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Abstract 1 

Rifampicin (Rif) is a first-line therapeutic used to treat the infectious disease 2 

tuberculosis (TB), which is caused by the pathogen Mycobacterium 3 

tuberculosis (Mtb). The emergence of Rif-resistant (RifR) Mtb presents a need for 4 

new antibiotics. Rif targets the enzyme RNA polymerase (RNAP). Sorangicin A 5 

(Sor) is an unrelated inhibitor that binds in the Rif binding pocket of RNAP. Sor 6 

inhibits a subset of RifR RNAPs, including the most prevalent clinical RifR RNAP 7 

substitution found in Mtb infected patients (S456>L of the  subunit). Here, we 8 

present structural and biochemical data demonstrating that Sor inhibits the wild-9 

type Mtb RNAP by a similar mechanism as Rif; by preventing the translocation of 10 

very short RNAs. By contrast, Sor inhibits the RifR S456L enzyme at an earlier 11 

step, preventing the transition of a partially unwound promoter DNA intermediate 12 

to the fully opened DNA and blocking the template strand DNA from reaching the 13 

active site in the RNAP catalytic center. By defining template strand blocking as a 14 

mechanism for inhibition, we provide a new mechanistic drug target in RNAP. Our 15 

finding that Sor inhibits the wild-type and mutant RNAPs through different 16 

mechanisms prompts future considerations for designing antibiotics against 17 

resistant targets. Also, we show that Sor has a better pharmacokinetic profile 18 

than Rif, making it a suitable starting molecule to design drugs to be used for the 19 

treatment of TB patients with co-morbidities who require multiple medications. 20 

Keywords: multi-drug resistant Mycobacterium tuberculosis, RNA polymerase, 21 

rifampicin, sorangicin A, antimicrobials, antibiotics, promoter melting, X-ray 22 

crystallography, cryo-electron microscopy, cytochrome P450 3A4 23 

 24 

Significance Statement 25 

Rifampicin (Rif) is an antibiotic that targets bacterial RNA polymerase (RNAP). The 26 

search for new antibiotics against proven targets is one approach to combat multi-drug 27 

resistant tuberculosis (TB), a global threat. Here, we characterized the effects of the 28 

antibiotic sorangicin A (Sor) on a Rif-resistant (RifR) RNAP found in clinically isolated 29 

RifR strains. Sor binds in the same pocket and inhibits wild-type RNAP by the same 30 



 5 

mechanism as Rif. However, Sor inhibits RifR RNAPs by a distinct mechanism, 1 

providing a new target for drug design. Intriguingly, Sor displays a better 2 

pharmacokinetic profile compared to rifamycins, which is important for development of 3 

inhibitors to treat TB patients suffering from co-morbidities. These results inform 4 

approaches towards drug development against antibiotic-resistant targets. 5 

 6 

\body 7 

Introduction 8 

Mycobacterium tuberculosis (Mtb) is the causative agent of the disease tuberculosis 9 

(TB), which kills almost two million people annually (1). Efforts to eradicate TB are 10 

threatened by the increase of multi-drug resistant (MDR) strains of Mtb. Rifampicin (Rif) 11 

is a first-line treatment for TB. Resistance to either isoniazid (another first-line antibiotic) 12 

or Rif increases the therapeutic regimen from six months to two years or more, and 13 

requires more expensive drugs, often with greater side effects (2). Therefore, there is an 14 

urgent need to find new antimicrobials to treat Rif resistant (RifR)-TB. Rif targets 15 

RNA polymerase (RNAP), the enzyme responsible for all transcription in bacteria. Thus, 16 

RNAP is a proven antimicrobial target, supporting the development of new antibiotics 17 

that inhibit this enzyme. Especially compelling is the discovery and optimization of 18 

antibiotics that inhibit RifR Mtb RNAP [reviewed in (3)].  19 

 Drug-drug-interactions (DDIs) with Rif are quite common, which complicates 20 

clinical management and treatment strategies for TB patients receiving multiple 21 

medications (4). Thus, combination chemotherapy for patients with co-morbidities, 22 

especially those co-infected with Mtb and HIV (human immunodeficiency virus), require 23 

close monitoring (5). DDIs with Rif are complex and they are mainly driven by the 24 

induction of cytochrome P450 3A4 (CYP3A4), which is mediated through activation of 25 

the nuclear pregnane X receptor (PXR)(4).  26 

 In bacteria, transcription initiation occurs when the RNAP catalytic core enzyme 27 

(E, subunit composition 2’ ~400 kDa) associates with an additional subunit, A, 28 

creating the holoenzyme (EA), which is capable of promoter-specific initiation (6). The 29 

holoenzyme performs a number of steps before transitioning to an elongating complex 30 



 6 

(Fig. 1A). The first step is binding the double-stranded promoter DNA through 1 

sequence-specific recognition of promoter sequence elements, most importantly the -35 2 

and -10 elements. Following initial EA recognition of the double-stranded promoter 3 

DNA, the complex isomerizes through a series of intermediates as it unwinds 12 to 14 4 

base pairs (bps) of DNA and positions the template strand (T-strand) in the RNAP 5 

active site to form the transcriptionally-competent open promoter complex (RPo) (7–10). 6 

Recently, the structure of an Mtb RNAP promoter melting intermediate containing a 7 

partially unwound DNA bubble (eight bp transcription bubble) was determined (11). This 8 

structure was proposed to correspond to RP2, a previously observed kinetic 9 

intermediate of Mtb RNAP on the same promoter (9, 11). Upon completion of the full 10 

transcription bubble, RNAP transitions into an initial transcribing complex (RPitc), 11 

characterized by the synthesis of a short RNA transcript. Eventually, RNAP “escapes” 12 

the promoter and synthesizes the full-length RNA product in an elongating complex 13 

(RPec) (12). 14 

The structure of Rif in complex with core RNAP was initially determined by X-ray 15 

crystallography using the RNAP from Thermus aquaticus (Taq) (13). That work, in 16 

combination with previous biochemical findings, established that Rif inhibits transcription 17 

by physically blocking the path of the elongating RNA when the RNA is two to three 18 

nucleotides in length, preventing the transition from RPitc to RPec (13, 14).   19 

Sorangicin A (Sor) (15, 16) is a bacterial RNAP inhibitor chemically unrelated to 20 

Rif (Fig. 1B). Genetic studies identified extensive overlap in cross-resistance between 21 

Rif and Sor, suggesting significant overlap of the Rif and Sor binding determinants on 22 

RNAP (17–20). Our previous structure of Sor in complex with Taq RNAP showed 23 

almost complete overlap; Rif and Sor bound in the identical RNAP  subunit pocket and 24 

contacted essentially identical RNAP amino acid residues (17). However, a subset of 25 

RifR mutants was Sor sensitive (SorS) (17–20). One of these substituted loci yielding 26 

RifR but SorS is a Ser in the Rif binding pocket [ subunit S447 in Mycobacterium 27 

smegmatis (Msm), S456 in Mtb, S531 in Escherichia coli (Eco), and S411 in Taq]. This 28 

residue is frequently substituted with a leucine (S>L) and is the most prevalent 29 

substitution in RifR Mtb clinical isolates (21). Studies in Eco have shown substitutions of 30 
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the equivalent S531 to bulkier residues (Y, F, W) also led to RifR/SorS RNAP (17). 1 

However, modeling based on the crystal structure of Sor/RNAP suggested that the S>L 2 

(or to any bulky amino acid) RNAP could not accommodate Sor in the observed 3 

conformation due to steric clash between the antibiotic and the bulky amino acid side 4 

chain. We therefore proposed that Sor can bind the S>L substituted RNAP due to Sor’s 5 

positional and torsional flexibility. Molecular dynamics simulations and physical 6 

molecular models confirmed that Sor has sufficient torsional freedom to adapt to the 7 

altered binding pocket caused by the S>L substitution (17). By contrast, Rif is a very 8 

rigid molecule with little torsional flexibility to adapt to an altered binding pocket shape 9 

(17).  10 

In the present work to elucidate how Sor binds to the S>L-RNAPs, we first 11 

determined crystal structures of 1) Msm wild-type (WT) RNAP with Sor, 2) apo (without 12 

antibiotic) Msm S447L-RNAP, and 3) Msm S447L-RNAP with Sor. The crystal 13 

structures show that Sor can bind the S>L-RNAPs, not because of its torsional flexibility 14 

as we previously proposed (17), but because of flexibility in the RNAP fork loop 2 (FL2), 15 

a flexible loop that acts as a lid on the Rif pocket, which moves to accommodate the 16 

antibiotic.  17 

Unexpectedly, we also observed that Sor inhibited the Mtb S>L-RNAP at an 18 

earlier step of transcription initiation than WT-RNAP. We used cryo-electron microscopy 19 

(cryo-EM) to visualize the effect of Sor on complexes of Mtb RNAP with a de novo 20 

melted promoter. Cryo-EM structures revealed that Sor permits WT-RNAP to proceed to 21 

RPo, but Sor traps the S>L-RNAP at the promoter melting intermediate RP2 (11). Thus, 22 

Sor inhibits the Mtb RifR S>L-RNAP by a different mechanism, at an earlier step, than it 23 

inhibits the WT-RNAP. We also present data showing Sor has a favorable drug-drug 24 

interaction (DDI) profile. Altogether, these findings suggest that Sor is a compelling 25 

pharmacokinetic candidate for drug design to be used for the treatment of TB against 26 

antibiotic-resistant Mtb. 27 

 28 

Results 29 

Sor inhibits mycobacteria RNAPs.  30 



 8 

We performed transcription assays to determine the half-maximum inhibitory 1 

concentration (IC50) of Rif and Sor against WT and S447/S456L Msm and Mtb RNAPs 2 

(Figs. 1C, D, S1A-B). Both the Mtb and Msm WT-RNAPs displayed similar sensitivity to 3 

each antibiotic, within the low nM range of inhibition (Fig. 1C). As expected, the IC50 of 4 

Rif on the S>L-RNAPs was in the high (124-370) µM range. The Sor IC50 for the WT-5 

RNAPs was very similar to the IC50 for Rif. The Sor IC50 for the S>L-RNAPs also 6 

increased compared to the WT-RNAPs, but the increase was orders of magnitude less 7 

than for Rif, so the Sor IC50 for the S>L-RNAPs was still in the low M range (Fig. 1C). 8 

  9 

Crystal structures reveal Sor binds to mycobacteria RNAPs in the Rif pocket. 10 

Previous structures of Rif and related compounds identified the interactions between Rif 11 

and various bacterial RNAPs (at resolutions of): Taq (3.1Å) (13), T. thermophilus (2.5 Å) 12 

(22), and Eco (3.8 Å) (23). More recently, a series of Mtb RNAP (3.8-4.3 Å) (24) and 13 

Msm RNAP (3.1 Å) (25) structures in complex with Rif revealed the Rif interactions with 14 

RNAP in mycobacteria. In all of these structures, the overall binding of the Rif and the 15 

identified interactions are similar to the original structure (13) and explain the broad-16 

spectrum activity of Rif. Here, we determined crystal structures of Msm WT and S447L-17 

holoenzyme RNAP with RbpA, bound to an upstream fork as previously described (9) 18 

