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ABSTRACT Tuberculosis is caused by the bacterium Mycobacterium tuberculosis (Mtb). 
While eukaryotic species employ several specialized RNA polymerases (Pols) to fulfill the 
RNA synthesis requirements of the cell, bacterial species use a single RNA polymerase 
(RNAP). To contribute to the foundational understanding of how Mtb and the related 
non-pathogenic mycobacterial species, Mycobacterium smegmatis (Msm), perform the 
essential function of RNA synthesis, we performed a series of in vitro transcription 
experiments to define the unique enzymatic properties of Mtb and Msm RNAPs. In this 
study, we characterize the mechanism of nucleotide addition used by these bacterial 
RNAPs with comparisons to previously characterized eukaryotic Pols I, II, and III. We 
show that Mtb RNAP and Msm RNAP demonstrate similar enzymatic properties and 
nucleotide addition kinetics to each other but diverge significantly from eukaryotic Pols. 
We also show that Mtb RNAP and Msm RNAP uniquely bind a nucleotide analog with 
significantly higher affinity than canonical nucleotides, in contrast to eukaryotic RNA 
polymerase II. This affinity for analogs may reveal a vulnerability for selective inhibition of 
the pathogenic bacterial enzyme.

IMPORTANCE Tuberculosis, caused by the bacterium Mycobacterium tuberculosis (Mtb), 
remains a severe global health threat. The World Health Organization (WHO) has 
reported that tuberculosis is second only to COVID-19 as the most lethal infection 
worldwide, with more annual deaths than HIV and AIDS (WHO.int). The first-line 
treatment for tuberculosis, Rifampin (or Rifampicin), specifically targets the Mtb RNA 
polymerase. This drug has been used for decades, leading to increased numbers of 
multi-drug-resistant infections (Stephanie, et al). To effectively treat tuberculosis, there is 
an urgent need for new therapeutics that selectively target vulnerabilities of the bacteria 
and not the host. Characterization of the differences between Mtb enzymes and host 
enzymes is critical to inform these ongoing drug design efforts.

KEYWORDS Mycobacterium tuberculosis, tuberculosis, RNAP, enzyme kinetics, RNA 
synthesis, transcription, elongation complex

S ynthesis of RNA from a DNA template, known as transcription, is an essential process 
in all organisms and a key point for the regulation of gene expression (1). In 

eukaryotic cells, RNA synthesis is catalyzed by at least three, nuclear, DNA-dependent 
RNA polymerases known as Pols, e.g., Pol I, Pol II, and Pol III (2). In bacteria, all RNA 
synthesis is performed by a single RNA polymerase (RNAP) (2). While the function of 
these enzymes is conserved across the domains of life, there is a significant divergence of 
structure and enzymatic properties. By characterizing the properties unique to bacterial 
RNAPs in comparison to eukaryotic Pols, we will not only identify the mechanisms by 
which bacteria accomplish gene expression but also reveal new potential vulnerabilities 
that could be exploited for therapeutic gain.

Much of our understanding of transcription in bacteria comes from studies of 
Escherichia coli (E. coli) as a model organism (1–6). The claw-like, five subunit core 
RNAP enzyme, composed of β, β’, ω, and two identical copies of α, is conserved 
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across the domain Bacteria (7). However, the amino acid sequences of these subunits 
are not identical across bacterial species (7). Members of the phylum Actinobacteria, 
such as Mycobacterium tuberculosis (Mtb) and the non-pathogenic strain, Mycobacterium 
smegmatis (Msm), have a lineage-specific insertion in the β’ subunit that is absent in E. 
coli RNAP (8). The effect of this insertion and its potential evolutionary advantage have 
not yet been defined. Additionally, insertions such as SI3 in E. coli RNAP, characterized in 
polymerase pausing, are not present in Mycobacterial RNAPs (9).

It is becoming clear that Mycobacterial species, such as Mtb and Msm, are significantly 
different from E. coli not only with regard to the RNAP but also in terms of transcrip­
tion factors, transcription initiation kinetics, and transcription termination (7–14). For 
example, the transcription factor NusG has been shown to induce pausing by Mtb RNAP 
but is an anti-pausing factor for E. coli RNAP (13, 15). Although extensive work has been 
done regarding transcription initiation, little is known about the elongation phase of 
transcription in Mycobacterial species (7). In this study, we present transient-state kinetic 
analyses of nucleotide addition catalyzed by Mtb RNAP and Msm RNAP. We characterize 
the mechanism of nucleotide addition shared by the enzymes and reveal how this 
mechanism is distinct from the mechanisms deployed by eukaryotic Pols I, II, and III (15–
19). We also identify a sensitivity of Mtb RNAP for binding nucleotide analogs, a feature 
that could potentially be exploited for therapeutic benefit.

RESULTS

Single nucleotide addition catalyzed by Mtb RNAP and model-independent 

kinetic analysis

Using our established promoter-independent in vitro transcription experimental design, 
we measured single nucleotide addition catalyzed by Mtb RNAP over a range of [ATP]. In 
this experiment, the RNAP is pre-bound to an RNA:DNA hybrid comprised of a 9-nucleo­
tide (9-mer) RNA primer annealed to a complementary template DNA strand of a total 
length of 64 nucleotides. Following the addition of the RNAP to the RNA:DNA hybrid, 
the sample is incubated for sufficient time to allow for binding equilibrium, then the 
fully complementary non-template DNA strand is added to form an active elongation 
complex (EC; Fig. 1A). The polymerase radiolabels the RNA by the addition of α-32P-CTP as 
the next cognate nucleotide, resulting in visualizable RNA products (Fig. 1A). The labeled 
ECs are loaded into one syringe of a chemical quench flow, see Materials and methods. 
In the opposite syringe are a solution of ATP, magnesium, and heparin. Heparin ensures 
single turnover conditions by serving as a trap for unbound RNAPs (Fig. 1B) (18–25).

