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Copper (Cu) ions are critical in controlling bacterial infections, and successful pathogens like
Mycobacterium tuberculosis (Mtb) possess multiple Cu resistance mechanisms. We report, as proof of
concept, that a novel Cu hypersensitivity phenotype can be generated in mycobacteria, including Mtb,
through a peptide, DAB-10, that is able to form reactive oxygen species (ROS) following Cu-binding.
DAB-10 induces intramycobacterial oxidative stress in a Cu-dependent manner in vifro and during
infection. DAB-10 penetrates murine macrophages and encounters intracellular mycobacteria. Significant
intracellular Cu-dependent protection was observed when Mtb-infected macrophages were treated with
DAB-10 alongside a cell-permeable Cu chelator. Treatment with the Cu chelator reversed the
intramycobacterial oxidative shift induced by DAB-10. We conclude that DAB-10 utilizes the pool of
phagosomal Cu ions in the host-Mtb interface to augment the mycobactericidal activity of macrophages
while simultaneously exploiting the susceptibility of Mtb to ROS. DAB-10 serves as a model with which

to develop next-generation, multi-functional antimicrobials.
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In 2016, more than 1.6 million deaths from tuberculosis (TB) were reported, with an estimated 10.4
million incident cases, making Mycobacterium tuberculosis (Mtb) the most lethal single infectious agent.’
This problem is exacerbated by the alarming rate at which multidrug-resistant (MDR) and extensively drug-
resistant (XDR) Mtb strains are emerging, which is extinguishing the efficacy of current anti-TB drugs.
Therefore, there is an urgent need to develop therapeutics that target this pathogen in novel ways and a
pressing demand to understand their mechanism of action. For TB, multiple strategies involving bacterial
enzyme targeting’ and modulation of host-immune response’ were proven to be effective in proof-of-
concept studies, whereas the exploration of agents that exploit factors at the host-pathogen interface has
been limited. More specifically, capitalizing on transition metal trafficking in macrophages as a strategy to
target TB has been suggested,” but has not been explored until now.

It is widely known that transition metal trafficking within primary macrophages is altered in
response to infection. In keeping with the concept of nutritional immunity, iron and manganese are limited
within the phagosomes to deprive pathogens of these essential micronutrients.”  On the other hand, as
substrate to the transporter ATP7A, Cu is deliberately enriched in phagosomes and contributes to the
microbicidal effect of macrophages.” Considering the redox cycling of Cu, its ability to displace metal
cofactors of enzymes, its iron-sulfur cluster targeting, and its thiophilic nature,® it becomes apparent why
reallocating this toxic metal to sites containing bacteria is advantageous. Indeed, the phagosomes of Mtb-
infected macrophages contain 25 — 400 uM of Cu.” However, there exist redundant defense mechanisms
that protect Mtb from Cu-related toxicity. The bacilli express CtpV and MctB, membrane-bound Cu efflux
pumps that transport Cu back to the phagosomal lumen.’” / In addition, Mtb expresses cytosolic
metallothionein (MymT) which sequesters up to six Cu(I) ions,’” and a periplasmic oxidase (MmcO) which
converts Cu(l) to the less toxic Cu(Il).”’ Together, these proteins form an arsenal of defenses that confer
Mitb resistance towards phagosomal Cu stress.

The profusion of Cu ions at the host-Mtb interface therefore represents an axis that can be exploited
for therapeutic purposes. Indeed, recent reports have shown that Mtb can be resensitized to Cu by using

small molecule copper chelators like thiolated semicarbazones’* and 8-hydroxyquinoline’” that rely on a



Trojan horse strategy to increase intracellular Cu concentration; and disulfiram’® that interfere with Cu
homeostatic pathways. Together, these studies represent significant advances in developing Cu-dependent
antimicrobials but fall short in demonstrating the efficacy of this strategy in an ex vivo model of infection.

While Mtb can withstand high Cu concentrations, it is extremely susceptible to endogenous
increase in reactive oxygen species (ROS).”” The pro-oxidant activity of ascorbic acid triggers the
accumulation of hydroxylated fatty acids in the membrane leading to rapid sterilization of axenic cultures.’®
Moreover, ROS induced by bactericidal antibiotics and inhibitors of sulfur metabolism were demonstrated
to be effective in eradicating nonreplicating mycobacteria, persisters, and drug resistant Mtb.’*?/ Reactive
nitrogen species (RNS) liberated from intrabacterial reduction of PA-824 (a bicyclic nitroimidazole) and
hydroquinone-based small molecules that generate superoxide radicals were shown to efficiently kill
nonreplicating and drug-resistant Mtb.’” ? These studies suggest that ROS-forming compounds hold the
potential to sterilize an Mtb infection and perhaps shorten the treatment regimen in patients.