(Fig. 2A), with Sor to 3.1 and 3.0 Å resolution, respectively (Table S1). We compared 19 

the changes in the Rif pocket with that of our previous 3.1 Å structure of Msm RNAP 20 

with Rif obtained under identical crystallization conditions (25). To distinguish which 21 

changes in the structures were a result of the S447L substitution or Sor binding, we also 22 

determined the 3.2 Å crystal structure of apo Msm S447L-RNAP (Table S1). The crystal 23 

structure of Msm WT-RNAP with Sor was similar to that of the previous structure of Taq 24 

RNAP with Sor (17), confirming that Sor binds in the Rif pocket (Figs. 2B and S2A).  25 

 26 

Conformational changes in the Rif pocket caused by the S447L mutation.  27 

To address why the S447L-RNAP is RifR but SorS despite both antibiotics binding in the 28 

Rif pocket and sharing similar IC50 for WT-RNAPs, we analyzed the Rif pocket in our 29 

crystal structures (Fig. 2). The Rif pocket is partially made up of the mobile FL2 30 
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( subunit residues S447-E462 in Msm, S456-E471 in Mtb; colored dark blue in Fig. 2). 1 

In WT-RNAP, three FL2 residues (S447, L449, R456) make direct contacts with Rif 2 

(25). These three residues and an additional FL2 residue, G450, also contact Sor (Figs. 3 

2B, S2A). In the structure of S447L-RNAP with Sor, the FL2 was displaced and 4 

residues 451 to 460 were disordered, resulting in the loss of interactions between L449, 5 

G450, and R456 and the antibiotic (Figs. 2C and S2A).  6 

 The observed disorder of the FL2 could be attributed to the displacement of the 7 

bulky S447L by Sor binding, or solely because of the S>L substitution. To determine the 8 

cause of the FL2 disorder, we also solved the structure of S447L-RNAP without 9 

antibiotic. We found that not only was the FL2 density absent (Fig. 2D), but so were 10 

several adjacent loops and domains (Fig. S3). This observation suggests that Sor 11 

binding stabilizes the S447L-RNAP structure. Sor interacts with residues in a loop 12 

following FL2 (Q484 and P480, Fig. 2B) that we call the extended FL2 ( subunit 13 

residues 447-486, Fig. S3). That interaction may stabilize not only the Rif pocket but 14 

also the nearby domains including the ’ rim helices, the ’ F-loop, the ’ bridge helix, 15 

the  lobe, the  protrusion, and a domain of  we now call  lobe 3 (Fig. S3). We 16 

currently do not have an explanation for how the S>L substitution causes such 17 

extensive disordering of these domains but note that these domains are physically 18 

connected by contacting each other and/or the FL2 directly.  19 

 Previous structures of Eco S531L RNAP (equivalent to S447L in Msm RNAP), 20 

did not show the same disorder of FL2 or other parts of the RNAP (23). The authors 21 

also crystallized the Eco S531L RNAP in complex with a very high concentration of Rif 22 

(1 mM). They found that the FL2 became disordered upon Rif binding (similar to our 23 

finding with Sor), presumably as a result of the clash between Rif and the leucine 24 

substitution. The crystal packing environments of the Msm RNAP and Eco RNAP 25 

crystals are very different; crystal packing constraints in the Eco RNAP crystals may 26 

have stabilized the parts of the RNAP that became disordered in the apo Msm S447L-27 

RNAP structure (Fig. S3). Alternatively, the Eco and Msm RNAP  and ' subunits 28 

share only 57.8 and 51.4 % sequence identity, respectively; the Eco RNAP structure 29 

may be intrinsically more stable than the equivalent regions of the Msm RNAP. 30 
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This result illustrates how the various modules of Msm RNAP are interconnected in a 1 

balanced interaction network that may coordinate movements necessary for the 2 

transcription cycle but can be disrupted by a single amino acid substitution. 3 

  4 

Comparison of interactions in crystal structures of WT and S447L-RNAPs with 5 

Sor and Rif.  6 

We did not solve the structure of Rif bound to the S447L-RNAP because this enzyme is 7 

Rif resistant and would require extremely high concentrations of Rif (>2 mM to achieve 8 

full occupancy in Msm RNAP) to bind, possibly leading to artifacts. To compare contacts 9 

that would be lost between Rif versus Sor in the Msm S447L-RNAP, we modeled Rif 10 

into the S447L-RNAP by superimposing our previous structure of Msm WT-RNAP/Rif 11 

(PDB ID 6CCV) (25) onto the current Msm S447L-RNAP/Sor structure. These analyses 12 

reveal that in the context of FL2 disorder, contacts lost with Rif would include nonpolar 13 

interactions with S447, L449 and R456, and a hydrogen bond with S447. We note that 14 

these observations are largely supported by the structure of Eco S531L RNAP with Rif 15 

(23). Contacts lost with Sor include nonpolar interactions with S447, L449, and G450, 16 

as well as a hydrogen bond with R456 (Fig. S2A).  17 

The effect of these changes in the Rif pocket leads to high RifR but maintains 18 

modest SorS (Fig. 1C). The following observations explain this difference: 1) S447 is 19 

involved in nonpolar contacts with both Sor and Rif but makes a hydrogen bond with a 20 

hydroxyl (O2) on the naphthalene ring of Rif, which contributes significantly to the 21 

binding energy of Rif to RNAP based on structure-function studies of Rif (26). However, 22 

the S447L substitution increases the number of nonpolar contacts with Sor due to the 23 

branched hydrophobic substitution, which would favor the binding of Sor. 2) A second 24 

contact located on FL2 is L449, which makes extensive nonpolar contacts with the 25 

polyketide backbone of Sor and the planar rings of Rif (Figs. 2B, S2A). Contacts with 26 

each antibiotic change significantly in the S447L-RNAP, with L449 not interacting with 27 

either antibiotic due to FL2 disorder (Figs. 2B, C and S2A). This interaction may be 28 

more critical for Rif binding. In Eco, an L449P (Eco numbering L533P) substitution 29 

causes RifR, but the bacteria remain Sors (17), which is in line with the FL2 movement 30 
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affecting Rif binding more severely than Sor. 3) A third interaction that is lost because of 1 

the FL2 disorder is between R456 and each antibiotic. R456 makes van der Waals and 2 

nonpolar interactions with Sor and nonpolar interactions with the five-membered ring of 3 

Rif (Figs. 2B and S2A). This amino acid cannot be modeled in the structures of S447L-4 

RNAP due to FL2 disorder and explains why the IC50 for Sor increases >30 fold 5 

compared to WT mycobacteria RNAPs (Figs. 1C, 2C). The S447L substitution leads to 6 

additional losses and gains to the Sor interactions with RNAP, which are illustrated in 7 

the ligplots (27) in Fig. S2A. 8 

 9 

Crystal structures reveal that FL2 increases the exposed surface area of 10 

antibiotics. 11 

The interactions lost with Sor due to FL2 disorder are also predicted to be lost with Rif 12 

(Fig. 2H). However, the mycobacterial S>L-RNAPs are approximately 30 to 120-fold 13 

more sensitive to Sor than Rif (Fig. 1C). In addition to the differences in the interactions 14 

noted in the previous section, we propose that changes in the exposed surface area 15 

(ESA) of each antibiotic in the S447L-RNAP also contribute to the differences in the 16 

sensitivity. ESAs were calculated using the webserver: 17 

http://www.ebi.ac.uk/pdbe/prot_int/pistart.html (28). To compare the ESA of Rif when 18 

bound to Msm S447L-RNAP versus WT-RNAP, we modeled Rif into the S447L-RNAP 19 

by superimposing our previous structure of Msm WT-RNAP/Rif (PDB ID 6CCV) (25) 20 

onto the current Msm S447L-RNAP/Sor structure. The loss of FL2 interactions 21 

increases the Sor ESA by about 30 Å2 (Figs. 2E, G), whereas the increase predicted for 22 

Rif is about 75 Å2 (Figs. 2F, H). Moreover, the loss of FL2 results in the exposure of 23 

mainly the planar hydrophobic rings of the Rif napthol moiety (Fig. 2H), which is 24 

expected to be very unfavorable. We conclude that the S447L-RNAP was more 25 

sensitive to Sor than Rif largely due to 1) loss of a hydrogen bond between S447 and 26 

O2 as discussed in the previous section, and 2) the entropic cost of exposing the 27 

hydrophobic planar rings of Rif caused by the FL2 disorder, a direct result of relative 28 

increased ESA/decreased buried surface area (BSA) of Rif to that of Sor (Fig.  2H). This 29 

analysis of the X-ray crystal structures is relevant for free RNAP binding to Rif or Sor 30 
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and pre-engagement to the -10 promoter elements. The remainder of this manuscript 1 

uses cryo-EM to investigate the effects of Sor on WT and S>L Mtb RNAP during de 2 

novo promoter melting. 3 

 4 

Sor inhibits S>L-RNAP at an earlier step of the transcription cycle than WT-RNAP. 5 

Rif binding introduces a steric block to the elongation of the RNA transcript beyond a 6 

length of two or three nucleotides (13, 14, 24, 25). Transcription assays in the presence 7 

of Rif show a decrease of run-off products (the full-length transcript to the end of the 8 

template) along with a concomitant build-up of short RNAs (abortive transcripts; 9 

Figs. 1D and S1A). Sor binds in the Rif pocket and inhibits extension of the RNA 10 

similarly (17) (Fig. 1D). Both Mtb and Msm WT-RNAPs exhibited similar transcription 11 

inhibition profiles in response to both Sor and Rif as Eco and Taq WT-RNAPs (13, 17, 12 

25). However, although 1-10 M Sor inhibited run-off products in the S>L-RNAPs, 13 

Mtb S456L-RNAP did not produce the characteristic abortive products that were seen 14 

with WT-RNAP (Fig. 1D). This unexpected observation suggested that Sor inhibited the 15 

Mtb S456L-RNAP by a different mechanism than the WT-RNAP. We did not observe 16 

the same result with the Msm S>L-RNAP as we did with the Mtb S>L-RNAP (Fig. 1D, 17 

S1A). The binding pocket and active site of Msm and Mtb RNAPs are conserved in 18 

sequence and structure, so we do not have a ready explanation for this difference. It is 19 

possible that the equilibrium between intermediates and RPo is different 20 

between Msm and Mtb. We also note that the N-terminal insert of the  factors is more 21 

divergent (29)  and may explain this difference. 22 

  Possible steps of inhibition that could lead to the reduction of both run-off and 23 

abortive transcription include DNA binding, DNA unwinding, binding of one of the 24 

initiating NTPs, or catalysis of the phosphodiester bond (Fig. 1A). We show that Sor did 25 

not inhibit phosphodiester bond synthesis by Mtb S456L-RNAP (Fig. S1C). Also, we did 26 

not attribute the lack of abortive product formation by the S456L-RNAP to Sor inhibition 27 

of the incoming NTP (iNTP) binding. Unlike the Rif derivative, Kanglemycin A (Kang A) 28 

(25), 3D modeling did not suggest that Sor would clash with the modeled iNTP (30) (Fig 29 

S1D).  30 
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Cryo-EM of de novo promoter melted Mtb open complexes reveals that Sor 1 

physically blocks template strand placement in the active site of the S>L-RNAP 2 

To address which step of transcription Sor inhibits Mtb S456L-RNAP, we switched to 3 

applying cryo-EM. Previously, we used cryo-EM for visualizing conformational changes 4 

and intermediates that may be important for understanding the basis of inhibition (11). 5 

