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SUMMARY

Mycobacterium tuberculosis poses a serious challenge for human health, and new
antibiotics with novel targets are needed. Here we demonstrate that an
acylaminooxadiazole, MBX-4132, specifically inhibits the trans-translation ribosome
rescue pathway to kill M. tuberculosis. Our data demonstrate that MBX-4132 is
bactericidal against multiple pathogenic mycobacterial species and kills M. tuberculosis

in macrophages. We also show that acylaminooxadiazole activity is antagonized by iron
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but is potentiated by zinc. Our transcriptomic data reveals dysregulation of multiple metal
homeostasis pathways after exposure to MBX-4132. Furthermore, we see differential
expression of genes related to zinc sensing and efflux when trans-translation is inhibited.
Taken together, these data suggest that there is a link between disturbing intracellular
metal levels and acylaminooxadiazole-mediated inhibition of trans-translation. These
findings provide an important proof-of-concept that trans-translation is a promising

antitubercular drug target.

KEYWORDS

Mycobacterium tuberculosis, trans-translation, antibiotic resistance, oxadiazole, metal

homeostasis, non-tuberculous mycobacteria

INTRODUCTION

Infections caused by Mycobacterium tuberculosis have killed 30 million people in the
21st century’. Despite an effective treatment regimen, over 1.6 million people die annually
from tuberculosis (TB)'. Long treatment times, adverse drug reactions, and the increasing
prevalence of multidrug-resistant and extensively drug-resistant strains have produced
an urgent need for new antibiotics?2. Drugs with new targets and novel mechanisms of
action are particularly desirable to evade existing resistance mechanisms and reduce TB

treatment times.

The trans-translation ribosome rescue pathway is a potential antibacterial target because

it is essential in many pathogenic bacterial species and absent in humans. The
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physiological role of trans-translation is to rescue ribosomes that have stalled at the 3'
end of mMRNAs that lack a stop codon. frans-Translation rescues these “non-stop”
ribosomes using a specialized RNA molecule, transfer messenger RNA (tmRNA),
encoded by ssr, and small protein B (SmpB), encoded by smpB*. Mimicking tRNA, the
tmRNA-SmpB complex enters the A site of a non-stop ribosome to accept the nascent
polypeptide. When tmRNA-SmpB is translocated to the P site, a specialized reading
frame within tmRNA is inserted in the mRNA channel. Translation resumes using tmRNA
as the message and terminates on the stop codon at the end of this reading frame,
releasing the ribosome and the nascent polypeptide that now has the tmRNA-encoded
sequence, known as the SsrA tag, at its C terminus*®. Multiple proteases recognize the
SsrA tag, resulting in rapid proteolysis of the tagged protein®. trans-Translation is an anti-
tubercular drug target because it is essential for viability of growing and non-growing drug-
tolerant populations of M. tuberculosis®. In addition, trans-translation is not targeted by
any existing anti-tubercular drugs, making it unlikely that circulating clinical isolates will

harbor resistance to new inhibitors.

A high throughput screen identified the acylaminooxadiazole KKL-35 as an inhibitor of
trans-translation in vivo and in vitro”. However, KKL-35 was unsuitable for use in animals
because its amide bond was rapidly hydrolyzed®8. Optimization of pharmacokinetic and
toxicity properties resulted in MBX-4132, which exhibited excellent stability in both murine
liver microsomes and murine serum as well as excellent Caco-2 permeability. MBX-4132
specifically inhibited trans-translation in E. coli but did not inhibit normal translation®.

Single-particle cryogenic-electron microscopy (cryo-EM) studies using E. coli ribosomes
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revealed that the acylaminooxadiazoles bind near the peptidyl transfer center®. In
addition, MBX-4132 could clear multi-drug resistant Neisseria gonorrhoeae from infected
mice after a single oral dose, demonstrating that inhibition of frans-translation is a viable

antibiotic target for treating drug-resistant infections®.

Here, we report that MBX-4132 specifically inhibits M. tuberculosis trans-translation in
vitro and is bactericidal against M. tuberculosis, Mycobacterium avium, and
Mycobacterium abscessus. Our studies reveal that iron has antagonistic effects on the
activity of acylaminooxadiazoles but zinc can overcome these effects and potentiate the
antibacterial activity. We have also examined the transcriptional responses induced by
MBX-4132 treatment, characterized MBX-4132 activity against a tmRNA knockdown
mutant strain, and identified transposon insertion mutants and a deletion strain with
altered susceptibility, which sheds light on the ability of MBX-4132 to both impact metal
homeostasis and interact with ribosomes in M. tuberculosis. Further, we characterize the
antitubercular activity of MBX-4132 in a macrophage model of infection. Taken together,
these studies highlight acylaminooxidiazoles as potent on-target lead inhibitors of trans-

translation for the discovery of new antitubercular agents.

RESULTS

MBX-4132 inhibits M. tuberculosis trans-translation in vitro.
To determine if acylaminooxadiazole compounds can inhibit trans-translation on M.
tuberculosis ribosomes, genes encoding ten translation factors and SmpB from M.

tuberculosis were cloned and the proteins were purified from over-expressing strains of
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95 E. coli. Ribosomes were purified from M. tuberculosis, and M. tuberculosis tmRNA was
96 transcribed in vitro and purified. These components were combined with tRNAs,
97 aminoacyl-tRNA synthetases, methionyl-tRNA formyltransferase, and nucleoside
98 diphosphate kinase purified from E. coli, and purchased T7 RNA polymerase, nucleoside
99 triphosphates, amino acids, and salts, to produce a reaction mixture capable of trans-
100 translation. The reaction mixture was incubated with [*3S]-methionine and DNA encoding
101 dihydrofolate reductase (DHFR) with or without an in-frame stop codon, and newly
102  synthesized protein was observed by SDS-PAGE followed by phosphorimaging (Fig. S1).
103 When the template included an in-frame stop codon a single protein product was
104 observed. When the template lacked a stop codon a second, larger band was observed,
105 consistent with the addition of the tmRNA-encoded peptide tag to DHFR. As expected,
106 the abundance of the larger band decreased substantially when tmRNA-SmpB was
107 omitted from the reaction and when a DNA oligonucleotide complementary to the M.
108 tuberculosis tmRNA coding sequence was included, confirming that the larger band is the
109  result of frans-translation.

110

111  The amount of frans-translation was decreased by the inclusion of KKL-35 or MBX-4132
112  in the reaction (Figs. 1 & S2). Dose-response experiments showed that MBX-4132
113  inhibited frans-translation with an ICsp = 13 + 1 pM (Fig. 1). MBX-4132 did not inhibit
114 normal translation (Fig. 1C). These results demonstrate that MBX-4132 specifically
115 inhibits frans-translation and not translation by M. tuberculosis factors, similar to its

116  activity in reactions with E. coli factors.
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Fig 1. MBX-4132 inhibits M. tuberculosis trans-translation in vitro. A) A gene encoding DHFR without
a stop codon was expressed in the presence of M. tuberculosis tmMRNA-SmpB and varying concentrations
of MBX-4132. Synthesized protein was detected by incorporation of 3*S-methionine followed by SDS-
PAGE and phosphorimaging. Bands corresponding to tagged and untagged DHFR are indicated, and the
average percentage of DHFR protein found in the tagged band for three repeats is shown with the
standard deviation. B) Data from gels as in (A) were plotted and fit with a sigmoidal function to determine
the 1Cso. C) in vitro translation was assayed from the expression of a gene encoding DHFR with a stop
codon in the presence of DMSO, 20 yM chloramphenicol (CHL), or 20 yM MBX-4132, and a
representative experiment is shown. The percentage of DHFR with respect to the amount in the DMSO-

118 treated control is shown as the average from two independent repeats with the standard deviation.

119 MBX-4132 competes with mycobacterial tmMRNA-SmpB

120 To test whether MBX-4132 competes with tmRNA-SmpB during inhibition, we added
121  excess M. tuberculosis tmRNA-SmpB to the in vitro trans-translation reactions. In
122 reactions with 10 yM MBX-4132, increasing the tmRNA-SmpB concentration from 2.75
123 uM to 8.2 uyM decreased inhibition from 63% to 7%. When the MBX-4132 concentration

124  was increased to 20 yM in reactions with 8.2 yM tmRNA-SmpB, inhibition increased to
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85% (Fig. 2). These data indicate that MBX-4132 competes with tmRNA-SmpB activity

on the M. tuberculosis ribosome.

A
MBX-4132 (uM) 0 10 0 10 20 20
tmRNA-SmpB (uM) 275 275 8.2 8.2 8.2 275
tagged DHFR —
DHFR-ns —
% tagging
B
10 yM MBX-4132 + 2.75 yM tmRNA-SmpB = —|
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% inhibition

Fig 2. tmRNA-SmpB competes with MBX-4132 in vitro. A) in vitro trans-translation assays as in Figure
1 containing different concentrations of tmMRNA-SmpB and MBX-4132. B) Reactions treated with 8.2 yM
tmRNA-SmpB suppressed the inhibition of frans-translation by 10 yM MBX-4132. The inhibition was
rescued by 20 yM MBX-4132. Data from at least two experiments are shown as the average with error bars

indicating the standard deviation.

MBX-4132 has anti-mycobacterial activity.