Herein, we utilized the peptide DAB-10, composed of an Amino Terminal Copper and Nickel
(ATCUN) binding motif and a C-terminal domain from a cell-penetrating antimicrobial peptide (AMP) as
an anti-mycobacterial agent. The Cu-ATCUN complex produces ROS under physiologically relevant
conditions.” Furthermore, recent studies have shown that ticks and fish express ATCUN-containing AMPs
having a Cu-dependent mechanism of action.”” #* By coupling this copper-chelating moiety to a cell-
permeable peptide, we aimed to develop a conjugate that could potentially bind intracellular Cu (to which
Mtb is normally resistant) and harness the chemical reactivity of the resulting metallopeptide to generate
endogenous ROS (to which Mtb is susceptible). We demonstrate here that DAB-10 requires Cu ions to kill
mycobacteria via an oxidative stress mechanism and present the first unambiguous evidence that

phagosomal Cu plays a critical role in eliminating intracellular Mtb.



RESULTS

Design Principles and Antimycobacterial Activity of DAB-10.

Our previous work on the ATCUN motif included the generation of D-ATCUN-D-sA-Buforin-10
(DAB-10), an all-D amino acid peptide with the sequence pVIHRAGLQFPVGRVHRLLRK-NH,.”’ The
ATCUN binding motif, Val-Ile-His (selected due to its high ROS forming activity’”) was coupled to
residues 5 through 21 of the AMP Buforin II. Derived from Histone H2A, Buforin II binds isolated DNA
and is hypothesized to inhibit bacterial growth also through DNA binding.”* Converting L- to D-amino
acids served to increase oxidative turnover of the ATCUN motif” and to confer protease resistance to DAB-
10. We have previously shown that DAB-10 can oxidatively cleave DNA in vitro and in living Escherichia
coli cells.”” We hypothesized that DAB-10 would have anti-mycobacterial activity and that host-derived
Cu ions would mediate activation. As an internal control, we utilized DAB-6
(bDRAGLQFPVGRVHRLLRK-NH,), a peptide identical to DAB-10 which lacks the ATCUN motif (and
by extension, lacks direct oxidative capabilities), to determine the relevance of Cu-binding to the
mechanism of DAB-10.

We started by measuring the minimum inhibitory concentration (MIC) of both peptides against
several Mycobacterium strains, including MDR and XDR patient isolates of Mtb (BND320, Jal2287, and
Myc431) in a standard broth microdilution assay. We found that DAB-10 was more active than DAB-6 (to
varying degrees) against several strains (Table 1). It should be noted that both DAB-6 and DAB-10 had
activity against all mycobacterial strains tested (as well as other bacteria’®), suggesting that these peptides
likely do not bind a specific protein but rather invoke a more generalized toxicity. The increased potency
observed in DAB-10 is consistent with a gain-of-function phenotype afforded by ATCUN motif
conjugation. However, the conservative decrease in MIC is likely due to the possibility that DAB-10 is not
Cu-saturated as it competes with bovine serum albumin (BSA) for limited amounts of the metal. BSA is
present in the growth medium and also has an ATCUN motif.

Table 1. Minimum Inhibitory Concentration of the Peptides.



Minimum Inhibitory Concentration (MIC), uM
Mycobacterial Species
DAB-6 DAB-10
M. tuberculosis H37Rv 8 2
M. tuberculosis BND320* 8 4
M. tuberculosis Jal2287< 16 4
M. tuberculosis Myc431%b¢4 8 4
M. smegmatis mc*155 0.5 0.125
M. bovis BCG (SSI 1331) 4-8 0.5-1

aStrain resistant to isoniazid, °Strain resistant to streptomycin, °Strain resistant to rifampicin, 4Strain

resistant to ethionamide.

DAB-10 Promotes Cu-Dependent Oxidative Stress Which Contributes to its Potency.

To determine the Cu-dependence of DAB-10 activity, we performed kill-kinetics studies against
Mtb under copper-replete and -deplete conditions. We added either 50 uM of CuCl, or 100 pM of
tetrathiomolybdate (TTM), a Cu-selective, cell-permeable chelator’” to the growth medium prior to DAB-
10 treatment. We found that varying the levels of available Cu did not affect either DAB-6 or isoniazid
(INH) activity; however, DAB-10 was significantly more bactericidal in the presence of excess Cu (Figure
1A-1C). We emphasize that, in the presence of Cu, a greater bactericidal activity was observed for DAB-
10 relative to DAB-6 despite the use of a four-fold lower dose (MIC DAB-6 =4X MIC DAB-10), indicating
that while the ATCUN motif only decreases the MIC up to four-fold, it increases the kill rate, which is of
utmost importance in shortening drug treatment for TB patients. Additionally, we observed a similar
phenotype for M. smegmatis (Msm) treated with DAB-10 at its MIC (Figure S1A), indicating similar Cu-