First, we added Sor (500 µM) to Mtb S456L-RNAP holoenzyme with RbpA and CarD, 6 

then added fully duplex AP3 promoter DNA as previously described (11). Unlike the 7 

upstream fork DNA template used for the crystal structures (Fig. 2A) (9), this DNA 8 

contains double-stranded DNA downstream of the -10 promoter region to +30 (Fig. 3A) 9 

and can be used to observe unwinding intermediates (11, 31). The cryo-EM dataset 10 

gave rise to two distinct structural classes (Fig. S4A). The first class contained 11 

approximately 54% of the particles and resolved to a nominal resolution of 3.6 Å 12 

(Figs. S5A, B, C). It consisted of the S456L-RNAP engaged with the promoter DNA, 13 

which was melted into the complete 13-nucleotide transcription bubble (positions -11 to 14 

+2) as in previously determined RPo structures and so we deem it S456L-RPo.  The 15 

structure did not contain strong density for Sor (Fig. 3B), leading us to conclude little Sor 16 

was present in these particles. The second class contained 46% of the particles, 17 

resolved to a nominal resolution of 3.7 Å (Figs. S4A, S5D, S5E, S5F), and contained 18 

strong density for Sor. However, the DNA was only partially unwound to an 8-nucleotide 19 

bubble (Fig. 3C) and was configured as seen in the previous RP2 structure (11) and so 20 

we deem it S456L-RP2. These observations suggested that the DNA in the RPo state 21 

was not compatible with Sor binding in the context of the S456L substitution. We explain 22 

Sor's weak density in the S456-L RNAP/RPo complex as due to either Sor’s low 23 

occupancy or more likely, the lack of clean classification of RP2/RPo states.  When we 24 

applied a different classification approach, we indeed did not see Sor in the S456L-RPo 25 

(Fig. S8). 26 

 As a control, we performed the same cryo-EM experiment with Mtb WT-RNAP. 27 

The data was processed similarly and two structural classes were extracted, WT-RPo 28 

(56% of the particles, nominal resolution of 3.4 Å; Figs S4B, S6A, S6B, S6C) and WT-29 

RP2 (44% of the particles, nominal resolution of 3.4 Å; Figs. S4B, S6D, S6E, S6F). 30 

However, unlike the S456L-RNAP with Sor, both classes contained strong densities for 31 



 14 

Sor (Fig. 3 D, E). These findings are consistent with the observation that the S456L-1 

RNAP, unlike the WT-RNAP, does not produce abortive products in the presence of 2 

Sor. Interactions between the Mtb WT and S456L-RNAPs and Sor are annotated in Fig. 3 

S2B. 4 

 5 

Sor binding and RPo formation are mutually exclusive in Mtb S456L-RNAP.  6 

In the cryo-EM structures, we observed weak Sor density with RPo DNA in the Mtb 7 

S456L-RNAP, suggesting that Sor’s presence prevents RPo formation by the S456L 8 

RNAP. Therefore, we analyzed the FL2 conformations in the context of the DNA and 9 

the S456L substitution. Here, we extended the definition of FL2 to include residues 450 10 

to 479 for structural comparisons. We compared these structures to our previous 11 

structure of Mtb WT-RNAP RPo (PDB ID: 6EDT, apo), which was determined under 12 

identical conditions but without antibiotics (11). The structural core of RNAP, which does 13 

not show significant conformational changes in bacterial RNAPs (32), was used to align 14 

the S456L-RPo incubated with Sor (but no Sor occupancy) to the WT RPo/apo to 15 

compare the conformations of FL2. The RMSDs of the core module and the FL2, as 16 

well as the ratios of the RMSDs of the FL2/core modules, are listed in Table S3. FL2 of 17 

the Mtb S456L-RPo/apo was similar to FL2 of the WT-RPo/apo (Fig. 4A, Table S3), with 18 

an RMSD ratio of 1.5 of FL2/core module. The FL2 is a naturally mobile loop, which 19 

combined with the effects of the S456L mutation, explains its higher RMSD compared to 20 

the core module. We conclude that the S456L substitution in the RPo conformation 21 

modestly affects the FL2 structure. By contrast, in the crystal structures, FL2 is 22 

disordered in the S>L-RNAP. This difference is likely because the crystal structure does 23 

not contain downstream DNA, which constrains the conformation of FL2.  24 

Using the WT-RNAP/apo as a reference for alignment, we also noted that Sor or 25 

DNA binding in the RPo or RP2 states modestly affected the conformation of the FL2 of 26 

the WT-RNAP. The FL2/core RMSDs ratios for WT-RPo/apo to WT-RPo/Sor and WT-27 

RP2/Sor were 1.2 and 1.5, respectively (Table S3). Fig 4B. shows that FL2 in all three 28 

WT-RNAP structures, whether or not Sor was bound, were compatible with the DNA in 29 

the RPo conformation. In sum, each of the following factors individually perturbed the 30 
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FL2 with a FL2/core ratio of less than or equal to 1.5: The S>L mutation (in presence of 1 

DNA), Sor binding, or DNA in the RP2 or RPo state (Figs. 4A-C). 2 

By contrast, the combination of the S456L substitution and binding of Sor 3 

increased the FL2/core RMSD ratio to 2.2, the highest of all the ratios (Table S3). This 4 

increase in RMSD ratio is due to the combination of Sor binding and the S456L 5 

substitution, leading to FL2 being pushed away to avoid steric clash with the antibiotic 6 

(Fig. 4C). In turn, this movement introduces a steric clash between L463 and the NT-7 

strand +2 base in the RPo conformation (Fig. 4C), but not in the RP2 conformation 8 

(Fig. S7A). Our cryo-EM results show that in the absence of Sor, FL2 of the S456L-9 

RNAP is compatible with the formation of RPo, but Sor binding does not allow RPo 10 

formation, explaining our finding that the S456L-RNAP does not form abortive products 11 

in the presence of Sor (Fig. 1D).  12 

Comparing the FL2 of S456L-RPo to S456L-RP2/Sor shows that the FL2 in the 13 

presence of Sor cannot adopt the conformation required to accommodate the RPo 14 

DNA, likely due to the clash with L463 (Fig. 4D). L463 cannot adopt other rotamers that 15 

would reduce the clash with the DNA due to steric crowding from A458 and A468 16 

(Fig. S7B). Therefore, the presence of Sor causes the S456L-FL2 (dark blue; Fig. 4D) to 17 

shift towards the DNA, causing a steric clash between L463 and the NT-strand at 18 

position +2, explaining the observation that Sor binding and RPo DNA are mutually 19 

exclusive in Mtb S456L-RNAP (Fig. 3B). 20 

The contrast between the FL2 disorder of the Msm S>L RNAP and the ordered 21 

FL2 in Mtb S>L RNAP is striking. We attribute the ordering in Mtb S456L-RNAP to the 22 

presence of downstream DNA. However, in the absence of an Mtb S456L-RNAP 23 

structure without downstream DNA, we acknowledge that the FL2 disorder might be a 24 

peculiar property of Msm S447L-RNAP, which could explain the presence of abortives 25 

with Sor, unlike with Mtb S456L-RNAP. 26 

 27 

Effects of Sor on the distribution of RPo and Pre-RPo complexes  28 

Because we propose that Sor binding to Mtb S456L-RNAP RP2 would 29 

prevent Mtb S456L-RNAP RPo formation, we expected a decrease in the ratio of 30 
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RPo/RP2 particles relative to the WT-RNAP. However, we did not observe this in our 1 

initial processing using iterative classification. This initial method was employed to 2 

obtain a homogeneous set of particles to maximize the resolution of cryo-EM maps for 3 

model building (Fig. S4). Therefore, we reanalyzed our datasets using a different 4 

approach. Particles were repicked and curated using “decoy” classification [an 5 

adaptation of random-phase 3D classification (33)] to minimize the loss of RNAP 6 

particles while removing junk particles. These curated particles were then classified 7 

using signal subtraction with a mask around the downstream DNA channel 8 

(Fig. S8A, B). This approach allowed us to better sort promoter melting intermediates 9 

before RPo since we reasoned that if Sor inhibits RPo formation, it might lead to an 10 

increase in these intermediates. Therefore, unlike the processing used to get the high-11 

resolution homogeneous structures described in Fig. 3, this approach allowed us to 12 

curate more particles. This distribution analysis demonstrated that the S456L-RNAP 13 

and WT-RNAP, in Sor's presence, exhibit a shift in the equilibrium between RPo and 14 

RP2 particles, with the mutant having more RP2-like particles relative to RPo and the 15 

WT-RNAP having more RPo relative to RP2 (Fig. S8C). We do not rule out that the 16 

S456L-RNAP might also experience the same shift without Sor, but we note that the 17 

S456L-RNAP RPo complexes do not display Sor density (Fig. S8C, right). These data 18 

supports our conclusion that Sor prevents RPo formation in Mtb containing the S456L-19 

RNAP. 20 

Sor molecule in the crystal structure of Msm S>L-RNAP Rif binding pocket  21 

Modeling bulkier amino acids (Tyr, Leu, Phe) at the position corresponding to the S>L 22 

substitution in the Taq  subunit suggested that both Rif and Sor would clash with the 23 

substituted amino acids, conferring resistance (17). We therefore proposed that the 24 

conformational flexibility of Sor allowed it to bind to the altered shape of the Rif pocket. 25 

By contrast, we proposed that the rigid Rif structure would not be able to adapt to the 26 

altered shape of the mutant Rif pocket, explaining the RifR/SorS phenotype of the S>L 27 

substitutions (17). The premise of this proposal was inspired by studies of inhibitors 28 

against WT and drug-resistant variants of HIV-1 reverse transcriptase. In these studies, 29 

the authors described the repositioning or reorientation of an inhibitor in a binding 30 
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pocket altered by mutation, as well as the inherent torsional or conformational flexibility 1 

of the inhibitor structure itself to adapt to the mutated pocket (34). Aligning the two 2 

Msm RNAP/Sor crystal structures by the RNAP structural core (32), we observe that the 3 

S447L and WT-RNAPs align well (0.880 Å over 2661 atoms). Unexpectedly, Sor 4 

repositions upward in the direction towards the S447L substitution, with a significant 5 

shift of the center of mass of the Sor molecule of 1.1 Å (Fig. 4E, left). When aligning the 6 

atoms of the Sor molecule from each crystal structure, the RMSD was negligible (0.064 7 

Å over 58 atoms; Fig 4E, right), indicating that Sor did not undergo major torsional 8 

changes. Therefore, our original model was incorrect in the context of the enzyme 9 

without DNA. Instead, the protein (FL2) moved in response to Sor binding as a result of 10 

the S>L substitution. Because the antibiotic was not constrained by interactions with the 11 

FL2, which in turn was not constrained by the presence of downstream DNA, it 12 

repositioned towards the substitution instead. Our conclusion from the crystal structures 13 

is that Sor is not required to change its backbone conformation to be accommodated in 14 

the mutated pocket. However, we hypothesized that if DNA constrained the FL2, the 15 