Using the quench flow, time courses of nucleotide addition are collected over 
reactions times of 5 ms to 10 s (Fig. 1B). Discrete reactions are collected by rapidly mixing 
the contents of the two syringes, followed by quenching of the reaction by rapidly 
mixing with 1 M HCl (Fig. 1B). Over the user-defined reaction time, the RNAP adds a 
single ATP as the next cognate nucleotide, forming the 11-mer RNA species (Fig. 1C). The 
proportion of 11-mer RNA is quantified via pixel density of the radiolabeled signal and 
normalized to the intensity of the starting material (18).

Following quantification of the formation of the 11-mer, time courses are plotted, and 
the time points are subjected to nonlinear least squares (NLLS) using a single or sum of 
two exponentials (Fig. 2A). We observed that at low [ATP], the time courses were well 
described by the sum of two exponentials (equation 1), whereas at [ATP] ≥250 μM, the 
time courses were well described by a single exponential (equation 2).

(1) RNA fraction  = 𝐴𝑘high 
1 − 𝑒− 𝑘high  𝑡 + 𝐴𝑘low 

1 − 𝑒− 𝑘low
𝑡

(2) RNA fraction  = 𝐴 1 − 𝑒− 𝑘obs
𝑡

The simplest explanation for this observation is that nucleotide addition by Mtb RNAP 
requires two partially rate-limiting steps, one of which is undetectably fast at elevated 
[ATP] (Fig. 2A). We observed the same [ATP] threshold in the parallel experiments with 
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Msm RNAP (Fig. 2B). We hypothesize that these results reveal two populations of ECs: one 
population of complexes that is elongation competent and another population of 
complexes that must undergo a transition to become elongation competent (discussed 
further below).

We then plotted the observed rate-constant vs [ATP] from the analysis for Mtb RNAP 
and Msm RNAP (Fig. 2C and D; Tables S1.1 and S1.2). From these plots, we identified the 
maximal observed rate constant, kobs,max, and the binding affinity parameter K1/2. Mtb 
RNAP kobs,max for ATP = (14.4 ± 1.9) s−1, and K1/2 for ATP = (162 ± 73) μM. For Msm RNAP, 
the kobs,max for ATP = (20 ± 1.6) s−1, and K1/2 for ATP = (243 ± 58) μM (Fig. 2C and D; Tables 
S1.1 and S1.2). These values are not within error for both RNAPs but are of similar 
magnitude, suggesting shared maximal rate constants of ATP addition and similar ATP-
binding affinity.

FIG 1 Capture of single nucleotide addition catalyzed by Mtb RNAP or Msm RNAP on the ms time scale. (A) Schematized promoter-independent EC formation 

and radiolabeling. (B) Schematized chemical quench flow rapid-mixing technique. (C) Representative gel image of RNA synthesis catalyzed by Mtb RNAP. The first 

two lanes are time zeros, representing only the starting radiolabeled 10-mer RNA.
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Model-independent analysis of Sp-ATP-α-S incorporation catalyzed by Mtb 

RNAP

To further probe the rate-limiting step of nucleotide addition catalyzed by Mtb RNAP, we 
employed a slowly hydrolyzable analog of ATP, Sp-ATP-α-S. This nucleotide analog is used 
in biochemical applications to perturb the bond formation step and identify changes 
in nucleotide binding affinity (21). Time courses of Sp-ATP-α-S addition were collected 

FIG 2 Model-independent analysis of ATP addition catalyzed by Mtb RNAP and Msm RNAP. (A) Plot of Mtb RNAP-catalyzed ATP addition. [ATP] ≤50 μM ATP 

are fit to equation 1, and [ATP] ≥250 μM ATP are fit to equation 2. (B) Plot of Msm RNAP-catalyzed ATP addition. [ATP] ≤50 μM ATP are fit to equation 1, and 

[ATP] ≥250 μM ATP are fit to Eq. 2. (C) Secondary plot of Mtb RNAP ATP addition, with calculated parameters. (D) Secondary plot of Msm RNAP ATP addition, with 

calculated parameters. Data points represent the average of three experimental replicates, and error bars represent the SD.

Full-Length Text Journal of Bacteriology

October 2024  Volume 206  Issue 10 10.1128/jb.00256-24 4

D
ow

nl
oa

de
d 

fro
m

 h
ttp

s:/
/jo

ur
na

ls.
as

m
.o

rg
/jo

ur
na

l/j
b 

on
 0

3 
Ju

ly
 2

02
5 

by
 1

38
.2

6.
72

.8
7.



by assembling active ECs as previously described, as well as radiolabeling the RNA 
products with α-32P-CTP (Fig. 1A). The chemical quench flow was not needed because 
we found that the incorporation of Sp-ATP-a-S is substantially slower than ATP. Instead, 
active, radiolabeled ECs formed with Mtb RNAP were mixed by hand with a solution 
of Sp-ATP-α-S, magnesium, and heparin. Resultant time courses were then subjected to 
NLLS using equation 2 (Fig. 3A). We performed the parallel study of Sp-ATP-α-S addition 
catalyzed by Msm RNAP (Fig. 3B).

To determine the impact of Sp-ATP-α-S on the kinetics of bond formation catalyzed 
by Mtb RNAP and changes in binding affinity, plots of the maximal observed rate 
constant (kobs,max) vs [Sp-ATP-α-S] were constructed (Fig. 3C; Table S2.2). We observe 

FIG 3 Model-independent analysis of perturbing the rate-limiting step by addition of Sp-ATP-α-S. (A) Primary plot of Mtb RNAP-catalyzed Sp-ATP-α-S addition 

fits to equation 2. (B) Primary plot of Msm RNAP-catalyzed Sp-ATP-α-S addition fits to equation 2. (C) Secondary plot of Sp-ATP-α-S addition catalyzed by Mtb 

RNAP, with calculated parameter values. (D) Secondary plot of Sp-ATP-α-S addition catalyzed by Msm RNAP, with calculated parameter values. Data points 

represent the average of three experimental replicates, and the error bars represent SD.
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a decrease in the maximal observed rate constant by 180-fold when ATP is replaced with 
Sp-ATP-α-S (Fig. 2C and 3C; Tables S2.1 and S2.2). The kobs,max,Sp-ATP-α-S = (0.080 ± 0.005) 
s−1. These results suggest that bond formation is rate-limiting.

