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ABSTRACT: RNA polymerases (RNAPs) across the bacterial kingdom have
retained a conserved structure and function. In spite of the remarkable similarity of
the enzyme in different bacteria, a wide variation is found in the promoter−
polymerase interaction, transcription initiation, and termination. However, the
transcription elongation was considered to be a monotonic process, although the
rate of elongation could vary in different bacteria. Such variations in RNAP
elongation rates could be important to fine-tune the transcription, which in turn
would influence cellular metabolism and growth rates. Here, we describe a
quantitative study to measure the transcription rates for the RNAPs from three
bacteria, namely, Mycobacterium tuberculosis, Mycobacterium smegmatis, and
Escherichia coli, which exhibit different growth kinetics. The RNA synthesis rates
of the RNAPs were calculated from the real-time elongation kinetic profile using
surface plasmon resonance through a computational flux flow model. The computational model revealed the modular process of
elongation, with different rate profiles for the three RNAPs. Notably, the transcription elongation rates of these RNAPs followed the
trend in the growth rates of these bacteria.

■ INTRODUCTION
Regulation in response to changing nutrient conditions is vital
for free-living microbes, which must rapidly sense and respond
to their environment to optimize fitness.1 The variation in the
growth of an organism is a cellular response to environmental
factors. Nutrient availability, physical stress such as temper-
ature and pH, presence of predators, and immunomodulatory
molecules act as a cue for cells to alter their growth rates.2

Modulation of growth by altering the rate of metabolism thus
appears to be one of the mechanisms employed by micro-
organisms to combat the environmental stresses.1 Within a
single cell, the growth seems to affect the rate of metabolism
and vice versa as the cell transits through exponential and
stationary phases.3

RNA polymerase (RNAP), the central player in tran-
scription, is remarkably well conserved in the bacterial
kingdom. The mechanisms of transcription initiation,
elongation, and termination also seem to be conserved across
the species. However, the rates of NTP addition during
transcription elongation could vary when RNAP encounters
transcription pause sites.4,5 The rates at which the RNAP
transcribes along the DNA during the elongation could also
vary in different species.6,7 The elongation rate of transcription
in Escherichia coli has been measured both in vitro and in vivo
using many approaches.4,7−11 In these experiments, depending
on the conditions and techniques employed, the rates varied
from 10 to 55 nt/s.7,8,12−14 Thus, although there have been
several studies to measure transcription elongation, no such
studies using sensitive assays have been carried out in the

genus Mycobacterium, which contains several important species
including Mycobacterium tuberculosis. Here, we addressed the
question whether transcription elongation rates of RNAPs
could be correlated to the growth rates of different bacteria.
Two species of mycobacteria with different growth character-
istics were chosen along with the well-studied E. coli model
system. Mycobacterium smegmatis, a fast-growing saprophytic
bacterium, has a doubling time of 150−180 min, and M.
tuberculosis has a doubling time of 18−24 h. These bacteria
grow very slowly compared to E. coli, which has a doubling
time of 18−20 min under laboratory conditions. Our
quantitative elongation rate measurements reveal a pattern
consistent with the growth characteristics of the three bacteria.