To assess the anti-mycobacterial activity of KKL-35 and MBX-4132, we performed broth
dilution and plating assays (Table 1). MBX-4132 has a similar potency to KKL-35 against
many bacterial pathogens?, but neither KKL-35 nor MBX-4132 inhibited the growth of M.
tuberculosis H37Rv ARD1 ApanCD in broth dilution assays in Middlebrook 7H9 medium.
Proteomic profiling has demonstrated that frans-translation inhibitors can disturb metal
homeostasis in E. coli and Bacillus subtilis®, so we examined the impact of metals on
oxadiazole activity using a defined minimal medium (Mtb Minimal Medium, MM)'°, made

without addition of ferric ammonium citrate. In this medium, hereafter referred to as low-
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138 iron Mtb Minimal Medium (LIMM), KKL-35 was bactericidal against M. tuberculosis (MBC

139 =0.4 pg/mL), M. avium (MBC = 3.1 yg/mL) and M. abscessus (MBC = 6.4 ug/mL) (Table

140 1). Likewise, MBX-4132 was bactericidal against M. tuberculosis (MBC = 1.6 ug/mL), M.

141 avium (MBC = 2.1 yg/ml), and M. abscessus (MBC = 3.3 pg/mL) in LIMM (Table 1). This

142  growth inhibition in the absence of added iron suggests that acylaminooxadiazoles kill

143  mycobacteria by inhibiting frans-translation but are counteracted by the presence of iron.

144 Table 1 Minimum inhibitory and minimum bactericidal concentrations of trans-

145 translation inhibitors for mycobacterial species

Compound M. tuberculosis M. avium M. abscessus E. coli AtolC
MIC2 | MBC* | MIC | MBC | MIC MBC MIC MBC
KKL-35 0.4 0.4 3.1 3.1 6.3 6.3 0.4 0.4
(1.25 [ (1.25) | (9.7) [ (9.7) | (19.8)| (19.8) (1.25) | (1.25)
MBX-4132 0.8 1.6 2.1 21 3.3 3.3 0.8 1.6
(2.5) (5) 6.2) | (6.2)| (9.7 (9.7) (2.5) (5)
Rifampicin 0.12 0.12 0.5 1 128 256 ND¢ ND
(0.14) [ (0.14) | (0.6) | (1.2) ] (155) | (311)
Azithromycin 4 ND 32 ND 8 ND ND ND

(5.3) (42.4) (10.6)

146 2 MIC; pyg/mL (uM) values from at least three broth microdilution assays.

147  °MBC; pg/mL (uM) values from at least three plating assays.

148  °ND: Not determined.

149  Addition of zinc and removal of iron potentiate the anti-mycobacterial activity of

150 MBX-4132

151  Zinc supplementation can potentiate antibacterial activity of some compounds''-"4. To

152  assess the effect of Zn?* on the anti-mycobacterial activity of MBX-4132, we performed

153 plating assays in 7H10 agar supplemented with ZnSO4. Zinc potentiated MBX-4132

154  against M. tuberculosis and M. avium but had much less of an impact on its activity
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against M. abscessus (Table 2). Similar results were obtained when broth microdilution
assays were repeated in LIMM supplemented with ZnSO4 (Table 3). Results from these

experiments reveal that zinc can overcome the antagonistic effects of iron and potentiate

the antibacterial activity of MBX-4132.

Table 2 Effect of Zn?* on antibacterial activity of MBX-4132 in 7H10 agar

Concentration of MIC pg/ml (uM)
ZnS0O4 (M) M. tuberculosis M. avium M. abscessus
0 64 (200) 128 (400) 128 (400)
5 32 (100) 64 (200) 64 (200)
25 3.2 (10) 32 (100) 64 (200)
100 1.6 (5) 8 (25) 32 (100)
250 1.6 (5) 4 (12.5) 32 (100)

Table 3 Effect of Zn?* on antibacterial activity of MBX-4132 in LIMM

Concentration of MIC pg/ml (uM)
ZnSO4 (M) M. tuberculosis M. avium M. abscessus
0 1.6 (5) 2.1 (6.2) 3.3 (10)
5 1.6 (5) 2.1 (6.2) 3.3 (10)
25 0.8 (2.5) 1.05 (3.1) 3.3 (10)
100 0.4 (1.2) 1.05 (3.1) 3.3 (10)
250 0.4 (1.2) 1.05 (3.1) 1.6 (5)

Iron decreases the activity of MBX-4132 in vitro.

Growth inhibition assays demonstrated that iron decreases the activity of MBX-4132 and
activity is restored by omitting iron from the culture medium. In principle, iron could have
a physiological effect on the cells, for example, through alteration of cell envelope
permeability. Alternatively, iron could directly interact with MBX-4132 thereby affecting
the inhibition of frans-translation. To assess if iron affects the inhibition of trans-translation
in vitro, we incubated 150 uyM Fe2(SO4)3 with 15 yM MBX-4132 or KKL-35 and added the

mixture to in vitro trans-translation reactions (Fig. 3). The inclusion
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Fig 3. Iron inhibits the activity of MBX-4132. A) in vitro trans-translation assays as in Figure 1 containing
150 pM Fe2(S04)3, 150 yM TPEN, 15 uM MBX-4132, or 15 uM KKL-35 as indicated. The average
percentage tagging from two independent reactions is shown with the standard deviation. B) Data from gels
as in (A) were plotted to show the average from two experiments with error bars indicating the standard
deviation. C) in vitro trans-translation assays as in Figure 1 containing 150 pM Fe2(SOa4)3, 150 uM FeSOsq,
15 yM MBX-4132, or KKL-35 as indicated. D) Data from gels as in (C) were plotted to show the average

170 from two experiments with error bars indicating the standard deviation.
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171  of iron decreased the inhibition of trans-translation from 62% to 6% for MBX-4132, and
172 from 36% to 4% for KKL-35 (Fig. 3). When the iron chelator TPEN was included in the
173  incubation, inhibition of frans-translation was restored, demonstrating that the availability
174  of Fe®* ions was responsible for interfering with MBX-4132 and KKL-35 (Fig. 3). FeSO4
175 also counteracted inhibition, indicating that the oxidation state of the added iron is not
176  critical (Fig. 3). Collectively, these results demonstrate that iron directly affects
177  acylaminooxadiazole inhibition of trans-translation. Unlike iron, zinc had no effect on
178 inhibition of frans-translation in vitro (Fig. S3), suggesting that potentiation of
179  acylaminooxadiazoles by zinc is likely due to physiological effects on mycobacteria.

180

181 MBX-4132 treatment induces broad transcriptional responses

182  To explore the response of M. tuberculosis to MBX-4132 in vivo, we treated exponentially
183  growing H37Rv with 1.2 yM MBX-4132 (Fig. S4A) or an equal volume dimethyl sulfoxide
184 (DMSO) for 48 h in high zinc Mtb Minimal Medium (HZMM), prepared by supplementing
185 MM with 3.5 uM ZnS04'°, and used RNA sequencing (RNA-seq) to compare transcript
186 levels. Principal component analysis (PCA) showed tight clustering by biological
187  replicates (Fig. S4B). Using a threshold of 2-fold change with adjusted p-value <0.05, we
188 observed that 599 genes were upregulated (15% of annotated coding sequences) and
189 247 were downregulated (6% of annotated coding sequences) upon exposure to MBX-
190 4132 (Fig. 4A, Dataset S1, Note S1).

191

192 tmRNA levels increased >4-fold, consistent with cells sensing a deficit in frans-translation

193 (Fig. 4B & S5A). In contrast, the smpB transcript did not change significantly (Fig. 4B &
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S5A). Likewise, the RNA component of RNase P, encoded by rmpB’®, was more abundant,
but not rpA, which encodes the protein subunit’® (Fig. 4B & S5A). RNase P participates
A MBX-4132  ssrKD
Upregulated @
MBX-4132 ssrKD B etpC
Downregulated @ $ 150
2
Q
B 100+
C 3
sskp | ne | 2 50 -
1.00- g
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Fig 4. Transcriptional responses of M. tuberculosis H37Rv to MBX-4132 treatment and tmRNA
knockdown. A) Venn diagrams showing numbers of genes significantly up- and down-regulated in the
MBX-4132 study, the ssr KD study, or both. B) Differential expression of genes in response to MBX-
4132 exposure, with vertical and horizontal dashed lines representing logz-fold change cutoff of +1 and
adjusted p-value cutoff of 0.05, respectively. C) Growth of M. tuberculosis H37Rv ssr KD and NTC
strains upon induction in HZMM. Data represents the average ODeoo of biological triplicates with error
bars denoting the standard deviation. D) Inhibition of MBX-4132 against M. tuberculosis H37Rv ssr KD
and NTC strains after 21 days of treatment in MM. Data represent geometric means and geometric
standard deviations for 3 biological replicates. E) Differential expression of genes as a result of ssr KD,
with dashed lines denoting cutoffs as described in (B).
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197 in the maturation of tRNA and tmRNA", so increased tmRNA and RNase P may both
198 result from cells attempting to increase the amount of frans-translation.