By introducing the slowly hydrolyzable nucleotide analog, the two partially rate-limit­
ing steps we observed during ATP addition are collapsed into a single rate-limiting step 
describing bond formation. These data suggest that an isomerization of inactive to active 
complexes is no longer partially rate-limiting at sufficient [ATP].

Interestingly, we also observed a 7.7-fold decrease in the K1/2 upon the addition of 
Sp-ATP-α-S (Fig. 3C; Tables S1.2 and S2.2) compared to ATP. Mtb RNAP K1/2 for ATP = 
(162 ± 73) μM, whereas the K1/2 for Sp-ATP-α-S = (21 ± 8) μM (Fig. 2C and 3C; Tables 
S1.2 and S2.2). This significant decrease in both kobs,max and K1/2 was not observed 
for nucleotide addition by eukaryotic Pol II, using the same experimental design (21). 
This result suggests that Mtb RNAP binds the nucleotide analog with higher affinity 
than canonical ATP. The significant difference between Mtb RNAP and Pol II Sp-ATP-α-
S addition potentially results from the structural differences observed in the subunit 
composition of these enzymes (2, 8). We hypothesize that Mtb RNAP may demonstrate 
sensitivity to nucleotide analogs in vivo, providing a potential target for inhibition of the 
bacterial pathogen.

We performed the same experiments of ATP and Sp-ATP-α-S addition using Msm 
RNAP and observed similar results to Mtb RNAP (Fig. 2B and 3B; Tables S1.1 and S2.1). 
Msm RNAP-catalyzed addition demonstrated a 125-fold decrease in maximum observed 
rate constant (Fig. 2D and 3D; Tables S1.2 and S2.2). For ATP addition, kobs,max = (20 ± 
1.6) s−1. For Sp-ATP-α-S, kobs,max,Sp-ATP-α-S = (0.16 ± 0.01) s−1 (Fig. 2D and 3D; Tables S1.2 
and S2.2). Additionally, a ninefold decrease of K1/2 was observed, K1/2 for ATP = (243 ± 
58) μM, whereas the K1/2 for Sp-ATP-α-S = (27 ± 9) μM (Fig. 2D and 3D; Tables S1.2, S2.2). 
These results suggest that Mtb RNAP and Msm RNAP demonstrate similar sensitivity to 
nucleotide analogs, unlike eukaryotic Pol II (21).

Model-dependent analysis of single nucleotide addition using the MATLAB 

tool MENOTR

To characterize the mechanism of nucleotide addition, we employed the custom built 
MATLAB tool Multi-start Evolutionary Nonlinear OpTimizeR (MENOTR) to determine the 
kinetic mechanism describing nucleotide addition by Mtb RNAP and Msm RNAP (26). 
This tool uses a combination of genetic algorithm and NLLS to determine the best fit 
parameters for each kinetic step defined by the kinetic mechanism (scheme) provided 
(19–21, 23–26).

Many kinetic schemes were tested, and the simplest scheme we determined to fit the 
time courses is presented as Scheme 1 (Fig. 4A; Fig. S1 to S3). The other, more straight­
forward schemes did not describe the data well and presented systematic deviation 
between the fit and data points (Fig. S1 to S3). The best-fitting scheme we determined 
requires two populations of ECs (EC10 and EC10•ATP). These populations describe two 
ATP-binding events. The first between EC10 and ATP, the second between EC10-bound 
to ATP with another ATP-binding event (Fig. 4A). Most interestingly, both EC populations 
are sensitive to the [ATP] present, resulting in bimolecular rate constants describing the 
first two steps in the reaction scheme. The following step describes bond formation, 
extension of the nascent RNA to an 11-mer, and release of pyrophosphate (PPi).

With our experimental design, we are only sensitive to rate-limiting steps and 
are not able to deconvolute very fast kinetic steps; because of this, we hypothesize 
that within the reversible kinetic steps, described by elementary rate constants, fast 
conformational changes and PPi release are occurring, but these cannot be measured 
with this experimental design (19–22). Global fitting of nucleotide addition catalyzed 
by Mtb RNAP at five [ATP] is presented in Fig. 4B, with corresponding rate constants (k) 
provided in Table 1. At the bottom of each table is the X2 value, the measure of goodness 
of fit. The parallel study of Msm RNAP using the same experimental design is presented 
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FIG 4 Model-dependent analysis of single nucleotide addition time courses. (A) Scheme 1 describes the kinetic mechanism of nucleotide addition for both 

Mtb RNAP and Msm RNAP. (B) Global model-dependent fitting using Scheme 1 in MENOTR for ATP addition catalyzed by Mtb RNAP. Individual parameters 

with upper and lower bounds are listed in Table 1. (C) Global model-dependent fitting of ATP addition catalyzed by Msm RNAP. Parameter values are listed in 

Table 2. (D) Global model-dependent fitting using Scheme 1 in MENOTR for Sp-ATP-α-S addition catalyzed by Mtb RNAP. Parameter values are listed in Table 

3. (E) Global model-dependent fitting using Scheme 1 in MENOTR for Sp-ATP-α-S addition catalyzed by Msm RNAP. Parameter values are listed in Table 4. Data 

points represent the average of three experimental replicates, and error bars represent the SD.
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in Fig. 4C, with calculated rate constants presented in Table 2. We highlight k5 as the rate 
constant governing bond formation in each table.

Model-dependent analysis of Sp-ATP-α-S incorporation using MENOTR

We used the same kinetic scheme to define the parameter values of Sp-ATP-α-S addition 
for both Mtb RNAP and Msm RNAP. Our results are in agreement with the model-inde­
pendent analysis revealing the approximately 100-fold decrease in the elementary rate 
constants (k5) describing bond formation for both RNAPs (Fig. 4D and E; Tables 3 and 4). 
These analyses further reinforce our hypothesis that we are observing two populations of 
ECs, both of which demonstrate bond formation as the rate-limiting step.

