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Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis,
remains the deadliest human pathogen. Treatment is hampered by

drug resistance and the persistence of slow-growing or non-replicating
populations. Rifampicin, a cornerstone of first-line therapy, inhibits
transcription during promoter escape, but resistance mutations undermine
efficacy and drive resistance spread. We revisited the transcription cycle
asanantibacterial target by characterizing AAP-SO,, an RNA polymerase
inhibitor with whole-cell activity against Mtb. AAP-SO, slows the nucleotide
addition cycle, disrupting elongation and termination. Rifampicin-resistant
mutations impose fitness costs by perturbing the balance of these steps,
creating exploitable weaknesses. Inhibition of transcription with AAP-SO,
reduced the evolution of rifampicin resistance and was especially effective
against the most common resistant mutant. Combination treatment

with rifampicin and AAP-SO, synergistically killed non-replicating Mtb in
anex vivo rabbit granuloma model. These findings show that exploiting
functional vulnerabilities of the transcription cycle can counter rifampicin
resistance and improve clearance of recalcitrant Mtb populations.

Tuberculosis (TB) is the deadliestinfectious disease globally, with ~1.25
million deaths in 2023". In addition, ~25% of the world’s population
(-1.7 billion people) is estimated by the World Health Organization
to have been infected with Mycobacterium tuberculosis (Mtb) and the
Centers for Disease Control and Prevention treat such cases as latent
TB infections (LTBIs)>*. Efforts to eradicate TB are hindered by drug
resistance and the challenges associated with treating slow-growing or
non-replicating Mtb, especially in the context of pulmonary necrotic
granulomas*®,

TB treatment relies on combination therapy to both shorten
treatment duration and limit drug resistance’. The first-line regimen

includes four drugs: rifampicin (Rif), isoniazid, ethambutol (EMB)
and pyrazinamide. Rif, which inhibits RNA polymerase (RNAP), is the
cornerstone drugin theregimen. Itis especiallyimportant for steriliz-
ing slow-growing or non-replicating bacteria, such as those found in
granulomas®. LTBIs are treated with either acombination of Rif (or the
Rif derivative, rifapentine) and isoniazid for 3 months or Rif alone for
4-6 months™°,

Due to Rif’s central role in TB therapy, Rif resistance is a serious
concern”.In2023, there were ~400,000 cases of Rif-resistant TB, which
made up about one-fifth of all deaths due to antibiotic resistance'. The
most common Rif-resistant mutation is a serine-to-leucine substitution
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Fig.1| The Mtb transcription cycle consists of multiple steps for targeted
inhibition. a, The bacterial transcription cycle involves five general steps:
initiation, promoter escape, elongation/pausing, termination and core
dissociation. Rif, the only antitubercular therapy targeting transcription,
inhibits the promoter escape step. b, Native mass spectrometry analysis of
Mtb RNAP core (grey spectrum) with measured mass consistent with the
correct subunit stoichiometry (a2fp'w). Incubation of the RNAP core with Rif
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(823 Da) (red spectrum) completely shifted the peak from core to the Rif-bound
complex. ¢,d, Native mass spectrometry analysis of RNAP core incubated with
MMV 688845 (436 Da) (aquamarine spectrum) or AAP-SO, (496 Da) (green
spectrum) showed peak shifts corresponding to their respective masses,
validating these compounds as RNAP binders. Detailed mass analyses can be
found in Extended Data Fig. 1.

inthe RNAP (3 subunit (3S450L), which leads to loss of Rif binding"* .
Totreat Rif-resistant TB, BPaL (bedaquiline, pretomanid and linezolid)
hasrecently beenapprovedbut its use requires caution due to the rapid
evolution of drug resistance®. These challenges highlight the need
for innovative combination therapies targeting both drug-sensitive
and drug-resistant TB.

Given RNAP’s essential function and vulnerability in Mtb", we
investigated whether targeting distinct steps of the transcription cycle
could enhance treatment efficacy. The transcription cycle (Fig.1a) isa
highly regulated, multistep process thatincludes: (1) initiation, where
promoter recognition and DNA melting occur; (2) promoter escape,
where RNAP breaks free from promoter-specific interactions; (3) elon-
gation, where RNA synthesis proceeds, modulated by pausing; (4)
termination, where RNAis released from the DNA template and RNAP;
and (5) dissociation, where RNAP detaches from the DNA torestart the
cycle?® >, Allthe steps of the transcription cycle are potential antibiotic
targets. Importantly, pausing and termination are kinetically competi-
tive with elongation, meaning that changes in the rates of elongation
inversely affect the rates of pausing and termination?.

Currently, two RNAP inhibitors with activity against early tran-
scription steps are clinically available. Fidaxomicin (Fdx), used to
treat theintestinal pathogen Clostridioides difficile, inhibits initiation
by preventing RNAP clamp closure on DNA??°, Fdx is not used for TB
due to low bioavailability. The second inhibitor is Rif, which blocks
promoter escape by obstructing nascent transcript translocation,
leading to abortive transcripts'*.

To explore alternative ways to inhibit transcription, we revis-
ited the transcription cycle as a target by exploring the RNAP inhibi-
tor AAP-SO, (refs. 31-33), an Na-aroyl-N-aryl-phenylalanine amide
(AAP)*. AAP-SO,, an analogue of the antimycobacterial compound
MMV688845, exhibits whole-cell activity against Mtb and related

species®**. AAP-SO, is chemically related to D-AAP1 (ref. 36), hypoth-
esized to target elongation due to its binding site overlapping with
CumBRe Inc’s N-hydroxy-N’-phenyl-3-trifluoromethyl-benzamidine
(CBR) compounds that inhibit Escherichia coli (E. coli) RNAP. CBR
compounds work by inhibiting RNAP elongation and increasing rates
of pausing® .

Previous studies linked the $S450L mutation’s fitness cost to
slow elongation and hypertermination'>". An elongation inhibitor
would exacerbate the functional vulnerability of S450L RNAP, fur-
ther increasing its fitness cost relative to Rif-sensitive (RifS) strains.
Our findings revealed that AAP-SO, slows nucleotide addition dur-
ing elongation and profoundly increases rates of termination. We
then uncovered the biochemical and structural basis of the increased
potency of AAP-SO, over the original AAP compounds. Furthermore, we
demonstrated that AAP-SO, minimizes the emergence of Rif resistance
and specifically limits the evolution of BS450L Rif resistance in Mtb.
We also found that AAP-SO, effectively sterilizes 3S450L Rif-resistant
Mtb in time-kill experiments. Importantly, the combination of Rif with
AAP-SO, showed synergistickilling of non-replicating Mtbin an ex vivo
caseum model.

Taken together, these results underscore the potential of a rational
drug combination approach that dually targets the RNAP—critical for
the survival of both replicating and non-replicating Mtb—to increase
treatment efficacy and slow the evolution of drug resistance.

Results

A pipeline to evaluate direct target engagement of putative
Mtb RNAP inhibitors

To confirm the mode of action and to determine the structural basis
of the increased potency of the inhibitor AAP-SO, over the parent
compounds®, we first required evidence of direct target engagement
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Fig.2|Effect of AAP-SO, on Mtb RNAP nucleotide addition and transcription
termination. a, Sequence of the elongation scaffold used for nucleotide addition
assays (see Methods for full sequences). The 3’ Arepresents position A20 of the
RNA in the scaffold. The added CTP forms a 21-mer RNA (C21), representing a
single NTP incorporation event. b, Schematic representation of the scaffold-
based single-nucleotide addition assay to monitor the conversion of A20 to
C21using Mtb RNAP on a fluorescently (5’ 6-FAM fluorescein) labelled RNA

ina DNA scaffold, as depicted in a. ¢, Fraction of C21 RNA formed at specific
timepoints (0, 7,15,30 and 60 s) in the presence of DMSO (control) or AAP-SO,.
Bar graph represents the fraction of C21RNA formed at 7sasmean +s.e.m.(n=3
biological replicates, unpaired two-sided t-test, p = 0.041). d, Sequence of the
rrfhairpin terminator used in the scaffold for the termination assay illustrated
ine. e, Schematic representation of the in vitro termination assay using Mtb
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RNAP ona promoter-initiated template in the presence or absence of AAP-SO,.
The U26 C-less halt site is labelled (‘Halt’), along with the termination site near
+150 bases (‘Term’) and the run-off transcript at +263 bases (‘RO’). f, Results of
radioactive-based transcription assays to measure in vitro termination by Mtb
RNAP on a promoter-initiated template in the presence or absence of AAP-SO,
asschematized in e and as previously described”. Termination efficiency was
calculated following the method of ref. 26. Data are presented as mean + s.e.m.
(n=3biological replicates, paired one-sided t-test, p = 0.006). g, Schematic of
the aptamer-based transcription assay used to quantify elongation (spinach
aptamer bound to DFHBI, green) and rrfreadthrough (mango aptamer bound
to TO1, orange). h, Percent fluorescence in the green (elongation) and orange
(readthrough) channelsin the presence of 200 nM AAP-SO, compared with the
DMSO control (0) (mean +s.e.m., n =3 biological replicates).
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Fig. 3 | Structural basis of AAP-SO, binding and potency. a, IC;, determination
of AAP-SO, and MMV688845 on Mtb RNAP transcription using a fluorescence-
based aptamer assay. Data are presented as mean + s.e.m (n = 3 biological
replicates). b, Surface representation of the Mtb elongation complex structure,
with AAP-SO, (shown as spheres). DNA is shown in cartoon as are protein features
critical for AAP-SO, binding. ¢, Close-up view of the AAP-SO, binding site,
highlighting interactions with RNAP features important for catalysis: Fork-loop
2, the Bridge-helix and the F-loop. Rif is modelled from structure 6CCV'°°. The
polished, sharpened map is contoured at 7-o around the protein and 5-c around

the modelled water molecules (W1and W2).d, AAP-SO, forms six hydrogen
bonds (black dashed lines) with RNAP and two water molecules (W1and W2).
Theseinteractions include two hydrogen bonds between the protein and the
sulfone group of AAP-SO,, with one of them mediated by W1. Inaddition, AAP-SO,
engages in t-CH interactions (light-blue arc) between BPro477 and AAP-SO, as
well as hydrophobic interactions (grey arcs) with the Mtb core RNAP. Interactions
were calculated using LIGPLOT®> witha 3.5 A cut-off for hydrogen bonds. The
contouring in c matches those described in b. Validation statistics are listed in
Extended Data Table 2.

by the compound. We therefore employed native mass spectrometry,
which detects intact non-covalent complexes and the corresponding
mass shift upon compound binding without requiring additional sam-
ple modification steps such as labelling, crosslinking or immobiliza-
tion. Native mass spectrometry also serves as a reliable predictor of
complexes suitable for downstream structural studies*°.