dependent mycobacterial susceptibility to DAB-10.
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Figure 1. Cu-Dependent Oxidative Activity of DAB-10. (A-C) Time-Kill curves of Mtb cells treated
with (A) DAB-6, (B) DAB-10 and (C) INH with either 50 uM CuCl, or 100 uM TTM. Data represent
mean £ SEM (n = 2 triplicates) (D) Ratiometric fluorescence of Mrx1-roGFP2-expressing Mtb was
converted to Emsu values following treatment with either DAB-6 or DAB-10 (with and without 50 uM
CuCl,) at the indicated concentration, 40 mM of DTT, or 1 mM CHP. *, P<0.01 compared to buffer
(PBS) control and #, P<0.05 compared to absence of CuCl,. Bars represent mean + SEM (n = 3
duplicates) (E) MIC of the compounds were measured in either complete media (7H9) or media without
catalase (7H9-Cat) for three different mycobacterial species. Bars represent mean £ SEM (n = 3
duplicates) of ratio of MIC values with and without the enzyme. *, P<0.01 compared to corresponding
DAB-10 treatment. (F) Activity of the compounds against non-replicating Mtb H37Rv in hypoxic
conditions with or without 50 uM CuCl, using 100 uM metronidazole (MTZ) as a positive control. Bars

represent mean + SEM (n = 2 duplicates).

Following confirmation of the Cu-dependence in the activity of DAB-10, we set out to determine



whether this peptide induces oxidative stress. For this purpose, we employed the genetically encoded,
ratiometric, fluorescent probe Mrx1-roGFP2,*’ a fusion of mycoredoxin-1 and redox-sensitive GFP, to
report on the redox state of DAB-10-treated mycobacteria (Figure S1B). The Mrx1-roGFP2 biosensor
measures the redox potential (Emsn) of the most abundant cytoplasmic antioxidant of mycobacteria,
mycothiol (MSH).”” We first generated a calibration curve using Mrx1-roGFP2-expressing Msm and Mtb
treated with various ratios of the oxidized and reduced forms of dithiothreitol (DTT, 10 mM total)
corresponding to known Ewmsu values based on the Nernst Equation (Figure S1C and S1D) as previously
described.’ Treatment of Mtb with DAB-6 resulted in modest shifts in Emsu values, while DAB-10
treatment resulted in significant dose- and Cu-dependent perturbation in Emsu. Using DTT as reductant and
cumene hydroperoxide (CHP) as oxidant controls, we confirmed that a shift towards more positive Ewmsu
values implies that cells experience oxidative stress upon exposure to DAB-10, but not during DAB-6
treatment (Figure 1D). A similar phenotype was observed with DAB-10-treated Msm (Figure S1E and
S1F), although Ewmsu values were markedly more positive (P<0.05) compared to those in Mtb, indicating
that Msm experienced greater oxidative stress. The trend in Emsy between DAB-10-treated Msm and Mtb
remarkably traced the trend in MICs, indicating that the potency of DAB-10 against these two species is
highly correlated to the extent of oxidative stress it induces.

As a supplementary measure of oxidative stress, we employed the TUNEL assay to measure
oxidative DNA damage. We observed a two- to three-fold increase in TUNEL-positive cells upon DAB-10
treatment which decreased upon addition of TTM (Figure S1G) further signifying that intracellular
oxidation of DAB-10 resulted from Cu binding.

To further demonstrate that the oxidative activity of DAB-10 determines its mycobactericidal
effect, we tested the survival of mycobacteria in growth medium (7H9) with or without catalase. Removal
of catalase did not affect the potency of DAB-6 in any of the Mycobacterium species tested. On the other
hand, DAB-10 activity increased six- to eight-fold upon removal of the enzyme (Figure 1E), indicating that
in the absence of an H>O, scavenging system, DAB-10 activity was potentiated. Because catalase affects

the potency of DAB-10 without gaining access to the mycobacterial cytosol, our results suggest that H,O»



generated extracellularly plays a role in mycobacterial killing by DAB-10. H»O, is stable and diffusible
enough to pass through both the outer and inner membrane of bacteria such as E. coli and Salmonella.’"*
Our interpretation is that cytoplasmic metallated DAB-10 can react with H,O» molecules that diffuse into
Mycobacteria to produce potent reactive oxygen species.

Finally, we tested the activity of our compounds against Mtb that were rendered non-replicating by
gradual depletion of oxygen. Three-week old cultures grown in air-tight flasks were treated with DAB-6 or
DAB-10 inside an anaerobic chamber for 7 days and spread on 7H11 plates for colony enumeration. We
found that across all concentrations tested, the activity of DAB-10 and DAB-6 were equal, with both
compounds causing similar modest inhibition (Figure 1F). Thus, a certain oxygen tension is required by
DAB-10 for it to become more active than DAB-6. No Cu dependence was observed in DAB-10 activity
against non-replicating Mtb consistent with the fact that ROS cannot be formed without oxygen regardless
of how much of the metal co-factor is present.