Model-dependent analysis of multiple nucleotide addition events catalyzed 

by Mtb RNAP

In vivo, RNAPs perform RNA synthesis by adding tens to thousands of nucleotides to form 
nascent RNA (27, 28). To better characterize transcription elongation beyond a single 
nucleotide addition event, we employed the previously described in vitro transcription 
experiment with one alteration; the addition of GTP as well as ATP. Based upon the 
template DNA sequence, the nascent RNA synthesized will extend from a radiolabeled 
10-mer to a final 19-mer RNA with the sequence 5 −AUCGAGAGGCAGGAGGGAA−3 . 
RNA species of defined lengths are separated via PAGE, and the signal intensity of 
each intermediate is quantified and normalized to the starting 10-mer RNA signal. We 
then performed a model-dependent analysis of multi-nucleotide addition time courses 
using Scheme 2 (Fig. 5A). Scheme 2 defines forward and reverse rate constants for the 
formation of each RNA intermediate as well as the final RNA product (Fig. 5B through E; 
Fig. S4). The kobs values for each rate constant were calculated for time courses catalyzed 
by both Mtb RNAP and Msm RNAP (Tables 5 and 6). We again see the similarity in the 
average observed rate constants for both RNAPs across nine nucleotide additions. Mtb 
RNAP average = (22.1 ± 17.5) s−1. Msm RNAP is consistently slightly faster, with average = 
(24.2 ± 18.7) s−1.

TABLE 1 Global fitting of Mtb RNAP-catalyzed ATP additiona

Elementary rate constant

(s−1)

Mtb RNAP

ATP

Lower bound Upper bound

k1 18121.7 10980.9 29282.3
k2 3.88 2.70 7.21
k3 1e + 8 – –
k4 13298.8 9567.8 20010.3
k5 16.03

b 12.72 17.94
k6 0.40 0.20 0.50
X2 0.0820
aX2 values represent goodness of fit.
bk3 is fixed at the diffusion limit, without lower or upper bounds.

TABLE 2 Global fitting of Msm RNAP-catalyzed ATP additiona

Elementary rate constant

(s−1)

Msm RNAP

ATP

Lower bound Upper bound

k1 24663.3 15930.7 31134.1
k2 25.34 13.18 35.14
k3 1e + 8 – –
k4 12780.9 8525.5 14150.7
k5 25.85b 23.98 31.57
k6 0.001 0.0010 0.0011
X2 0.0581
aX2 values represent goodness of fit.
bk3 is fixed at the diffusion limit, without lower or upper bounds.
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The analysis of multiple nucleotide addition events again reveals conservation 
between Mtb RNAP and Msm RNAP. Despite the pathogenic differences between 
these mycobacterial species, we observe similar nucleotide addition characteristics of 
these Actinobacteria (8). How these observed nucleotide addition kinetics for multiple 
nucleotide addition events compare to other bacterial RNAPs remains to be elucidated.

Previously, our lab has used a similar promoter-independent in vitro transcription 
method to characterize multiple nucleotide addition events catalyzed by the eukaryotic 
Pols I, II, and III, at single-nucleotide resolution (19, 20). Comparing enzymes of similar 
function but diverse evolution, we observe fundamental differences and similarities 
in the mechanisms of nucleotide addition catalyzed by bacterial vs eukaryotic RNA 
polymerases.

In this study, we observe that Mtb RNAP and Msm RNAP demonstrate reversibility at 
each intermediate during multiple nucleotide addition events (Fig. 5A). Recent studies 
observed this same requirement of reversibility for eukaryotic Pol II and ΔA12.2 Pol I 
but not WT Pol I or Pol III (Fig. 5A) (19, 20, 23, 24). ΔA12.2 Pol I lacks the bona fide 
exonuclease subunit, and Pol II was not provided TFIIS in these studies, suggesting 
that lacking intrinsic nuclease activity results in PPi remaining in close proximity to the 
recently added NTP (23, 24).

EC stability

In addition to the mechanism by which nucleotide addition occurs, a critical property 
of transcription elongation is the stability of the ECs (19). ECs must be stable enough 
to allow for processive transition between bond formation steps but not so stable as to 
prevent disengagement of the RNAP at termination sites (19–22, 27). In vivo, specific sets 
of transcription factors participate in regulation of transcription initiation, elongation, 
and termination (10–13). In our minimal RNAP-only in vitro system, we evaluate the 
fundamental stability of the RNAP assembled in an active elongation complex over time.

To test the stability of ECs formed with Mtb RNAP and Msm RNAP, we employed 
an RNase A protection experiment (19, 25). We performed the same EC assembly steps 

TABLE 3 Global fitting of Mtb RNAP-catalyzed Sp-ATP-α-S additiona

Elementary rate constant

(s−1)

Mtb RNAP

ATP-α-S

Lower bound Upper bound

k1 3.47 1.89 5.05
k2 0.010 0.005 0.015
k3 1e + 8 – –
k4 3364.16 2335.09 4742.84
k5 0.164

b 0.145 0.195
k6 0.001 0.001 0.001
X2 0.0417
aX2 values represent goodness of fit.
b k3 is fixed at the diffusion limit, without lower or upper bounds.

TABLE 4 Global fitting of Msm RNAP-catalyzed Sp-ATP-α-S additiona

Elementary rate constant

(s−1)

Msm RNAP

ATP-α-S

Upper bound Lower bound

k1 1.26 0.69 1.83
k2 0.006 0.005 0.009
k3 1e + 8 – –
k4 2221.45 1366.21 3231.20
k5 0.080b 0.068 0.096
k6 0.001 0.001 0.001
X2 0.0585
aX2 values represent goodness of fit.
bk3 is fixed at the diffusion limit, without lower or upper bounds.
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as described above; pre-binding the RNAP to an annealed RNA:DNA hybrid, providing 
the non-template DNA strand to form an active complex, and radiolabeling with the 
addition of α-32P-CTP. After halting the labeling reaction, we subjected the ECs to a 
destabilizing salt solution and RNase A, which will cleave the RNA following unpaired 
pyrimidine residues (19). If the EC is intact at the time the sample is collected, the RNA is 
protected from RNase activity, and a full-length 10-mer RNA will be visualized. If the EC 
has collapsed by the time a sample is collected, the RNA is exposed to RNase A cleavage, 
and a shorter 7-mer RNA will be visualized (Fig. 6A). We then quantify the proportion of 
EC collapse over time (Fig. 6B).