Using Rif as a positive control (Fig. 1b), we confirmed that the
RNAP-Rif complex remains intact during native mass spectrometry
analysis, validating the method’s utility for identifying RNAP-binding
smallmolecules. We then demonstrated with native mass spectrometry
thatboth MMV688845 and AAP-SO, directly bind Mtb RNAP (Fig.1c,d).
Furthermore, AAP-SO, binds a higher fraction of the input RNAP than
MMV688845 (Fig. 1c,d), consistent with the enhanced antimycobacte-
rial activity of AAP-SO, (ref. 33).

AAP-SO, inhibits nucleotide addition

Chemically distinct CBR molecules, which inhibit E. coli but not Mtb
RNAP, bind to a site predicted to overlap with the AAP-SO, binding
site. This prediction is based on structural data of CBR-bound E£. coli
RNAP***° and AAP-SO, resistance mutations observed in Mycobac-
terium abcessus*'. CBR molecules have been shown to affect tran-
scription elongation and pausing, probably by affecting nucleotide
incorporation® %,

AAP-SO, ischemically related to MMV688845 and D-AAP1: all three
compounds are diamides of D-phenylalanine, although they have dis-
tinct chemical modifications. AAP-SO, has a thiomorpholine dioxide
structure (Fig. 1c,d) instead of a morpholine ring (MMV688845) or a
methyl group (D-AAP1). In addition, in AAP-SO,, the amino group of
phenylalanine is amidated by 2-fluorobenzoic acid. D-AAP1 is known
toinhibit Mtb transcription and kill Mtb*. However, the precise step of
the transcription cycle that D-AAP1 affects remains unknown.

Havingestablished that AAP-SO, directly binds to RNAP (Fig.1d),
we next examined its effect on Mtb transcription. Transcription elon-
gation is a conserved multistep process that accomplishes phos-
phodiester bond formation in the RNAP active site, thereby adding
nucleotides to the nascent RNA. The nucleotide addition cycle com-
prises four key events****: (1) Substrate NTPs load into the active
site (thei+1site) and Watson-Crick base pair with the template DNA.
(2) Catalysis occurs where aphosphodiester bond forms between the
RNA 3’-0 and the a-phosphate of the substrate NTP. (3) The substrate
B- and y-phosphates (in the form of pyrophosphate) are released as a
by-product of bond formation. (4) Translocation of the RNA resets the
activesitetoacceptanew NTPinthei +1site.

To test AAP-SO,’s effect on a single NTP incorporation event
(steps 1and 2), we designed a nucleic acid scaffold that assembles
with RNAP in the post-translocated state (Extended Data Table 1),
where thei+1NTPbindingsiteis empty, and measured the extension
ofthe RNA as afunction of timein the presence or absence of AAP-SO,
(Fig. 2a). In the absence of drug, the extension of the RNA transcript
wasalready complete at the shortest timepoint measurable by manual
pipetting (7 s). In the presence of AAP-SO,, RNA extension was not
complete until 30 s (Fig. 2c). Thus, AAP-SO, slows nucleotide addition
(Extended DataFig.2a,b). These results provide insights into the mode
of action of AAP-SO, in killing mycobacterial pathogens*..

Since elongation and termination are kinetically competitive
processes®, we also examined AAP-SO,’s effect on termination. Strik-
ingly, AAP-SO, increased the termination efficiency of Mtb RNAP
from 45% to 85% at the Mtb rrfintrinsic terminator (Fig. 2d-f and
Extended Data Fig. 2c). Although the overall transcription signal was
reducedinthe presence of AAP-SO,, consistent withits functionasan
elongation inhibitor, we were nevertheless able to observe a shift in
theratio of termination to elongation. We next sought to confirm our
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elongation and termination results using an independent approach.
To do this, we adapted an aptamer-based in vitro transcription assay
previously used to quantify initiation and elongation*® by producing
the spinach aptamer, incorporating the rrfterminator and adding a
downstream mango aptamer to simultaneously measure readthrough
efficiency (Fig. 2g). Consistent with the radioactive assay, we found that
AAP-SO,reduces elongation rates to-33% while increasing termination,
asevidenced by areduction of rrfterminator readthroughto 9.7% rela-
tive tono AAP-SO, (Fig. 2h). We further validated this assay using known
pro-pausing factors NusA and NusG, which produced similar effects on
elongation and termination (Extended Data Fig. 2f).

Akey advantage of the aptamer assay compared to the radioactive
assayisthat RNAPboundby Rif canengage DNA asnoRNA is pre-bound.
Rif prevents assembly of elongation scaffolds because it clashes with
the RNA". We confirmed that Rif and Fdx inhibit spinach production,
consistent with their known mechanisms (Extended Data Fig. 2d,e).
These results highlight that AAP-SO, acts through a mechanismdistinct
from that of Rif and Fdx.

Structural basis of AAP-SO, binding and potency

We next compared the half-maximal inhibitory concentration (ICs,)
values of MMV688845 and AAP-SO, using an aptamer-based in vitro
transcription assay*’. The increased in vitro potency of MMV688845
and AAP-SO, (IC5,0f 0.290vs 0.025 uM, respectively; Fig. 3a) reflects the
higher in vivo potency (MIC,, of 0.494 pM vs 0.138 UM, respectively).
We note that the calculated IC,, of AAP-SO, is below the enzyme con-
centration (0.1 uM) required for the assay. While this IC,, calculation
servesasanestimation, itis clearly less than 0.05 uM, which represents
the upper bound.

We then elucidated the structural basis for AAP-SO,’s increased
potency against RNAP by solving the cryogenic electron microscopy
(cryo-EM) structure of the Mtb RNAP core bound to AAP-SO, on an
elongation scaffold (Fig.3b and Extended DataFig. 3a). The structure
was resolved to a nominal resolution of 2.97 A, with local resolution
around the AAP-SO, molecule at 2.5 A (Extended Data Table 2 and
Extended Data Fig. 3b,c). Similar to D-AAP1 (ref. 36), AAP-SO, binds
~30 A away from the RNAP active site Mg?* and does not overlap with
the Rif binding site (Fig. 3¢). We note that the binding sites for CBR
molecules and AAP-SO, are not conserved among bacterial clades or
in eukaryotic RNAPs, RNAP I, RNAP Il or RNAP III, explaining the lack
of toxicity and off-target effects®*'.

AAP-SO, interacts with three key features of RNAP involved in
nucleotide addition: the ' residues of the F-loop, the N-terminal part of
the Bridge-helixand the B residues of Fork-loop 2 (refs. 47-51) (Fig.3c,d).
We predict that AAP-SO,, similar to the CBRand D-AAP1 molecules, dis-
rupts the positioning of the Bridge-helix, F-loop and Fork-loop 2, which
areessential for nucleotide addition, thereby explaining the allosteric
effects of AAP-SO, on elongation and termination.

AAP-SO, forms three hydrogen bonds with RNAP. Two of these
contacts involve the amide group nitrogens of AAP-SO, acting as
hydrogen bond donors to the carbonyl oxygens of RNAP Gly560 and

B’Leu847 (located on the Bridge-helix). The observation of ahydrogen
bondbetweenthe amide of AAP-SO, thatinteracts with fGly560 aligns
with the observation that methylation of the amide group renders
AAP-SO, ineffective®. The third hydrogen bond is formed between
the sulfone oxygen (absent in D-AAP1) of AAP-SO, and the side-chain
amide of 3’Asn826 (part of the F-loop). This hydrogen bond explains
AAP-SO,’sincreased potency over other AAP molecules. Furthermore,
we observed two additional interactions between the AAP-SO, sulfone
group and two water molecules (Fig.3d). AAP-SO,’sbinding to Mtb RNAP
is further strengthened by multiple hydrophobic interactions as well
asam-CHinteraction betweenits benzene ring and BPro471 (Fig. 3c).

Finally, we compared our cryo-EM structure of the Mtb elongation
complex with AAP-SO, to two crystal structures of RNAP inhibitors
boundinsimilarbinding pockets: CBR703 bound to £. coliRNAP (reso-
lution3.71 A, PDB:4XSX)* and D-AAP1bound to Mtb RNAP (resolution
4.04 A, PDB: SUHE)™.

The Mtb RNAP structure bound to AAP-SO, is similar to the Mtb
RNAP/D-AAP1 structure, with a global root-mean-square deviation
(RMSD) of 1.142 A over 2,557 Ca  atoms between the two structures
(Extended Data Fig. 4a). However, notable local differences are
observedintherim helices and F-loop regions, which shift noticeably
upon the binding of AAP-SO, versus D-AAP1 (Extended Data Fig. 4b).
Fortherimhelices (§’737-794) and F-loop (3’816-840) alone, the RMSD
was 2.69 A over 82 Caatoms, indicating substantial movement in these
regionsrelative to the rest of the RNAP (Extended Data Fig. 4b). When
the rim helices and F-loop were excluded from the RNAP alignment,
the RMSD dropped to 1.128 A over 2,517 atoms. This shift is explained
by the interaction between the AAP-SO, sulfone (absent in D-AAP1)
and ’N826.Inaddition, we note that some of the observed differences
in the D-AAP1-bound RNAP structure could be influenced by crystal
packing effects, known to cause local distortion in X-ray structures.

Lastly, sequence variations between the Mtb and E. coli binding
pockets contribute to the differencesin AAP-SO, binding to Mtb RNAP
versus CBRbinding to £. coli RNAP, particularly at residues V568 and
[B’N826 (see alignment in Extended Data Fig. 4c). These structural and
sequence-based differences, combined with the unique interactions
of AAP-SO, offer valuable insightsinto the structure-activity relation-
ships and will guide medicinal chemistry efforts towards developing
future inhibitors targeting this pocket.