Sor would have to reposition or undergo torsional fluctuations as the FL2 would clash 16 

with Sor. The next section describes this analysis of Mtb RNAP cryo-EM structures with 17 

a full promoter template with downstream DNA (Fig. 3A). 18 

 19 

The Sor molecule in the Mtb S>L-RNAP Rif binding pocket with downstream DNA 20 

To compare the Sor molecules from the cryo-EM structures that contained the full 21 

complement of DNA, we aligned the structural core module of RNAP (32) of the Sor 22 

bound structures and examined the disposition of Sor. The center of mass of Sor 23 

between RPo and RP2 in the WT-RNAP did not change significantly (0.2 Å, Fig. 4F, 24 

left). However, in the mutant RP2 structure, Sor repositioned 0.7 Å away from the 25 

substituted amino acid. Significantly, the backbone of Sor around C30 showed torsional 26 

changes up to ~2.4 Å, and the overall RMSD between Sor from the S>L mutant and 27 

WT-RNAPs was 0.790 Å (WT-RPo) and 0.822 Å (WT-RP2) across 58 atoms of Sor 28 

(Fig. 4F, right). This RMSD was almost double that of Sor in the WT-RPo and WT-RP2 29 

structures (0.438 over 58 atoms). The torsional movements of Sor in the S456L-RNAP 30 

relieves steric clashing with L456 which occurs mostly around C30 (Fig. 4F). Therefore, 31 
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we conclude that in the context of the RP2 DNA, for Sor to remain bound and inhibit 1 

RPo formation, the antibiotic undergoes torsional fluctuations to avoid steric clash with 2 

the bulky L456.  3 

 4 

Sor displays a lower potential for DDIs compared to rifamycins. 5 

Treatment of TB patients with Rif is complicated due to the high prevalence of RifR Mtb. 6 

In addition, Rif binds to PXR, thereby inducing the expression of CYP enzymes, with 7 

CYP3A4 being the most relevant isoform in the context of DDIs between Rif and e.g. 8 

antiretroviral agents. We compared Sor, Rif ,and its derivatives rifabutin and rifapentine 9 

(35) in a luciferase reporter gene assay using DPX-2 cells (36). Intriguingly, Sor was 10 

much less effective in inducing CYP3A4 through PXR activation (Table 1 and Fig. S9). 11 

Compared to Rif, the half-maximum effective concentration (EC50) was increased by 12 

approximately four-fold (3.9 µM for Sor vs. 1.0 µM for Rif) and the level of CYP3A4 13 

induction reached only 41 % compared to the vehicle control, using Rif as a positive 14 

control (98 % induction). If Sor could be delivered at similar human doses like Rif, this 15 

natural product antibiotic Sor could, in theory, overcome the issues related to 16 

antimicrobial resistance and may significantly reduce DDIs as described for Rif.   17 

 18 

Conclusion 19 

The combination of biochemical data with crystal structures and cryo-EM structures 20 

reveals the following key points. 21 

1) Sor inhibits the RifR S>L-RNAPs at least two orders of magnitude better than Rif 22 

(Fig. 1C). 23 

2) Sor inhibits transcription initiation by the Mtb S456L-RNAP at a step prior to 24 

chain elongation  (Fig. 1D). 25 

3) In the absence of promoter DNA in the active site, the crystal structure of Msm 26 

S>L-RNAP FL2 is disordered, increasing the ESA of Sor and Rif, explaining the 27 

increased IC50s. The increase in ESA for Rif is significantly greater than Sor, 28 

helping to explain the SorS-RifR phenotype of this substitution (Fig. 2). 29 
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4) Sor does not significantly affect the steps up to and including promoter melting on 1 

WT RNAP, explaining its effects on post-initiation steps (Figs. 1C, S1 and 3). 2 

5) Sor binding to the Mtb S456L-RNAP is compatible with the RP2 DNA location but 3 

not with the RPo DNA location. This observation possibly explains how Sor inhibits 4 

abortive transcription (Figs. 1D and 3). 5 

6) In the presence of Sor, FL2 must rearrange due to the bulky S>L substitution. We 6 

observe in the cryo-EM structures with Mtb S456L-RNAP and Sor that the altered 7 

FL2 conformation would clash with the fully opened DNA in RPo, but not RP2 (Figs. 8 

4 A-D and S7). 9 

7) We observe in the cryo-EM structure of Mtb S456L-RNAP RP2 that the 10 

combination of the DNA in the cleft and the S>L mutation forces Sor to undergo 11 

torsional fluctuations (Fig. 4F). 12 

 13 

These data lead to a model that explains the effects of Sor on Mtb WT and S456L-RNAP 14 

(Fig. 5). The top panel shows how nucleic acids and apo WT-RNAP rearrange in steps to 15 

form the productive elongation complex RPec (also true for the apo S>L-RNAP, not 16 

shown). The apo RNAPs form RP1 (the initial engagement with DNA complex), proceed 17 

to RP2 (partial bubble intermediate), then to RPo (the fully unwound bubble with the-18 

strand DNA in the active site), then to RPitc (containing short transcripts) and eventually 19 

to RPec. The middle panel illustrates how WT-RNAP with Sor is inhibited at the transition 20 

from RPitc to RPec due to steric clashes between Sor and the elongating RNA transcript 21 

(Fig. 5 panel 2), as previously described (17). The bottom panel (Fig. 5) shows how the 22 

S>L-RNAP in the presence of Sor can proceed to RP2, but the transition to RPo is 23 

inhibited (bottom row). The position of the DNA in RPo imposes constraints on the FL2 24 

position, which in turn is incompatible with the presence of Sor when the S>L substitution 25 

is present in FL2, likely explaining this finding. Therefore, unlike with the WT-RNAP, Sor 26 

inhibits the S>L RNAP at a step upstream of RPitc (panel 2 versus panel 3, Fig. 5). 27 

 In sum, the mechanism of  inhibition by Sor of the Mtb S>L RNAP is nuanced. 28 

While our data favor the model presented in the bottom panel, we acknowledge that other 29 

mechanisms might contribute to our results. These include allosteric inhibition of the 30 

binding of the initiating NTP, or inhibition of phosphodiester bond synthesis due to the 31 
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altered conformation of the mutated FL2 in the presence of Sor. These alternative 1 

explanations remain to be tested.  In addition, although the pathway we depict is linear, it 2 

also possible that Sor can bind the S>L RNAP in the RP2 state, which would also inhibit 3 

initiation.  4 

 Our findings highlight a need to revise the design and optimization of new inhibitors 5 

to target antibiotic-resistant macromolecules. We note that previous studies show that the 6 

Rif derivative, Kang A, inhibits both WT and S>L RNAPs at a step earlier than RPitc (25, 7 

37). Kang A, despite having the same core structure and binding pocket as Rif, inhibits 8 

binding of the initiating NTP. Combined with our finding of an altered mechanism for Sor 9 

inhibition of RifR RNAP, these studies emphasize the importance of detailed biochemical 10 

and mechanistic characterization of inhibitors. Even when inhibitors are chemically 11 

closely related and bind the same site on a target molecule - one should not assume the 12 

inhibitors necessarily inhibit the same mechanistic step. The results presented here also 13 

show that the same inhibitor can affect the WT and antibiotic-resistant enzyme differently; 14 

thus, stressing the need for structural and biochemical comparative studies. In sum, the 15 

mechanism of Sor inhibition is unexpectedly complex. Multiple factors need to be 16 

considered in drug inhibition studies: the thermal fluctuations of inhibitors in drug binding 17 

pockets, the movement of the protein composing the antibiotic pocket, and the possible 18 

differential mechanisms of inhibition on WT and RifR Mtb RNAPs by the same antibiotic.  19 

 Finally, we also studied whether Sor activates PXR, which is a common cause of 20 

DDIs with Rif. Importantly, Sor displays only moderate CYP3A4 induction following PXR 21 

activation. This favorable pharmacokinetic property is a potential consideration when 22 

designing new RNAP-targeting inhibitors for TB therapy. 23 

 24 

METHODS 25 

Detailed descriptions of Msm and Mtb  σA, RbpA, CarD and RNAPs protein purification, 26 

transcription assays, crystallization,  structural determination and refinement of Msm 27 

RbpA/fork/Sor complexes, preparation of WT and S456L Mtb RNAP complexes for 28 

cryo-EM, cryo-EM grid preparation, cryo-EM data acquisition and processing, model 29 

building and refinement, and CYP3A4 induction reporter gene assay are provided in S1 30 

appendix and tables S1 and S2. 31 
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 1 

Figure 1. Sor and Rif inhibition of WT and S>L mycobacterial RNAPs. 2 

A. Schematic of the steps of bacterial transcription initiation. The cartoon shows steps 3 

of bacterial transcription initiation, starting from RP1 to the elongation complex. The 4 

core RNAP is a pink circle, the promoter DNA is colored dark grey, and the active site 5 

Mg2+ depicted as a yellows sphere.  6 

B. Chemical Structures of Rifampicin and Sorangicin A. 7 

C. IC50 values for Rif and Sor on Mtb and Msm WT- and S>L RNAPs calculated from 8 

two experiments (example gels in D and Fig. S1). All reactions contained the 9 

transcription factor RbpA. The sequence of the promoter used for these assays are 10 

shown in Fig. S1. 11 

D. Transcriptional profile of Mtb WT (left) and S456L (right) RNAPs as a function of 12 

antibiotic concentrations. The full-length, 71-nucleotide run-off transcript and the 13 
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abortive product (pppGpUpU*) are indicated. All reactions contained the transcription 1 

factor RbpA. 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 
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 1 

Figure 2.  The structural basis of Sor binding and inhibition of Msm RifR RNAP  2 

S447L. 3 

A. Upstream fork promoter DNA used for crystallization of Msm RNAP/Sor structures. 4 

The -10 and -35 promoter elements are colored yellow. The extended -10 element is 5 

colored green. 6 

B. - D. 2Fo-Fc density maps (blue mesh) of Msm WT (B) or S447L (C, D) RNAPs with 7 

superimposed atomic models. The RNAP  subunit is cyan, but FL2 is dark blue. Sor 8 

(when present) is green. All structures contained the essential transcription factor RpbA. 9 

B. Msm WT-RNAP with Sor. Amino acids defining the range of the FL2 (E462 and 10 

G450) are labeled, as are Sor-interacting amino acids discussed in the text. 11 

C. Msm S447L-RNAP with Sor, illustrating a loss of density for FL2. Notable is the loss 12 

of density for L447 and R456, whose interactions with Sor are lost. 13 
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D. Msm S447L-RNAP without Sor, illustrating a loss of density for FL2, as well as 1 

neighboring loops containing Q484 and P480.  2 

E. - H. Msm antibiotic/RNAP crystal structures (E - G) or model (H). The RNAP is 3 

shown as a molecular surface, color-coded according to the key on the left, except FL2 4 

is dark blue. The antibiotics are shown as CPK spheres (Sor, green carbon atoms; Rif, 5 

yellow carbon atoms). The boxed area is magnified in the insets below. Exposed 6 

molecular surface areas (ESAs) for the antibiotics are shown at the bottom (28).   7 

E. Msm WT-RNAP with Sor.  8 

F. Msm WT-RNAP with Rif [PDB ID 6CCV (25)].  9 

G. Msm S447L-RNAP with Sor. The ESA is the increase in the Sor ESA for the S447L 10 

RNAP vs. WT RNAP. 11 

H. Model of Msm S447L-RNAP with Rif, generated by superimposing the Rif from 6CCV 12 

onto the RNAP structure from (F). The ESA is the increase in the Rif ESA for the 13 