Taken altogether, the results from multiple independent procedures converge to support the

conclusion that DAB-10 induces Cu-dependent oxidative stress in vitro which likely plays a major role in

its bactericidal mechanism.

DAB-10 and Mycobacteria Rendezvous Inside Macrophages.

Because access to the mycobacteria-containing phagosome is required for efficient Mtb
eradication, we next tested whether DAB-10 can reach regions containing intracellular mycobacteria. We
first incubated RAW264.7 macrophages with 4 uM of a tetramethylrhodamine (TMR)-labeled version of
DAB-10 (the fluorophore was attached to the N-terminal of the peptide). We observed distinct punctate
localization reminiscent of cytosolic vesicles (Figure 2A), indicating a possible mode of internalization
involving endocytosis. This localization was observed for DAB-10 even at concentrations as low as 1 pM
and was observed for DAB-6 (Figure S2A), indicating that cell uptake is not dictated by the ATCUN motif.
When we co-treated macrophages with 50 uM amiloride, a compound that inhibits macropinocytosis by

lowering submembranous pH and inhibiting Racl and Cdc42 activation,” we observed DAB-10



localization similar to that of the untreated cells (Figure S2B). However, in the presence of 80 uM dynasore
which inhibits dynamin-mediated endocytosis, DAB-10 localized in the mitochondria. This observation
suggests that while DAB-10 can translocate across biological membranes, it is preferably internalized by
macrophages via clathrin-coated vesicles.

We then infected RAW264.7 cells with Msm (Multiplicity of Infection, MOI 1:100) or Mtb (MOI
1:10) prior to incubation with 4 pM of DAB-10-TMR. We found that DAB-10 encountered both
intracellular mycobacteria as early as 30 mins post-exposure (Figure 2B-2E) as determined by the Costes
P-value (Mean P-value = 0.98 from 28 Mtb-infected macrophages). The images also show that intracellular
mycobacteria were homogeneously stained by DAB-10. Indeed, treatment of Msm (grown in axenic
cultures) with DAB-10-TMR resulted in the same phenotype (Figure S2C), suggesting that DAB-10 can
traverse the mycobacterial membrane. Additionally, we were able to observe DAB-10 accumulating outside
the cytoplasmic space (due to the low resolution we were unable to determine whether the peptide
accumulates in the membrane or the periplasmic space. Alternatively, DAB-10 could be localized in the
capsule layer or bound to the cell wall peptidoglycan/arabinogalactan layer, Figure S2D and S2E) of
intracellular Mtb, an intermediate step ultimately leading to the intrabacterial localization of DAB-10.

We assume that the DAB-10-containing and mycobacteria-containing phagosomes fuse at the stage
of early to late endosomes because neither the bacteria nor the peptide co-localize with lysosomes after 30
min (Figure S2F). Only after 3 hrs were the lysosomes found to fuse with Msm-containing phagosomes.
Finally DAB-10 co-localization with intracellular mycobacteria is a function of the peptide being routed
through the endocytic pathway, as addition of dynasore abolished peptide and mycobacteria co-localization

(Figure S2F). Overall, our data demonstrate that DAB-10 can physically target intracellular mycobacteria.
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Figure 2. Intracellular Localization of DAB-10. (A) RAW264.7 cells were incubated with
tetramethylrhodamine (TMR)-labeled DAB-10 and its localization was followed by laser confocal
microscopy. (B and C) GFP-expressing Msm (B) and Mtb (C) were used to infect RAW264.7 cells prior to
incubation with DAB-10-TMR. Merge channels show the Costes P-value of colocalization in the bacteria
pointed by the white arrows. Scale bars = 20 pm. (D and E) The pixel intensity along the dashed line in
Msm- (D) and Mtb-infected (E) macrophages in the Quant channel was plotted against length of the line to

show encounter between DAB-10 and mycobacteria.

DAB-10 Binds to Phagosomal Copper.

We next sought to determine whether DAB-10 can competitively sequester Cu in the intracellular
milieu. We first synthesized CS-1 (Figure S3A), a Cu-selective fluorescent probe’ to determine whether
DAB-10 co-localizes with the metal. Incubation of RAW?264.7 cells with fluorescein-labeled DAB-10,
(DAB-10-FL) and CS-1 showed fluorescence co-localization within distinct puncta (Costes P-value 0.88-
0.95, Figure S3B). Co-localization improved when macrophages were activated with LPS (Costes P-value
0.97-0.98). This indicates that DAB-10 and Cu are in close proximity, making metal binding possible.