■ RESULTS
We measured the rates of the transcription elongation steps for
the three RNAPs using SPR-based real-time monitoring
(Figure 1). Biotinylated double-stranded DNA was used as a
template in all of these real-time measurement experiments.
The organization of the nontemplate strand of the DNA is
shown in Supplementary Figure S1A. The DNA has a T7A1
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promoter, a 19 nt long repeat of A+G, followed by a sequence
either A+T rich (T7A150) (Figure 2A and Supplementary
Figure S1B) or G+C rich (T7A162) (Supplementary Figure
S1C). The T7A1 promoter was chosen to initiate the
transcription for all the three RNAPs for the following
reasons: (i) the promoter is well characterized in terms of
the promoter−polymerase interaction and extensively used for
studying transcription;15,16 (ii) transcription elongation from
the stalled elongation complexes (SECs) at the promoter has
been standardized;17 (iii) it is recognized and transcribed
efficiently by E. coli, M. smegmatis, and M. tuberculosis
RNAPs.17−21 To measure the transcription elongation rates,
we immobilized the biotinylated DNA. RNAP and a mixture of
rGTP and rATP were added to the immobilized DNA to
initiate the transcription and to synthesize a SEC with 19-mer
RNA. After enriching the SEC on the chip by 250 mM NaCl
wash (see Supplementary Figure S2), the elongation was
resumed by chasing the complex with all the four
ribonucleotides, and the rates of elongation were measured
during this phase. The addition of all four rNTPs (rATP,
rGTP, rCTP, and rUTP) to the stalled transcription elongation
complex resulted in the increase in resonance units (RUs),
indicating RNA synthesis. RNAPs were purified from E. coli,
M. smegmatis, and M. tuberculosis (Supplementary Figure S3A).
The sensorgram obtained for the three RNAPs is shown in
Figure2B. This increase in RUs was converted to the
equivalent units of NTP mass (1 RU = 4.58 × 1011 Da =
1.37 × 109 nucleotides) in the RNA synthesized by the RNAP
and retained on the SA chip.22 The gain in NTP mass with
respect to time was plotted to obtain the transcription
elongation profile. Next, a simplistic model of transcription
elongation was constructed using COmplex PAthway SImu-
lator (COPASI) software, version 4.11.23 The model addresses
the RU increase due to the addition of nucleotide to the
growing mRNA polymers and takes into account each

elongation event to yield 120-mer transcripts (i.e., every
event of elongation contributes to a mass equivalent of 101
nucleotides addition to the 19-mer SEC). This assumption is
supported by the experimental analysis of elongation products,
which shows the predominant population of 120-mer tran-
scripts (Supplementary Figure S3B).

We observed that removing the immobilized transcription
machinery from the streptavidin-coated surface reduced their
efficiency for the second cycle of RNAP binding and
subsequent RNA synthesis. To mitigate the problem, we
added M. tuberculosis Rho to the transcription elongation
complex having RNAP, DNA, and RNA. The subsequent
increase in RUs suggested the binding of Rho. When NaCl was
injected, the drop in RUs was seen. The RUs dropped below
the level indicated for SEC, suggesting that Rho facilitated the
release of RNA/RNAP from the transcription complex
(Supplementary Figure S3C). The channels regenerated and
thus could be reused for subsequent cycles of RNA synthesis.

Elongation Rates of E. coli RNAP and Its Mutant. First,
we measured the elongation rates for E. coli RNAP (Figure
2A). To further ascertain, we measured the elongation rate for
a mutant E. coli RNAP (Supplementary Figure S3A, Lane B8),
characterized as an enzyme with a slower rate. E. coli B8 RNAP
has a Q to P mutation at the 513th residue in the RpoB
subunit that results in a slower rate of transcription.14

Minimal Kinetic Model for Transcript Elongation. TECn−1
(transcription elongation complex) undergoes the addition of a
nucleotide with a rate constant kF, extending the nascent RNA
polymer by 1 nt (TECn) and releasing PPi.10 The reverse

Figure 1. Schematic showing the steps carried out to monitor transcription initiation, elongation, and termination in real time.
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reaction, pyrophosphorolysis, occurs with a rate constant kR.
For a simplistic representation of the process, the reversible
translocation and NTP binding events that occur sequentially
within each elongation were not explicitly included in the
model. Based on the elongation kinetics, we built a kinetic
model for the stepwise elongation of the TEC in COPASI
using a set of differential equations, as shown below:

[ ] = { [ ] + [ ]}

{ [ ] + [ ]}

+
d

dt
k k

k k

TEC
TEC TEC

TEC TEC

i
n n n n

n n n n

F 1 1 R 1

F R 1 (1)

where 19 < n < 120 and n is an integer, TECn stands for
transcription elongation complex at step n, and kF and kR are
the rate constants for the forward and backward reactions,
respectively.