199

200 Genes involved in metal homeostasis were also differentially regulated. bfrB, which is
201 responsible for storing excess iron, was strongly repressed’®, whereas ideR, the iron-
202  sensing transcriptional regulator, and most genes associated with siderophore-mediated
203 iron uptake (mbtA-mbtM, mmpL5, mmpS5, the ESX-3 operon, and irtAB)'"°, were
204  significantly induced (Fig. 4B & S5A). Member genes of the RicR (Rv0790) regulon, a
205  crucial mediator of copper metabolism?°, were also upregulated (Fig. 4B & S5A).

206

207 Transcript levels of several other metal-sensing transcriptional regulators were likewise
208 found to have increased, including smtB (Rv2358), zur, kmtR, cmtR, cadl, and nmtR?'
209 (Fig. 4B & S5A), but their cognate regulons were not differentially expressed. In addition,
210 several genes encoding for metal efflux pumps (ctp genes)?? were differentially expressed
211 in aless coherent pattern. Overall, these observations suggest that both frans-translation
212  and metal homeostasis were perturbed when M. tuberculosis was treated with MBX-4132.
213

214 To determine whether the apparent impacts on metals were connected to inhibition of
215 trans-translation, we engineered a hypomorphic knockdown (KD) strain of ssr in M.
216  tuberculosis H37Rv using CRISPRI (Clustered Regularly Interspaced Short Palindromic
217 Repeats interference), as well as a non-targeting control (NTC) strain?®. The KD strain
218 grew slowly after 6 days of induction in HZMM, reaffirming the essentiality of trans-

219 translation in vivo (Fig. 4C). Moreover, after 7 days of induction (Fig. S4C), the ssr KD
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220 strain showed a moderate level of susceptibility to MBX-4132 in MM (ICgo = 31 pM),
221  whereas the NTC strain was resistant (ICgo > 250 uM) (Fig. 4D).

222

223 Next, we characterized transcriptional responses of M. tuberculosis to tmRNA KD after a
224  7-day induction period in HZMM (Fig. S4D). We again observed tight clustering by
225  biological replicates in PCA (Fig. S4E). Using the same log»-fold change and adjusted p-
226  value cutoffs, we found that 436 were upregulated (11% of annotated coding sequences)
227 and 336 were downregulated (9% of annotated coding sequences) (Fig. 4A, Dataset S1
228 Note S1). Most notably, tmRNA levels were reduced by 165-fold, further validating the KD
229 system (Fig. 4E). A large number of genes encoding ribosomal proteins were also
230 significantly upregulated, indicating that M. tuberculosis sensed an increased need for
231  ribogenesis due to impaired ability to rescue stalled ribosomes (Fig. 4E).

232

233  Clustering heatmap plots directly comparing both studies show that MBX-4132-treated
234 and ssr KD replicates clustered closer to each other than to their respective controls (Fig.
235 S4G), and there were 109 coding sequences induced and 47 repressed by both MBX-
236 4132 and knocking down tmRNA (Fig. 4A, Dataset S1, Note S1), indicating that the former
237  produced highly similar transcriptomic responses to the latter. Most prominently, induction
238 of genes associated with transcriptional and translational pausing (whiB6, whiB7,
239 erm(37), and hfiX)?*-?6, was observed in both studies (Fig. 4A&E). Upregulated genes
240 also include those that encode metal-sensing proteins (cadl, cmtR, smtB, and mymT),
241  and efflux pumps (ctpC, ctpG, and ctpJ) (Fig. 4A&E).

242
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243  On the other hand, only one iron-related gene, mmpS5, was found to be differentially
244  expressed in the ssr KD strain (Fig. 4E). Similarly, pathways related to iron uptake and
245  utilization were revealed to be significantly enriched upon MBX-4132 treatment but not
246  ssr KD by gene ontology analyses (Fig. S5B&C). These findings indicate that some
247  aspects of the metal homeostasis dysregulation seen after MBX-4132 treatment are likely
248  due to inhibition of trans-translation, but dysregulation of the iron-responsive genes is
249  caused by off-target effects.

250

251  Numerous pathways impact MBX-4132 susceptibility

252  To identify genes that impact MBX-4132 susceptibility and resistance, we subjected a
253 saturated M. tuberculosis H37Rv transposon insertion library to a subinhibitory
254  concentration of MBX-4132 (Fig. S6) and assessed the changes in relative abundance
255 and fitness of cells using transposon insertion sequencing (Tn-Seq). Using the resampling
256  model of TRANSIT?, our data revealed 33 genes that conferred fitness gain (log>-fold
257 change > 1) and 27 genes that resulted in fitness loss (logz-fold change < -1) and met the
258 significance threshold (adjusted p-value < 0.05). The majority of genes with a known
259  function in which transposon insertions conferred decreasing fitness during treatment with
260 MBX-4132 have roles in translation control (Dataset S2). These include truA, a tRNA
261 pseudouridine synthase that is important for translation accuracy and efficiency??, lepA,
262 a ribosome biogenesis factor?®, ychF (Rv1112), which regulates translation during
263  stress®, relA, a mediator of the stringent response?!, and ppk1, a polyphosphate kinase
264  that affects numerous cellular processes during stress, including ribosome function3233.

265  Similar genes have been identified as synthetically impaired in Tn-Seq screens with ssrA
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266  deletion strains of other bacteria343% (Fig. 5A). Decreased fitness of these mutants during
267 exposure to MBX-4132 is consistent with synergistic effects from inactivating multiple

268 translation regulatory mechanisms with inhibition of trans-translation.
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Fig 5. Changes of fitness of a saturated M. tuberculosis H37Rv transposon library after MBX-4132
treatment. A) Volcano plot showing insersions conferring significant gain (red) or loss (blue) of fitness as
determined by the TRANSIT resampling method. Horizontal and vertical dash lines denote the adjusted
p-value and logz-fold change thresholds of 0.05 and %1, respectively. B) Fitness of each transposon
insertion mutant calculated by comparing its expansion factor relative to the rest of the population in the
absence and presence of MBX-4132. Select mutants with insertions in genes of interest are noted. Dashed
line denotes the line of correlation for untreated and MBX-4132 treated mutants showing comparable

70 fitness values, dotted lines denote cutoff for £0.2 gain or loss of fitness.

271  We also found significant losses in the abundance of mutants with insertions in genes
272  associated with oxidative stress response and DNA repair. Notably, mutants in uvrD1,
273  which encodes a DNA helicase crucial for both nucleotide excision repair and non-
274  homologous end joining3¢, exhibited a loss of fitness of ~3 fold (Fig. 5B). Likewise,

275 insertions in mutT1, which encodes an 8-oxo-dGTPase and rescues damage to guanine
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276  nucleotides caused by oxidative stress®’, also conferred loss of fitness (Fig. 5B). Previous
277  studies have demonstrated that DNA damage can lead to stalling of RNA polymerase
278 during transcription, and in these cases, the incomplete transcript could result in
279 increased translational pausing and higher demand for trans-translation. Indeed, work
280 from the Kreuzer lab has shown that trans-translation is important for tolerance to DNA
281 damage in E. coli*®*%. Moreover, oxidized mRNA with 8-oxoguanosine (8-oxoG) lesions
282  has been described to directly contribute to ribosomal stalling*'. Since mutants in DNA
283  damage repair pathways likely experienced increased reliance on trans-translation, their
284  decrease in fitness is consistent with inhibition of trans-translaiton by MBX-4132.

285

286 In addition, disruptions in a few of the genes responsible for metal homeostasis conferred
287 significant changes in fitness. Strains with mutations in irtA and mymT displayed
288  significant growth disadvantages when subjected to MBX-4132 (Fig. 5A). Interestingly,
289  mutants with insertions in two of the genes required for siderophore export and recycling,
290 mmpL4 and mmpS4*?43, exhibited a weak gain of fitness of just above 2-fold (Fig. 5B).
291 These findings indicate that disruption of metal homeostasis, especially for iron and
292  copper, may affect the anti-mycobacterial activity of MBX-4132.

293

294  One limitation of resampling is that transposon insertions near the 5’ and 3’ ends of each
295 gene and those inside intergenic regions are ignored. Therefore, this analysis was largely
296 limited to non-essential genes and would not reveal hypomorphic insertion mutants
297 associated with essential genes, such as ssr, smpB, and those encoding for ribosomal

298 proteins, and promoters. Moreover, resampling does not take into account variability
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299 among replicates in terms of growth rate or the composition of the input pool. As a result,
300 we sought to address these constraints by calculating expansion factors and assigning
301 fitness values for individual transposon mutants after DMSO and MBX-4132 exposure,
302 using a method described by van Opijnen, et al.*4. To pinpoint mutants of interest, we
303 subtracted these fitness values of the MBX-4132 treatment condition from those of the
304 DMSO control and considered insertions with differences of > 0.2 as gain of fitness
305 mutants and < -0.2 as loss of fitness mutants (Dataset S2). Using these metrics, we
306 identified mutants in several 50S ribosomal protein genes with changes in fitness (Fig.
307 5B). Our analysis also confirmed that insertions in uvrD1 resulted in the loss of fitness in
308 M. tuberculosis in the presence of MBX-4132 and revealed that disruption of uvrC and
309 uvrDZ2 achieved a similar consequence (Fig. 5B). Collectively, our data suggest that
310 alterations in both frans-translation activity and metal homeostasis can both modulate
311  MBX-4132 susceptibility.