S447L RNAP model vs. WT RNAP. 14 

 15 
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1 

Figure 3.  Cryo-EM experiments demonstrate Mtb RNAP S456L RNAP/Sor can 2 

form RP2 but not RPo.  3 

A. Duplex AP3 promoter DNA (11) used for de novo unwinding in cryo-EM structures of 4 

Mtb RNAP with Sor. 5 

B.-D. Cryo-EM structures of Mtb S456L (B, C) or WT (D, E) RNAP 6 

holoenzyme/RbpA/CarD/Sor/AP3 complexes. RNAPs and transcription factors were 7 

incubated first with Sor and then duplex AP3 promoter DNA (A). Top: Difference map 8 

around the Sor binding site is shown as a blue mesh (normalized and contoured at 7). 9 

Sor is shown in stick format in green (the Sor in B is modeled to show the Sor position, 10 

Sor is not modeled in the structure). Bottom: The cryo-EM structures are shown, with 11 

the RNAP shown as a transparent molecular surface. The RNAP active site Mg2+ is 12 

shown as a yellow sphere and blue is the T-strand +1 base modeled in for reference. 13 

Difference cryo-EM density for Sor (green, normalized and contoured at 7) and DNA 14 

(red) is shown. The maps are normalized to each other (PyMOL). 15 

B. Mtb S456L-RPo class (Fig. S4A); Sor difference density is fragmented and nearly 16 

absent.  17 

C. Mtb S456L-RP2 class (Fig. S4A) shows strong density for Sor.   18 

D. Mtb WT-RPo class (Fig. S4B) shows strong density for Sor.  19 
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E. Mtb WT-RP2 class (Fig. S4B) shows strong density for Sor.  1 

 2 

 3 

 4 

 5 
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 1 

Figure 4.  Positional and torsional changes of FL2 and Sor 2 

The central core of  WT-RPo/apo (PDB ID 6EDT; yellow backbone tube in A-D) (11, 32) 3 

was used as a reference to align the Mtb WT and S456L-RNAP cryo-EM structures with 4 

Sor to compare the positional and conformational changes of the FL2 relative to the rest 5 
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of RNAP.  Table 1 lists the RMSDs for the superpositions. In A-D, the DNA (template 1 

strand dark grey (T-strand), non-template (NT-strand) strand light grey) is shown as a 2 

molecular surface. The side chains of S/L456 and L463 which approach the +2 base in 3 

the NT strand (NT +2) are shown.  4 

A. The S456L substitution does not significantly affect the conformation of FL2 in RPo 5 

without Sor. DNA is from 6EDT (WT/apo). 6 

B. The presence of Sor does not significantly affect the conformation of FL2 in WT-7 

RNAP RPo or RP2 structures. DNA is from 6EDT. 8 

C. - D. The combination of the S456L substitution, Sor, and promoter DNA (in RP2) 9 

forces an alteration of FL2 (dark blue) causing L463 to clash with the NT +2 DNA in 10 

RPo. The ratio RMSD of S456L RP2/Sor was 2.2. This ratio RMSD indicates the FL2 of 11 

S456L RP2 with Sor has greater variability than the other structures compared to the 12 

core module. 13 

C. Sor binding to the S>L-RNAP affects the conformation of the FL2. The FL2 of WT- 14 

RPo, WT-RPo/Sor, WT-RP2/Sor, and S456L-RP2/Sor are shown. The DNA shown is 15 

from S456L-RPo. This figure illustrates that in the presence of Sor, the position of the 16 

S456L FL2(dark blue tube) changes such that L463 clashes with the NT+2 DNA in the 17 

RPo state.   18 

D. The FL2 of WT-RPo, S456L-RPo, and S456L-RP2/Sor are shown. The DNA shown 19 

is from S456L RPo. The collective results shown in (C) and (D) illustrate that the 20 

combination of the S456L substitution, Sor, and promoter DNA (in RP2) combine to 21 

force FL2 into a conformation that hinders the formation of RPo.  22 

E. Sor is repositioned with minimal torsional changes upon binding to Msm S447L-23 

RNAP with no downstream DNA. The repositioning and torsional movements of Sor 24 

were calculated by aligning the core modules (as described above for the cryo-EM 25 

structure of the Mtb RNAPs) of Msm WT-RNAP/Sor and Msm S447L-RNAP/Sor. The 26 

centers of mass of Sor from the S447L-RNAP and WT-RNAP were then calculated 27 

using PyMOL. Left: Sor in the S447L-RNAP has a change in the center of mass of 1.1 28 

Å, compared to the WT enzyme, moving towards the disordered FL2. Right: no 29 
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significant torsional conformation changes observed for Sor bound to the WT and 1 

S447L (RMSD of 0.064 over 58 atoms). 2 

F. Sor, upon binding to Mtb S456L-RNAP in the presence of promoter DNA, exhibits 3 

repositioning and torsional movements. L456 atoms are shown as spheres. The 4 

repositioning and torsional movements of Sor were calculated using similar alignments 5 

of the core modules of the cryo-EM structure of the Mtb RNAPs with Sor as described in 6 

(A) and (C), using WT RPo/Sor as the reference molecule. The center of mass 7 

(calculated using PyMOL) of Sor in the WT-RP2 structure showed a repositioning of 0.2 8 

Å which increased to 0.7 Å in the S456L-RNAP (arrow). Aligning the Sor molecule using 9 

the "pair fit" command in PyMOL showed that the torsional differences of Sor between 10 

the WT RPo/Sor and WT RP2/Sor to be 0.438 Å (over 58 atoms). The torsional 11 

differences between WT RPo/Sor and WT RP2/Sor to S456L RP2/Sor was 0.790 Å and 12 

0.822 Å, respectively. The change in position of C30 is 2.4 Å, attributed to the S456L 13 

mutation (shown in spheres). 14 

 15 
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 1 

Figure 5. Model of Sor’s effect on the transcription of WT and S>L-RNAPs 2 

The effects of Sor and the S456L mutation on the transcription initiation steps to 3 

elongation of Mtb  RNAP are shown in cartoon with the key below. Top panel: WT-4 

RNAP (and the S>L-RNAP, not shown) without Sor can proceed to the productive 5 

complex RPec.  Middle panel: The WT enzyme with Sor can bind double-stranded DNA 6 

(RP1) and proceed to RPitc but Sor blocked the transition from RPitc to RPec (red x). 7 

Bottom panel: The S>L-RNAP is inhibited at the transition from RP2 to RPo  (red 8 

dashed x) because of the clash between the FL2 and the ntDNA. The dashed x 9 

indicates that other explanations, which require additional investigations, may apply to 10 

why RPo is inhibited. 11 

 12 

 13 

 14 

 15 
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Table 1. Result summary of PXR-CYP3A4 induction assay 1 

Compound EC50 [µM] maximum CYP  

induction [%]* 

Rifampicin 1.0 98 

Rifabutin 0.5 93 

Rifapentine 3.3 97 

Sorangicin A 3.9 41 

* compared to vehicle control2 
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Supplementary methods, tables and figures 1 

S1 appendix 2 

METHODS 3 

Structural biology software was accessed through the SBGrid consortium (38). 4 

Protein Expression and Purification.  5 

Msm σA/RbpA 6 

Msm σA and RbpA were expressed and purified as described (9, 39). Briefly, pET-7 

SUMO σA and pET21c-RbpA were co-expressed in Eco BL21 (DE3) cells and the cells 8 

were induced with 0.5 mM isopropyl-beta-D-thiogalactopyranoside (IPTG) for 3 h at 9 

30 °C.  The complex was affinity purified on a Ni2+-column (HiTrap IMAC HP, GE 10 

Healthcare Life Sciences). The eluted protein was cleaved with ULP1 protease 11 

overnight and the cleaved complex was loaded onto a second Ni2+-column and the flow-12 

through collected and further purified by size exclusion chromatography (Superdex 200, 13 

GE Healthcare). 14 

Mtb σA/RbpA 15 

Mtb σA and RbpA were expressed and purified as described previously (11, 32). Briefly, 16 

Eco BL21 (DE3) cells were co-transformed with pET-10his σA and pET21c-RbpA and 17 

were induced with 0.5 mM IPTG for 3 h at 30 °C. The two proteins were co-purified as 18 

described above for the Msm σA/RbpA complex but using PreScission Protease to 19 

remove the tag. 20 

Mtb CarD 21 

Mtb CarD was overexpressed from Eco BL21(DE3) (Novagen) as previously described 22 

(40, 41).  In brief, Mtb CarD in the overexpression vector pET SUMO (Invitrogen) was 23 

transformed into BL21(DE3) (Novagen) and expression was then induced with 1 mM 24 

IPTG for 4 h at 28 °C. The overexpressed protein was purified by Ni2+-affinity 25 

chromatography and eluted protein was cleaved with ULP-1 protease (Invitrogen). The 26 

cleaved protein complex was loaded onto a Ni2+-affinity, the flow-through was collected 27 

and further purified by size exclusion chromatography (Superdex 200, GE Healthcare). 28 
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Msm core RNAP 1 

WT and S447L mutant RNAP were purified from M. smegmatis strain (mc2155) with 2 

PPX cleavable His-tag on the rpoC gene as described previously (9). Msm mc2155 cells 3 

were grown at the Bioexpression and Fermentation Facility at the University of 4 

Georgia. Cells were lysed by French press (Avestin) in lysis buffer [50 mM Tris-HCl, pH 5 

8, 1 mM EDTA, 5% (v/v) glycerol, 5 mM 1,4-dithiothreitol (DTT), 1 mM protease inhibitor 6 

cocktail (PIC), and 1 mM phenylmethylsulfonyl fluoride (PMSF)]. The sample was 7 

clarified and the supernatant was precipitated by polyethyleneimine (PEI) precipitation 8 

(0.35%). The PEI pellet was washed three times with a buffer containing 10 mM Tris-9 

HCl, pH 8, 0.5 M NaCl, 0.1 mM EDTA, 5 mM DTT, and 5% (v/v) glycerol, and 10 

consequently eluted three times with a buffer of the same composition but with 1 M 11 

NaCl. Protein was precipitated overnight with 35% (w/v) ammonium sulfate and 12 

resuspended in 20 mM Tris-HCl, pH 8, 5% (v/v) glycerol, 1 M NaCl, and 1 mM β-13 

mercaptoethanol. Protein was loaded on a Ni2+-affinity column (HiTrap IMAC HP, GE 14 

Healthcare Life Sciences) and eluted in 20 mM Tris-HCl, pH 8, 5% (v/v) glycerol, 0.5 M 15 

NaCl, 0.25 M imidazole. Protein was diluted in 10 mM Tris-HCl, pH 8, 5% (v/v) glycerol, 16 

0.1 mM EDTA, 5 mM DTT to a final salt concentration of 0.1 M NaCl, loaded on a 17 

Biorex (BioRad, Hercules, CA) ion-exchange column, and eluted with a salt gradient 18 

(0.1 M-0.8 M). The RNAP core was incubated with 5.0 molar excess of A/RbpA for 15 19 

min at 4 °C and the resulting holoenzyme complex was purified by size exclusion 20 

chromatography (Superdex-200, GE Healthcare Life Sciences) in 20 mM Tris-HCl, pH 21 

8, 5% (v/v) glycerol, and 0.5 M NaCl. The purified complex was dialyzed into 20 mM 22 