AAP-SO, reduces the frequency of Rif resistance

Mtb acquires Rif resistance through mutationsin the Rif binding pocket
that prevent Rif binding (Fig. 4a,b)". The most frequent mutation in
clinical Rif-resistantisolates occursin the Rif resistance-defining region
of the RNAP B-subunit: a single amino acid substitution of serine 450
toleucine (BS450L; Fig. 4a,b)™>*2,

While BS450L confers a fitness advantage in the pres-
ence of Rif, it results in a fitness defect in drug-free conditions
(Extended Data Fig. 5a)'*****, This defect can be attributed, at least
in part, to a slower elongation rate and higher termination efficiency
in BS450L"1*%, Consequently, BS450L is classified as a ‘slow’ RNAP

Fig. 4| AAP-SO,shows increased activity against BS450L Mtb and slows the
evolution of Rif resistance. a, Frequency of Rif-resistant rpoB mutations S450L,
D435V and H445Y in clinical Mtb isolates (n = 14,729 Rif-resistant isolates)™.

b, Structure of Rif bound to Mtb RNAP, highlighting the three most common
Rif-resistance mutations'>'?°, ¢, Termination efficiencies of the BS450L RNAP in
the absence (DMSO) or presence of AAP-SO,. Data are presented as mean +s.e.m.
(n=3biological replicates, paired one-tailed t-test, p = 0.045). Absolute values
arereportedin Extended Data Table 3.d, MIC assay for AAP-SO, against otherwise
isogenic WT H37Rv, BS450L and BH445Y mutant strains. Calculated MICs,

values for WT, 3S450L and BH445Y are 67.0 + 0.2,43.4 + 0.1and 57.8 £ 0.1nM,
respectively. Dataare mean + s.e.m (n = 3 technical replicates). e,f, Time-kill
experiment showing the effect of AAP-SO, on WT H37Rv and 3S450L (e) and
BH445Y (f) strains. Data points represent mean colony-forming units (c.f.u.) ml™

attheindicated timepoints for duplicate biological cultures treated with AAP-
SO, at2.76 pM. LOR, limit of resolution; LOD, limit of detection. g, Schematic of
the Rif-resistance fluctuation analysis. Twelve independent cultures were grown
to OD¢qo = 1-3in the presence of DMSO, 0.5x WT MIC,, AAP-SO, (=69 nM), or
0.5x WT MIC,, ethambutol (EMB) (=3.67 uM), then plated on RIF-free control
plates or RIF 20x WT MIC,, (=243.0 nM) plates. h,i, Mutation rates (h) and
mutational spectrum (i) from the modified Rif-resistance fluctuation analysis.
Transparent dots represent mutation frequency (mutants per cellinasingle
culture; n=12).Filled dots represent estimated mutation rates based on the
Lea-Coulson model'™, with error bars showing the upper and lower limits.
Statistical significance was determined by the maximum likelihood ratio value
(p=0.00001) using webSalvador®. Values are listed in Extended Data Table 4.
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mutant. In contrast, ‘fast’ RNAP mutants, such as D435V and fH445Y,
exhibit increased elongation rates and altered initiation rates™,
and together represent the second most common class of clinical
Rif-resistant mutations (Fig. 4a,b). Notably, BH445Y mutant strains
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AAP-SO, slows nucleotide addition and increases termination
efficiency (Fig. 2). We hypothesized that reducing elongation rates
andincreasing termination efficiency might exacerbate the functional
vulnerability of BS450L RNAP and render it more sensitive to AAP-SO,.
To test this hypothesis, we performed termination assays on 3S450L
mutant RNAP on the rrfterminator, as described earlier (Fig. 2d-f).
Relative to wild-type RNAP, BS450L mutant RNAP indeed has intrinsi-
cally higher termination efficiency, which is further exacerbated by
AAP-SO, (Fig. 4c).

To assess whether the $S450L Mtb is more sensitive to AAP-SO,,
we next performed minimum inhibitory concentration (MIC) assays.
3S450L displayed a small but reproducible ~2-fold MIC shift to AAP-SO,
but not to EMB, a cell wall biosynthesis inhibitor*® and negative control
(Fig. 4d and Extended Data Fig. 5¢). The effect of AAP-SO, on 3S450L
was more striking in time-kill experiments. We observed a ~11-fold
increase in bactericidal activity of AAP-SO, against $S450L Mtb
compared to WT RNAP over 10 days of drug exposure (Fig. 4e and
Extended DataFig. 5d). Even more striking, while WT and fH445Y Mtb
strains developed resistance to AAP-SO,, 3S450L Mtb was sterilized
under these experimental conditions (Fig. 4fand Extended DataFig. Se).

Reducing the rates of Rif resistance and biasing Mtb evolution
away from fitter variants such as pS450L" could be therapeutically
beneficial. Given the results from the time-kill assays, we hypothe-
sized that AAP-SO,’s impact on elongation and termination might
be unfavourable to the emergence of fS450L mutations. We there-
fore performed a modified Rif resistance fluctuation analysis® with
dimethylsulfoxide (DMSO, vehicle control) or sub-MIC AAP-SO, or EMB
(Fig. 4g). A low dose of AAP-SO, significantly reduced the overall Rif
resistance mutation rate compared to DMSO and EMB (Fig. 4h). Consis-
tentwithour prediction, sequencing of the Rif resistance-determining
region (Extended Data Table 1) revealed that exposure to AAP-SO,
altered the mutational spectrum: 34.6% of Rif-resistant colonies from
the AAP-SO, condition harboured $S450L mutations, compared with
67.9% in the DMSO and 54.8% in the EMB conditions (Fig. 4i). These
results suggest that targeting of functional vulnerabilities in transcrip-
tion canreduce and alter the evolutionary spectrum of Rif resistance.

Vertical inhibition of transcription enhances killing of
non-replicating Mtb

Having established the effect of AAP-SO, monotherapy on 3S450L
Mtb and its impact on the evolution of Rif resistance, we next inves-
tigated the potential of AAP-SO, in combination therapy with Rif. We
hypothesized that combining two RNAP inhibitors that target the same
pathway but operate with different mechanisms could synergistically
enhance efficacy against TB.

We first tested the activity of Rif and AAP-SO, in combination
against actively replicating Mtb. The results showed additive effects
of the two compounds (Fig. 5a). Next, we examined the effect of
combining Rif and AAP-SO, to kill non-replicating bacteria present
in caseum derived from granulomas from Mtb-infected rabbits. The
rabbit caseum model is an established ex vivo system for investiga-
ting the bactericidal activity of antitubercular compounds against
non-replicating Mtb in necrotic granulomas®***° (Fig. 5b).

Using this model, we found that AAP-SO, killed non-replicating
Mtb at a caseum minimal bactericidal concentration (casMBC,,) of
7.89 uM, lower than Rif’s casMBC,, of 16.6 uM (Fig. 5¢). Next, Rif and
AAP-SO,weretested in combination at equimolar concentrations. The
combination of 0.5 uM of each compound was sufficient to kill over 90%
of the Mtb inoculum in 7 days (casMBC,, = 0.49 uM), outperforming
the bactericidal potency of the individual compounds. Further inves-
tigation of the dose-response data revealed that Rif and AAP-SO, are
highly synergistic®®®' at equimolar concentrations of 0.5 uyM and 2 uM
inthis ex vivo model (Fig. 5d).

Lastly, we tested additional combinations of RNAP inhibitors
targeting specific steps of the Mtb transcription cycle. We combined

the clinically available drug Fdx with Rif. In rich media, Fdx potenti-
ated Rif killing, similar to AAP-SO, (Extended Data Fig. 6a). However,
in the granuloma synergy assay, Fdx showed no activity, either alone
or in combination, confirming that it is not a strong candidate for TB
treatment (Extended Data Fig. 6b). One explanation for the low bacte-
ricidal activity of Fdx in granulomas is the poor stability at the infec-
tion site (Extended Data Fig. 6¢), although other possibilities remain.
By contrast, it is encouraging that AAP-SO, is stable and active in the
granulomamodel. These findings support the rationale for evaluating
future, more stable Fdx derivatives in combination with Rif, as well as
additional RNAP inhibitors acting at distinct transcriptional stages in
granuloma synergy assays.

Discussion

The substantial global disease burden of drug-sensitive and drug-
resistant Mtb infections necessitates the development of new treat-
ments. Rif-resistant mutations reduce the cure rate by ~50% (ref. 11).
Yet, these same Rif-resistant mutations impose afitness cost on bacteria
in the absence of Rif"*'*°, This fitness cost creates an opportunity for
rational therapeutic approaches that exploit these vulnerabilities to
limit the emergence and spread of drug-resistant TB*>**. Here we show
that this rationale can successfully be applied to one of Mtb’s most
essential biological pathways—transcription.

Previous studies showed that slow RNAP mutants, such as
BS450L Rif-resistant Mtb, reduce elongation rates and lead to
hypertermination™", revealing a ‘functional vulnerability’ of RNAP and
explaining the fitness cost of this mutation. We therefore developed
apipelinetoidentifyinhibitors targeting this functional vulnerability
in the transcription cycle for both WT and Rif-resistant RNAPs. We
define functional vulnerabilities as enzyme or pathway dependencies
arising from resistance-conferring mutations, which render the strain
hypersensitive to specific drugs or combinations targeting distinct
functional steps. Functional vulnerabilities are an extension of col-
lateral sensitivities—an evolutionary trade-off where resistance to one
antibiotic increases sensitivity to another®*®, leveraging mechanistic
insightsinto the fitness costs imposed by resistance mutationstoiden-
tify more efficacious inhibitors. Our approach highlights the potential
forleveraging amechanistic understanding of transcription toidentify
targetable vulnerabilities and guide the development of combination
therapies against drug-resistant pathogens.

We demonstrated that AAP-SO, inhibits nucleotide addition,
thereby reducing elongation and increasing termination rates.
In line with termination being a functional vulnerability in S450L
Rif-resistant Mtb, AAP-SO, shows elevated bactericidal activity against
this strain. Termination is less functionally vulnerable in WT and the
fast RNAP BH445Y Rif-resistant mutant and the bactericidal effect of
AAP-SO, on these strains was less. In addition, AAP-SO, reduced the
frequency of Rif resistance and skewed the mutational spectrum,
reducing yet not eliminating the occurrence of S450L mutations.