The fitting of the model derived from COPASI to the
experimental data is shown in Figure 3A,B (see Materials and
Methods and Table S1 for details). Figure 3C depicts the
profile of kinetic forward constant kF vs elongation steps and
the presence of different rate modules,10,24 namely, initial,
central, and terminal (see steps numbered as 20−26, 27−91,
and 92−119 steps). The central module in Figure 3C
represents a steady state of elongation addressed as the
“monotonous mode” of transcriptional elongation with the
forward rate constant kFm (for details, see Methods).

In our experimental setup, a kFm of 23.5 nt/s was calculated
for the wild-type RNAP (Table 1 and Tables S1 and S3).
Previous studies have determined the rates of E. coli RNAP
within the range of 20 ± 7 nt/s.4 Thus, our measurements are
consistent with the earlier estimations, and the method also
seems to be reliable. Determination of the transcriptional
elongation rate for RNAP from the E. coli B8 strain (Figure
3B,C, Table 1, and Table S2) revealed a kFm of 17 nt/s, which
is significantly slower than the wild-type RNAP (Figure 3C and
Tables S2 and S3). These results thus essentially validate the
method and the model employed to calculate the elongation
rates.

Elongation Rates of Mycobacterial RNAPs. Next, we
measured the transcription elongation rates of RNAPs from M.
smegmatis and M. tuberculosis under the same set of
experimental conditions and SPR measurements, as described
above. These two related species show a large difference in the
growth rates between themselves and E. coli. The SPR data
from RNAPs (Figure 4A,B and Tables S4 and S5) from the
two species of mycobacteria fitted to the COPASI model
(Figure 4C and Table S6) revealed similar modular profiles for
both the enzymes. The rates during the monotonous mode of
transcription elongation were found to be 18.5 and 12 nt/s for
M. smegmatis and M. tuberculosis RNAPs, respectively (Figure
4C and Table S6). These rates are substantially lower than that
of E. coli RNAP. It is apparent that modular elongation rates
follow the trend of growth rate, namely, E. coli > M. smegmatis
> M. tuberculosis. Although the kFm values for the enzymes
differ in these three species, the span of the monotonous mode
remains almost the same (27−91 for E. coli RNAP and 30−93
for mycobacterial RNAPs). This observation can be attributed
to RNA synthesis from the same promoter and a likely absence
of any pause sequences in the DNA.

Effect of the DNA Sequence on the Elongation Rates.
The template used for the above experiment contained DNA
from pUC18 (sequence between 429 and 500 of plasmid) with
an average G+C content of 50% (see Supplementary Figure
S1). The elongation rates for the RNAP may change if the
enzymes encounter a template whose G+C composition is
higher than template 1. To address this point, the DNA
sequence from M. tuberculosis gyrB (accession ID:
CP009100.1) with a G+C content of 62% was chosen. This
G+C sequence was inserted into the assay construct in place of
the A+T-rich sequence used above (Supplementary Figure
S4A). SPR experiments were carried out with E. coli and M.
smegmatis RNAPs on this DNA. The data were fitted to the
model (Tables S7 and S8 and Supplementary Figure S4B,C),
which showed that the parameters for M. smegmatis RNAP did
not change significantly with respect to the values derived from
A+T-rich DNA (Supplementary Figure S4). The plots revealed
that the plateau values (kFm = 18.5± nt/s) and the onset of the
monotonous mode of elongation remained largely unaffected.
In the case of E. coli RNAP, the onset of the monotonous

Figure 2. Elongation at T7A150-ter. (A) The DNA fragment used as
the template is shown. The sequence transcribed for rate measure-
ments had 50% G+C and was devoid of any terminator-like sequences
(-ter). (B) The line plot showing the pattern of RU increase upon
addition of NTP mix to the stabilized SEC on the (Strepta Avidin) SA
chip is shown. The three plots were obtained using 200 nM Ec RNAP
(E. coli RNAP), Ms RNAP (M. smegmatis RNAP), and Mt RNAP (M.
tuberculosis RNAP) as indicated. The line plots were obtained by
feeding the RU values corresponding to the RNA synthesis that were
extracted from BIAevaluation software to GraphPad software, version
5.0.
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mode was shifted further down to the 39th step in comparison
to the 27th step observed in the case of the A+T-rich DNA,

although the kFm values were not significantly altered. The
results suggest a lag in achieving the steady state for E. coil
RNAP at G+C-rich DNA, while M. smegmatis RNAP had
comparable profiles with both templates.