We next examined whether direct metal binding occurs within macrophages. For this purpose, we
exploited the fluorescence quenching properties of Cu’* and designed DAB-10 derivatives that differed in
the position of the fluorophore with respect to the ATCUN motif. We attached TMR (a pH insensitive
fluorophore) to the e-amino group of either Lys-20 [DAB-10-Ky(TMR)] or an extra Lys placed
immediately after the ATCUN motif [DAB-10-K4(TMR)], and reasoned that since TMR is closer to the
metal in the K4 derivative, DAB-10-K4(TMR) should exhibit fluorescence quenching upon Cu binding. Not
surprisingly, we observed a ~35% decrease in emission intensity in vitro when 1 equivalent of Cu was
added to DAB-10-K4(TMR) but not when the same amount of Cu was added to DAB-10-K»(TMR) (Figure
S4A). Confocal microscopy using constant instrument settings revealed that DAB-10-K4(TMR) exhibited
minimal fluorescence (irrespective of LPS addition) which was later rescued upon addition of the

competitive Cu chelator, TTM (Figure 3A and 3B). On the other hand, strong intracellular fluorescence



was observed for DAB-10-K2o(TMR) with a similar intensity upon macrophage activation. To ensure that
the differences in fluorescence intensity were not a result of decreased peptide uptake, we quantified the
intracellular concentration of both DAB-10 derivatives (Figure 3C). We found that at 4 uM, the
concentration at which the microscopy experiments were done, both DAB-10-K4(TMR) and DAB-10-
K2(TMR) were taken up by RAW264.7 cells to similar extents (~0.1 nmol/mg of protein). Thus, the weaker
fluorescence intensity by DAB-10-K4(TMR) is not an experimental artifact, but rather a result of direct Cu
binding within the cell. We note that a similar fluorescence intensity and cell uptake profile were observed
for the same set of DAB-10 derivatives labeled with fluorescein (Figure S4B-S4E), indicating that the
observed phenotype is independent of the identity of the fluorophore.

Finally, using Isothermal Titration Calorimetry (ITC), we found that DAB-10 binds to Cu?* with a
sub-micromolar affinity (calculated apparent Kq = 547 + 123 nM, Figure 3D) under pH 6.40, simulating
arrested acidification of the Mtb-containing phagosome.”” Together with the fact that following infection
with Mtb, intraphagosomal Cu reaches concentrations an order of magnitude above the observed Kg,” our
data thus far indicated that DAB-10 is likely Cu-bound inside Mtb-infected macrophages. Retrospectively,
a submicromolar dissociation constant might explain why we observed a dramatic enhancement in
bactericidal activity when copper was exogenously added during the kill-kinetic studies of DAB-10 (Figure
1B). BSA (which also binds Cu through an ATCUN motif) in the media likely competes with DAB-10 for

any traces of Cu present in 7H9 medium.’’
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Figure 3. Intracellular Cu Binding of DAB-10. (A) 4 uM of DAB-10 derivatives differing in the position
of the TMR label were added to naive or activated RAW264.7 in the presence or absence of TTM. Images
were acquired using the same instrument setting and scale bars = 20 pm. (B) Regions of interests (ROIs)
were drawn in the red channel to cover the entire fluorescent portion of each cell. Pixel intensities were
then obtained from FIJI (Image J) analysis. Bars represent mean + SEM (n > 5 cells) (C) RAW?264.7 cells
were incubated with varying amounts of the Koo(TMR) or the K4TMR) derivative for 1 hr followed by
fluorescence quantification of the cell lysate. Data represent mean + SD (n = 3 duplicates) (D) Isothermal
Titration Calorimetry (ITC) was used to determine binding constant of DAB-10 to Cu(Il) at pH 6.40. Data

shown are representative of three independent trials.

Phagosomal Copper is Necessary for Oxidative Attack on Intracellular M. tuberculosis.

Having confirmed Cu-dependent oxidative activity and intracellular Cu scavenging of DAB-10, we
proceeded to determine whether it uses the metal for its activity against intracellular Mtb. We first examined
the toxicity of DAB-10 in naive macrophages using a standard viability assay. We found that DAB-10 at
concentrations up to 256 uM has negligible toxicity against THP-1 (Figure 4A) and RAW?264.7 (Figure
S5A) cells, consistent with the negligible toxicity of DAB-10 against epithelial and HEK293 cells that we
had previously observed.”’