Drawing parallels with precision medicinein cancer therapy, where
genetic insights inform combination strategies, our findings put for-
ward the possibility of precision targeting for Mtb: selecting antibiotic
combinations—here acompound targeting promoter escape such as
Rif with one targeting termination such as AAP-SO,—on the basis of
pathogen-specific genetic and functional alterations—in this case,
hyperterminationin $S450L Rif-resistant strains. Molecular diagnostic
approaches such as GeneXpert already enable rapid identification of
Rif-resistant mutations®**’. It would therefore be possible to use such
information for a precision targeting approach and make a rational
selection of combination therapiestailored toindividual patients, max-
imizing efficacy and minimizing the development of drug resistance.

Given the effects of AAP-SO, on the evolution of Rif resistance,
we next studied Rif and AAP-SO, in combination. The transcription
cycleitself operates as a sequential biological pathway, where each
step is connected and dependent on the previous one. By targeting
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multiple steps within this pathway—referred to as ‘vertical inhi-
bition’—we hypothesized that it is possible to disrupt the overall
functionality of the transcription process more effectively than
targeting asingle step. Vertical inhibition exploits the interdepend-
ence of pathway steps to enhance therapeutic outcomes and may
also enhance treatment efficacy by achieving comprehensive path-
way suppression while preventing compensatory feedback loops
that often drive drug resistance®. This strategy has proven highly
effective in cancer therapies targeting pathways such as RAS and
mTOR®”, and its potential in antibiotic therapy is highlighted by the
synergy of trimethoprim and sulfamethoxazole, two inhibitors of the
folate biosynthesis pathway’>”?, and Synercid, a clinically approved
dual antibiotic that targets distinct steps in protein synthesis™.
Similarly, we propose that vertical inhibition of the transcription
cycle in Mtb can be leveraged to overcome resistance and enhance
therapeutic outcomes.

We show that Rif and AAP-SO, have additive effects on replicat-
ing bacteria. Importantly, our findings also highlight the therapeutic
potential of vertical inhibition in addressing extreme drug tolerance,
as seen in slow-growing and non-replicating Mtb within granulomas
and caseum. Vertical inhibition of transcription with Rif and AAP-SO,
enhances the efficacy of both compounds against non-replicating
Mtb. Novel regimens that effectively reach and kill non-replicating
persistent bacteria in caseous lesions may improve cure rates and
shorten treatment duration”.

Despite its promise, AAP-SO, remains a tool compound with low
microsomal stability. Yet, ongoing medicinal chemistry efforts, such as
structure-guided optimization and scaffold hopping to more drug-like
derivatives, have already shown promise to enhance its bioavailability*.
Other approachestoimprove the pharmacokinetic properties of AAPs
couldincludeincreasing bioavailability through targeted cytochrome
P450 (CYP) inhibition or exploring pulmonary administration as a
strategy to bypass hepatic metabolism.

Our findings endorse the development of combination therapy
with rifamycins and AAPs against mycobacteria, in addition to the
potential for using AAPs as components of TB drug regimens with
entirely new modes of action. In parallel, our work sets the stage for
the identification of other druggable functional vulnerabilities in
transcription and other multistep biological cycles. For example, it is
likely that fast Rif-resistant mutants harbour distinct transcriptional
dependenciesthat canbe rationally targeted. We note that the synergy
of AAP-SO, with Rif is specific to non-replicating bacteriain granuloma
models, indicating that transcription is a key targetable pathway in
this cell state and environment. Lastly, our work highlights the need
for expanded genetic studies to better understand the physiology of
non-replicating bacteria in caseum, with the goal of identifying addi-
tional environment-specific, druggable pathways.

In conclusion, our work underscores the importance of under-
standing functional vulnerabilities within essential pathways such as
transcription for advancing combination therapy. By exploiting the
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balance between elongation and termination in BS450L Rif-resistant
Mtb, we achieved increased killing compared with wild-type and
BH445Y mutant Mtb. Furthermore, AAP-SO, demonstrated bactericidal
activity inrabbit caseum and synergized with Rif in this environment.
These findings support the potential of vertical inhibition of transcrip-
tion to improve TB treatment outcomes, particularly in challenging
contexts such as non-replicating bacteria. Precision targeting, which
involves integrating biochemical insights with genetic data, offers a
roadmap forinnovative therapeutic strategies that optimize treatment
success and limit resistance development.

Methods

Ethics approval

Animal studies were conducted with appropriate ethics guidelines
and regulations. The studies were carried out with approval from the
Institutional Animal Care and Use Committees of the National Institute
of Allergy and Infectious Diseases, NIH (protocol number LCIM-3).
Female New Zealand White rabbits (Millbrook Farm, Concord, MA)
were maintained under specific pathogen-free conditions and fed
water and chow ad libitum. Rabbits were infected with Mycobacterium
tuberculosis HN878 using a nose-only aerosol exposure system. The
infection was allowed to progress for 12-16 weeks before necropsy. The
right and left lungs were removed and weighed. For this study, caseum
was collected from rabbits engaged in other experiments.

Bacterial cultures

E. coli strains are derivatives of DH5a (NEB), Rosetta2 or BL21(DE3)
(Novagen). Mtb strains are derivatives of H37Rv, Harvard strain.
E. colistrains weregrownin LB brothor on LB agar supplemented with
the appropriate antibiotics (50 pg ml™ kanamycin and/or 34 pg ml™*
chloramphenicol). Mtb was grown at 37 °C in Difco Middlebrook
7H9 broth or on 7H10 agar supplemented with 0.2% glycerol
(7H9) or 0.5% glycerol (7H10), 0.05% Tween-80 and 1x oleic acid-
albumin-dextrose-catalase (OADC). Mtb cultures were maintained
under static growth conditions in tissue culture flasks (fluctuation
assay) or 384-well plates (MIC assays) with 5% CO.,.

Antibiotics

For the synthesis and analytical characterization of AAP-SO,, we refer
to substance no. 24 in ref. 31. Rifampicin, ethambutol dihydrochlo-
ride and fidaxomicin were sourced commercially from Gold Biotech-
nology (R-120-10), Sigma-Aldrich (E4630-25G) and Thermo Fisher
(AC468312500), respectively.

Protein purification

Mtb RNAP. Wildtype Mtb RNAP was purified as previously described”.
Briefly, WT Mtb RNAP was overexpressed in E. coli Rosetta2 cells using
plasmid pMP61, a kanamycin-resistant plasmid that contains a T7
promoter, followed by rpoA, rpoZ, alinked rpoBC and a Hisg-tag. The
rpoB-rpoC fusion minimizes the possibility of E. coli  or ’ intermix-
ing with Mtb subunits. A single pMP61 transformed Rosetta2 colony
was then expanded in LB broth with 50 pg kanamycin mi™ and 34 pg
chloramphenicol ml™at 37 °C to an optical density at 600 nm (ODyq,)
of-0.3. The temperature was then lowered to 25 °C and the culture was
left shaking to an ODg, of ~0.6. Then, RNAP expression was induced
byadding 0.1 mMisopropyl -D-1-thiogalactopyranoside (IPTG; Gold
Biotechnology, 1248), grown overnight for 16 h and collected by cen-
trifugation (4,000 g, 20 min, 4 °C). Collected cells were resuspended
in lysis buffer (50 mM Tris-HCI, 5% glycerol pH 8.0,1mM EDTA, 5 mM
dithiothreitol (DTT), 1 mM phenylmethyl sulfonyl fluoride and 1 mM
protease inhibitor cocktail) and lysed by 3 passages on a French Press
(Avestin). The lysate was centrifuged twice (27,000 x g, 15 min, 4 °C).
Next, Polymin P (PEI, Thermo Fisher, AC178572500) was added to the
supernatantto afinal concentration of 0.6% (w/v) and the mixture was
left stirring for 15 min to precipitate DNA binding proteins including

RNAP before being pelleted using centrifugation (11,000 x g, 15 min,
4°C). The pellet was then washed three times in TGED wash buffer
(10 mM Tris-HCI pH 8.02, 5% v/v glycerol, 0.1 mM EDTA, 5 mM DTT,
300 mM NaCl) to remove non-target proteins. Upon centrifugation
(11,000 x g,15 min, 4 °C), RNAP was eluted from the pellet using elution
buffer (10 mM Tris-HCI pH 8.02, 5% v/v glycerol, 0.1 mM EDTA, 5 mM
DTT, 1M NacCl). Next, RNAP was precipitated overnight at 4 °C using
3.5g 1" pulverized (NH,),SO,. Upon centrifugation (11,000 x g, 40 min,
4°C), the precipitate was dissolved in Nickel buffer A (20 mM Tris pH
8.0,5%glycerol,1 MNaCl, 5 mM -mercaptoethanol, 10 mMimidazole)
and loaded onto two HisTrap FF 5 ml columns (GE Healthcare Life Sci-
ences) washed with Nickel buffer A. RNAP was eluted from the column
with Nickel buffer B (20 mM Tris pH 8.0, 5% glycerol, 1M NacCl, 5 mM
B-mercaptoethanol, 250 mMimidazole). Lastly, eluted RNAP was run
over a gel filtration column (HiLoad Superdex 26/600 200 pg) in gel
filtration buffer (10 mM Tris pH 8.0, 5% glycerol, 0.1 MM EDTA, 500 mM
NaCl, 5mM DTT). Eluted samples were flash frozen in liquid nitrogen
and stored at —80 °C until usage. S450L and fH445Y Mtb RNAP were
produced using mutated pMP61 plasmids (generous gift of the Landick
lab) and purified as described above.

Mtb o”’-RbpA. Mtb 0*-RbpA was purified as previously reported’.
Briefly, His12-tagged Mtb ¢* and untagged Mtb RbpA were overex-
pressed in E. coli BL21(DE3) cells (Novagen) using a pCDFDuet-1 vec-
tor (Novagen) and pET-21C vector (Novagen), respectively. Protein
productionwasinduced with 0.5 mMIPTG overnight at 18 °C, followed
by protein purification using Ni**-affinity chromatography. Following
elution, the complex was dialysed, and the His-tag was cleaved with
precision protease. The cleaved complex was further purified by a sec-
ond Ni**-affinity column, followed by size exclusion chromatography
(SuperDex-200 16/16, GE Healthcare Life Sciences). Eluted samples
were flash frozenin liquid nitrogen and stored at —80 °C until usage.