■ DISCUSSION
The mechanism of transcription has been extensively studied
in E. coli, and the results have formed the basis to understand
the process in many other bacteria. RNAP, the central
molecular machine of transcription, is largely conserved across
the bacterial kingdom. The mechanisms of transcription
initiation, elongation, and termination are also very similar in
different species. However, studies with the mycobacterial
transcription machinery have revealed variations in the

Figure 3. Elongation rates of E. coli WT and B8 RNAP. Determination of transcription elongation rates for E. coli WT and mutant B8 using SPR
data. (A, B) Agreement of RU calculated from transcription elongation simulation (details in the text) with the experimental RU gain during the
synthesis of 19-mer to 120-mer species, determined by SPR. The experimental and calculated data points are marked by colored diamond and
rectangular boxes, respectively. Color coding is species specific and consistent through panels A and B. (C) Plot of forward kinetic constant k1 vs
elongation steps depicting the presence of three rate modules, namely, initial 20 to 26, central 27 to 91, and terminal 92 to 119. The central module
(steps 27 to 91, shaded) shows a steady rate of elongation, distinct for each species. The modular elongation rates appear to follow the trend of E.
coli WT > E. coli B8. Fc, flow cell; the number indicates the flow cell data used for extraction. Each SPR chip contains four compartments known as
flow cells (Fc1−4) of which Fc1 is used as the no DNA control. These Fc2−4 cells are used as distinct surfaces to immobilize the DNA and
perform three replicates of the experiments. The data extracted from the sensorgrams and used for the calculation of k1 of each flow cell are
indicated by the number.

Table 1. Span and the Forward Rate Constants for the
Monotonous Mode (kFm)

domain boundary of the
monotonous mode

organism experiment 1 experiment 2 experiment 1 experiment 2

E. coli (wild
type)

(28−103) (27−95) 23.5 (Fc2) 23.5 (Fc3)

E. coli (B8) (27−110) 17 (Fc3)
M. smegmatis (31−97) (25−106) 18.5 (Fc3) 18.5 (Fc4)
M. tuberculosis (23−92) (25−94) 12 (Fc3) 12 (Fc4)

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c04754
ACS Omega 2023, 8, 47510−47519

47513

https://pubs.acs.org/doi/10.1021/acsomega.3c04754?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04754?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04754?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04754?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04754?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


transcription initiation patterns, distinct regulation of the key
housekeeping promoters,25,26 and novel aspects of intrinsic as
well as factor-dependent transcription termination.27−29 This
study provides insights into the transcription elongation profile
from the two well-studied species of mycobacteria.

The global kinetic model of elongation presented important
information on the intrinsic behavior of the three RNAPs
during transcription elongation. The RNAPs from three
different species had different elongation rates. The analysis
provided evidence to support the earlier suggestion that the
transcription elongation is slower when an organism has a
slower generation time.7 Our data shows that the RNAP from
the slowest-growing bacteria exhibits lowest elongation kinetics

(Figure 4). Fittingly, the RNAP from the bacteria with an
intermediate growth rate (M. smegmatis) had values higher
than M. tuberculosis RNAP but lower than that of E. coli RNAP
(Figures 3C and 4C). Notably, the E. coli B8 strain grew
markedly slower than the wild type, consistent with our
analysis.30 The kinetic constants of the “monotonous mode”
(kFm) during NTP addition is almost 2-fold greater for E. coli in
comparison to that of M. tuberculosis (Table 1). The stepwise
distribution of the elongation kinetics (Figures 3C and 4C)
indicates that the transcript elongation processes of the
organisms differ in terms of the rate constants and the span,
namely, initial, monotonous, and terminal modules.