From these EC stability experiments, we determined that Mtb RNAP and Msm RNAP 
form similarly stable complexes, with approximately 50% collapse within 5 hours and the 

FIG 5 Model-dependent analysis of multi-nucleotide addition catalyzed by Mtb RNAP or Msm RNAP. (A) Scheme 2 defines the kinetic mechanism of nine 

sequential nucleotide addition events catalyzed by Mtb RNAP or Msm RNAP. (B) Representative gel image of multi-nucleotide addition catalyzed by Mtb 

RNAP. (C) Representative global fitting of one replicate of Mtb RNAP nucleotide addition performed using MENOTR. Parameter values are listed in Table 5. 

(D) Representative gel image of multi-nucleotide addition catalyzed by Msm RNAP. E) Representative global fitting of one replicate of Msm RNAP nucleotide 

addition using MENOTR. Parameter values are listed in Table 6.
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majority of ECs having collapsed by 12 hours (Fig. 6B). This is another area of significant 
deviation from eukaryotic Pol II, which forms ECs that are stable on the order of days 
under similar experimental conditions (19). These results are also unique as compared 
to ECs formed by eukaryotic Pol I, which demonstrate total collapse by 40 min and 
eukaryotic Pol III, which demonstrate near total collapse by 3.5 hours (19, 20). The results 

TABLE 5 Calculated rate constants for Mtb RNAP multi-nucleotide additiona

Observed rate constant

(s−1)

Mtb RNAP

1 mM ATP

1 mM GTP

SD

kobs,1 8.50 3.08
kobs,2 5.84 3.75
kobs,3 7.58 4.60
kobs,4 10.9 6.32
kobs,5 26.2 7.99
kobs,6 50 0
kobs,7 22.2 4.41
kobs,8 10 0
kobs,9 41.3 4.30
kobs,10 50 0
kobs,11 51.9 2.54
kobs,12 50 0
kobs,13 14.5 6.91
kobs,14 14.1 9.03
kobs,15 17.3 1.17
kobs,16 8.02 2.56
kobs,17 7.99 1.68
kobs,18 1.72 0.46
X2 0.0136
aX2 values represent goodness of fit.

TABLE 6 Calculated rate constants for Msm RNAP multi-nucleotide additiona

Observed rate constant

(s
−1

)

Msm RNAP

1 mM ATP

1 mM GTP

SD

kobs,1 11.4 1.23
kobs,2 4.93 1.51
kobs,3 10.2 0.82
kobs,4 6.67 4.55
kobs,5 33.0 17.27
kobs,6 56.0 44.78
kobs,7 28.2 6.28
kobs,8 14.3 4.61
kobs,9 24.2 8.10
kobs,10 20.3 9.89
kobs,11 53.2 7.19
kobs,12 50 0
kobs,13 46.4 11.98
kobs,14 50 0
kobs,15 15.6 2.60
kobs,16 3.41 2.20
kobs,17 6.37 3.07
kobs,18 1.15 0.53
X2 0.0137
aX2 values represent goodness of fit.
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of these experiments highlight the distinct enzymatic properties of RNAPs (and Pols) 
from different domains of life. While the function of RNA synthesis is conserved, the 
intrinsic properties of each enzyme differ widely.

Model-independent evaluation of E. coli RNAP single nucleotide addition at 

low and high [ATP]

In this study, we observed substantial deviation between the mechanisms of nucleotide 
addition by Mycobacterial RNAP and the eukaryotic Pols. These differences were obvious 
even in the model-independent analysis of single nucleotide addition catalyzed by Mtb 

FIG 6 Elongation complex stability time courses of complexes formed with either Mtb RNAP or Msm RNAP. (A) Representative gel images of EC stability time 

courses of Mtb RNAP and Msm RNAP. Time points are listed in minutes at the top of each image. (B) Plotted EC stability time courses of Mtb RNAP and Msm RNAP 

over the duration of 24 hours. Data points represent the average of three experimental replicates, and error bars represent the SD.

FIG 7 Model-independent analysis of ATP addition catalyzed by E. coli RNAP. (A) Representative gel image of a single nucleotide addition event catalyzed by E. 

coli RNAP over time. (B) Plot of E. coli RNAP-catalyzed ATP addition. Ten micromolar ATP data is fit to equation 1, ≥100 μM ATP data are fit to equation 2. Data 

points represent the average of three experimental replicates, and error bars represent the SD. Fitting of 10 μM, 100 μM, and 1,000 μM data all fit equation 2 is 

presented in Fig. S4.
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RNAP and Msm RNAP (Fig. 2). To describe the data using model-dependent analysis, we 
used a unique and complex kinetic scheme (Fig. 4A; Fig. S1 to S3). This scheme is unlike 
any our lab has previously used to describe nucleotide addition catalyzed by eukaryotic 
Pols (19–22). This observation led to the question: is this unusual mechanism specific to 
Mycobacterial RNAPs, or is it perhaps conserved among other bacterial RNAPs?