Tris-HCl, pH 8, 100 mM K-glutamate, 10 mM MgCl2, 1 mM DTT and stored at -80°C. 23 

Mtb RNAP  24 

Mtb RNAP was expressed and purified as previously described (9, 11, 32). Briefly, 25 

plasmid pMP61 was used to express the WT Mtb RNAP while plasmid pMP62 was 26 

used to express rifampicin-resistant (β S456L) Mtb RNAP. Plasmids pMP61 and pMP62 27 

were engineered as derivatives of pMP55 (29), an overexpression plasmid encoding 28 

Mtb RNAP containing a mutation in rpoB (S450Y). Site-directed mutagenesis to restore 29 

rpoB amino acid 450 back to the wild-type Ser codon was performed on an rpoB 30 
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plasmid derived from pMP55 by deleting rpoC. The wild-type piece of rpoB was then 1 

moved into pMP55 on an RsrII–SbfI fragment to give pMP61, which encodes wild-type 2 

Mtb RNAP.  Plasmid pMP62 encoding S456L Mtb RNAP was generated similarly by 3 

transferring an RsrII–SbfI fragment from the wild-type rpoB plasmid that had been 4 

converted to rpoBS456L by site-directed mutagenesis. The Mtb core RNAP subunits 5 

were co-overexpressed in Eco pRARE2 (Novagen) cells overnight at room temperature 6 

for ∼16 h after induction with 0.1 mM isopropyl-beta-D-thiogalactopyranoside (IPTG). 7 

The cell pellet was resuspended in the same lysis buffer as described for Msm RNAP 8 

core purification. Cells were lysed by continuous flow through a French press (Avestin) 9 

and the lysate was precipitated by the addition of 0.6% polyethyleneimine (PEI). PEI 10 

pellets were washed three times in lysis buffer with 0.3M NaCl, and RNAP was eluted 11 

with lysis buffer and 1M NaCl. Further purification was done by Ni2+-affinity 12 

chromatography and size exclusion chromatography. The RNAP core was incubated 13 

with 5.0 molar excess of A/RbpA for 15 min at 4 °C and the resulting holoenzyme 14 

complex was purified by size exclusion chromatography (Superdex-200, GE Healthcare 15 

Life Sciences) in 20 mM Tris-HCl, pH 8, 5% (v/v) glycerol, and 0.5 M NaCl.  16 

In vitro Transcription Assays.  17 

Transcription assays were performed as described previously(25). Briefly, 50 nM of 18 

Msm/Mtb WT or mutant RNAP holoenzyme in transcription buffer [10 mM Tris HCl, pH 19 

7.9,  50  mM  KCl,  10  mM,  MgCl2,  1  mM  DTT, 5 μg/ml bovine serum albumin (BSA) 20 

and 0.1 mM EDTA] was mixed with different concentrations  of  Sor or Rif antibiotics.  21 

The mixtures were incubated at 37 °C for 5 min to allow for the antibiotic to bind. The 22 

AP3 promoter was added (10nM) to each tube and the samples were incubated for an 23 

additional 15 min at 37 °C to allow the formation of the RNAP open complex.  24 

Transcription was initiated by adding a nucleotide mixture consisting of 200 μM ATP, 25 

200 μM CTP, 200 μM GTP, 50 μM UTP and 1.25 μCi (15 nM)-P32-UTP. Each reaction 26 

was allowed to proceed for 10 min at 37 °C and reactions were quenched by the 27 

addition of 2x stop buffer (0.5X TBE, pH 8.3, 8 M urea, 30 mM EDTA, 0.05% 28 

bromophenol blue and 0.05% xylene cyanol). Reactions were heated to 95°C for 10 min 29 

and loaded onto a polyacrylamide gel [23% Acrylamide/Bis acrylamide (19:1), 6M urea 30 

and 1X TBE, pH8.3]. Transcription products were visualized by using Typhoon 9400 31 
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Variable Imager (Amersham Biosciences) and quantified using Image J(42). Quantified 1 

values were plotted in PRISM and the IC50 was calculated from two independent data 2 

sets. The full sequences of the fragments (initiation sites in lowercase) used for 3 

transcription are as follows: 4 

AP3; 5 

CCCGAAAAGTGCCACCTGACGGAATTCATCTATGGATGACCGAACCTGGTCTTGA6 

CTCCATTGCCGGATTTGTATTAGACTGGCAGGguuGCCCCGAAGCGGAAGCTTGG7 

GTCCCACCTGACCCCATGCCGAACTCAGAAGTGAAACGCCGTAGCGCC 8 

  9 

AP3-GUA; 10 

CCCGAAAAGTGCCACCTGACGAATTCATCTATGGATGACCGAACCTGGTCTTGACT11 

CCATTGCCGGATTTGTATTAGACTGGCAGAgtaGCCCCGAAGCGGAAGCTTGGGTC12 

CCACCTGACCCCATGCCGAACTCAGAAGTGAAACGCCGTAGCGCC 13 

 14 

 15 

Crystallization of Msm RbpA/TIC 16 

Crystallization was performed as described previously (25). Briefly, purified Msm WT or 17 

S447L mutant holo RNAP/RbpA was mixed with the upstream fork DNA (us-fork). The 18 

DNA was assembled from synthetic oligos (5’- 19 

GCTTGACAAAAGTGTTAAATTGTGCTATACT-3’ and 5’- 20 

AGCACAATTTAACACTTTTGTCAAGC-3’), Integrated DNA Technologies, Coralville, 21 

IA) by annealing in 10 mM Tris-HCl, pH 8, 1 mM EDTA, 0.2 M NaCl. Protein and 22 

annealed us-fork DNA were mixed in a 1:1 molar ratio for 15 min at room temperature. 23 

Crystals were grown by hanging drop vapor diffusion by mixing 1 µL of Msm RbpA/TIC 24 

solution (11 mg/mL protein) with 1 µL of crystallization solution [0.1 M Bis-Tris, pH 6.0, 25 

0.2 M LiSO4, 16% (w/v) polyethylene glycol 3350, 2.5% (v/v) ethylene glycol] and 26 

incubating over a well containing crystallization solution at 22°C. Stabilization solutions 27 

[0.1 M Bis-Tris, pH 6.0, 0.2M LiSO4, 20% (w/v) polyethylene glycol 3350, 2.5%  (v/v) 28 

ethylene glycol, 1%  (v/v) DMSO] with 0.1 mM Sor  was prepared  by  adding  Sor  from  29 

10  mM  stock  solutions  in  100%  DMSO.  Crystals were soaked in this solution for 4 30 

hours to allow antibiotic binding. The crystals were then cryo-protected by step-wise 31 

transfers (three steps) into 0.1M Bis-Tris, pH 6.0, 0.2 M LiSO4, 22% (w/v) polyethylene 32 

glycol 3350, 20% (v/v) ethylene glycol, 1% (v/v) DMSO and 0.1 mM Sor, and flash 33 

frozen by plunging into liquid nitrogen.  34 
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Data collection, structure determination, and refinement 1 

X-ray diffraction data were collected at the Argonne National Laboratory Advanced 2 

Photon Source (APS) NE-CAT beamline 24-ID-C. Structural biology software was 3 

accessed through the SBGrid consortium(38). Data were integrated and scaled using 4 

HKL2000(43). 5 

An initial density map was calculated by molecular replacement (Phaser(44)) and 6 

the PDB 5TW1 (9) was placed in the resulting map.  Rigid body refinement of 20 7 

individual mobile domains was used to first improve the models in PHENIX(45). Further 8 

model improvement was accomplished by iterative cycles of manual building with 9 

COOT(46) and all atoms refinement with PHENIX(45). Difference Fourier maps 10 

revealed excellent electron density for Sor. The crystal structure of Sor(17) was 11 

modeled into the respective difference densities. The final models were obtained by 12 

further iterative cycles of building and refinement (Supplementary Table 1).  13 

Preparation of WT and S456L Mtb RNAP for cryo-EM 14 

Mtb (WT and S456L mutant) holo RNAP was purified over a Superose 6 Increase 15 

10/300 GL column (GE Healthcare, Pittsburgh, PA) in gel filtration buffer (20 mM Tris-16 

HCl pH 8.0, 150 mM K-glutamate, 5 mM MgCl2, 2.5 mM DTT). The eluted RNAP holo 17 

was concentrated to 6 mg/mL (14 μM) by centrifugal filtration (Amicon Ultra). WT or 18 

S456L mutant holo RNAP was mixed with a 5-fold molar excess of CarD and incubating 19 

for 10 minutes at 37oC. Sor (10 mM stock solution in DMSO) was added (final 20 

concentration of 500 μM) to the sample and incubated for 15 minutes at 37oC. 21 

Subsequently, duplex AP3 promoter fragment (-60 to +30, Integrated DNA 22 

Technologies, Coralville, IA) was added (final concentration of 17 μM) to the sample 23 

and incubated for 15 minutes at 37oC, before cryo-EM grid preparation.   24 

 25 

Cryo-EM grid preparation 26 

CHAPSO (3-([3-cholamidopropyl]dimethylammonio)-2-hydroxy-1-propanesulfonate, 27 

Anatrace, Maumee, OH) was added to the samples to a final concentration of 8 mM 28 

(47). C-flat holey carbon grids (CF-1.2/1.3-4Au, Protochips, Morrisville, NC) were glow-29 

discharged for 20 sec before the application of 3.5 μL of the samples. Using a 30 
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Vitrobot Mark IV (Thermo Fisher Scientific Electron Microscopy, Hillsboro, OR), grids 1 

were blotted and plunge-froze into liquid ethane with 100% chamber humidity at 22ºC. 2 

 3 

Cryo-EM data acquisition and processing 4 

WT Mtb RNAP with Sor. Grids were imaged using a 300 keV Titan Krios (Thermo 5 

Fisher Scientific Electron Microscopy) equipped with a K2 Summit direct electron 6 

detector (Gatan, Pleasanton, CA). Dose-fractionated movies were recorded in counting 7 

mode using Leginon (48) at a nominal pixel size of 1.1 Å over a defocus range of -0.8 8 

μm to -1.8 μm. Movies were recorded with a dose rate of 8 electrons/physical pixel/s 9 

over a total exposure of 10 s (50 subframes of 0.2 s). A total of 5,000 movies were 10 

collected. Dose-fractionated movies were gain-normalized, drift-corrected, summed, 11 

and dose-weighted using MotionCor2 (49). The contrast transfer function was estimated 12 

for each summed image using Gctf (50). Gautomatch (developed by K. Zhang, MRC 13 

Laboratory of Molecular Biology, Cambridge, UK, http://www.mrc-14 

lmb.cam.ac.uk/kzhang/Gautomatch) was used to pick particles (no template was 15 

supplied). A total of 1,550,330 particles were picked and extracted from the dose-16 

weighted images in RELION (51) using a box size of 300 pixels. Per-particle CTF 17 

estimations were calculated for the extracted particles in Gctf (50). Using a cryo-EM 18 

map of Mtb RNAP open promoter complex (EMD-9037; (11)) as a 3D template, multiple 19 

rounds of heterogeneous refinements (N=4) were performed in cryoSPARC to curate 20 

and classify particles. After classification, two classes were observed with DNA 21 

configurations corresponding to previously described Mtb RNAP RPo and RP2 (11). 22 