Figure 4. Determination of transcription elongation rates for M. smegmatis and M. tuberculosis using SPR data. (A, B) Agreement of RU calculated
from transcription elongation simulation (details in the text) with the experimental RU gain during the synthesis of 19-mer to 120-mer species,
determined by SPR. The experimental and calculated data points are marked by colored diamond and rectangular boxes, respectively. Color coding
is species specific and consistent through panels A and B. (C) Plot of forward kinetic constant k1 vs elongation steps depicting the presence of three
rate modules, namely, initial 20 to ∼30, central 31 to 93, and terminal 94 to 119. The central module (steps 27 to 91, shaded) shows a steady rate
of elongation, distinct for each species. The modular elongation rates appear to follow the trend of M. smegmatis > M. tuberculosis. Fc, flow cell; the
number identifies the flow cell data used for extraction (see the legend of Figure 3 for details).
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Earlier studies have shown that the mutations in RNAP
affect the elongation rates.14,31,32 One of these mutations
(Q513P) in the β subunit of the enzyme in the E. coli B8 strain
resulted in a holoenzyme with increased km for the NTPs,
which was shown to impact the elongation rate.14 The
incorporation of radiolabeled nucleotides by both WT and
B8 RNAPs was measured to calculate the elongation rates in
this particular study. The elongation rates were found to be 16
and 4−5 nt/s for WT and B8 enzymes, respectively, when 0.4
mM rNTPs were used in the assays. However, at higher rNTP
concentrations that mimic the physiological conditions, the
rates of 23 and 11−12 nt/s were obtained for WT and B8
enzymes, respectively.14 In our study described here using the
SPR approach to measure the elongation rates, WT and B8
RNAPs using 1 mM rNTPs were 23.5 and 17 nt/s,
respectively. In another study, which relied on single-molecule
measurements, the average rates of 12.0 ± 2.1 and 3.4 ± 1.3
nt/s were obtained for the WT and B8 RNAPs, respectively.8

Thus, although measurements by different approaches gave
different values, invariably, the mutant polymerase had lower
rates compared to the WT enzyme. The differences in the
values between various studies for E. coli RNAP (see Table2)

have been attributed to the different techniques employed,
nature of the template, concentrations of rNTPs, time duration
of the assay, temperature, and methods of analysis. Moreover,
the molecular heterogeneity of RNAP has been suggested to be
a contributory factor in single-molecule measurements.4,8,12

We suggest that mutations elsewhere in the enzyme other than
Q513P RpoB could also affect elongation rates, given the
crucial contribution of various subunits in the polymerase
structure and functional organization. The B8 mutation that
resulted in slower elongation rates of the E. coli RNAP is not
found naturally in mycobacterial RNAPs,14,33 thus ruling out
its contributions for the intrinsic slower rates measured for
these enzymes in this study. However, there are SNPs in these
enzymes as the overall sequence identity between these
enzymes is about 70%, which may account for the differences

in the intrinsic rates observed with the enzymes studied in this
work. Although the RNAP architecture and active centers are
conserved across the eubacteria, the enzymes from various
species show variations due to species-specific deletions,
lineage-specific insertions, and single-nucleotide polymor-
phisms.33−36 Thus, it would be a daunting task to identify
individual residues responsible for the slower transcription
elongation rate in RNAPs of different mycobacteria.

The sequence of DNA can also influence the kinetics of
transcriptional elongation. Given that the overall G+C content
in the genome of E. coli is lower than that of M. smegmatis, the
effect may be related to the organism’s intrinsic ability for its
own DNA transactions. The stepwise distribution of the kinetic
rates of elongation (Figures 3 and 4 and Supplementary Figure
S4) in the model facilitates the correlation of the rates to the
positional/sequence information on the DNA. The difference
in the distribution of rates for RNAPs from E. coli and M.
smegmatis in response to alteration in the DNA composition
can be seen in the elongation plots (Supplementary Figures S1
and S4). In the T7A162 DNA, where the sequence after +19
position was 62% G+C for initial 50 nucleotides, the onset of
the monotonous mode is delayed to the 39th nucleotide for E.
coli RNAP. However, the M. smegmatis RNAP exhibited an
elongation profile similar to the T7A150 DNA (Supplementary
Figure S4D). The localized G+C-rich sites encountered in the
genomes of the bacteria might cause some perturbations in E.
coli RNAP during elongation but may not affect the overall
monotonous mode of elongation. On the other hand,
mycobacterial RNAP seems to prevail through the G+C
sequence unaltered. Notably, the in vivo elongation rates will
be influenced by various elongation factors that facilitate pause
or relieve the pause. In a recent study, the trailing ribosome is
shown to increase the speed of RNAP.37