312

313 Deletion of the altRP operon potentiates MBX-4132 activity under high zinc
314 conditions

315 In M. tuberculosis, there are two sets of paralogues of ribosomal protein genes, consisting
316  of four genes encoding for primary ribosomal proteins (PrimRPs, C+) and five genes
317 encoding for alternative ribosomal proteins (AltRPs, C-), differing in that PrimRPs contain
318  cysteine-rich zinc-binding motifs*®4¢. Under zinc-limiting conditions, the cells replace
319 PrimRPs with AltRPs, releasing bound metal ions in favor of other cellular processes?®.
320 Because transposon insertions in one of the canonical ribosomal protein genes, romG1,

321 increased fitness of M. tuberculosis during MBX-4132 exposure, and those in its AltRibo-
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322 encoding paralog, romG2, decreased fitness (Fig. 5B), we tested whether AItRPs have a
323 role in mediating MBX-4132 susceptibility. We deleted the altRP operon (Rv2055c-
324  Rv2058c) (Fig. S7A), which expresses four of the five AItRPs, from M. tuberculosis H37Rv
325 and tested the susceptibility of the resulting strain (H37Rv AaltRP) in HZMM. The I1Cg of
326 MBX-4132 against wild-type M. tuberculosis was 0.78 pM, whereas that of the AaltRP

327 strain was 0.39 uM (Fig. 6A), indicating that there is a minor contribution of AltRPs to

100--%— 100

€@ H37Rv
H37Rv AaltRP

025 200 16.00 4 32 256

MBX-4132] (uM MBX-4132] (M
378 [ 32] (uM) [ 32] (uM)
Fig 6. Susceptibility of M. tuberculosis H37Rv AaltRP to MBX-4132. M. tuberculosis H37Rv (wild
type, black) and the AaltRP mutant (light blue) were cultured in (A) HZMM and (B) MM and exposed to
MBX-4132 for 14 days. Data represent geometric means and geometric standard deviations for 3
biological replicates.
329

330 MBX-4132 susceptibility. We next sought to explore if removing AltRPs confers
331 constitutive susceptibility by testing MBX-4132 against H37Rv AalfRP in MM. We
332 observed that the deletion strain was equally tolerant (ICso = 250 uM, 1Cgo > 250 uM for
333  both strains) (Fig. 6B), indicating that constitutive susceptibility to MBX-4132 cannot be
334 achieved through ribosomes preferentially incorporating PrimRPs over AltRPs. To assess
335 if AltRPs contribute to the activity of MBX-4132 in vitro, we repeated the in vitro trans-
336 translation reactions with ribosomes purified under zinc-deplete and zinc-rich conditions.

337 However, no significant change in the inhibition of trans-translation was observed under
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338 either of these conditions (Fig. S7B). Together, these results indicate that the effect of zinc
339 on MBX-4132 activity is not due solely to AltRibos.

340

341 KKL-35 and MBX-4132 are active against M. tuberculosis in macrophages

342 KKL-35 and MBX-4132 were also evaluated in their activities against M. tuberculosis
343 H37Rvin RAW 264.7 cells, as a model for in vivo M. tuberculosis infections. We observed
344 that 51 yM KKL-35 was able to kill approximately 99% of intracellular M. tuberculosis
345 within 3 days of treatment in resting macrophages (Fig. 7A). In contrast, killing by MBX-
346 4132 in resting RAW 264.7 cells was significantly lower, as only around 80% of
347 intracellular bacteria were cleared by 100 uM of the compound (Fig. 7B). Since activated
348 macrophages raise their intracellular zinc concentrations and restrict iron levels as
349 defense mechanisms during bacterial infections*’48 | we sought to determine whether
350 MBX-4132 would be more potent in interferon (IFN)-y activated cells. Indeed, IFN-y
351 activation significantly improved MBX-4132 activity, as shown in the twenty-fold reduction
352 inintracellular bacterial burden by day 7 with 100 yM of MBX-4132 (Fig. 7C).

353
354 DISCUSSION

355 The activity of MBX-4132 against several mycobacterial species in culture and against
356 trans-translation in an in vitro system with M. tuberculosis components suggests that this
357 acylaminooxadiazole family has promise for anti-mycobacterial therapy. MBX-4132 and
358 KKL-35 are potent and specific inhibitors of M. tuberculosis trans-translation in vitro.

359 Because frans-translation is essential in M. tuberculosis, growth inhibition could be due
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Fig 7. M. tuberculosis H37Rv is susceptible to KKL-35 and MBX-4132 killing in RAW 264.7

macrophages. A-B) Resting and C) IFN-y activated RAW 264.7 macrophages were infected with M.

tuberculosis H37Rv and subsequently treated with (A) KKL-35 or (B and C) MBX-4132 with INH as a

control. Data represent geometric means with error bars indicating the geometric standard deviation for
361 3 bioloaical replicates.

362  exclusively to inhibition of trans-translation. The decreased MIC after depletion of tmRNA
363 is consistent with frans-translation being the major target. Similarly, addition of iron ions,

364  which blocks inhibition of trans-translation by acylaminooxadiazoles in vitro, also blocks
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365 growth inhibition by these molecules in culture. In addition, the loss of fithess during
366 exposure to MBX-4132 by mutants with decreasd translation efficiency or fidelity suggests
367 thatloss of frans-translation activity is a major physiological result of treatment with MBX-
368 4132.

369

370  Our data also suggest substantial interactions between acylaminooxadiazoles and metal
371 homeostasis in mycobacteria, including inhibition of acylaminooxadiazole activity by iron
372 and potentiation by zinc. Oxadiazole compounds can complex with transition metals,
373 including iron, zinc, and copper*®%°. Acylaminooxadiazoles bind the ribosome in a narrow
374  pocket near the peptidyl transfer center®, and it is likely that an Fe3*- or Fe?*-MBX-4132
375 complex would be too large to bind. Therefore, the effects of iron on MBX-4132 activity
376  may be solely due to preventing MBX-4132 from inhibiting trans-translation. On the other
377 hand, potentiation by zinc is difficult to explain through direct interactions with
378 acylaminooxadiazoles, and our data show that the known effect of zinc on ribosomal
379 protein composition has at most a minor contribution to zinc potentiation. Because zinc
380 and iron levels are tightly regulated in M. tuberculosis, it is possible that zinc acts by
381 limiting the accessible pool of iron. The ESX-3 secretion system, which is required for
382  siderophore-dependent iron acquisition in M. tuberculosis®'-%2, is negatively regulated by
383  high zinc concentration via the zinc-responsive transcription factor Zur®354. In other
384 words, zinc abundance can hinder iron acquisition. Excess zinc also derepresses genes
385 responsible for mycobactin biosynthesis and transport, thus promoting the intracellular
386 accumulation of deferrated siderophores as well as causing an increase in the cells’

387 demand for iron supply®-%¢. A second possibility is that part of the biological effect of MBX-
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388 4132 is through disruption of metal homeostasis. Our transcriptomic data show
389 dysregulation of multiple metal homeostasis pathways after exposure to MBX-4132,
390 including those for iron and copper. Although some of these, mostly iron-independent,
391 responses could be indirect effects of inhibiting frans-translation, it is likely that MBX-4132
392 binds and sequesters intracellular iron, resulting in an iron starvation response. In this
393 case, zinc could exacerbate the effects of iron starvation by decreasing iron uptake and
394 increasing iron utilization through the physiological pathways described above. This
395 model would also explain why disrupting genes involved in iron and copper homeostasis
396 altered the fitness of M. tuberculosis after MBX-4132 treatment. Our data also revealed
397 differential expression of genes related to zinc sensing and efflux when tmRNA levels
398 were reduced, suggesting there could be a direct link between frans-translation activity
399 and intracellular maintenance of zinc levels. Taken together, these data suggest that
400 disturbing intracellular iron levels could be an additional mechanism of action for MBX-
401 4132

402

403  One previous study examined the interaction between metals and acylaminooxadiazoles
404  with respect to inhibition of B. subtilis growth®. KKL-40, a close analog of KKL-35, could
405 bind and facilitate transport of copper, and to a lesser extent nickel, across the B. subtilis
406 membrane. This interaction leads to synergistic accumulation of copper and KKL-40
407 inside B. subtfilis after co-treatment, and a corresponding synergy in growth inhibition. The
408 contrast between inhibition of acylaminooxadiazole activity by iron in mycobacteria and
409  stimulation of acylaminooxadiazole activity by copper in B. subtilis may be due in part to

410 the unique properties of the mycobacterial cell wall. The diverse and profound impact of


https://doi.org/10.1101/2024.11.02.621434
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.02.621434; this version posted November 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

411 metal ions on acylaminooxadiazole activity highlights the importance of testing potential
412  antibiotics under a variety of physiologically relevant growth conditions.

