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ABSTRACT

Transcription termination is one of the least understood processes of gene expression. As the prototype
model for transcription studies, the single-subunit T7 RNA polymerase (RNAP) is known to respond to
two types of termination signals, but the mechanism underlying such termination, especially the specific
elements of the polymerase involved, is still unclear, due to a lack of knowledge with respect to the
structure of the termination complex. Here we applied phage-assisted continuous evolution to obtain
variants of T7 RNAP that can bypass the typical class I T7 terminator with stem-loop structure. Through
in vivo selection and in vitro characterization, we discovered a single mutation (S43Y) that significantly
decreased the termination efficiency of T7 RNAP at all transcription terminators tested. Coincidently, the
S43Y mutation almost eliminates the RNA-dependent RNAP (RdRp) activity of T7 RNAP without imped
ing the major DNA-dependent RNAP (DdRp) activity of the enzyme. S43 is located in a hinge region and
regulates the transformation between transcription initiation and elongation of T7 RNAP. Steady-state
kinetics analysis and an RNA binding assay indicate that the S43Y mutation increases the transcription
efficiency while weakening RNA binding of the enzyme. As an enzymatic reagent for in vitro transcrip
tion, the T7 RNAP S43Y mutant reduces the undesired termination in run-off RNA synthesis and
produces RNA with higher terminal homogeneity.

Introduction
Transcription termination of RNA polymerase (RNAP) is
a crucial step in the regulation of gene expression by trigger
ing the release of RNA transcripts and RNAPs from the
transcription complex. RNAPs in most organisms have com
plex subunit compositions, structure, and regulatory factors
[1–3]. Transcription termination is a highly intricate and
dynamic process, making related biochemical and structural
studies extremely difficult. Among different stages in tran
scription (initiation, elongation, and termination), the mole
cular mechanism of transcription termination remains the
least understood [4,5]. Even for the single-subunit RNAP
from bacteriophage T7, of which the initiation complex (IC)
and elongation complex (EC) structures have been solved
[6,7], greatly improving our understanding of the transcrip
tion mechanism, the structure of its termination complex is
still missing.
Two types of termination signal are known to induce
transcription termination of T7 RNAP. The class
I terminators encode nascent RNA with a stable stem-loop
structure followed by a run of U residues, such as T7 TΦ,
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found at the late region of the T7 genome [8–10]. This type of
terminator is analogous to the rho-independent terminators
of bacterial RNAPs. Indeed, T7 RNAP transcription was
reported to be terminated at several of such bacterial termi
nators [11,12]. Class II signals encode RNA with a common
sequence (5′-AUCUGUU-3′), and T7 RNAP terminates at 6–8
nt downstream of this sequence. The class II terminators are
strictly sequence-specific as any base change abolishes termi
nation [13,14]. Class II terminators were first identified in
a cloned human preproparathyroid hormone (PTH) gene.
Additional class II signals were also found in a cDNA copy
of vesicular stomatitis virus (VSV), in adenovirus DNA
(Adeno5), and near the right end of the concatemer junction
(CJ) of T7 DNA that is being replicated [9,13]. The mechan
ism underlying class II signal-induced termination is espe
cially elusive since these short terminator sequences do not
indicate any distinct secondary structure. To date, no direct
information has been obtained concerning structure changes
during the termination process of T7 RNAP.
In addition to being a research model for the transcrip
tion mechanism, T7 RNAP also serves as a popular
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enzymatic tool for in vitro transcription (IVT) [15–17]. IVT
for RNA synthesis is widely used in RNA-related research
and applications, especially the recently booming RNAbased therapeutics such as siRNA and mRNA drugs and
vaccines [18–20]. However, various kinds of byproducts
generated by T7 RNAP during IVT, including short RNAs
produced by abortive initiation [21], undesired terminated
transcripts caused by termination signals [10], and 3′ term
inal extended products resulted from the RNA-dependent
RNAP (RdRp) activity [22,23], may activate the vertebrate
innate immune system to impede RNA-based therapeutics
[24]. Although methods such as high-performance liquid
chromatography (HPLC) are available to remove certain
RNA byproducts [25], they are usually not optimal for largescale RNA purification and will increase production com
plexity and cost. It is advantageous to develop enzymatic
reagents to reduce the undesired RNA byproducts from IVT
and to improve the rapidly developing RNA-based applica
tions and therapeutics.
In this study, we set up a phage-assisted evolution system
(PACE) to select T7 RNAP mutants that can bypass the
typical stem-loop T7 terminator TΦ. We aimed to reveal the
elements in RNAP crucial for transcription termination and
to improve our understanding of the mechanism underlying
the termination process. As a result, we found that a single
serine to tyrosine (S43Y) mutation significantly decreased the
termination efficiency of all terminators tested without redu
cing the major DNA-dependent RNAP (DdRp) activity of the
enzyme. Unexpectedly, the S43Y mutation almost abolishes
the apparent RdRp activity of T7 RNAP, resulting in higher 3′
homogeneity of IVT products. The S43 residue was revealed
to be a key element in RNA binding of T7 RNAP. This study
highlights the value of utilizing directed evolution approaches
to investigate the complex mechanism of transcription
termination.