Studies performed by the Erie lab have previously provided insight into a complex 
mechanism of nucleotide addition catalyzed by E. coli RNAP (6, 29). To test for conserva­
tion of an [ATP]-dependent, biphasic mechanism of nucleotide addition, we performed 
single nucleotide addition experiments catalyzed by E. coli RNAP at multiple [ATP] (Fig. 
7). Model-independent analysis of single nucleotide addition catalyzed by E. coli RNAP is 
presented in Fig. 7, with parameter values listed in Table S3. As observed for Mtb RNAP 
and Msm RNAP, time courses collected with E. coli RNAP are best described by a sum 
of two exponentials at low [ATP] but a single exponential at high [ATP] (Fig. 2A, B and 
7B; Tables S1.1 and S3.1; Fig. S5). This observation is consistent with the [ATP]-depend­
ent shift in nucleotide addition kinetics being conserved between Mycobacteria and E. 
coli. Future experiments will investigate the detailed kinetic mechanism of nucleotide 
addition catalyzed by E. coli RNAP.

DISCUSSION

Mtb RNAP and Msm RNAP are enzymatically similar and divergent from 

eukaryotic Pols

Much of our understanding of transcription in bacteria comes from studies in model 
systems, such as E. coli, Bacillus subtilis, and Thermus species (1–6, 29–36). In recent 
years, it has been appreciated that Mycobacterial species display significant divergence 
from the established model systems with regard to the roles of trans-acting factors, the 
kinetics of transcription, as well as structural interactions with therapeutic molecules 
(10–17, 36, 37). In this study, we investigated the unique enzymatic features of Mtb 
RNAP with comparison to the related lab-safe strain Msm RNAP. With our results, we also 
consider how these two bacterial RNAPs are similar and divergent from eukaryotic RNA 
polymerases (Pols).

Using our established in vitro transcription elongation techniques, we identified the 
unique kinetic mechanism describing nucleotide addition by Mtb and Msm RNAPs 
(Fig. 5A). The chemical reaction scheme describing nucleotide addition identifies two 
populations of ECs, both of which are responsive to the [ATP]. We have previously 
observed two populations of ECs for eukaryotic Pols, an inactive and an active popu­
lation, but only the active population was sensitive to [ATP] (19–21). The observed 
[ATP]-dependence of EC activation may be specific to bacterial RNAPs.

Previous studies have shown that E. coli RNAP demonstrated a similar [NTP]-depend­
ent isomerization from a low-activity state to a highly active state, which was reflected by 
the increased rate of nucleotide addition (6, 29). We have further explored the conserva­
tion of the [ATP]-dependent mechanism of nucleotide addition by bacterial RNAPs to 
include E. coli RNAP in this study. We found the same trends at low and high [ATP] for Mtb 
RNAP, Msm RNAP, and E. coli RNAP (Fig. 2A, B and 7B).

In this study, we present the detailed kinetic mechanism that best describes a 
single nucleotide addition by Mtb RNAP and Msm RNAP (Fig. 4A). This mechanism 
is fundamentally different from what has been identified for nucleotide addition 
catalyzed by eukaryotic Pols I, II, and III (19, 20). However, when observing multiple 
nucleotide addition events, we identified reversibility between RNA intermediates which 
is consistent with multiple nucleotide addition events catalyzed by Pol II (23). The 
requirement of reversibility to describe the spread of the rise and fall of each intermedi­
ate suggests that pyrophosphorolysis is occurring (Fig. S4) (23). Unlike an irreversible 
hydrolysis reaction, reversibility requires the presence of PPi in the active site to attack 
the nucleotide backbone (23, 24). Mtb RNAP and Msm RNAP require additional factors 
for nuclease activity in vivo, similar to Pol II (15–17). The reversibility observed for Pol II, 
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Mtb RNAP, and Msm RNAP suggests that pyrophosphorolysis occurs in the absence of 
transacting exonucleolytic factors (21, 23, 24). These findings for Mtb and Msm RNAPs, 
as well as Pol II, suggest that in the absence of exonuclease activity, pyrophosphorolysis 
may act as a proofreading mechanism (23).

Previous studies by our lab have characterized the in vitro EC stability of eukaryotic 
Pol I (with and without the A12.2 subunit), Pol II, and Pol III (19, 20, 24, 25). Pol I has 
been shown to be the least stable, demonstrating the majority of ECs collapse in 40 min 
(19), Pol III is stable on the order of a few hours (20), and Pol II demonstrates the longest 
stability over the course of 72 hours (19). Interestingly, our analysis of Mtb RNAP and 
Msm RNAP EC stability shows that these two mycobacterial RNAPs are similarly stable 
compared to each other and collapse over the course of 12 hours under our experimen­
tal conditions (Fig. 6B). These results suggest that minimal ECs formed with Mtb RNAP or 
Msm RNAP are more stable than ECs formed with Pol I or Pol III but less stable over time 
than ECs formed with Pol II, further highlighting the fundamentally different enzymatic 
properties of RNA polymerases from different domains of life.

Considering the [NTP]-dependent steps determined for the kinetic scheme, we 
hypothesized that introducing a slowly hydrolyzable nucleotide analog would result in 
several fold-decrease in the rate constants observed. Our results are consistent with this 
hypothesis for both Mtb RNAP and Msm RNAP (Fig. 3). We observe a 180-fold decrease in 
the kobs,max for Mtb RNAP and a 125-fold decrease in the kobs,max for Msm RNAP (Fig. 3; 
Tables S1.2 and S2.2). This significant decrease in the maximum observed rate constant 
suggest that we are observing bond formation as the primary rate-limiting step.

Interestingly, we also observe a significant decrease in the measure of binding affinity, 
K1/2, for both Mycobacterial RNAPs (Fig. 3; Tables S1.2 and S2.2). This finding is signifi-
cant as it suggests that Mtb RNAP binds nucleotide analogs with significantly higher 
affinity than canonical nucleotides. Previous studies have suggested that Sp-ATP-α-S 
more closely mimics the transition state of ATP hydrolysis, resulting in higher binding 
affinity (38). However, studies performed by our lab show that eukaryotic Pol II does not 
demonstrate increased affinity for this nucleotide analog (21). Nucleotide analogs have 
been therapeutically established in the treatments of viral infections and cancer but have 
not been explored as a method of treatment for tuberculosis (39–44). The success of 
various FDA-approved nucleotide analogs, such as acyclovir and tenofovir, suggest that 
the host enzymes are less vulnerable to the effects of the analog in vivo as compared 
to enzymes of invading pathogenic species (38). These clinical results are consistent 
with Pol II not binding nucleotide analogs with increased affinity, as Pol II inhibition is 
lethal and presents a promising strategy to uniquely target Mtb RNAP (40, 41). With the 
annual increase in the number of drug-resistant tuberculosis cases reported, there is an 
urgent need for new and effective treatments (7, 45). Future studies will test the effect 
of established therapeutic nucleotide analogs on the kinetics of nucleotide addition 
catalyzed by Mtb RNAP.