Mtb CarD. Mtb CarD was overexpressed as previously described””’s,
Briefly, Mtb CarD was overexpressed in BL21(DE3) (Novagen) cells
using a pET SUMO vector (Invitrogen). Expression was induced with
1mMIPTG for 4 h at 28 °C. The overexpressed-protein purification
was performed using Ni**-affinity chromatography. The eluted protein
was then cleaved with the SUMO protease ULP1 (Invitrogen, 12588018)
and loaded onto a Ni**-affinity column. The flow-through was further
purified by size exclusion chromatography (Superdex 200, Cytiva),
aliquoted and snap frozen for storage and further use.

Native mass spectrometry analysis

Frozen wild-type, $S450L and fH445Y Mtb RNAP core samples were
thawed and buffer exchanged twice into 500 mM ammonium acetate
pH 7.5 and 0.01% Tween-20 using Zeba microspin desalting columns
with a 7-kDa molecular weight cut-off (Thermo Fisher). The sample
concentration was thenmeasured using the Nanodrop spectrophotom-
eter. For small-molecule binding experiments, the RNAP core complex
(typically at 1.5-1.6 pM) was mixed with 10 pM compound (-6-fold
molar excess) and incubated at 37 °C for 10 min. The stock solutions for
the compounds werein DMSO and the final DMSO concentration after
dilution and mixing with RNAP core before native mass spectrometry
analysis was 0.2-0.7% v/v.

For native mass spectrometry characterization, a 2-3-pl aliquot
of the sample was loaded into a gold-coated quartz capillary tip that
was prepared in-house and then electrosprayed into an Exactive Plus
with extended mass range (EMR) instrument (Thermo Fisher) with a
staticdirect infusion nanospray source’. The typical native mass spec-
trometry parameters included: spray voltage, 1.20-1.22 kV; capillary
temperature, 150 °C; in-source dissociation, 10 V; S-lens RF level, 200;
resolving power, 8,750 0r17,500 at m/z 0f 200; AGC target, 1 x 10°; maxi-
mumi injectiontime, 200 ms; number of microscans, 5; total number of
scans, at least 100. Additional native mass spectrometry parameters
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were: injection flatapole, 8 V; interflatapole, 4 V; bent flatapole, 4 V;
high energy collision dissociation (HCD), 200 V; ultrahigh vacuum pres-
sure, 3.4-6.0 x 107° mbar. Mass calibrationin positive extended mass
range mode was performed using caesiumiodide. For data processing,
the collected native mass spectrometry spectrawere visualized using
Thermo Xcalibur Qual Browser (v.4.2.47).Spectral deconvolution was
performed using UniDec (v.4.2.0)** with the following general param-
eters: smooth charge state distribution, enabled; peak shape function,
Gaussian; degree of softmax distribution (beta parameter), 10.

The expected masses for the component proteins of the Mtb RNAP
core complex include: &, 37,706.4 Da; fused 3 and 3’, 277,907.0 Da
(N-terminal methionine removed, includes two Zn?" ions with each
ion coordinated to four cysteines and one Mg* ion); and w,11,768.1 Da
(N-terminal methionine removed). The observed mass deviations (cal-
culated asthe % difference between the measured and expected masses
relative to the expected mass) ranged from 0.006-0.03%.

Scaffold-based nucleotide addition assay
20-mer 5’ FAM-labelled elongation complex RNA and template
DNA (T-DNA) and non-template DNA (NT-DNA) were synthesized by
Integrated DNA Technologies (IDT) (Extended Data Table 1). T-DNA
(33.25 pM) and the labelled RNA (25 pM) were then annealed in anneal-
ing buffer (20 mM Tris, 25 mM K-glutamate, 10 mM MgOAc,1 mM DTT,
5ug ml™ BSA) using a thermocycler (95 °C for 2 min, 75 °C for 2 min,
45 °C for 5 min and from 43-23 °C for 2 min per 1°C decrease). Elon-
gation complexes (EC) were reconstituted by incubating 125 nM EC
RNA, 165 nM T-DNA and 1 pM Mtb core RNAP (final concentration) in
elongation buffer for 5 minat37 °C. NT-DNA (500 nM) was added, and
the mixture was incubated for an additional 5 min at 37 °C. Heparin
(50 pg mI™) was added to prevent the formation of non-specific interac-
tions. After incubation with DMSO (10% v/v) or 10 pM AAP-SO,at 37 °C
for 5 minand bringing the mixture to 23 °C over 10 min, the elongation
complex RNA was extended by addition of cytidine triphosphate (CTP)
(100 pM final concentration). At set timepoints (0, 7,15,30 and 60 s),
aliquots (5 pl) were removed and combined with 5 pl 2x stop buffer
(95% formamide, 20 mMEDTA, 0.05% bromophenol blue, 0.05% xylene
cyanol). Samples were then run on a23% denaturing PAGE gel for1.5h
at1,060 kV andimaged using a ChemiDoc MP system (BioRad).

Quantification of the nucleotide addition assay was done using
ImageJ software (NIH) and Igor Pro 9.5 (WaveMetrics). Each lane of
the gelimage was first converted to a pseudo-densitometer plot using
the Image) rectangle and plot profile function. The resulting values
were then imported as a text file into Igor Pro and the peak areas for
A20 (20-mer RNA) and C21 (21-mer RNA; 1 nucleotide addition) were
measured using Multipeak fit v.3.00 (setting: Gauss).

Fraction C21 was calculated as:

C21peak area
A20 + C21peak areas

Statistical differences in the C21 fraction due to the exposure to
AAP-SO, were calculated in GraphPad Prism v.10.4.1 using a two-sided,
unpaired ¢-test with no assumptions on variance.

Promoter-based termination assay

The promoter-based termination assay was performed as previously
described® but with a few modifications. In brief, plasmid pJC1 was
used to PCR amplify linear DNA containing a C-less halt cassette (+1
to +26), an Mtb intrinsic terminator sequence (rrf gene) approxi-
mately +150 bp and a run-off at approximately +263 bp. WT or S450L
holo-RNAP (200 nM) was incubated for 15 min at 37 °C with 500 nM
CarD and template DNA (10 nM) in transcription buffer (20 mM Tris,
25 mMK-glutamate, 10 mM MgOAc, 1 mM DTT, 5 pg mI™ BSA) at 37 °C.
Transcription was initiated by adding ATP + GTP (both at 16 uM final
concentration), UTP (2 pM) and 1.25 pCi (15 nM) per reaction [a-*?P]

UTP (Perkin Elmer, BLUOO7H250UCI) for 15 min at 37 °C (Halt). The
complex was then exposed to DMSO (10% v/v) or AAP-SO, (10 pM final
concentration) for 10 min at 37 °C and brought to 23 °C. Transcription
wasrestarted by adding amaster mix containing NTPmix (A+C+G+U,
allat150 pM final concentration) and heparin (10 pg ml™). The reaction
was allowed to proceed for 60 min, followed by a ‘chase’ reaction in
which all 4 nucleotides were added (each at 500 pM final concentra-
tion). After 10 min, the reaction was stopped and added to a 2x stop
buffer (95% formamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05%
xylene cyanol). Samples were analysed on an 8% denaturing PAGE (19:1
acrylamide:bisacrylamide, 7 Murea, 1x TBEpH 8.3) for1.25hat400 V,
and the gel was exposed on a storage phosphor screen and imaged
using a Typhoon Phospholmager (GE Healthcare).

Quantification of termination. Quantification of termination

efficiency was performed as previously described®. In Image)

software (NIH), each lane of the gel image was converted to a

pseudo-densitometer plot using the ImageJ line function, and the

relative areas of the termination (+150 bp) and run-offbands (+263 bp)

were measured. Absolute values canbe found in Extended Data Table 3.
Termination efficiency was calculated as:

termination (term) peak area
total of the termination and run — off (term + run — off) peak areas

Statistical differencesin termination efficiency due to the S450L
mutation and/or the exposure to AAP-SO, were calculated in Prism
using aone-sided, paired ¢-test with no assumptions on variance

Aptamer-based elongation and readthrough assay

Elongation and readthrough were measured using amodified version
of a previously described fluorescent-aptamer-based transcription
assay*. First,aDNA gBlock containing the AP3 promoter, the spinach
mini-RNA sequence, an Mtb terminator (rrf) and the MangolV RNA
sequence (Extended Data Table 1) was synthesized by IDT, amplified
with M13 forward and reverse primers, and PCR purified. Then, 50 nM
of Mtb WT RNAP holoenzyme and CarD (1 uM) were mixed in transcrip-
tion buffer (20 mM Tris-HCI pH 7.9, 50 mM KGlu, 10 mM MgCl,, 1 mM
DTT and 5 pg ml™ bovine serum albumin). Next, DMSO (control, 15%
v/v),Rif (200 nM), Fdx (2,000 nM), AAP-SO, (200 nM) or NusA/G (1 pM
each) were respectively added to the mix and incubated at 37 °C for
5 min. Then, the amplified DNA (10 nM) was added to each tube, and
the samples were incubated for an extral5 minat 37 °Cto allow RNAP
open complex formation. Then, RNAse inhibitor (0.4 U pl™; Thermo
Fisher, EO0381), 3,5-difluoro-4-hydroxy benzylidene imidazolinone
(DFHBI; Sigma-Aldrich, SML1627; 20 puM), a GFP fluorophore mimic
activated by binding to the spinach aptamer and Thiazole Orange-1
(TO1-3PEG-Biotin; Applied Biological Material, G7955) were added
to the mix and the reactions transferred to a flat black 384-well plate
(Greiner, 781209). Transcription was initiated by adding NTPs (500 uM
ATP + CTP + GTP + UTP) to each well. Next, each reaction was imaged
every 30 s for a total of 30 min inside a Tecan Spark plate reader kept
at 37 °C. The DFHBI fluorescence signal was read at 440 + 15 nm exci-
tation, 490 + 15 nm emission and 150 gain. The TO1 fluorescence was
read at 520 + 15 nm excitation, 555 + 15 nm emission and 150 gain. The
measured fluorescence was then plotted in GraphPad Prism and ana-
lysed using the ‘simple linear regression’ function. Slopes from three
independent data sets where then normalized to the slopes of the no
drug (DMSO) or no factor (no NusA/G) controls, and the decrease in
elongation and rrfreadthrough rates was calculated.