From these results, it appears that the difference in the
transcript elongation rates of E. coli and M. tuberculosis RNAP
is not as much as the difference in their growth rates (μ),
which differ by 44-fold (M. tuberculosis μ = 0.039 and E. coli μ
= 1.730).38−40 Thus, at first glance, the correlation between
transcription elongation and growth rates seems to be less
significant. However, when the data are extrapolated to the
genome-wide scenario, a stronger correlation is apparent.
Assuming that 30−50% genes would be transcriptionally active
at a steady state during the exponential phase of the growth,
the differences seen in one individual transcription unit
measurement would be amplified when the whole-genome
transcription is taken into consideration. Moreover, in many
transcription units, repeated starts would also contribute to the
differences. Further, unlike the in vitro experimental setup that
takes into account only the minimal set of components
required for transcription, the elongation rates in vivo would be
influenced by a number of elongation factors. Moreover, the
relative abundance of key machineries for the major processes
would also contribute to the growth rate disparity. While E. coli
genome has 7 rRNA operons and 4 initiator tRNA genes, M.
smegmatis has only 2 rRNA operons and 1 initiator tRNA
gene.41−44 A single rRNA operon and an initiator tRNA gene
are found in the M. tuberculosis genome.42,44 Notably, the gene
expression can be altered at the level of transcription initiation
as observed for rRNA promoter transcription.43−45 Tran-
scription−translation coupling and the combinatorial and
synergistic action of elongation factors further influence the
in vivo elongation. The large difference in values seen in
elongation rates with E. coli in vitro and in vivo measurements

Table 2. Rates of Elongation across a Diverse Set of
Experiments

method temperature rate (nt/s) organism reference

optical trap single
molecule

37 °C 12 ± 2.1 E. coli 8

microscopy single
molecule

37 °C 12 ± 4+4.9 E. coli 13

microscopy single
molecule

24 °C 20 ± 7 E. coli 4

optical trap single
molecule

30 °C 16 E. coli 9

SPR bulk
experiment

25 °C 10 E. coli 10

bulk transcription
assays

37 °C 16 E. coli 14

Bulk transcription
assays

37 °C 10 M.
tuberculosis

6

in vivo (cells
grown in LB
media)a

37 °C 55a E. coli 7

SPR bulk
experiment

37° 23.5 E. coli current
study18.5 M.

smegmatis
10 M.

tuberculosis
aLB, Luria-Bertani media.
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could be attributed to some of these contributory factors.
Thus, given that the transcription and translation are
coupled,46 the resultant accumulation of a smaller number of
ribosomes31 and other components of translation would also
contribute to the slower growth rates for mycobacterial species.

■ METHODS
Buffers and enzymes used for modifying the DNA fragments
were purchased from Roche. Biotinylated pUC primer,
heparin, and deoxyribonucleotides were purchased from
Sigma-Aldrich (Table 3). High-purity ribonucleotides, strepta-

vidin assay (SA) chips, and surfactant P20 were procured from
GE Amersham. RNAP from E. coli, E. coli B8, M. smegmatis,
and M. tuberculosis were purified according to the protocols, as
described previously.48