MATERIALS AND METHODS

Protein expression and purification

Mtb RNAP expression plasmid pMP61, a gift from the Landick lab [University of 
Wisconsin–Madison (13)], was transformed via electroporation into BL21(DE3)_Star E. coli 
expression cells and grown in Luria-Bertani (LB) medium supplemented with 50 μg/mL 
kanamycin. Three liter of cell culture in LB + 50 μg/mL kanamycin was grown at 37°C 
with constant shaking at 250 RPM until an OD600 of 0.65 was reached. Expression was 
then induced with the addition of 1 mM isopropyl-β-D-thiogalactopyranoside (Fisher 
Scientific, Waltham, MA). Induction was performed for 2 hours at 30°C with constant 
shaking at 250 RPM. Cells were harvested via centrifugation at 6,000 RPM for 12 min at 
4°C then frozen overnight at −80°C.

Frozen cells were resuspended in 100 mL of Lysis Buffer [20 mM Tris-HCl 
pH 7.8, 5% glycerol (vol/vol), 750 mM KCl, 20 mM imidazole, and 0.5 mM BME 
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(beta-mercaptoethanol)]. Cells were disrupted via continuous-flow French Press cell 
disruptor at 25 psi. Crude cell lysate was then separated via ultra-centrifugation at 
34,000 RPM for 1 hour at 4°C. Cleared cell lysate was loaded onto 2 × 5 mL HisTrap FF 
(Ni Sepharose) columns (Cytiva, Marlboroug, MA). Loaded HisTrap columns were washed 
with Lysis Buffer. Following the wash step, a 1 mL HiTrap Q FF (Q-Sepharose; Cytiva) 
column was added downstream of the HisTrap columns, and protein was eluted onto 
Q-Sepharose using Elution Buffer 1 [20 mM Tris-HCl pH 7.8, 5% glycerol (vol/vol), 75 mM 
KCl, 150 mM imidazole, and 0.5 mM BME].

The Q-Sepharose column was washed with Wash Buffer [20 mM Tris-HCl pH 7.8, 
75 mM KCl, 5 mM MgCl2, and 10% glycerol (vol/vol)]. Protein was eluted from the 
Q-Sepharose column via fractionation using Elution Buffer 2 [20 mM Tris-HCl pH 7.8, 
2 M KCl, 5 mM MgCl2, and 10% glycerol (vol/vol)]. Peak fractions were combined and 
concentrated using 50,000 MWCO centrifugal filter units (Millipore Sigma, Burlington, 
MA). Concentrated eluate was further purified and fractionated using size exclusion 
chromatography via a Superdex 200 Increase 10/300 Gl column (Cytiva) and Sizing Buffer 
[20 mM Tris-HCl pH 7.8, 200 mM KCl, and 30% glycerol (vol/vol)]. Sizing column elution 
peaks were fractionated in 1 mL fractions, aliquoted in 250 μL fractions, and stored 
immediately at −80°C.

Purification of Msm RNAP was performed as described above from E. coli 
BL21(DE3)_Star carrying the expression plasmid pRMS4, a gift from Libor Krásný 
[Institute of Microbiology of The Czech Academy of Sciences (17)]. Both Mtb RNAP and 
Msm RNAP expression plasmids, pMP61 and pRMS4, respectively, contain a β-β’ subunit 
fusion for protein stabilization (9, 14, 17).

Purified E. coli RNAP was a gift from C. Turnbough, University of Alabama at Birming­
ham (46).

Buffers

In vitro time course studies were performed in Reaction Buffer: (10 mM Tris-HCl pH 
7.8 at 25°C, 20 mM KCl, 0.1 mM dithiothreitol, 0.1 mg·mL−1 bovine serum albumin); 
prepared immediately before use from filter sterilized stocks using 0.22 μm Millipore 
vacuum-driven filters (EMD Millipore, Billerica, MD).

Oligonucleotides

Template and non-template oligonucleotides and oligoribonucleotide primer were 
purchased from Integrated DNA Technologies (Coralville, IA). Both template and 
non-template oligonucleotides were gel purified, then dialyzed against Reaction Buffer. 
The oligoribonucleotide primer was also dialyzed against Reaction Buffer.

The RNA:DNA hybrid was pre-annealed using thermal cycling, each preparation 
consisted of 10 μM RNA and 3.3 μM template DNA.

Nucleotides

Stocks of ATP and GTP were purchased as 5 -triphosphate disodium salts from Millipore­
Sigma (Darmstadt, Germany) and resuspended in reaction buffer. Stock of Sp-ATP-α-S 
was purchased as disodium salt from Biolog Life Science Institute (Bremen, Germany) 
and resuspended in reaction buffer. Stocks were then dialyzed against reaction buffer. 
Concentrations of stock NTP were determined using dual-beam spectrophotometry.

Template DNA sequence

5 −ACCAGCAGGCCGATTGGGATGGGTATTCCCTCCTGCCTCTCGATGGCTGTAAGTATCCTATAG
G−3 .
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Non-template DNA sequence

5 −CCTATAGGATACTTACAGCCATCGAGAGGCAGGAGGGAATACCCATCCCAATCGGCCTGCTG
GT−3 .

RNA primer sequence

5 −AUCGAGAGG−3 .