413

414  In this work, KKL-35 showed impressive antitubercular activity in resting RAW 264.7
415 macrophages. However, pharmacokinetic properties make KKL-35 unsuitable for animal
416 and clinical use. Nonetheless, our KKL-35 data provide an important proof of concept that
417 ribosome rescue is a promising drug target against intracellular M. tuberculosis in an
418 infection model. In contrast, MBX-4132 possessed far better pharmacokinetic and
419 Dbioavailability properties®, but its bactericidal activity in macrophages was moderate, even
420 after IFN-y activation. M. tuberculosis encounters diverse microenvironments during
421 infection and can manipulate metal ion trafficking inside host macrophages for
422  survival’”®8, so the efficacy of MBX-4132 is likely to vary widely in different infection
423  microenvironments. Future efforts should characterize the anti-tubercular efficacy of
424  MBX-4132 in animal models, as well as design compounds that can bypass inhibitory

425 metal interactions.

426

427 METHODS

428 Bacterial strains, plasmids, and growth conditions

429 Bacterial strains, plasmids, and primer sequences are shown in Sl Table 1. M. avium
430 subspecies avium, M. abscessus subspecies abscessus, M. tuberculosis H37Rv, and M.
431  tuberculosis H37Rv ARD1 ApanCD cells were grown in Middlebrook 7H9 medium (Difco)
432 supplemented with 10% (v/v) OADC enrichment (Difco), 0.2% (v/v) glycerol, 0.05% (v/v)

433  tyloxapol. 50 mg/L pantothenate was added to M. tuberculosis ARD1 ApanCD cultures.
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434  Escherichia coli strain DH5a was used for the propagation of plasmids and strain BL21
435 (DES3) was used for overexpression and purification of the ten M. tuberculosis translation
436  factors and grown in Lysogeny Broth (LB) supplemented with 50 pg/mL kanamycin.

437

438 Overexpression of M. tuberculosis translation factors

439  Plasmids to over-express the 10 M. tuberculosis translation factors (IF-1, IF-2,IF-3, EF-
440 G, EF-Tu, EF-Ts, RF-1, RF-2, and RRF) were constructed via HiFi assembly (New
441 England Biolabs). Each gene was amplified from M. tuberculosis H37Rv ARD1 ApanCD
442  genomic DNA by PCR and ligated onto the pET28a vector (Addgene) that had been
443  digested with the Ncol and Xhol restriction enzymes (Thermo Fisher). E. coli strain DH5a
444  was used for the propagation of plasmids and strain BL21 (DE3) was used for
445  overexpression and purification of protein. E. coli BL21 (DE3) strains over-expressing the
446 10 M. tuberculosis translation factors were grown individually in 100 mL Terrific Broth
447  supplemented with 50 pg/mL kanamycin at 37 °C to ODeoo = 0.6. 6His-tagged M.
448  tuberculosis translation factors were overexpressed by growth in the presence of 1 mM
449  isopropyl-thio-B-D-galactoside (IPTG) for 3 h. The ten cultures were pooled, cells were
450 harvested by centrifugation at 6953 g for 20 min, resuspended in buffer A (50 mM HEPES-
451  KOH [pH 7.6], 1 M NH4CI, 10 mM MgClz, 7 mM B-ME), lysed by sonication, and cell debris
452  was removed by centrifugation at 28000 g for 20 min. The cleared lysate was incubated
453  with 1 mL HisPur Ni-NTA agarose resin (Thermo Fisher) for 1 h at 4 °C, and washed three
454  times with 40 mL buffer (95% (v/v) buffer A and 5% (v/v) buffer B (50 mM HEPES-KOH
455  [pH 7.6], 100 mM KCI, 10 mM MgClz, 500 mM imidazole, 7 mM 3-ME), and bound protein

456  was eluted with 10 mL of elution buffer (10% (v/v) buffer A and 90% (v/v) buffer B). The
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457  eluate was dialyzed against buffer (50 mM HEPES-KOH [pH 7.6], 100 mM KCI, 10 mM
458  MgClz, 30% (v/v) glycerol, and 7 mM B-ME) at 4 °C.

459

460 Overexpression and purification of M. tuberculosis EF-Tu

461  The tuf gene was amplified from M. tuberculosis H37Rv ARD1 ApanCD genomic DNA by
462 PCRusing primers TB_EFTu_F and TB_EFTu_R and ligated into pET28a that had been
463  digested with the Ncol and Xhol. The assembled vector was transformed in E. coli BL21-
464  DE3 and this strain was grown in 1 L terrific broth at 37 °C to ODeoo = 0.6. M. tuberculosis
465 EF-Tu was purified and stored as described previously for E. coli®®.

466

467 M. tuberculosis protein solution

468 M. tuberculosis in vitro transcription-translation system was designed based on the E. coli
469 OnePot PURE system®. M. tuberculosis protein solution was prepared from the 10 M.
470  tuberculosis translation factors as described previously for E. coli*°.

471

472  Energy solution

473  The energy solution was prepared as described previously®®. tRNA was extracted and
474  purified from E. coli MRE 600 as described previously®'.

475

476  Ribosome purification from M. tuberculosis

477 H37Rv ARD1 ApanCD cells were grown in Middlebrook 7H9 medium (Difco)
478  supplemented with 10% (v/v) OADC enrichment (Difco), 0.2% (v/v) glycerol, 0.05% (v/v)

479 tyloxapol and pantothenate (50 mg/L) at 37 °C to ODeoo = 0.35. 1 mM ZnSO4 or 1 uM
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480 TPEN was supplemented to the medium to induce zinc-rich or zinc-deplete conditions
481 where necessary. Cells were harvested by centrifugation at 6953 g for 20 min,
482 resuspended in 30 mL ribosome resuspension buffer (20 MM HEPES-KOH [pH 7.6],
483 60 mM NH4CI, 12 mM MgCl2, 0.5 mM EDTA, 6 mM B-ME), lysed in a French pressure
484  cell, and the lysate was cleared by centrifugation at 28,000 g for 30 min at 4 °C. Crude
485 ribosomes were harvested by layering the supernatant over sucrose cushion buffer
486  (37.7% (w/v) sucrose in 20 MM HEPES-KOH [pH 7.6], 500 mM NH4CI, 10 mM MgClz, 0.5
487 mM EDTA, 6mM B-ME) followed by centrifugation at 85,000 g for 2h at 4 °C. The
488 ribosome pellet was washed 3 times in ribosome resuspension buffer and resuspended
489 in the same bulffer.

490

491 Isolation of M. tuberculosis tmRNA and SmpB

492 M. tuberculosis tmRNA was transcribed in vitro using Mtb ssrA F and Mtb ssrA R primers
493 (Sl methods) based on a previous protocol®?. M. tuberculosis SmpB was overexpressed
494  and purified from E. coli BL21(DE3) as described previously®.

495

496 M. tuberculosis in vitro translation and trans-translation assays

497  Assays were performed as described previously, with some modifications’. Translation
498 assays were set up using energy solution (2 uL), M. tuberculosis protein solution (1 pL),
499 EF-Tu (10 pM), ribosomes (1.28 uM), DHFR-stop template (9 ng/uL), and [**S]-
500 methionine (0.42 pCi/yL). Translation was assayed in vitro by expressing full-length
501 DHFR from a DHFR gene with a stop codon (DHFR-stop). DHFR-stop template was

502 prepared via PCR, as described previously’. Reactions were incubated at 37 °C for 2.5
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503 h, precipitated with acetone, analyzed by SDS-PAGE, and visualized by phosphor
504 imaging (GE Healthcare, Chicago IL). Relative translation activity in the presence of MBX-
505 4132 or chloramphenicol was calculated with respect to the DMSO-treated control and
506 averaged per reaction from three technical repeats.

507

508 in vitro trans-translation experiments were set up with the following modifications to the
509 translation assay. frans-translation was assayed in vitro by expressing full-length DHFR
510 from a DHFR gene without an in-frame stop codon (DHFR-ns). DHFR-ns template was
511 prepared via PCR, as described previously’. M. tuberculosis tmRNA and SmpB were
512 added to the reactions at final concentrations of 2.75 uM and the reactions were incubated
513 at 37 °C for 2.5 h, precipitated with acetone, analyzed by SDS-PAGE, and visualized by
514 phosphor imaging (GE Healthcare). To inhibit background trans-translation activity
515 contributed by tmRNA-SmpB from the ribosomes, 0.5 uM anti-ssrA oligonucleotide was
516 added to the reactions containing no tmRNA-SmpB. To assess the effect of iron and zinc,
517 Fe2(S0s4)3 or FeSO4 or ZnSO4 or water was preincubated with MBX-4132, KKL-35, or
518 DMSO for 10 min at room temperature and added to the in vitro trans-translation
519 reactions. Wherever necessary, TPEN or water was preincubated with Fe2(SO4)s for 10
520 min at room temperature and added to MBX-4132, KKL-35, or DMSO. This mixture was
521 incubated for 10 min and added to the in vitro reactions. Unless stated otherwise the
522 following final concentrations were used: TPEN (150 uM), Fe2(S0Oa4)3 (150 pM), FeSO4
523 (150 uM), ZnSO4 (100 uM), MBX-4132 (15 uM), KKL-35 (15 uM). Tagging efficiency was
524  calculated as the percentage of total DHFR tagged by tmRNA-SmpB and averaged per

525 reaction from three experiments. Dose-dependent inhibition of trans-translation by MBX-
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526 4132 was determined from at least three repeats. GraphPad Prism was used to plot and
527 fit the data to a sigmoidal function and determine the 1Cso.