The particles from the RPo and RP2 classes were further refined using cryoSPARC 23 

homogeneous and non-uniform refinement (52). The RPo class contained 98,323 24 

particles with a nominal resolution of 3.42 Å using the gold-standard FSC 0.143 cutoff. 25 

The RP2 class contained 75,398 particles with a nominal resolution of 3.39 Å using the 26 

gold-standard FSC 0.143 cutoff. Local resolution calculations were generated using 27 

blocres and blocfilt commands from the Bsoft package (53).  28 

 29 
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Mtb S456L-RNAP with Sor. Grids were imaged using a 300 keV Titan Krios (Thermo 1 

Fisher Scientific Electron Microscopy) equipped with a K2 Summit direct electron 2 

detector (Gatan, Pleasanton, CA). Dose-fractionated movies were recorded in super-3 

resolution mode using Serial-EM (54) at a super-resolution pixel size of 0.65 Å over a 4 

defocus range of -0.8 μm to -2.0 μm. Movies were recorded with a dose rate of 8 5 

electrons/physical pixel/s over a total exposure of 15 s (50 subframes of 0.3 s). A total 6 

of 3,743 movies were collected. Dose-fractionated movies were gain-normalized, drift-7 

corrected, 2x2 to give a pixel size of 1.3 Å binned, summed, and dose-weighted using 8 

MotionCor2 (49). The contrast transfer function was estimated for each summed image 9 

using Gctf (50). Gautomatch (developed by K. Zhang, MRC Laboratory of Molecular 10 

Biology, Cambridge, UK, http://www.mrc-lmb.cam.ac.uk/kzhang/Gautomatch) was used 11 

to pick particles (no template was supplied). A total of 1,355,921 particles were picked 12 

and extracted from the dose-weighted images in RELION (51) using a box size of 256 13 

pixels. Per-particle CTF estimations were calculated for the extracted particles in Gctf 14 

(50). Using the cryo-EM map  EMD-7322 of Mtb RNAP open promoter complex (11) as 15 

a 3D template, multiple rounds of heterogeneous refinements (N=4) were performed in 16 

cryoSPARC (52) to curate and classify particles. Like WT Mtb RNAP, after 17 

classification, two classes were observed with DNA configurations corresponding to 18 

previously described Mtb RNAP RPo and RP2 (11). The particles from the RPo and 19 

RP2 classes were further refined using cryoSPARC homogeneous and non-uniform 20 

refinement (52). The RPo class contained 55,833 particles with a nominal resolution of 21 

3.59 Å using the gold-standard FSC 0.143 cutoff. The RP2 class contained 47,371 22 

particles with a nominal resolution of 3.72 Å using the gold-standard FSC 0.143 cutoff. 23 

Local resolution calculations were generated using blocres and blocfilt commands from 24 

the Bsoft package (53).  25 

 26 

Model building and refinement 27 

For initial models of the complexes, the Mtb RNAP structures (PDB ID 6EDT for RPo 28 

classes; PDB ID 6EE8 for RP2 classes; (11)) were manually fit into the cryo-EM density 29 

maps (resampled to 1.3 Å with a box size of 256 pixels) using UCSF Chimera (55) and 30 

real-space refined using PHENIX (56). For real-space refinement, rigid body refinement 31 
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was followed by all-atom with Ramachandran and secondary structure restraints. A 1 

model of Sor was generated from a SMILES string and edited in PHENIX REEL, and 2 

refined into the cryo-EM density. Refined models were inspected and modified in Coot 3 

(46). The refined models were ‘shaken’ by introducing random shifts to the atomic 4 

coordinates with RMSD of 0.18 Å to the final models of WT-RNAP and 0.17 Å to the 5 

final models of S456L-RNAP (45). Shaken models were refined against the first half 6 

map and these refined models were used to calculate the FSC against the same first 7 

half maps (FSChalf1 or work), the second half maps (FSChalf2 or free) that were not 8 

used for the refinement, and combined (full) maps by using phenix.mtriage. Unmasked 9 

log files were plotted in PRISM and the FSC 0.5 was calculated for the full map. 10 

CYP3A4 induction reporter gene assay 11 

The study was conducted at Cyprotex/Evotec SE. In brief, DPX-2 reporter cells were 12 

treated with compounds in serial dilution at concentrations up to 30 µM (n = 2). A 13 

specific luminogenic substrate was used to measure the induction of CYP3A4. The 14 

assays included a vehicle control and a positive control (Rif). Data were analyzed and 15 

EC50 and fold activation relative to vehicle control were reported.  16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 
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Table S1. Crystallographic statistics 1 

 
Msm RNAP/Sor 
PDB 6VVS 

Msm RNAPS447L/Sor 

PDB 6VVT 

Msm RNAPS447L 

PDB 6VVV 

Data collection    

Space group P21 P21 P21 
Cell dimensions 
a (Å) 
b (Å) 
c (Å) 
 (o) 

 
132.461 
162.908 
139.325 
107.32 

 
129.217 
162.212 
136.295 
111.36 

 
129.75 
162.34 
137.16 
111.27 

Wavelength (Å) 0.97920 0.97920 0.97920 

Resolution (Å) 
54.66-3.11 (3.19-
3.11)a 

49.75-3.0 (3.12-3.0) 49.8-3.2 (3.31-3.2) 

Total reflections 1,026,574 (61,494) 497,740 (43420) 372,558 (25,687) 

Unique reflections 97,815 (8,435) 103,356 (10,855) 85,082 (7,994) 

Multiplicity 10.5 (7.1) 4.8 (4.0) 4.4 (3.2) 
Completeness (%) 96.7 (83.8) 98.2 (93.2) 98.3 (93) 
<I >// 14 (0.68) 10.7 (0.19) 8.9 (0.35) 

Wilson B-factor (Å2) 94.8 119.14 119.009 

Rmerge 0.162 (2.045) 0.155 (5.218) 0.147 (2.818) 
Rmeas 0.17 (2.191) 0.173 (5.922) 0.167 (3.32) 
Rpim 0.051 (0.762) 0.078 (2.727) 0.077 (1.711) 
    
CC1/2c 0.999 (0.529) 0.999 (0.263) 0.999 (0.185) 
CC*c 1 (0.832) 1 (0.645) 1 (0.559) 
Refinement    

Rwork/Rfree 
0.2159/0.258  
(0.387/0.395) 

0.2402/0.2747  
(0.3571/0.3564) 

0.2342/0.2619 
 (0.4031/0.3921) 

CCwork/CCfree 0.933/0.929 
(0.594/0.368) 

0.919/0.892 (0.227/0) 0.871/0.852 
(0.402/0.436) 

No. atoms 26,620 23,759 22,971 
Macromolecules 26,363 23,625 22,890 
Ligands 58 (Sor) 58 (Sor)  

Ions 2 (2 Zn2+) 2 (2 Zn2+) 2 (2 Zn2+) 
Solvent components 43 15 24 
Protein residues 3,330 2,999 2,942 

B-factors    
Macromolecules 105.06 109.73 128.26 
Ligand 106.3 (Sor) 100.6 (Sor)  
Ions/solvent components 76.26 71.01 91.43 
R.m.s deviations    
Bond lengths (Å) 0.005 0.002 0.002 
Bond angles (o) 0.85 0.440 0.539 
Clashscore 34 29 27 
Ramachandran favored 
(%) 

95.63 93.85 95.03 

Ramachandran 
Outliers (%) 

0.18 0.88 0.28 

aValues in parentheses are for highest–resolution shells 2 
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Table S2. Cryo-EM data collection, refinement and validation statistics 1 

 2 

 Mtb WT-
RPo/Sor 
PDB 6VVY 

Mtb WT-
RP2/Sor  
PDB 6VVX 

Mtb S456L-

RPo 
PDB 6VWO 

Mtb S456L-

RP2/Sor 
PDB 6VVZ 

Data collection and processing 
Magnification 105,000 105,000 22,500 22,500 
Voltage (kV) 300 300 300 300 
Electron exposure 
(e-/Å2) 

66 66 71 71 

Defocus range (m) 0.8-1.8 0.8-1.8 0.8-2 0.8-2 

Pixel size (Å) 1.1 1.1 1.3 1.3 

Symmetry imposed C1 C1 C1 C1 
Initial particle images (no.) 1,550.330 1,355.921 
Final particle images (no.) 98,323 75,398 55,833 47,371 
Map resolution (Å) 
FSC threshold 0.143 

3.42 3.39 3.59 3.72 

Map resolution range (Å) 2.8-7 2.7-7 3-8 3.2-10 
Refinement 
Initial model used (PDB 
code) 

6EDT 6EDT 6EDT 6EDT 

Model resolution (Å) 
FSC threshold 0.5 

3.81 3.96 4.18 4.43 

Model resolution range (Å) 2.8-7 2.7-7 3-8 3.2-10 
Map sharpening B factor 
(A2) 

133.8 131.1 111.8 109 

Model composition 

Non-hydrogen atoms 30,040 29,859 29,951 29,861 
Protein residues 3,516 3,508 3,516 3,508 
Nucleic acid residues 130 128 130 127 
Ligands 4 (Sor, 1 

Mg2+, 2 
Zn2+) 

4 (Sor, 1 Mg2+, 2 
Zn2+) 

3  (Mg2+, 2 
Zn2+) 

4 (Sor, 1 Mg2+, 2 
Zn2+) 

B factors (A2) 

Protein 127.55 136.58 120.64 186.23 
Nucleic acid 248.46 254.88 229.53 333.79 
Ligands 123.70 117.35 125.27 175.62 
R.m.s. deviations 

Bond lengths (Å) 0.007 0.007 0.01 0.008 
Bond angles (o) 0.856 0.841 0.946 0.911 
Validation 

MolProbity score 2.31 2.16 2.56 2.58 
Clashscore 5.90 5.43 8.11 9.77 
Poor rotamers (%) 4.78 3.99 6.78 6.36 
Ramachandran plota 

Most favored (%) 84.8 85.2 84.7 85.3 
Additional allowed (%) 15 14.6 15 14.4 
Generously allowed (%) 0.2 0.2 0.4 0.2 
Disallowed (%) 0 0 0 0 

 3 
a Ramachandran plot parameters from PROCHECK 4 

 5 

 6 
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Table S3. RMSDs of FL from cryo-EM structures 1 

Mtb RNAP structure Sor added Sor bound Core RMSD* 

 (Å/ CA atoms) 

FL RMSD* 

(Å/ CA atoms) 

FL/Core 

RMSD 

WT-RPo/apo (8) no no NA NA NA 

S456L-RPo/apo yes no 0.42/1390  0.65/31 1.5 

S456L-RP2/Sor yes yes 0.47/1348 1.04/31 2.2 

WT-RPo/Sor yes yes 0.48/1461 0.58/31  1.2 

WT-RP2/Sor yes yes 0.51/1491  0.79/31 1.5 

* compared to WT RPo/apo (PDBID6EDT) 2 

 3 

  4 
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 1 

Supplemental Figure S1.  Sor inhibition of WT and S>L mycobacterial RNAPs. 2 

A. In vitro transcription assay with radiolabeled nucleotides showing the activity of Rif 3 

and Sor against Msm WT and S447L RNAPs. All reactions contained RbpA. Run-off 4 

(RO) and abortive (Ab) products are indicated on the gels. Below: Run-off and abortive 5 

products were quantified from two independent experiments (sample gel is shown in A) 6 

and the IC50 was determined for Msm WT and the S447L mutant RNAPs. Error bars 7 

represent the standard error between the two experiments. Top shows the WT AP3 8 

promoter sequence used for these assays with the -35 and the -10 elements highlighted 9 

and the start site G indicated. The full sequence is written in the materials and methods. 10 