Rapid mixing time courses

Single nucleotide addition time courses catalyzed by Mtb RNAP or Msm RNAP were 
performed by the addition of either RNAP to Reaction Buffer, followed by the addition of 
the pre-annealed RNA:DNA hybrid. The RNAP was incubated with the RNA:DNA hybrid 
on ice for 10 min followed by 10 min at ambient temperature. The non-template DNA 
was then added and incubated at ambient temperature for 10 min to form an active 
elongation complex.

Following elongation complex formation, labeling is performed by adding magne­
sium and α-32P-CTP. The radiolabeled CTP is incorporated as the next cognate nucleotide 
and forms visualizable RNA products. The labeling reaction is halted by the addition of 
EDTA.

Radiolabeled elongation complexes are loaded into one syringe of the chemical 
quench flow. In the opposite syringe is the NTP solution containing [ATP], or 1 mM ATP 
and 1 mM GTP for multi-nucleotide addition time courses, along with heparin. Heparin 
serves as a trap for unbound RNAPs, resulting in single-turnover reaction conditions 
(15–18). The two solutions are rapidly mixed in 2 ms, and discontinuous time points are 
collected as Δt ≥ 5 ms. The reaction is terminated by the rapid addition of 1 M HCl. 
Collected time points are then neutralized, and the sample is added to formamide dye 
for storage. Single and multi-nucleotide addition time courses were performed at 25°C.

Time course samples are loaded into 28% acrylamide sequencing gels to separate 
products from reactants via PAGE. The gels are then exposed to a phosphorimaging 
screen for at least 12 hours. Imaging of the radiolabeled RNA products is performed 
using phosphorimaging via the Amersham Typhoon (Cytiva).

Sp-ATP-α-S addition time courses

Nucleotide addition time courses using the slowly hydrolyzable nucleotide analog 
Sp-ATP-α-S were performed using the same EC formation steps as previously described 
as well as the addition of α-32P-CTP. Following the labeling step, active ECs complexed 
with either Mtb RNAP or Msm RNAP were mixed by hand with NTP solution containing 
[Sp-ATP-α-S] and heparin. Time course samples were incubated at 25°C for the duration 
of the reaction and quenched by hand using formamide dye. Samples were resolved via 
PAGE as previously described.

Data analysis

Gel images are then quantified using ImageQuant software (Cytiva). Pixel intensity of 
each RNA species is quantified and normalized to the starting material, as described 
previously in detail (18). The normalized values for each RNA species are initially plotted 
for model-independent analysis using KaleidaGraph (Synergy Software, Reading, PA).

The model-independent analysis of a single nucleotide addition catalyzed by both 
Mtb RNAP and Msm RNAP revealed a difference between lower [ATP] and [ATP] ≥250 μM. 
Time courses of 10 μM ATP and 50 μM fit to the sum of two exponentials (equation 1), 
while time courses of 250 μM, 500 μM, and 1,000 μM fit to a single exponential (equation 
2). This result suggested the presence of a partially rate-limiting step that is no longer 
rate-limiting at sufficient [ATP].
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Model-dependent analysis of single nucleotide addition

To define the kinetic mechanism of a single nucleotide addition at varying [ATP] and 
varying [Sp-ATP-α-S] by both Mtb RNAP and Msm RNAP, we employed the custom-built 
MATLAB toolbox MENOTR (19–26). This analysis tool uses a combination of genetic 
algorithm and NLLS to optimize parameter identification (26). The kinetic mechanism is 
written as a scheme (Fig. 4A), and each parameter is described using ordinary differential 
equations.

MENOTR performs simulations to determine the best fit parameters given the 
experimental data points and defined scheme. Using the combination of NLLS and 
genetic algorithm, it samples parameters within defined upper and lower limits. Through 
permutations of random sampling, it defines the best fit parameters for each species 
identified in the kinetic scheme producing parameter values as well as an X2 value of 
the goodness of fit. Upper and lower bounds were determined using grid searching in 
MATLAB. Determination of the error space was performed using an F-critical value of 
1.117.

Model-dependent analysis of multi-nucleotide addition

MENOTR was also used to define the kinetic mechanism of multi-nucleotide addition 
at 1 mM ATP and 1 mM GTP. For both Mtb RNAP and Msm RNAP, a scheme was 
used that includes reversibility at each nucleotide incorporation step (Fig. 5A). Without 
reversibility, the best fit lines are not able to describe how intermediates in the multi-
nucleotide addition time courses persist in time (23, 24). Using this scheme, parameters 
for individual replicates were globally optimized. The average parameter values of the 
replicates with SD are shown in Tables 5 and 6.

Although the reversible scheme described the time courses well, certain observed 
rate constants floated to values larger than what is detectable by the chemical quench 
flow. For Mtb RNAP, observed rate constants 5 through 12 exhibited this, while Msm 
RNAP showed this for observed rate constants 11 through 14. It has been previously 
shown that sampling the error space for the reverse rate constants via grid searching 
can detect a lower limit that the parameter can be constrained to without changing the 
quality of the fit (24). The lower limits were determined for the reverse rate constants 
for Mtb RNAP and Msm RNAP that floated to large values, and the subsequent global 
parameter optimizations constrained these reverse rate constants to their respective 
lower limits. The constrained reverse rate constants are denoted in Tables 5 and 6 as 
having no associated SD.

EC stability assay

To determine the time required for ECs to collapse, we employed an RNase protection 
assay. Evaluation of EC stability for complexes of both Mtb RNAP and Msm RNAP was 
performed as previously described (15). Briefly, ECs were formed using the same steps 
as for nucleotide addition time courses, including the incorporation of α-32P-CTP, but 
no additional NTPs are provided in the solution. Instead, the labeled ECs are subjected 
to a destabilizing KCl solution and RNase A, which cleaves RNA at a specific sequence, 
between cytosine and guanine bases. Intact ECs are protected from RNase A activity, 
resulting in a full-length 10-mer RNA product. Collapsed ECs allow RNase A activity to 
cleave the unbound RNA, resulting in an unlabeled 3-mer and a radiolabeled 7-mer RNA 
product. These two products are quantified to calculate the proportion of EC collapse 
over time.
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