Briefly, 4 L cultures of E. coli MG1655, E. coli MG1655 B8,
M. smegmatis mc2155, and M. tuberculosis H37RA strains were
grown until the midexponential phase. Cell pellets were
resuspended in 40 mL of lysis buffer [50 mM Tris−HCl (pH
8.0), 2 mM EDTA, 5% glycerol, 230 mM NaCl, 5% glycerol,
0.1 mM DTT, 1 mM β-mercaptoethanol, 130 mg/mL
lysozyme, and 23 mg/mL PMSF]. Cells lysed by sonication
(E. coli) or French press (M. smegmatis and M. tuberculosis)
were centrifuged at 50,000g for 1 h. TGED buffer [10 mM
Tris−HCl (pH 7.9), 5% glycerol, 0.5 mM EDTA, and 0.1 mM
DTT] was added, and the cell-free extracts were subjected to
0.35% PEI precipitation. The PEI pellet was homogenized with
TGED buffer containing 400 mM NaCl. Extraction of proteins
was carried out from the pellet using 50 mL of TGED
containing 1 M NaCl, followed by 0−50% ammonium sulfate
precipitation. The pellet was resuspended in 3 mL of TGED
with 150 mM NaCl and loaded on a Superdex S-200 gel
filtration column (bed volume 120 mL). The fractions
enriched with RNAP were then pooled and loaded onto a
heparin-Sepharose column (GE Healthcare) and eluted using a
salt gradient of 150−800 mM NaCl in 1× TGED buffer. The
purified proteins were loaded onto 8% SDS-PAGE and
visualized using 0.1% Coomassie blue R-250 staining.

DNA Constructs. The T7A150 DNA fragment (300 bp)
used for the transcription assays comprised T7A1 promoter
sequence followed by 120 bp long 50% G+C-rich DNA for
transcription.17 The DNA fragment was cloned in pUC18 and

was amplified using a biotinylated pUC forward primer and a
vector-specific reverse primer for immobilization on the SA
chip. The T7A162 DNA fragment was generated by ligating the
fragment from the gyrB gene (amplified from pARN104)47

that was 62% G+C rich. The fragment from the gyrB gene was
cleaved using HinFI (NEB) and was ligated to the fragment
containing T7A1 downstream to the +19 position and
amplified using the biotinylated pUC forward primer and
Gyr reverse primer (Table 3).

Monitoring the Transcription by SPR. The streptavidin
(SA)-coated surface in the sensor chip was prepared for the
injection as per the manufacturer’s instructions (GE
Amersham). Biotinylated DNAs were immobilized on the SA
chips (flow rate of 5 μL/min). The rise in RUs was around
1400−1600. To reduce the mass transport effect, a low
concentration of DNA (1.3 ng/μL) was used. The binding and
elongation studies were carried out at 37 °C and at a flow rate
of 10 μL/min, unless otherwise stated. The composition of
running buffer was 20 mM Hepes (pH 7.8), 10 mM potassium
chloride, 5 mM magnesium acetate, and 0.05% surfactant
P20.10 The RNAPs from E. coli, M. smegmatis, and M.
tuberculosis were diluted in the 1× running buffer to a
concentration of 100 or 200 nM, and a volume of 100 μL was
used for the injections. rATP and rGTP were added along with
the RNAP at a concentration of 1 mM across the control and
sample cells at a flow rate of 10 μL/min. Buffer was passed at a
flow rate of 10 μL/min for 20 min, followed by the injection of
250 mM NaCl. The chip was thoroughly washed for 10 min
with running buffer at a flow rate of 50 μL/min. The NTPs
(NTP mix) at a concentration of 1 mM (diluted in the running
buffer) were added at a flow rate of 10 μL/min for 5 min.

In Vitro Transcription. In vitro transcription reactions
were carried out in standard transcription buffer (50 mM
Tris−HCl (pH 8.0 at 25 °C), 3 mM magnesium acetate, 100
μM EDTA, 100 μM DTT, 30 mM KCl, 50 μg/mL BSA, and
5% glycerol). The DNA templates (10 ng) bearing the T7
promoter were incubated similarly as described for SPR
experiments. E. coli, M. smegmatis, and M. tuberculosis RNAP
(200 nM) was added in respective reactions, and the reactions
were incubated for 10 min at 37 °C, followed by the addition
of 100 μM rATP, rGTP, and rCTP and 10 μM nonradioactive
rUTP and 1 μCi αP30 UTP. After 15 min of incubation, the
reactions were terminated by the addition of stop buffer (95%
formamide, 0.025% (w/v) bromophenol blue, 0.025% (w/v)
xylene cyanol, 5 mM EDTA, 0.025% SDS, and 8 M urea) and
heat inactivation at 90 °C for 5 min. The reactions were snap-
cooled on ice for 5 min and resolved on 10% urea-PAGE.

