterial host responses.

In conclusion, our data illustrate that the interaction of metals
with chelating drugs can impart a broad spectrum of antibacterial
activities to the complex that is formed. We observed activity gain
or loss (e.g., for 8HQ versus NQ on M. smegmatis; Fig. 3A and C),
metal specificity or promiscuity (e.g., for 8HQ versus CQ; Fig. 2A
and B), porin dependency or independency in M. smegmatis (for
8HQ versus CQ; Fig. 3A and B), the entire spectrum of metal-
dependent or -independent activities (for 8HQ versus NQ versus
HCA; Fig. 1; see also Fig. S4A in the supplemental material), and,
finally, enhancement or aversion of Cu-related toxicity (for 8HQ
versus HCA; Fig. 1D; see also Fig. S4A in the supplemental mate-
rial). Therefore, generalizations regarding activity/toxicity even
between metal chelates of closely related ligands or projections
toward the properties of unrelated metal-binding scaffolds should
be made with caution. On the other hand, this spectrum of metal-
related activities, along with the structural simplicity and chemical
accessibility of 8-hydroxyquinoline, establish the 8-hydroxyquin-
oline scaffold to be an ideal structural cluster for in-depth studies
elucidating structure-activity relationships on metal-binding
preferences, membrane permeability, and antibacterial activity.
Such systematic studies would lay the foundation for the struc-
ture-based development and analysis of the medicinal chemistry
of 8-hydroxyquinolines focusing on metal-related aspects of their
antibacterial properties in conjunction with metal-related innate
immunity.
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