528

529 MIC and MBC assays

530 Mtb Minimal media (MM) was prepared as described previously with 0.1% glycerol (v/v)&3.
531 Low iron minimal media (LIMM) was prepared by omitting ferric ammonium citrate from
532 MM. MIC values were determined using broth dilution assays in 96-well microtiter plates
533 per CLSI guidelines. Plates were incubated at 37 °C (one week for M. tuberculosis, four
534 days for M. avium, and two days for M. abscessus) and the MIC was recorded as the
535 lowest concentration of the compound resulting in no visible growth. 5 pL from wells
536 containing the MIC, 2x MIC, and 4x MIC of each compound was spotted on 7H10 agar
537 plates, and grown at 37 °C. An inhibitor was scored as bactericidal if it resulted in a 99%
538 reduction in the CFU at 2x MIC and no recovered CFU at 4x MIC. MBC was recorded as
539 the lowest concentration resulting in no colony-forming units on the 7H10 agar (Difco)
540 plates. Results were recorded from at least three biological repeats.

541

542 RNA-seq

543  For the MBX-4132 RNA-seq study, log-phase M. tuberculosis H37Rv grown in high zinc
544  minimal media (HZMM, MM supplemented with 3.5 pM ZnSO4) was diluted to an ODeoo
545 of ~0.1 in the same medium and subjected to 1.2 yM MBX-4132 or equal-volume DMSO
546 in triplicates. Cells were incubated with shaking at 37 °C for another 48 h. For the ssr KD

547 RNA-seq study, M. tuberculosis H37Rv ssr KD and NTC strains were grown to log phase
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548 in HZMM containing 50 pg/mL kanamycin. Subsequently, cells were inoculated into
549  HZMM with 100 ng/mL ATc at an ODeoo of 0.01 in triplicates and induced for 7 days.

550

551 To obtain RNA, cells were harvested by centrifugation at 4 °C, and resulting pellets were
552 resuspended in 500 pL TRIzol reagent (Invitrogen) containing 1% polyacryl carrier
553 (Molecular Research Center). Next, cells were lysed by two 1-minute rounds of bead
554  beating (Biospec) at maximum speed. 50 uL of 1-bromo-3-chloropropane was added to
555 the lysed samples, which were subsequently centrifuged to separate phases. Equal-
556  volume ethanol was added to the aqueous phase, after which total RNA was isolated and
557 DNA was removed using the Direct-zol RNA MiniPrep Plus Kit (Zymo Research), and
558 cDNA libraries were generated by SeqCenter using the Stranded Total RNA Prep with
559 Ribo-Zero Plus 563 Microbiome kit (lllumina Inc). Final libraries were sequenced on an
560 Illumina Novaseq platform with 150 bp paired-end reads, generating a total of 12 million
561 reads.

562

563 Raw reads were pre-processed using an established pipeline®. Differential expression
564 analysis was conducted on the resulting feature count files using the R (v4.3.2) package
565 DESeq2 (v1.34.0)%”. Enrichment analysis of GO categories was performed using the
566 Database for Annotation, Visualization and Integrated Discovery (DAVID) (v6.9)%86°,
567  Analysis outputs were visualized using R packages tidyverse (v2.0.0), ggpubr (v0.6.0),
568 PCAtools (v2.14.0), and EnhancedVolcano (v1.20.0).

569
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570 To compare gene expression profiles of the two RNA-seq experiments, feature count files
571 were merged, and differential expression was computed for all four conditions using the
572 DESeqg2 package with NTC samples as control. PCA was subsequently carried out and
573  visualized using PCAtools. Read counts for transcripts expressed at >1 counts per million
574 in 22 replicates were normalized and rescaled between -3 and 3, using the edgeR
575 package (v4.0.16)%in R. A dendrogram was consequently constructed with samples and
576  genes clustering by Pearson correlation, using the pheatmap package (v1.0.12).

577

578 Construction of CRISPRI strains

579 Individual CRISPRi (Clustered Regularly Interspaced Short Palindromic Repeats
580 interference) mutants were constructed as previously described”’. Briefly, CRISPRI
581 plasmids were engineered using methods developed by Wong and Rock’? using ssr-
582 targeting and NTC oligos (Table S1) and pIRL58 (Addgene #166886) as the backbone.
583  Successful plasmids confirmed using long-read whole plasmid sequencing at
584  Plasmidsaurus were subsequently co-transformed with pIRL19 (Addgene #163634) into
585 electrocompetent M. tuberculosis H37Rv generated according to a method previously
586 described”®. Integration of CRISPRI constructs was confirmed using PCR.

587

588 To determine the inhibitory activity of MBX-4132 against the CRISPRI strains, cells were
589 induced for 7 days in MM with 100 ng/mL ATc and then inoculated again at an ODsgo of
590 0.01in 5 mL of MM containing various concentrations of MBX-4132. Resulting cultures
591 were grown for 21 additional days at 37 °C with shaking. ODeoo of each culture was

592  subsequently measured. Percent growth was calculated as the ODeoo ratio of the MBX-
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593 4132-treated culture to drug-free controls, and ICgo was defined as the minimum
594  concentration of MBX-4132 resulting in at least 90% reduction in ODeoo values.

595

596 Transposon mutagenesis and insertion sequencing

597 Asaturated transposon insertion library in M. tuberculosis H37Rv was constructed in MM
598 as part of a previous study’. An aliquot of the library was inoculated into 3 liquid cultures
599 in HZMM, each to an ODsoo of 0.01, which were then incubated at 37 °C with shaking until
600 an ODeoo of ~0.32 was reached. At this point, cells were once again diluted to an ODeoo
601 of 0.01 in HZMM and subjected to either 0.5 yM MBX-4132 or an equal volume DMSO.
602 The remaining, undiluted cells were collected by centrifugation and pellets were frozen at
603 -80 °C to determine input. The MBX-4132- and DMSO-treated cultures were allowed to
604 further grow at 37 °C with shaking to an ODeoo of ~0.32, after which they were also spun
605 down and frozen at -80 °C. Once all samples were collected, freezer pellets were thawed
606 at room temperature, and genomic DNA was extracted as previously described’>.
607 Subsequently, libaries was prepared by the University of Minnesota Genomics Center
608 (UMGC) using procedures also described by Thiede et al.”® and sequenced on an AVITI
609 Cloudbreak Low (2x150 PE) platform.

610

611 About 250 million total reads were generated. Raw read files were processed using an
612  established pipeline’>’8. Fitness values for each gene were calculated using two different
613 methods. First, fithess was determined using the resampling method on TRANSIT with
614  default parameters®’, comparing the relative abundance of mutants in MBX-4132-treated

615 samples against DMSO-treated controls for each gene. Using a separate approach with
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616 more emphasis on expansion factors and input library composition, fitness values for
617 individual transposon mutants under each treatment condition were derived as was
618 previously described**. Output of both methods was visualized using R packages
619 tidyverse, ggpubr, and ggrepel (v0.9.5).

620

621 Construction of M. tuberculosis H37Rv altRP deletion strain

622 Deletion of the altRP operon from M. tuberculosis H37Rv was achieved using
623  oligonucleotide-mediated recombineering followed by Bxb1 integrase targeting
624 (ORBIT)"?, using procedures as previously established’®. Electrocompetent cells
625 expressing pKM461 were electroporated with 1 pg of a targeting oligonucleotide
626 (AGCATGGCCTCGGTAAGTTCCCCGGCTTGCCGGATGCGGGTCATGGGCACAGTG

627 CAGCGCGTCGCTGCCTGGTTTGTACCGTACACCACTGAGACCGCGGTGGTTGACC
628 AGACAAACCGCGGCCGGTGACTTGGCAGTGGGCGGACAAGGGGCACCCTTCCTT

629 CGAAGCTCGGCTTATTGAAAATCAT) and 400 ng of the knockout plasmid pKM464.
630 Recovered cells were plated onto supplemented Middlebrook 7H10 medium containing
631 50 pg/mL hygromycin B (Corning). The presence of the chromosome-pKM464 junctions
632  was screened for in resulting candidates using lllumina Whole Genome Sequencing (200
633 Mbp), conducted by SeqCenter. Sequencing reads were aligned to the M. tuberculosis
634 H37Rv genome (NC_000962.3) using breseq (v0.38.1)"® and visualized using the
635 Integrative Genomics Viewer (IGV) (v2.16.1)7°,

636

637  Following confirmation of altRP deletion, susceptibility to MBX-4132 was examined using

638 a modified version of the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
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639  bromide] assay?®’. Briefly, mid-log H37Rv and H37Rv AaltRP cultures grown in HZMM or
640 MM were diluted to an ODsoo = 0.01 in their respective media and then exposed to various
641 concentrations of MBX-4132 at 2.5% volume in a microtiter plate for 14 days. After
642  overnight MTT treatment and formazyn solubilization, the absorbance at 570 nm (ODs7o)
643 of each well was measured using a microplate reader (BioTek Synergy H1). Percent
644  growth, ICso, and ICgo were calculated as described in the ssr KD MBX-4132 susceptibility
645  assay.

646

647 Evaluation of KKL-35 and MBX-4132 in macrophages

648 M. tuberculosis H37Rv was cultured in supplemented Middlebrook 7H9 and HZMM before
649  susceptibility to KKL-35 and MBX-4132 was tested, respectively, to mid-log phase prior
650 to infection.