B. Run-off and abortive products from two independent experiments (sample gel in 11 

Figure 1D) were quantified and the IC50 was determined for the Mtb WT and S456L 12 

RNAPs. Reactions contained RbpA.  Error bars represent the standard error between 13 

the two experiments. 14 

C. Sor inhibits dinucleotide production by the Mtb S456L-RNAP but not the WT-RNAP. 15 

Dinucleotide production was assessed from a modified AP3 promoter with the start site 16 

+3 base changed from U>A. Adding GTP and radiolabeled UTP will only synthesize 17 

pppGpU when this modified promoter is used as a template.  Top and bottom gels are 18 

replicate reactions. Reactions contained RbpA and CarD.  19 
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D. Superimpositions of the Tth RNAP structure containing the iNTPs and T-DNA (PDB 1 

ID 4Q4Z) (30) unto Msm RNAP crystal structure with Kang A (PDB ID 6EEC)  show a 2 

physical clash between the -phosphate of the iNTP and the acid moiety of Kang (25).  3 

The same superimposition unto the Mtb S456L-RNAP/RP2/Sor structure shows that 4 

Sor, unlike Kang A, would not clash with the iNTP.  5 

 6 

 7 

 8 

 9 

 10 

 11 

Supplemental Figure S2. Interactions between WT and S>L mycobacteria RNAPs 12 

and Sor. 13 
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A. Ligplot (27) was used to determine contacts between Sor and Msm WT or S447L 1 

RNAP. Van der Waals interactions and non-polar contacts are shows as lined arcs 2 

while hydrogen bonds are drawn with dashed lines. Interactions with Sor found only in 3 

either the S447L-RNAP or only the WT-RNAP are indicated by colored circles or 4 

ellipses.  5 

B. Similar analysis as described for (A), but comparing the Mtb WT-RPo, WT-RP2 and 6 

S456L-RP2 contacts with Sor. 7 

 8 

 9 

 10 

 11 

 12 

Supplemental Figure S3. Conformational changes of S447L-RNAP 13 

A. Left: The crystal structure of Msm WT-RNAP with Sor is shown with several domains 14 

that form a network of contacts with FL2 illustrated as -carbon backbone tubes with 15 

transparent molecular surfaces. Right: The Msm S447L-RNAP apo enzyme is shown 16 

and the annotated domains on the left are now faded surfaces to illustrate lack of clear 17 

density in that model. The ' rim helices were ordered but moved approximately 7Å 18 

away from the F-loop. 19 
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B. Close of up the Msm WT-RNAP with Sor illustrating the network of interactions 1 

emanating from the FL2. 2 

 3 

 4 

Supplemental Figure S4.  Data processing workflow for the Mtb S456L mutant and 5 

WT-RNAP. 6 

A.  Flowchart illustrating cryo-EM processing pipeline for the Mtb βS456L-RNAP 7 

holoenzyme/RbpA/CarD/Sor/AP3 complex cryo-EM data starting with 3,743 dose-8 

fractionated movies. Movies were frame aligned and summed using MotionCor2 (49). 9 

CTF estimation for each micrograph was calculated with Gctf (50). Particles were auto-10 

picked from each micrograph with Gautomatch and then iteratively classified and 11 

refined in cryoSPARC (52). The dataset contained 1,355,921 particles. Two major 12 

classes emerged, which were refined using cryoSPARC homogeneous refinement 13 

followed by non-uniform refinement for model building. 14 
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 B. Flowchart shows the cryo-EM processing pipeline for the Mtb WT-RNAP 1 

holoenzyme/RbpA/CarD/Sor/AP3 complex cryo-EM data starting with 5,000 dose-2 

fractionated movies. Data were processed similarly as in (A). The dataset contained 3 

1,550,330 particles. Two major classes emerged, which were refined using cryoSPARC 4 

homogeneous refinement and then in the non-uniform refinement for model building. 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

  15 

 16 
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 1 

Supplemental Figure S5.  Cryo-EM of S456L RPo and S456L RP2. 2 

A. Heat map showing the angular distribution of particle views calculated in 3 

cryoSPARC(52) used to calculate the map for Mtb S456L-RPo.  4 

B. Cross-validation FSC curves for map-to-model fitting (56) were calculated between 5 

the refined structure of S456L-RPo and the half-map used for refinement (work, red), 6 

the other half-map (free, blue), and the full map (black). The dotted black line represents 7 

the 0.5 FSC cutoff determined for the full map. Gold-standard FSC (gold curve) was 8 

calculated by comparing the two independently determined half-maps from cryoSPARC 9 

(52). The dotted gold line represents the 0.143 FSC cutoff which indicates a nominal 10 

resolution of 3.5 Å. 11 

C. The cryo-EM density map of S456L-RPo is colored according to the key (57). The 12 

right view is a cross-section of the left view, revealing the absence of Sor binding in this 13 
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class. Maps below represent local resolution calculations that were generated using 1 

blocres from the Bsoft package(53).  2 

D. Angular distribution of particle views calculated for S456L-RP2 model as described in 3 

(A). 4 

E. Cross-validation FSC curves for map-to-model fitting were calculated for S456L-RP2 5 

model as described in (B). The dotted gold line represents the 0.143 FSC cutoff which 6 

indicates a nominal resolution of 3.7 Å. 7 

F. The cryo-EM density map of S456L-RP2 is colored according to the key. Maps below 8 

represent local resolution calculations as described in (C). The right view is a cross-9 

section of the left view revealing the Sor binding site outlined in red and magnified in the 10 

inset. 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 



 55 

 1 

Supplemental Figure S6. Cryo-EM of WT RPo and WT RP2. 2 

A. Heat map showing the angular distribution of particle views calculated in cryoSPARC 3 

(52) used to calculate map for Mtb WT-RPo.  4 

B. Cross-validation FSC curves for map-to-model fitting (56)  were calculated between 5 

the refined structure of WT-RPo and the half-map used for refinement (work, red), the 6 

other half-map (free, blue), and the full map (black). The dotted black line represents the 7 

0.5 FSC cutoff determined for the full map. Gold-standard FSC (gold curve) was 8 

calculated by comparing the two independently determined half-maps from cryoSPARC 9 

(52). The dotted gold line represents the 0.143 FSC cutoff which indicates a nominal 10 

resolution of 3.4 Å. 11 

C. The cryo-EM density map of WT-RPo is colored according to the key (57). Maps 12 

below represent local resolution calculations that were generated using blocres from the 13 

Bsoft package (53). A magnified view of the Sor binding site is shown in the inset. 14 
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D. Angular distribution of particle views calculated for WT-RP2 as described in (A). 1 

E. Cross-validation FSC curves for map-to-model fitting were calculated for WT-RP2 as 2 

described in (B). The dotted gold line represents the 0.143 FSC cutoff which indicates a 3 

nominal resolution of 3.4 Å. 4 

F. The cryo-EM density map of WT-RP2 is colored according to the key. Maps below 5 

represent local resolution calculations as described in (C). The right view is a cross-6 

section of the left view revealing the Sor binding site in red. 7 

 8 

 9 

 10 

 11 

 12 

 13 
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1 

Supplemental Figure S7. Mtb S456L-RNAP not compatible with Sor and DNA 2 

A. Alignment of the core module of Mtb S456L-RNAP RPo/apo and S456L-RNAP 3 

RP2/Sor as described in Fig. 4D but showing the DNA from the RP2 DNA. Figure 4 

illustrates that both structures are compatible with the RP2 DNA but the apo FL2 is not 5 

compatible with Sor  6 

B. Alignment of the core module of Mtb S456L-RNAP RPo/apo and S456L-RNAP 7 

RP2/Sor as described in Fig. 4D and S7 and showing the DNA from the RPo DNA to 8 

illustrate the steric clash (different view from Figs. 4D and S7). Only the FL2 of S456L-9 

RNAP RP2/Sor is shown. The rotamer (rotamer 1) of L463 that would clash the least 10 

with the DNA would not be possible to attain due to steric hinderance with the side 11 

chain of Ala 468 and Ala 458 (labeled). The backbone of the FL2 is rigidified by Sor. 12 
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 1 

 Supplemental Figure S8. Comparison of particle populations between Mtb WT-2 

RNAP/Sor and Mtb S456L-RNAP/Sor cryo-EM datasets.  3 

A.-B. Flowchart illustrating cryo-EM data processing. Movies were frame aligned and 4 

summed using MotionCor2 (49) Each micrograph was initially processed in 5 

cryoSPARC2 (CS2) (52). The CTF was estimated using Patch CTF, particles were 6 

picked using Blob Picker and then extracted. Extracted particles were curated using 7 

cryoSPARC2 Heterogenous Refinement (N=8 classes) using an adaptation of “random-8 

phase 3D classification” (33). Curated particles (green) were classified (N=4) in RELION 9 
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using signal subtraction (58), masking the region around the downstream channel 1 

(shown as a red mesh). Classified particles were reverted to the non-subtracted 2 

particles and refined using cryoSPARC2 Non-uniform Refinement, revealing three 3 

distinct DNA conformations: PreRP2 (yellow), RP2 (red), and RPo (blue). 3D 4 

reconstructions were compared for Sor and DNA densities.  5 

A. Pipeline for Mtb WT-RNAP holoenzyme/RbpA/CarD/Sor/AP3 complex. Deposition 6 

IDs: WT-PreRP2 - EMD-22573, WT-RP2 - EMD-22575 and WT-RPo - EMD-22577. 7 

B. Pipeline for Mtb βS456L-RNAP holoenzyme/RbpA/CarD/Sor/AP3. Deposition IDs: 8 

S456L-PreRP2 - EMD-22578, S456L-RP2 - EMD-22579, and S456L-RPo - EMD-9 

22580. 10 

C. Comparison of particle populations between Sor/WT Mtb RNAP and Sor/βS456L Mtb 11 

RNAP (from A and B). Top: Bar graph showing particle distributions for the three 12 

classes identified in RELION 3D classification (blue: Mtb WT-RNAP, orange: Mtb 13 

βS456L-RNAP). Bottom: The cryo-EM structures of each class are shown (left: WT Mtb 14 

RNAP, right: βS456L Mtb RNAP), with the RNAP shown as a transparent molecular 15 

surface. The RNAP active site Mg2+ is shown as a yellow sphere. Difference cryo-EM 16 

density for Sor (green) and DNA (red) were calculated from local resolution filtered 17 

maps outputted from cryoSPARC2 and highlighted using ‘carve’ command in PyMOL 18 

with a 4 Å buffer. 19 

 20 

 21 
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 2 

Supplemental Figure S9. Activity of Sor, Rif, Rifabutin and Rifapentine in PXR-3 

CYP3A4 assay. 4 

The activity of compounds was determined in a luciferase reporter gene assay, 5 

specifically assessing the induction of CYP3A4 after PXR activation. Data are reported 6 

relative to the vehicle control (DMSO). Calculated EC50 and maximum induction are 7 

reported in Table 1. 8 