Data Analysis. Model Description. The experimental
observations were treated as a mass flux event, where a
population of transcriptional units immobilized on the SPR
probe add nucleotides to the growing chain of the mRNA
polymer. Therefore, the mass of the transcriptional elongation
product (in terms of the rNTPs added) at a moment “t” can be
expressed as

= [ ]
=

=
iTEC ( 19) TECi t

i

i

i t,
19

120

(2)

Steps of elongation from 19 mer to 120 mer based on the
above relationships were treated as a set of 203 elements (1,
initial number of 19 rNTPs; 101, kF values; and 101, kR values)
that follow the relationships of eqs 1 and 2 using COPASI.
Given the rate of pyrophosphorolysis to be minimal,10 the

Table 3. Strains, Plasmids, and Oligonucleotides

plasmids description source

pUC18 a high copy E. coli plasmid used for DNA
modifications and cloning

laboratory
stock

pARN104 a pUC19-based plasmid modified in the
laboratory

laboratory
stock (49)

primers sequence source

biotinylated pUC forward 5′caggaaacagctatgac3′ Sigma
Pgyr Int reverse 5′gccgggcatggcgatagacgc3′ Sigma
bacteria strains description source

E. coli MG1655 MG1655, rpoB laboratory stock
E. coli MG1655

B8
MG1655, rpoB8 TetR,

RifR
D. Jin, NIH (original

sourced) and Sen,
R, CDFD

M.
smegmatis

mc2115 a high efficiency
transformation strain
of M. smegmatis

laboratory stock

M.
tuberculosis

H37Ra an attenuated strain of
M. tuberculosis
H37Rv

laboratory stock
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contribution of kR was set to be 10−5. Therefore, the major
contributing parameters to the model are 102 (1, initial
number of 19 rNMPs; 101, kF values for 101 steps). The
experimental observation that is addressed through the
computational model starts at the point where all the
transcriptional units are stalled at the 19-mer state. Based on
the assumption that the initial 19-mer species have reached the
120-mer products upon completion, the initial number of 19
mers (n) can be calculated as n = [ΔRU × 1.37 × 109/(120 −
19)]. This treatment also leaves the calculated elongation rate
constants uninfluenced by the different numbers of SEC
formation due to the minimal variations in transcription
initiation. Thus, the calculated values reflect the intrinsic
properties of the RNAPs from different organisms.

First, the values from the sensorgram were extracted using
BIAevaluation software, version 3.0. The E. coli WT SPR data
was used for fitting and model optimization. There are two sets
of observations reported for E. coli, M. tuberculosis, and M.
smegmatis. The RNAP slow mutant (B8) data were used to
validate the global kinetic model. For E. coli and M. smegmatis
RNAPs, additional experiments were carried out using DNA
with higher G+C. Each experimental data set was fitted to the
global model and was solved for the previously defined 102
independent variables. The fitting of the experimental data was
done using COPASI. The initial solution was parameter
optimized using successive cycles of differential evolution
(2000 cycles) and particle swarm optimization (5000 cycles)
protocols in COPASI. The refined model was plotted with
experimental data. The attached supplementary tables contain
all these solved data sets. The net profiles are reported in the
main MS, in Figures 3 and 4 and Supplementary Figure S4.
Among these large volumes of kinetic parameters, one
important parameter is kFm, the forward rate constant of a
steady kinetic module, referred to as the “monotonous mode”.
This module also has the fastest rate of elongation. The rate of
nucleotide formation resulting in mass addition to the system
can be expressed as

[ ]k ntan ( 1) TEC tFm 28 (3)

where n is the number of steps within the monotonous mode
and TEC28 is the particle number of the first species formed
within the monotonous mode (for E. coli). The kFm for the
monotonous mode of the transcription elongation process is
23.5 nt/s for E. coli WT. The above equation therefore explains
that tan θ, the rate of rNTP addition, is a tangent to the RU vs
time plot. Next, the experimental RU vs time plots for M.
smegmatis, E. coli B8, and M. tuberculosis RNAP were fitted in
COPASI following a similar process of E. coli WT RNAP.
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