651

652 RAW 264.7 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) with
653 GlutaMAX™ supplement (Gibco), 10% fetal bovine serum (FBS), and 100 U/mL of
654  penicillin-streptomycin at 37 °C in a humidified chamber containing 5% COa. Cells were
655 seeded at a density of 10° cells/mL in DMEM with GlutaMAX™ and 10% FBS in 12-well
656 plates. The next day, macrophages were infected as previously outlined and treated with
657 various concentrations of KKL-35, MBX-4132, and isoniazid (INH) (control)®'. The culture
658 medium was replenished daily. On infection day and days 3 and 7 post-infection,
659 macrophage cultures were lysed with 0.1% Triton X-100 buffer, diluted and plated for
660 CFU/mL quantification. The percentage of cells that survived was calculated as the

661 CFU/mL ratio of the day 3 or 7 culture to its respective day 0 input multiplied by 100%.
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662

663 To examine MBX-4132 killing in activated macrophages, RAW 264.7 cells were treated
664  with fresh DMEM supplemented with GlutaMAX™  10% FBS, and 5 ng/mL of IFN-y
665 (Thermo Scientific) the day after seeding and reincubated overnight before infection.

666

667 DATA AVAILABILITY

668 Sequencing data presented in this study are deposited in the Sequence Read Archive
669 (SRA). BioProject ID: PRINA1104247
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950 SUPPLEMENTAL INFORMATION

951
stop codon + - + — —
tmRNA-SmpB + - + - -
anti-SsrA - — — — +
tagged DHFR-ns — -
DHFR-ns — “
DHFRs- WS S = l
952

Fig S1. M. tuberculosis in vitro translation and trans-translation. Genes encoding DHFR with or
953 without a stop codon were expressed in vitro in the absence or presence of tmMRNA-SmpB and an anti-

SsrA oligonucleotide, as indicated. Reactions were incubated at 37 °C for 2.5h and analyzed by SDS-

PAGE followed by phosphorimaging. The locations of DHFR-stop, DHFR-ns, and tagged DHFR as
954 determined in control reactions are indicated.

955
DMSO  KKL-35  MBX-4132
-
956 %tagging 5716 T
957 Fig S2. KKL-35 and MBX-4132 inhibit M. tuberculosis trans-translation in vitro. A gene encoding

DHFR without a stop codon was expressed in the presence of M. tuberculosis tmRNA-SmpB, with 20 uM
KKL-35 or MBX-4132 as indicated. Synthesized protein was detected by incorporation of *S-methionine
958 followed by SDS-PAGE and phosphorimaging. Bands corresponding to tagged and untagged DHFR are

indicated, and the average percentage of DHFR protein found in the tagged band for two repeats is shown
959 with the standard deviation.

960
MBX-4132 - + - +
ZnSO, - - + +
tagged DHFR-ns—
DHFR-ns— J
961 %tagging 0203 5122 G344 dse2
Fig S3. Zinc does not affect the activity of MBX-4132 in vitro
962 A gene encoding DHFR without a stop codon was expressed in the presence of M. tuberculosis tmRNA-
SmpB without or with 100 uM ZnSO4 and 10 uM MBX-4132. Synthesized protein was detected by
963 incorporation of 33S-methionine followed by SDS-PAGE and phosphorimaging. Bands corresponding to

tagged and untagged DHFR are indicated, and the average percentage of DHFR protein found in the

964 tagged band for two repeats is shown with the standard deviation.
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Fig S4. Validation of RNA-seq treatment and results. A) Growth analysis of early-log M. tuberculosis
H37Rv treated with various concentrations of MBX-4132 for 48 hours (~1 generation). The dashed line
represents ODeoo of the pre-treatment cultures and the solid line denotes ODsoo of post-treatment cultures,
changing with MBX-4132 concentration. All concentrations tested resulted in ~50% inhibition of growth, with
1.2 uM selected for RNA-seq as 0.3x ICg0. B) PCA plot of MBX-4132 RNA-seq results where samples with
similar transcriptional profiles cluster. MBX-4132- and DMSO-treated (hereby labeled as Untreated) samples
are marked in blue and black, respectively, in 3 biological replicates each. Each point represents a biological
replicate. C) Growth validation of the M. tuberculosis H37Rv ssr KD strain in MM. A mid-log ssr KD culture
was diluted in MM containing 100 ng/mL ATc to an ODeoo of ~ 0.01, and growth of resulting cultures was
monitored for 8 days. Data represent means and standard deviations of biological triplicates. D) Growth
validation of the M. tuberculosis H37Rv ssr KD strain in HZMM during RNA-seq setup. E) PCA of the ssr KD
RNA-seq study. ssr KD and NTC samples are shown in light blue and black, respectively, in 3 biological
replicates each. F) PCA comparing MBX-4132 and ssr KD RNA-seq studies. MBX-4132-treated and DMSO-
treated (denoted as No Drug (ND)) were shaded in soft reds, and ssr KD and NTC samples were shaded in
blues, each containing 3 biological replicates. G) Dendrogram showing expression patterns of genes in MBX-
4132 and ssr KD RNA-seq studies, with normalized read counts rescaled between -3 and 3. Each row
corresponds to a single gene, while each column represents a biological replicate. Genes and samples were
clustered using Pearson correlation.
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Figure S5. Differential expression of select genes and gene ontology analyses. A) Differential
979 expression of select genes in M. tuberculosis H37Rv samples treated with MBX-4132 as compared to DMSO
samples. Data represent mean logz fold change * standard error of the mean of 3 biological replicates.
980 Vertical dashed lines represent logz-fold change cut-offs at +1. Genes are grouped by biological processes.
Asterisks indicate statistical significance levels. *p <0.05, **p<0.01, ***p <0.001, ****p < 0.001. B-C) GO
term enrichment associated with genes significantly up- and down-regulated by (B) MBX-4132 and (C) ssr
KD, as determined by DAVID.
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983 Figure S6. Growth curves of M. tuberculosis H37Rv treated with various subinhibitory
concentrations of MBX-4132 in HZMM. Mid-log M. tuberculosis was diluted to an ODsoo of 0.01 in HZMM

984 and subjected to a geometric series of MBX-4132 concentrations. ODeoo of resulting cultures was
subsequently measured on days 6 and 12. Different colors represent varying MBX-4132 concentrations,
and data depict means of biological triplicates with standard deviations. Treatment of 0.5 yM MBX-4132

985 approximately doubled the generation time of M. tuberculosis H37Rv and was therefore selected as the
concentration used for Tn-Seq.
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Figure S7. Role of AItRPs in MBX-4132 susceptibility. A) Read alignments of M. tuberculosis H37Rv
988 AaltRP. gDNA of the ORBIT deletion strain was extracted, and whole genome resequencing was performed
by SeqCenter. Subsequently, reads were aligned to the M. tuberculosis H37Rv genome using breseq. BAM
files generated were loaded into the Integrative Genomics Viewer (IGV) to illustrate the pileup against the

989 H37Rv genome, zoomed in on a region encapsulating the altRP operon (positions 2,313,649-2,315,662). B)
AltRPs do not affect acylaminooxadiazole-mediated inhibition of trans-translation in vitro. A gene encoding
990 DHFR without a stop codon was expressed in the presence of M. tuberculosis tmnRNA-SmpB and ribosomes
purified under zinc-rich (PrimRibos) or zinc deplete conditions (AltRibos). Control reactions were performed
991 in the presence of ribosomes purified from M. tuberculosis cultures not supplemented with either ZnSO4 or

TPEN. 1.3% DMSO or 15 yM MBX-4132 was added to the appropriate reactions. Synthesized protein was
detected by incorporation of 3°S-methionine followed by SDS-PAGE and phosphorimaging. Bands
992 corresponding to tagged and untagged DHFR are indicated, and the average percentage of DHFR protein
found in the tagged band for two repeats is shown with the standard deviation.
993
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SUPPLEMENTAL TABLES

Table S1 Bacterial strains and plasmids

Strain Description Source or reference
E. coli DH5a For propagation of (Chan et al., 2013)
plasmids

E. coli BL21 (DE3)

For protein expression

(Studier and Moffatt 1986)

JW5503

tolC::Kan

Keio collection (Baba et al.,
2006)

M. tuberculosis H37Rv

WT strain; virulent

Gift from Jacobs Lab

M. tuberculosis H37Rv
ARD1 ApanCD

H37Rv derivative; ARD1
ApanCD; avirulent

Gift from Jacobs Lab
(Sambandamurthy et al.,
2006)

M. tuberculosis H37Rv ssr
KD

H37Rv derivative; ssr KD
by CRIPSRI

This study

M. tuberculosis H37Rv
NTC

H37Rv derivative; CRISPRI
non-targeting control

(Li et al., 2022)

pet28atuf-Hise

expressing 6His-tagged M.
tuberculosis tuf

M. tuberculosis H37Rv H37Rv derivative; AaltRP | This study
AaltRP (Rv2055c-Rv2058¢c)
M. avium WT strain BEI
M. abscessus WT strain BEI
E. coli BL21(DE3) Contains plasmid This study
pet28ainfA-Hise expressing 6His-tagged M.

tuberculosis infA
E. coli BL21(DE3) Contains plasmid This study
pet28ainfB-Hise expressing 6His-tagged M.