Cryo-EM of Mtb RNAP elongation complex bound to

inhibitor AAP-SO,

Preparation of elongation complexes for cryo-EM. The DNA oli-
gonucleotides for the elongation complex scaffolds were obtained
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fromIDT and RNA oligonucleotides were obtained from GE Healthcare
Dharmacon. To prepare the sample, T-DNA and RNA were first annealed
inannealing buffer (10 MM HEPES pH7.5,1 MM EDTA, 50 mMNacCl)ina
1:3ratiofor 5 minat 95 °C, brought to23 °Cand then stored onice until
use. Next, Mtb core RNAP was dialysed overnight into cryo-EM buffer
(20 MM HEPES pH7.5,150 mMKGlu, 5 mM MgOAc, 2.5 mMDTT), com-
bined with the T-DNA:RNA hybrid (1:1.3 molar excess) and incubated
at 23 °C for 15 min. Then, NT-DNA was added to the complexes at 1.5:1
molar excess with the T-DNA:RNA and incubated at 23 °C for 10 min, fol-
lowed by size exclusion chromatography (Superose 6 Increase 10/300
GL column, Cytiva). Upon concentration of the complex (15.5 pM),
AAP-SO, at 25:1 molar excess was added and the mixture incubated at
37 °Cfor15 minbefore applying it to the grids.

Cryo-EM grid preparation. Glow-discharged C-flat holey carbon grids
(CF-1.2/1.3-4Au, Photochips) were used for cryo-EM imaging. Of the
sample (see above), 3.5 pl was mixed with n-octyl-B-D-glucoside (OG;
final concentration 0.1% (w/v); Anatrace, 0311) and applied to the grid.
Usinga Vitrobot Mark IV (Thermo Fisher), grids were then blotted and
plunge frozeninto liquid ethane with 100% chamber humidity at 22 °C.

Cryo-EM data acquisition and processing. Grids were imaged using
a 300 keV Titan Krios cryo-electron microscope (Thermo Fisher)
equipped with a K3 Gatan direct electron detector. Cryo-EM data
collection was facilitated with SerialEM®* (details can be found in
Extended Data Table 2), and the cryo-EM pipeline applied for data
processing is visualized in Extended Data Fig. 3. For data process-
ing, dose-fractionated movies were first gain normalized, drift col-
lected, summed and dose weighted using MotionCor2 (ref. 84).
Motion-corrected micrographs were thenimported into cryoSPARC4
(CS4)™®. Next, the contrast transfer function (CTF) was estimated
for individual summed images using Patch CTF estimation. CS4
Blob Picker was used to pick particles (no input), and particles were
extracted in CS4 (box size 300). An ab initio model was generated
and used as a three-dimensional (3D) template. Three rounds of het-
erogeneous refinements were performed using ‘random phase 3D
classification’ in CS4 to curate the 3D model and classify [junk] and
[RNAP] particles. The remaining curated particles were then refined
using CS4 Local CTF refinement and polished in RELION®**¥, Lastly,
polished [RNAP] particles were refined using CS4 non-uniform refine-
ment®®, Nominal resolutions were determined using the gold-standard
FSC 0.143 cut-off.

Model building, refinement and validation. The Mtb RNAPEC cryo-EM
structure (PDB ID: 8E£95)* was manually fitted into the cryo-EM density
map using UCSF Chimera® as aninitial model of the complex. For real
space refinement, rigid body refinement was followed by all-atom
refinements with Ramachandran and secondary structure restraints.
Refined models were analysed and modified in Coot®’. Quantification
of orientation bias was done using CS4 orientation diagnostics”.

Dataprocessing, model building and structural analyses software
were accessed from SBGrid*.

Alignments

Alignments between E. coli RNAP bound to CBR703 (PDB ID: 4XSX)
and Mtb RNAP structure bound to D-AAP1 (PDB ID: SUHE) or AAP-SO,
(this study; PDB ID: 9MRQ) were performed in PyMOL (v.3.03).
Interactions were calculated using LIGPLOT®* with a 3.5 A cut-off for
hydrogenbonds.

IC,, determination

IC,, values were determined using a modified version of a previously
described fluorescent-aptamer-based transcription assay*¢. Upon syn-
thesis and amplification of the gBlock described under ‘Aptamer-based
elongationand readthrough assay’ (Extended Data Table 1), 50 nM of

Mtb WT RNAP holoenzyme and CarD (2 puM) in transcription buffer
(20 mM Tris-HCI pH 7.9, 50 mM KGlu, 10 mM MgCl,, 1 mM DTT and
5 pug ml™ bovine serum albumin) were mixed with different concen-
trations of MMV688845 and AAP-SO, (concentrations ranging from
0.01to 10 pM). The mixtures were incubated at 37 °C for 5 min to
allow for compound binding. Next, AP3 promoter-spinach DNA
was added (10 nM) to each tube, and the samples were incubated
for an extra 15 min at 37 °C to allow RNAP open complex formation.
Then, RNAse inhibitor (0.4 U pl™; Thermo Fisher, EO0381) and DFHBI
(Sigma-Aldrich, SML1627;20 pM), a GFP fluorophore mimic activated
by bindingto spinach, were added to the mix and the reactions trans-
ferred to a flat black 384-well plate (Greiner, 781209). Transcription
wasinitiated by adding NTPs (500 pMATP + CTP + GTP + UTP) toeach
well. Next, eachreaction wasimaged every minute for atotal of 10 min
inside a Tecan Spark plate reader kept at 37 °C. Fluorescence signal was
detected at460 + 20 nm excitationand 528 + 20 nm emission. Relative
fluorescence units were plotted against log-transformed compound
concentrations in GraphPad Prismand the IC,, values were calculated
fromthreeindependent datasets using the ‘log(inhibitor) vs response
- variable slope (four parameters)’ function.

Generation of isogenic strains

Strains were generated as previously described®™. Briefly,
rifampicin-resistant mutants (rpoB S450L and H445Y) were isolated
fromfiveindependent 5 mIH37Rv cultures (starting density of -2,000
cells per ml) grown to stationary phase (ODg, > 1.5), pelleted and
plated on7H10 agar supplemented with Rifat 0.5 pg ml™ (=607.57 nM).
Individual colonies were then isolated, outgrown (7 days) and heat
inactivated. Next, the rifampicin resistance-determining region of
rpoB, rpoA and rpoC were amplified by PCR and Sanger sequenced,
confirming the rpoB S450L and H445Y mutations, respectively.

MIC,,_,, determinations

All compounds under investigation were dissolved in DMSO and ali-
quoted into a 384-well plate format using an HP D300e digital dis-
penser. Mtb cultures were grown to late logarithmic phase (OD¢q, = 0.8)
andthenback diluted toastarting OD,, 0f 0.01. Of the diluted cell sus-
pension, 50 plwas added intriplicate into wells containing the test and
control compounds. Plates were incubated under static conditions at
37 °Cwith 5% CO,. OD¢,, was evaluated using a Tecan Spark plate reader
atday 7 post plating and percent growth was calculated relative to the
DMSO vehicle control for each strain. MIC;, and MIC,, measurements
were calculated using a nonlinear fitin GraphPad Prism.

Time-kill assay

All bactericidal drug experiments and growth controls were per-
formed in duplicate at 37 °C. To determine killing kinetics, Mtb cul-
tures (wild-type (drug-susceptible) H37Rv, rifampicin-resistant strains
harbouring the S450L and H445Y mutations; see ‘Generation of iso-
genic strains’) were grown in 7H9 medium to late logarithmic phase
(ODggo = 0.8). The cultures were diluted to an OD,, of 0.01 in 7H9
medium supplemented with DMSO (control), 10x WT MIC,, (=1.38 uM)
or 20x WT MICy, (=2.76 pM) AAP-SO,, 2x WT MIC,, (=749 nM) Fdx
and/or 20x WT MIC,, (=243 nM) RIF. After 0, 2, 4, 10, 14, and 24 days
of exposure to the compounds, the cultures were serially diluted and
plated on 7H10 charcoal agar. The plates were next incubated at 37 °C
for 3 weeks, and the colonies were counted to determine c.f.u. ml™.

Fluctuation assay

The fluctuation analysis was modified from previously described
assays”*”. WT Mtb H37Rv was inoculated from a freezer stock and
grown to logarithmic phase (ODg,, = 1.0). The culture was subse-
quently dilutedinto 12 independent 5 ml cultures, inoculated at1 x 10#
cells per ml. Cultures were grownin 7H9 medium supplemented with
DMSO (control), 0.5x WT MIC,, ethambutol (EMB) (=3.67 uM) or
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0.5x WT MIC,, AAP-SO, (=69 pM), and incubated under static con-
ditions at 37 °C with 5% CO, until they reached stationary phase
(ODggo ==1-3). Next, 100 pl of culture from each flask was plated on
7H10 without antibiotics to determine input c.f.u. Remaining cultures
were transferred to 15 ml conical tubes and collected by centrifuga-
tion at 4,000 r.p.m. for 10 min. Cultures were then resuspended in
100 pl of PBS/Tween (0.05%) and plated onto 7H10 supplemented
with 20x WT MIC,, Rif (=0.24 uM). Plates were subsequently incubated
at 37 °C for 14-21 days. Lastly, 458 colonies, approximately 15 from
eachplate, wereisolated into 100 pl 7H9 medium supplemented with
0.5 ug mI™Rifto prevent reversion. Isolated colonies were grown out
for 5-7 days and heat inactivated at 80 °C for 2 h. After heat inactiva-
tion, the rifampicin resistance-determining regions of rpoB were
amplified by PCR and subsequently Sanger sequenced. For cultures
exposed to AAP-SO,, the AAP-SO, resistance-determining regions of
rpoBandrpoCwere PCR amplified and Sanger sequenced (see primers
in Extended Data Table1).