We next infected differentiated THP-1 cells with M. tuberculosis H37Rv (MOI 1:5) in DMEM
spiked with 5 uM of CuCl, and measured bacterial survival following peptide treatment. We observed early
bactericidal activity for both peptides at 10X their in vitro MIC (80 uM for DAB-6 and 20 uM for DAB-
10) 48 hrs after exposure to the peptide (Figure S5B) and a dose-dependent mycobacterial killing at the 4™
and 7" day of treatment (Figure 4B and 4C). To unambiguously determine whether phagosomal Cu is
involved, we co-treated infected macrophages with the peptides and an excess of either TTM (cell-
permeable) or BCS (bathocuproinedisulfonate, cell-impermeable).” ** We hypothesized that by using Cu-

specific chelators with various permeability profiles, we could determine, without bias, whether



intracellular or extracellular Cu is utilized by DAB-10. For both time points (day 4 and 7), DAB-6 activity
was unaffected by the presence of the chelators, indicating that it does not utilize Cu for its activity (Figure
4B and 4C). However, we observed a significant decrease in DAB-10 activity only in the presence of TTM.
This difference was particularly pronounced at day 7 of treatment (Figure 4C). Since only the cell-
permeable chelator attenuated the activity of DAB-10, our data indicates that intracellular, rather than
extracellular Cu is involved in DAB-10 activity. Moreover, because DAB-10 is restricted within endosomes
(Figure 2A), our results also demonstrate that phagosomal Cu (not the cytosolic Cu) is utilized by DAB-
10. It should be noted that neither the buffer (PBS) nor the positive (INH) control showed Cu-dependence.
Furthermore, at 100 pM of the chelators, THP-1 viability was unaffected (Figure S5C). Overall, our results
demonstrate that DAB-10 utilizes phagosomal Cu to kill intracellular M. tuberculosis.

We next determined whether intracellular Mtb experiences oxidative stress during DAB-10
treatment. For this purpose, we infected differentiated THP-1 cells with Mtb expressing the redox sensor
Mrx1-roGFP2 (MOI 1:10) and treated the cells for 24 hrs prior to fluorescence measurement. We found
that intracellular Mtb treated with DAB-10 showed more positive Eusn relative to those treated with DAB-
6 (Figure 4D), consistent with a more oxidative environment. We recorded a significant oxidative shift in
INH-treated cells as well, in accordance to previously reported oxidative shifts induced by several anti-TB
drugs.’” More importantly, DAB-10 effects are distinct from those of INH because we observed a shift
towards less oxidizing Emsu values upon addition of TTM. This indicates that while the oxidative stress
experienced by intracellular Mtb treated with INH is largely a result of downstream induction of ROS (a
consequence of the drug’s bactericidal effect), a significant fraction of the oxidative stress in DAB-10-
treated Mtb is a result of Cu-promoted ROS formation.

Finally, due to the desirable activity of DAB-10 in an ex vivo model of infection, we wanted to
determine its efficacy in vivo using an acute TB model of infection. BALB/c mice were aerosol infected
with Mtb H37Rv and treated with 5 mg/kg of either DAB-6 or DAB-10. The treated and untreated mice
were further divided into two groups, one fed with pure water and the other fed with water containing 118

mg/L of CuSO; — a concentration previously shown to have no adverse effects on mice.’’ With and without



copper supplementation, DAB-6 exhibited surprising acute toxicity as all mice became moribund shortly
after initiation of treatment. Mice in the DAB-10 treatment group exhibited no significant adverse effects.
After 7 days, mice in the DAB-10 and control treatment groups were sacrificed. We found no significant
difference in bacterial burden between mock-treated mice and DAB-10-treated mice (Figure S5D).
Furthermore, CuSOys in the drinking water did not potentiate the activity of DAB-10. We suspect that the
dismal in vivo efficacy of DAB-10 can be attributed to serum albumin binding as both DAB-6 and DAB-
10 exhibited a 32-fold higher activity against Mtb in growth medium containing casitone in place of BSA
(DAB-6 MIC = 0.5uM and DAB-10 MIC = 0.06 pM). Not surprisingly, albumin binding has been shown
to significantly lower the activity of cationic antimicrobial peptides.’” ** Because albumin binding by AMPs
is largely a result of physicochemical interactions,” fine-tuning the sequence, length and lipophilicity of
DAB-10 might increase its serum bioavailability and consequently increase its antimycobacterial activity.
Indeed, in a study of tripeptides, greater lipophilic character largely resulted in higher albumin binding.?’
Additionally, peptides with a higher zeta potential were found to have a greater efficacy in vivo likely due
to diminished protein binding.”” Notwithstanding sequestration by albumin, the therapeutic potential of
DAB-10 is evident when examining its synergy with current anti-TB drugs. We observed synergistic
interactions between DAB-10 and rifampicin (fractional inhibitory concentration, FIC indices = 0.38-0.50,
Figure SSE) against both Mtb and M. bovis BCG. Similar synergistic interactions of rifampicin with ROS
and ROS-forming compounds have been reported*’~** and have predominantly been attributed to increased
rifampicin uptake or an additive hydroxyl radical induction by both compounds. However, we speculate
that DAB-10-promoted oxidative DNA damage can exacerbate the action of rifampicin — which sterically
occludes RNA polymerase (RNAP), preventing elongation*’ — either by stalling RNAP or promoting its