tuberculosis infB
E. coli BL21(DE3) Contains plasmid This study
pet28ainfC-Hise expressing 6His-tagged M.

tuberculosis infC
E. coli BL21(DE3) Contains plasmid This study
pet28fusA1-Hise expressing 6His-tagged M.

tuberculosis fusA1
E. coli BL21(DE3) Contains plasmid This study
pet28fusA2-Hise expressing 6His-tagged M.

tuberculosis fusA2
E. coli BL21(DE3) Contains plasmid This study
pet28atsf-Hise expressing 6His-tagged M.

tuberculosis tsf
E. coli BL21(DE3) Contains plasmid This study
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E. coli BL21(DE3) Contains plasmid This study

pet28aprfA-Hiss expressing 6His-tagged M.
tuberculosis prfA

E. coli BL21(DE3) Contains plasmid This study

pet28aprfB-Hiss expressing 6His-tagged M.
tuberculosis prfB

E. coli BL21(DE3) Contains plasmid This study

pet28afrr-Hise expressing 6His-tagged M.
tuberculosis frr

JW2667 Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli alaS al., 200%5)

JW1865 Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli argS al., 200%5)

JW1855 Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli aspS al., 200%5)

JW0913 Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli asnS al., 2005)

JW0515 Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli cysS al., 2005)

JWO0666 Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli ginS al., 200%5)

JW2395 Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli gltX al., 200%5)

JW Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli glyQ al., 2005)

JW Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli glyS al., 200%5)

JW2498 Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli hisS al., 200%5)

JW0024 Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli ileS al., 2005)

JW0637 Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli leuS al., 200%5)

JW4090 Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli lysU al., 200%5)

JW2101 Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli metG al., 2005)

JW Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli pheS al., 200%5)

JW Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli pheT al., 2005)

JW0190 Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli proS al., 200%5)

JW0876 Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli serS al., 2005)
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Jw1709 Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli thrS al., 200%5)

JW3347 Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli trpS al., 200%5)

JW1629 Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli tyrS al., 200%5)

JW4215 Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli valS al., 200%5)

JW2502 Contains plasmid pCA24N | ASKA library (Kitagawa et
expressing E.coli ndk al., 200%5)

JW3249 Contains plasmid pCA24N | ASKA library (Kitagawa et

expressing E.coli fmt

al., 2005)

E. coli DH5a pIRL58

Contains plasmid
expressing Sth1 dCas9

(Li et al., 2022)

E. coli DH5a pIRL19

Contains plasmid
expressing L5 phage
integrase

(Li et al., 2022)

E. coli DH5a pIRL58-ssr

Contains plasmid
expressing Sth1 dCas9
and sgRNA targeting ssr

This study

E. coli DH5a pIRL58-NTC

Contains plasmid
expressing Sth1 dCas9
and non-targeting sgRNA

(Li et al., 2022)

Plasmid

Description

Source or reference

pet28a

Expression vector, IPTG-
inducible; kanR

Novagen

pet28a-infA-His6

IPTG- inducible expression
of M. tuberculosis infA;
kanR

This study

pet28a-infB-His6

IPTG- inducible expression
of M. tuberculosis infB;
kanR

This study

pet28a-infC-His6

IPTG- inducible expression
of M. tuberculosis infC;
kanR

This study

pet28a-fusA1-His6

IPTG- inducible expression
of M. tuberculosis fusAT;
kanR

This study

pet28a-fusA2-His6

IPTG- inducible expression
of M. tuberculosis fusA2;
kanR

This study

pet28a-tuf-Hisb

IPTG- inducible expression
of M. tuberculosis tuf, kan®R

This study
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pet28a-tsf-His6

IPTG- inducible expression
of M. tuberculosis tsf: kanR

This study

pet28a-prfA-His6

IPTG- inducible expression

This study

of M. tuberculosis prfA;
kanR

pet28a-prfB-His6

IPTG- inducible expression
of M. tuberculosis prfB;
kanR

This study

pet28a-frr-His6

IPTG- inducible expression
of M. tuberculosis frr; kanR

This study

pet28a-SmpB-His6

IPTG- inducible expression
of M. tuberculosis smpB;
kanR

This study

pGEM-ssr

Expresses M. tuberculosis
ssr gene off a T7 promoter,

This study

pDHFR

Expresses DHFR off a T7
promoter; ApR

New England Biolabs

pIRL58

Expresses Sth1 dCas9
optimized for M.
tuberculosis. Lacks L5
integrase; kanR

(Li et al., 2022)

pIRL19

Expresses L5 phage
integrase; ApR

(Li et al., 2022)

pIRL58-ssr

Expresses Sth1 dCas9
and sgRNA targeting ssr;
kanR

This study

pIRL58-NTC

Expresses Sth1 dCas9
and non-targeting sgRNA,;
kanR

(Li et al., 2022)

Oligonucleotide | Sequence 5' to 3' Source or
reference
TBinfAfor ACTTTAAGAAGGAGATATACATGGCCAAGAA | This study
G
GACGGTG
TBinfArev AGTGGTGGTGGTGGTGGTGCTTGTACCGGT | This study
AC
ACGATGC
TBinfBfor ATATCCATGGTGGCAGCAGGTAAGGCC This study
TBinfBrev ATACTCGAGCGCGCGTTCCTTCTGGACC This study
TBinfCfor ACTTTAAGAAGGAGATATACATGATCAGCACT | This study
G
AAACCCG
TBinfCrev AGTGGTGGTGGTGGTGGTGCCCGTTCGGTG | This study
CG
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GCTTTG

TBfusA1for

ACTTTAAGAAGGAGATATACATGGTGGCACA
GA
AGGACGTG

This study

TBfusA1rev

AGTGGTGGTGGTGGTGGTGCCCCTCGCCC
GTC
GCCTTC

This study

TBfusAZ2for

ACTTTAAGAAGGAGATATACATGGCCGACAG
AG
TGAATGCTTCCC

This study

TBfusAZ2rev

AGTGGTGGTGGTGGTGGTGCCCGCCGGCC
CCG
GCCTTT

This study

TBtsffor

ACTTTAAGAAGGAGATATACATGGCGAACTTC
AC
TGCCG

This study

TBtsfrev

AGTGGTGGTGGTGGTGGTGCCCAGCCTGG
CCC
ACCTCG

This study

TBtuffor

ACTTTAAGAAGGAGATATACATGGTGGCGAA
GG
CGAAG

This study

TBtufrev

AGTGGTGGTGGTGGTGGTGCCCCTTGATGA
TCT
TGGTGAC

This study

TBprfAfor

ACTTTAAGAAGGAGATATACATGACGCAGCC
A
GTGCAG

This study

TBprfArev

AGTGGTGGTGGTGGTGGTGCCCTGATTGTC
G
CAACCGG

This study

TBprfBfor

ACTTTAAGAAGGAGATATACATGCCGGTAACC
1T
GGCTG

This study

TBprfBrev

AGTGGTGGTGGTGGTGGTGCCCGTCGTCAT
TAC
GTCGATTG

This study

TBfrrfor

ACTTTAAGAAGGAGATATACATGATTGATGAG
GC
TCTCTTCG

This study

TBfrrrev

AGTGGTGGTGGTGGTGGTGCCCGACCTCCA
GCA
GCTCG

This study

TB_SmpB_F

CGCGGCAGCCATATGGTGTCCAAGTCGTCG
C
GTG

(Dillon et al.,
2017)
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TB_SmpB_R CTCGAGTGCGGCCGCAAGCTTCAGGTCATG | (Dillon et al.,
C 2017)
CCTTAGCGC
MtbSsrAF GAAATTAATACGACTCACTATAGGGGCTGAAC | (Dillon et al.,
G 2017)
GTTTCGACTT
MtbSsrAR TGGTGGAGCTGCCGGGAATC (Dillon et al.,
2017)
Anti-ssrA ATGTGAATCGGCGCTTATT (Dillon et al.,
2017)
dhfr-ns reverse | AAACCCCTCCGTTTAGAGAGGGGTTTTGCTA | (Ramadoss et
G al., 2013)

TATCCGCCGCTCCAGAATCTCAAAGCAA

dhfr-stop reverse

TTAACCCCTCCGTTTAGAGAGGGGTTTTGCT

(Ramadoss et

A GTATCGCGATGGCTTCATCCA CCGACTT al., 2013)
ssrCRISPRitop | GGGAATCCCAGTCGCTGTGGTTGTCC This study
oligo
ssr CRISPRI AAACGGACAACCACAGCGACTGGGAT This study
bottom oligo
NTC CRISPRI GGGAGCATCCGGAGCCCGTCCGTTAA (Lietal., 2022)
top oligo
NTC CRISPRI AAACTTAACGGACGGGCTCCGGATGC (Lietal., 2022)
bottom oligo
altRP ORBIT AGCATGGCCTCGGTAAGTTCCCCGGCTTGC | This study

deletion oligo

CGGATGCGGGTCATGGGCACAGTGCAGCGC
GTCGCTGCCTGGTTTGTACCGTACACCACTG
AGACCGCGGTGGTTGACCAGACAAACCGCG
GCCGGTGACTTGGCAGTGGGCGGACAAGG
GGCACCCTTCCTTCGAAGCTCGGCTTATTGA
AAATCAT
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