Quantification of Rif resistance rates. The observed c.f.u. on each
plate without and with 20x MIC,, Rif (see Extended Data Table 4) were
used to estimate the total number of viable cells (V) and Rif-resistant
mutant cells (m) per ml of culture. The estimated rate of drug resist-
ance emergence was calculated by dividing m by N.,. Statistical com-
parisons were performed using two-sided unpaired ¢-testsin GraphPad
Prism. In addition, g and its 95% confidence limits were calculated
using the Lea-Coulson model (¢ <1) in webSalvador 0.1, setting ¢
to 0.99 (ref. 96). This method accounts for plating efficiency and
variations in the viable cell count (N,). Statistical comparisons were
performed using the likelihood ratio test, also accounting for plat-
ing efficiency and variations in the viable cell count (N,), through
the Lea-Coulson model (¢ <1) comparison function implemented in
webSalvador (0.1)°°.

Ex vivo rabbit caseum bactericidal activity assay

We used ex vivo rabbit caseum to assess drug potency against
non-replicating Mtb, as described previously®***. Caseumwas collected
from female New Zealand White rabbits (Millbrook Farm, Concord, MA)
infected with Mtb HN878 via a nose-only aerosol exposure system””%,
The infection was allowed to progress for 16 weeks or more before
necropsy. At the start of each assay, caseum was homogenized with two
volumes of sterile water and bead beaten with sterile 1.4 mm ceramic
beads. The potencies of RIF, Fdx and AAP-SO, in caseum homogenate
were evaluated in 96-well plates at the final concentration range of
0.5-128 pM, bothindividually and in combination, at 37 °C over 7 days.
ADMSO-only control well was included in each assay. To quantify bacte-
rialburden atthe startand end of the experiment, we performed serial
dilutions of the caseum samples and plated them on Middlebrook 7H11
agar supplemented with 0.5% glycerol, 10% OADC and 0.4% activated
charcoal to absorb drug carryover. Control and test wells were plated
in triplicate. Caseum MBC,, was defined as the concentration of drug
required tokill90% of Mtb bacteriaresiding in the caseum specimen®°,
The bactericidal activities of the single and combined agents were
plotted as the net reductions in logarithmic function of Mtb burdens
per ml of caseum homogenate (Alog(c.f.u. ml™)). Synergy scores were
calculated using Bliss’ definition of drug independence.

Fidaxomicin stability. The stability of Fdx in rabbit caseum homo-
genate was assessed over 7 days. Briefly, we added 5 pM Fdx to 3-fold-
diluted ex vivo rabbit caseum. Samples (20 pl) were removed imme-
diately after Fdx addition, after 24 h and on the 7th day. Samples
were extracted with 1:1acetonitrile:methanol and analysed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS). We used
the mass transition 1,055.19/231.00 for Fdx, and labetalol served as the
internal standard. We quantified Fdx concentration in each sample
and plotted the percentage recovered at each timepoint.

Statistics

All statistical analyses were conducted in GraphPad Prism (v.10.4.1),
except for the fluctuation analysis which was performed using
webSalvador®.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The cryo-EM density map has been deposited in the Electron Micros-
copy Data Bank under accession code EMD-48561 (https://www.ebi.
ac.uk/emdb/EMD-48561). The corresponding atomic coordinates have
beendeposited inthe Protein Data Bank under accession code 9MRQ
(https://www.rcsb.org/structure/9MRQ). The raw files for the native
mass spectrometry experiments are available viafigshare at https://doi.
org/10.6084/m9.figshare.30259192 (ref. 99). All other data supporting
thefindings of this study are available from the corresponding author
uponreasonable request. Source data are provided with this paper.
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Extended Data Table 1| Oligonucleotides, Primers and plasmids used

Oligonucleotides

EC T-DNA for assay

5-CCGGCATGAGAGGGTATTCGCCGCGTACCT CTCCTAGCCCGCAAGTATCCGACG-3’

EC NT-DNA for assay

5-CGTCGGATACTTGCGGGCTAGCCTCTTTTCGCG GCGAATACCCTCTCATGCCGG-3'

EC RNA for assay

5'-FAM-ACAUUCAAAGCGGAGAGGUA-3'

EC RNA for structure

5-GCAUUCAAAGCGGAGAGGUA-3’

EC T-DNA for structure

5-CCGGCATGAGAGGGTATTCGCCGCCTACCT CTCCTAGCCCGCAAGTATCCGACG-3”

EC NT-DNA for structure

5-CGTCGGATACTTGCGGGCTAGCCTCTTTTGGCG GCGAATACCCTCTCATGCCGG-3’

gBlock for aptamer-based assays

5'CCGTTGAATAGTAAAACGACGGCCAGGAGCTCGGTACCCGGGGATCATCTATGGATGACCGAACCTGGTCTTGACTCCATTG
CCGGATTTGTATTAGACTGGCAGGGTTGGATGGATGAGATTTGAAGGTTGGGTGACGCGACCGAAATGGTGAAGGACGGGTCCA
GTGCTTCGGCACTGTTGAGTAGAGTGTGAGCTCCGTAACTGGTCGCGTCCCCACCTGACCCCATGCCGAACTCAGAAGTGAAACG
CCGTAGCGCCGATGGTAGTGTGGGGTCTCCCCATGCGAGAGTAGGGAACTGCCAGGATCCAGGACACCGCCGAACATACAAA
AACACCCCCGGTAACGGTGGTGTTTTTGTATGTTTATATCGACCGTGCTGGCTCCCTCCCCTCCTCTCCGCTCTGCCGCTCA
GCCGCTCGCGCCATGGACGCTCTCCTGAGTAGGACAAATCCGCCGGGAGCGGATTTGAACGTTGCGAAGCAACGTCATAGCTG
TTTCCTGGCAAGACGTT-3'

Primers

rpoB Rif-resistant Forward

5-GTACGGTCGGCGAGCTGATC-3'

rpoB Rif-resistant Reverse

5-CCTCGTCGGCGGTCAGGTAC-3’

rpoB AAP-SO, R Forward

5-GTACGGTCGGCGAGCTGATC-3'

rpoB AAP-SO, R Reverse

5’-gcctggegcetgceatgtttg-3”

rpoB sequencing primer

5-GGGTCGGCATGTCGCGGATG-3’

rpoC AAP-SO, R Forward

5’-gcgttacccgatgatcgtggte-3’

rpoC AAP-SO, R Reverse

5'-tgaccacgctcgacgatgac-3’

rpoC sequencing primer

5'-gtggagatttggaaggaagccac-3’

M13 Forward 5-GTAAAACGACGGCCAG-3’

M13 Reverse 5-CAGGAAACAGCTATGAC-3"

Plasmids

pPMP61 Mtb WT RNAP overexpression plasmid. rpoB and rpoC linked. His8 tag at rpoBC - C terminal (Lab stock # 5842) as previously
reported?’

pET SUMO Mtb CarD overexpression plasmid with 10xHis-tag on N-terminus as previously reported”®

pET20b Mtb RbpA overexpression plasmid as previously reported’®

pAC27 Mtb oA overexpression plasmid. 12xHis-tag on N-terminus as previously reported'

pJC1 Plasmid for generation of termination assay scaffold'**

Nature Microbiology


http://www.nature.com/naturemicrobiology

Article

https://doi.org/10.1038/s41564-025-02201-6

Extended Data Table 2 | Cryo-EM data collection, model refinement and validation statistics

MtbEC AAP-SO,

PDB: 9MRQ (EMD-48561)

Data collection and processing

Magnification 81000
Voltage (kV) 300
Electron exposure (e-/A2) 50.5
Defocus range (um) 1.0to02.5
Pixel size (A) 1.09
Symmetry imposed C1

Initial particle images (no.) 8,712,992
Final particle images (no.) 347,600
Map resolution (A) FSC threshold 0.143 2.97
Map resolution range (A) 257
Refinement

Initial model used (PDB code) 8E95
Model resolution range (A) 2.5-7
Map sharpening B factor (A2) 15.9
Model resolution (A) FSC threshold 0.5 31
Model composition

Non-hydrogen atoms 23,940
Protein residues 2,909
Nucleic acid residues 61

Ligands 4 (Zn: 2 - Mg: 1- AAP-SO, (BBL): 1)
B factors (A?)

Protein 51.84
Nucleic acid 90.57
Ligands 47.82
R.m.s. deviations

Bond lengths (A) 0.003
Bond angles (o) 0.493
Validation

MolProbity score 1.69
Clashscore 454
Poor rotamers (%) 1.68
Ramachandran plot’

Favored (%) 95.75
Allowed (%) 4.08
Outliers (%) 017

'Ramachandran plot parameters calculated in PHENIX'®,
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Extended Data Table 3 | Absolute values of Termination Efficiency calculations per gel

Repeat1

Condition Mean Area Background-corrected Mean Termination efficiency
WT 60’ - RO 143.344 0.34 138.08 0.52785091
WT 60’ - Term 159.634 0.34 154.37

WT 60’ + AAP-SO, - RO 13.505 0.34 8.241 0.93676578
WT 60" + AAP-SO, - Term 127.348 0.34 122.084

S450L 60’ - RO 45.732 0.34 40.468 0.79354536
S450L 60’ - Term 160.81 0.34 155.546

S450L 60" + AAP-SO, - RO 6.88 0.34 1.616 0.98199483
S450L 60’ + AAP-SO, - Term 93.4 0.34 88.136

Gel background 5.264 0.34 0

Repeat 2

Condition Mean Area Background-corrected Mean Termination efficiency
WT 60’ - RO 105.834 0.34 100.57 0.58129853
WT 60" - Term 144.889 0.34 139.625

WT 60’ + AAP-SO, - RO 14126 0.34 8.862 0.93395439
WT 60" + AAP-SO, - Term 130.582 0.34 125.318

S450L 60’ - RO 46.864 0.34 M6 0.78849214
S450L 60" - Term 160.347 0.34 155.083

S450L 60’ + AAP-SO, - RO 6.21 0.34 0.946 0.99022111
S450L 60’ + AAP-SO, - Term 101.057 0.34 95.793

Gel background 5.264 0.34 0

Repeat 3

Condition Mean Area Background-corrected Mean Termination efficiency
WT 60’ - RO 777.806 0.216 752.631 0.31007301
WT 60" - Term 363.429 0.216 338.254