dissociation at the DNA lesion sites.
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Figure 4. Cu-dependent Oxidative Activity of DAB-10 Against Intracellular M. tuberculosis. (A)
Cytotoxicity of synthesized peptides against THP-1 cells was assessed by the MTT assay after 48 hrs. Data
represents Mean + SEM (n = 3 duplicates) (B and C) Differentiated THP-1 cells were infected with Mtb
H37Rv (MOI 1:5) prior to incubation with peptides at the indicated concentration in the presence or absence
of 100 uM of the copper chelators (TTM or BCS). Survival of Mtb was measured after 4 days (B) and 7
days (C) by plating dilutions in 7H11. Data represents mean £ SEM (n = 2 duplicates). *, P<0.05; **,
P<0.01. Dotted line represents starting Mtb inoculum. INH (5 uM) after 7 days had bacterial counts that
fell below the limit of detection of the assay (~10 CFU/mL). (D) THP-1 cells infected with Mtb expressing
the redox sensor Mrx1-roGFP2 were treated with peptides at 40 uM or 5 uM of INH for 12 hours and

fluorescence was read using a plate reader. Boxes represent mean + SEM (n = 2 duplicates). *, P<0.05; **,

P<0.01.

DISCUSSION

The influx of Cu ions into the mycobacterial phagosome, resulting from the concerted action of Cu
transporters (Ctrl and ATP7A) and chaperones (Atox1),” represents an untapped resource for novel
therapeutic interventions. Agents that harness this exchangeable metal pool would circumvent the Cu
resistance of Mtb® without requiring secondary exogenous factors. Furthermore, because Cu tends to
accumulate during infection, it has been suggested that compounds that turn into potent antimicrobials in
the presence of Cu can be used to control bacterial growth in situ.”” The promise of this approach has been
tested using small organic molecules that acquire anti-mycobacterial activity upon binding to Cu’*°.
However, these studies lacked explicit evidence for a direct phagosomal Cu involvement. Herein, we
present explicit evidence of a peptide phagosomal Cu for its anti-mycobacterial activity. Our approach

combines the exploitation of host-derived Cu ions with susceptibility of Mtb to ROS, to generate an

activatable oxidant for the inhibition of intracellular Mtb.



The observation that DAB-10, but not DAB-6, exhibits Cu-dependent redox cycling supports the
notion that the addition of the ATCUN motif results in a gain-of-function phenotype that affords DAB-10
a secondary mode of attack. Indeed, DAB-6 displays a weaker potency relative to DAB-10, which we think
stems from its ability to bind DNA, possibly resulting in inhibition of nucleic acid metabolism.?*
Conversely, we propose that a major contributor to the activity of DAB-10 is its redox cycling. However,
we cannot completely exclude the possibility that DAB-10 also inhibits growth in a manner similar to DAB-
6, especially since both peptides exhibited similar residual activity against Mtb rendered non-replicating by
hypoxia. Our data certainly support a mechanism that involves a target present in both replicating and non-
replicating Mtb (such as genomic DNA) or a toxic agent able to damage both states of Mtb (such as ROS).
We conclude that not only can DAB-10 overwhelm the bacteria with ROS, but it can also elicit an inhibitory
effect independent of its oxidative ability, a route it can take when surrounding Cu levels are not sufficient
for binding.

While it has been consistently shown that bactericidal antibiotics induce the formation of
deleterious hydroxyl radicals by liberating ferrous ions (from iron-sulfur clusters) that promote the Fenton

745 evidence that argue against this model also exist” *’. The observation of a Cu-dependent

reaction,
oxidative stress experienced by DAB-10-treated cells suggests that instead of inducing the formation of
ROS, metallated DAB-10 is directly producing ROS. While the exact mechanism of ROS formation by Cu-
ATCUN complexes is still a matter of debate,”” the accepted pathway proposed by Cowan and co-workers®
involves the initial formation of a peroxo-bridged Cu-ATCUN dimer that then forms a hydroperoxide anion
(technically a deprotonated H20,). This hydroperoxide anion is then involved in the reduction of another
Cu-ATCUN complex to form a Cu-bound hydroxyl radical, the actual ROS in this context (Eqns 1-3). From
this scheme, it can easily be seen why catalase attenuates DAB-10 activity, because in the presence of the

H,0, scavenging enzyme, reaction 3 cannot occur, terminating the reaction series prior to formation of the

active oxidant.