WT 60’ + AAP-SO, - RO 159.041 0.216 133.866 0.81969525
WT 60" + AAP-SO, - Term 633.752 0.216 608.577

S450L 60 - RO 238.848 0.216 213,673 0.4830888
S450L 60’ - Term 224.867 0.216 199.692

S450L 60’ + AAP-SO, - RO 43.583 0.216 18.408 0.95465362
S450L 60" + AAP-SO, - Term 412.709 0.216 387534

Gel background 25175 0.216 (0]
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Extended Data Table 4 | Fluctuation analysis per condition

DMSO CFU(50 pL of CFU/mL CFU Rif-resistant (5mL) CFU Rif-resistant /mL Rif-resistance Freq
107-6 dilution)
1 69 1.38E+09 25 5 3.62E-09
2 53 1.06E+09 53 10.6 1.00E-08
3 62 1.24E+09 30 6 4.84E-09
4 70 1.40E+09 79 15.8 113E-08
5 65 1.30E+09 66 13.2 1.02E-08
6 60 1.20E+09 52 10.4 8.67E-09
7 55 1.10E+09 25 5 4.55E-09
8 91 1.82E+09 60 12 6.59E-09
9 63 1.26E+09 35 7 5.56E-09
10 74 1.48E+09 47 9.4 6.35E-09
1" 52 1.04E+09 26 5.2 5.00E-09
12 65 1.30E+09 56 1.2 8.62E-09
Total
MEAN 1.30E+09 7.10E-09
5 mL of culture 6.49E+09 Median 6.47E-09
Inf limit M Rif Sup limit
1.46E-09 2.02E-09 2.63E-09
€
0.99
0.5X MICy, AAP-SO, CFU 50 of 10-6 CFU/mL CFU Rif-resistance 5mL Rif/mL Rif-resistance Freq
1 43 8.60E+08 20 4 4.65E-09
2 64 1.28E+09 10 2 1.56E-09
3 63 1.26E+09 20 4 3.17E-09
4 57 1.14E+09 16 3.2 2.81E-09
5 16 3.20E+08 8 1.6 5.00E-09
6 69 1.38E+09 17 34 2.46E-09
7 152 3.04E+09 20 4 1.32E-09
8 99 1.98E+09 23 4.6 2.32E-09
9 12 2.24E+09 17 3.4 1.52E-09
10 67 1.34E+09 6 1.2 8.96E-10
n 36 7.20E+08 3 0.6 8.33E-10
12 162 3.24E+09 " 2.2 6.79E-10
Total
MEAN 1.57E+09 2.27E-09
5 mL of culture 7.83E+09 Median 1.94E-09
Inf limit M Rif Sup limit
4.38E-10 6.67E-10 9.33E-10
€
0.99
0.5X MIC,, EMB CFU50 pL of 10-6 CFU/mL CFU Rif-resistance 5mL Rif/mL Rif-resistance Freq
1 59 118E+09 17 3.4 2.88E-09
2 63 1.26E+09 43 8.6 6.83E-09
3 54 1.08E+09 13 2.6 2.41E-09
4 68 1.36E+09 40 8 5.88E-09
5 52 1.04E+09 42 8.4 8.08E-09
6 64 1.28E+09 30 6 4.69E-09
7 60 1.20E+09 23 46 3.83E-09
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Extended Data Table 4 (continued) | Fluctuation analysis per condition

DMSO CFU(50 pL of CFU/mL CFU Rif-resistant (5mL) CFURif-resistant/mL  Rif-resistance Freq
10~-6 dilution)
61 1.22E+09 31 6.2 5.08E-09
125 2.50E+09 65 13 5.20E-09
10 59 118E+09 28 5.6 4.75E-09
1" 59 118E+09 29 5.8 4.92E-09
12 52 1.04E+09 il 2.2 2.12E-09
Total
MEAN 1.29E+09 4.72E-09
5 mL of culture 6.47E+09 Median 4.83E-09
Inf limit HRIF Sup limit
9.93e-10 1.43e-09 1.91E-09
0.99
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Extended Data Fig. 1| Native mass spectrometry data processing,

deconvolution, and mass measurements. a, Data processing and deconvolution
of native mass spectrometry spectra using the UniDec software®**, Analysis of
arepresentative native mass spectrometry spectrum (sample: Mtb RNAP core +
AAP-S0O,) is shown. b, Mass measurements obtained from UniDec deconvolution

of the native mass spectrometry data for Mtb core samples incubated with

Mass (kDa) Mass (kDa)

Rif, MMV688845 and AAP-SO,. The RNAP core complex is a heteropentameric
complex comprised of a23f'w. The expected masses for the complexes are RNAP
core: 365,088 Da, core +Rif: 365,911 Da, core + MMV688845: 365,523 Daand core +
AAP-S0,:365,583 Da. The mass deviation from expected mass across all the
native mass spectrometry measurements ranged from 0.006 - 0.03%.
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Extended Data Fig. 2 | See next page for caption.
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Extended DataFig. 2 | Replicates of the AAP-SO, elongation and termination
assays. a, Urea-page gels showing the fraction of C21 RNA formed at specific
time points (0, 7,15,30, and 60 s) in the presence of DMSO (control) or AAP-SO,
for each of the 3 experimental replicates. b, Quantification of the apparent
nucleotide addition rate in the absence (DMSO) and presence of AAP-SO,

(10 mM) over time. AAP-SO, reduces the rate of NTP incorporation by 2.9-fold.
Dataare represented as (mean +s.d.; n = 3). ¢, Urea-page gels showing the Mtb

RNAP invitro termination assay on a promoter-initiated template in the presence
or absence of AAP-SO, for each of the 3 experimental replicates. d-f, Percent
fluorescence observed in the elongation (green) and readthrough channel
(orange) in the presence of (d) 200 nM rifampicin, (e) 2000 nM fidaxomicin

or (f) 1000 nM NusG and NusA versus in the DMSO (d,e) or no factor control

(f) (meants.e.m.;n=3).
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Extended Data Fig. 3 | Data processing workflow and cryo-EM map validation
for MtbEC with AAP-SO,. a, Cryo-EM pipeline applied for data processing of
MtbEC with AAP-SO,. Dose-fractionated movies (14,454) were frame aligned
and summed using MotionCor2?*. Motion-corrected micrographs were then
imported into cryoSPARC4 (CS4)%. CTFs were estimated by Patch CTF, and CS4
Blob Picker was used to pick and extract particles. Next, particles were curated
using 3 rounds of CS4 heterogeneous refinement (6 classes each) and unwanted
particles [junk particles] were removed. The remaining particles [RNAP]

(n=347.6k) were polished in RELION®***” and refined with CS4 non-uniform
refinement. Lastly, local CTF refinement was performed on curated particles to
get the final map. b, Quantification of orientation bias using gold standard FSC
(red line) and conical FSC (cFSC) of MtbEC with AAP-SO,, generated with CS4
orientation diagnostics”, indicate minimal orientation bias and a conical FSC
AreaRatio (cFAR) of 0.85, ¢, Maps representing the local resolution calculations,
generated using blocres from the Bsoft package'**'*. The green box indicates the
binding pocket of AAP-SO, and shows the local resolution (2.5 A) in that area.
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Extended Data Fig. 4 | Differences between CBR703, D-AAP1and AAP-SO,
binding. a, Overall alignment between Mtb RNAP structure bound to D-AAP1
(SUHE; grey)* and AAP-SO, (in color). Global RMSD is 1.142 A over 2557 atoms.

b, Alignment of the rim helices and F-loop region upon D-AAP1 (grey) versus
AAP-SO, (in color) binding. RMSD of the rim helices and F-loop between the two
structuresis 2.69 A over 82 Ca atoms. ¢, Sequence variation between the Mtb and
Ecobinding pockets. Conserved residues are highlight in grey. Hydrogen bonds

(H-bonds) between CBR703 and E. coli (light blue) as well as between D-AAP1
(yellow) and AAP-SO, (light green) are dotted. Interactions were calculated
using LIGPLOT®’ with a3.5 A cut-off for hydrogen bonds. ¢, Residues conferring
resistance to CBR703, D-AAP1and AAP-SO, (this study) are indicated in dark
blue, orange and green respectively. Alignments were performed in PyMOL (The
PyMOL Molecular Graphics System, Version 3.03 Schrodinger, LLC).
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(=3.27+0.08,3.10 £ 0.06,2.64 + 0.04 pM). Data are mean+s.e.m. (n=3).
d, Time-kill experiment showing the effect of DMSO and AAP-SO, on WT H37Rv,
S450L, and BH445Y strains over 10 days of exposure. Data are from duplicate
biological cultures treated with AAP-SO, at 1.38 uM. e, Time-kill experiment
showing the development of resistance to AAP-SO, (1.38 uM) in duplicate WT,
S450L, and BH445Y strains over 24 days.

Extended Data Fig. 5| AAP-SO, binds Rif-resistant and WT RNAP similarly
but affect WT, BS450L and BH445Y Mtb differentially. a, Growth of isogenic
WT H37Rv and S450L and BH445Y mutant strains in drug-free conditions.

b, Native mass spectrometry analysis of WT, 3S450L and fH445Y RNAP core
bound to AAP-SO,. ¢, MIC assay for EMB. MIC, values for WT, 3S450L, and
BH445Y are 667.9 +17.3,633.0 +£12.7,and 540.0 + 8.2 ng/ml, respectively
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Extended Data Fig. 6 | Fidaxomicin (Fdx) enhanceskilling of rifampicin (Rif)
in culture but not in caseum. a, Time-kill assay showing the effects of DMSO
(control), Fdx monotherapy (2x WT MICoo = 749 nM), Rif monotherapy (20x
WT MICyo =243 nM), and the combination of Rif 20x WT MICyo =243 nM) with
Fdx (2x WT MICoo =749 nM) on WT Mtb c.f.u. ml™ over 24 days. Data represent

mean +s.d. (n =2biological replicates). b, Bactericidal activity of Fdx, Rif,

and their combination in the ex vivo rabbit caseum model. Log-fold changein
c.f.u.mlrelative to the vehicle control is shown. Data represent mean +s.d.
(n=3experimental replicates). ¢, Stability of Fdx (% of the compound remaining)
in rabbit caseum homogenate assessed over 7 days.
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