2LCu"+0,+2e- ---> LCu"-0O-O-Cu"-L (1)
LCu'-O-O-Cu"-L + H* ---> 2 LCu" + HO,- (2)

LCu" + HO,- + &- + H* > LCu'-OH + OH- (3)

Central to our strategy is the ATCUN motif, which performs both Cu-binding and oxidative
chemistry in DAB-10. While most of the Cu in Middlebrook 7H9 (~6.3 uM) is sequestered by albumin
(which also contains an ATCUN motif), we presumed that not adding exogenous Cu simulates conditions
of metal competition that are relevant physiologically. We assume that DAB-10 is metallated upon exposure
to 7H9 because its Ky is significantly lower than the total Cu content of the growth medium. The binding
constants to Cu(II) previously measured for the ATCUN motif of Ctr1”? are close to those of Human Serum
Albumin (HSA)™ indicating that competition for the metal between ATCUN motifs of various sequences
may occur and, if it does, is bidirectional. Depletion of Cu in 7H9 via the addition of the high affinity
chelator TTM attenuated DAB-10 potency, signifying Cu dependence of its activity. While DAB-10 in our
experiments may not be saturated with Cu, the fact that the ROS formation by the Cu-ATCUN motif is
catalytic”’ suggests that a small population of metallated DAB-10 can effect a similar, albeit weaker
oxidative activity.

Because the oxidative activity of DAB-10 is a function of its Cu co-factor, the question of where
DAB-10 acquires the metal becomes relevant. In the intracellular milieu, DAB-10 co-localized and bound
directly to Cu regardless of whether resting or activated macrophages were used. The Cu(l) selective probe
CS-1 used here was shown to have endosome-like localization (termed Cu “hotspots”) in primary
macrophages* similar to the distribution of DAB-10 in RAW264.7 macrophages. Taken together with the
considerable affinity of the ATCUN motif toward Cu(l) as previously described for Ctr1*?, DAB-10 is most
likely Cu-bound within resting macrophages. In addition, even though it is widely known that the reductive
conditions in the cytoplasm favor Cu(l), the fact that endosomes are topologically equivalent to the

t55

extracellular environment’” suggests that any Cu taken up during endocytosis is likely in the +2 state. These

conditions generate a transient pool of Cu(Il) which can serve as a metal source for DAB-10, making



formation of metallated DAB-10 probable. Finally, within macrophages infected with Mtb, it is even more
plausible that DAB-10 is Cu-bound for the following reasons. First, naive macrophages infected with
Mycobacterium avium, or macrophages activated with IFN-y prior to or following infection were shown to
contain 17 uM, 82 pM, and 177 uM of Cu in the phagosome, respectively.” All of these reported
concentrations are well above the measured Kyq of Cu-DAB-10. Second, Mtb expresses a periplasmic
multicopper oxidase (MmcO) that possibly converts Cu(I) to Cu(II).”* Therefore, in the context of an
infection, not only is there an abundant Cu supply in the phagosome, but this labile pool also contains Cu
in the oxidation state preferred by DAB-10.

Combining our results, we propose a pathway through which DAB-10 oxidatively targets
intracellular Mtb (Figure 5). Infected macrophages, regardless of activation, contain micromolar levels of
Cu because of the transport pathways involving Ctrl, Atox1 and ATP7A. During DAB-10 treatment, the
peptide is taken up via clathrin-mediated endocytosis and the resulting vesicle is uncoated in the cytosol.
At this stage, a fraction of DAB-10 is probably already bound to Cu, but because of the depletion of
reductive equivalence in a progressively maturing endosome, minimal redox cycling occurs. Intracellular
Mtb acquires extracellular iron by gaining access to the transferrin recycling pathway,” ** suggesting that
the Mtb-containing phagosome can likely fuse with early endosomes. Therefore, bacteria and peptide co-
localization occurs following fusion of the DAB-10-containing and Mtb-containing endosomes. Vesicular
fusion affords DAB-10 access to high levels of Cu upon which metal sequestration ensues. DAB-10 likely
translocates across the mycobacterial membrane in the metallated form; or if not, apo-DAB-10 can be
metallated in the mycobacterial periplasm where Cu(ll) is formed by MmcO. Finally, the biological
reductants (i.e. MSH) present in the mycobacterial cytosol trigger the oxidative activity of DAB-10,

resulting in Mtb death.
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Figure 5. Proposed Mechanism of Action of DAB-10. Macrophages infected with Mtb take-up DAB-10
via clathrin-mediated endocytosis. DAB-10-containing vesicles fuse with the Mtb-containing phagosome
allowing access to high levels of Cu. Binding of Cu triggers oxidative activity of DAB-10 against Mtb

resulting in bacterial death.

In conclusion, our work describes a novel starting point from which to develop drugs that target
both susceptible and drug-resistant Mtb for control of the devastating threat of TB. Compounds that can
utilize various bioavailable resources within macrophages, especially the ones that are specifically
upregulated during infection (including but not limited to transition metals) would augment the
immunological response of phagocytes. Such compounds would also complement and diversify the current
portfolio of anti-TB drugs. We build upon the proof-of-concept studies that exploit the profusion of Cu ions
at the host-Mtb interface by using a system that not only binds Cu but also leverages the redox properties

of Cu to generate ROS.
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Synopsis

The designed peptidomimetic induces a copper hypersensitivity phenotype in Mycobacterium tuberculosis.