Materials and methods
Materials
Oligonucleotides were obtained from Genecreate. DNA pur
ification kits were obtained from Axygen. RNase inhibitor and
DNA marker were obtained from Thermo Scientific. Low
Range ssRNA Ladder and RNA purification kits were
obtained from New England Biolabs. The HPLC reversedphase column PLRP-S was obtained from Agilent.
PrimeSTAR Max DNA Polymerase was obtained from
TaKaRa. Ni-NTA resin was obtained from Qiagen.
Competent Escherichia coli DH5α and E. coli BL21 were
obtained from TransGen Biotech. ClonExpress II One Step
Cloning kits for vector construction were obtained from
Vazyme Biotech.
Bacterial strains and plasmids
Plasmids used in this work were amplified in E. coli DH5α
and enzymes were expressed in E. coli BL21. Information of
bacterial strains and plasmids used for PACE experiments is
provided in Table S1 [26,27]. The plasmids used for IVT

template preparation include pETsnrs-1 (Table S4), carrying
the T7 promoter and T7 terminator TΦ (5′CTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTG
CTGCCACCGCTGAGCAATAACTAGCATAACCCCTTG
GGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAA
AGGAGGAACTATAT-3′, where the sequence in boldface
forms a stem-loop structure; Figure S1), and pUCT7sgeGFP, carrying the T7 promoter and an eGFP sgRNA coding
sequence. Other plasmids with different terminators were
constructed by replacing the stem-loop forming region (5′TAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGA
GGGGTTTTTTG-3′) in TΦ with various terminator
sequences. The plasmids for IVT templates of various
sgRNAs were constructed by replacing the first 20 nt of the
eGFP sgRNA coding sequence with other guiding sequences
(Table S3).
PACE experiments
E. coli S1030 cells carrying a mutagenesis plasmid and either
of the accessory plasmids (pLATp1 or 2) were used for the
PACE experiments. Overnight cultures were 1:100 diluted in
fresh LB and cultured until the early exponential phase under
shaking. Then, 170 μl of the bacterial culture, 20 μl of the
initial selection phages carrying the wild-type (WT) T7 RNAP
gene, and 10 μl of L-arabinose (1 M) were added to each well
of a Corning 96-well standard microplate. The rest of the
bacterial cultures were temporarily stored at 4°C. Three repli
cates were performed for either host bacterium. The plate was
incubated at 37°C in a Digital Thermostatic Shaker
(AOSHENG) at 1000 rpm. After 3 h of incubation, 20 μl of
the culture from each well was transferred to a new well, and
then 170 μl of the stored bacterial culture and 10 μl
L-arabinose were added. The plate was again cultured at
37°C under shaking. The culture-and-transfer cycle was
repeated, and the culturing time was reduced by 15 min
every two cycles until it reached 35 min. When the cycles
were paused at the end of a working day, samples from the
last transfer were collected and centrifuged at 15,000 rpm for
5 min, and the supernatants were collected and stored at 4°C.
Bacterial cultures were freshly prepared every day.
Supernatant samples containing evolved phages from the last
cycle were subjected to a double-layer plaque assay and phage
clone purification with host cells carrying either of the acces
sory plasmids (pLATp1 or 2). Purified phage clones were used
for Sanger sequencing of the T7 RNAP gene and further
analyses.

Phage titre quantification
Phage titre was quantified by a double-layer plating plaque
assay. Selection phage samples carrying WT or mutant
RNAP genes were prepared by 10-fold serial dilutions
with fresh LB. Overnight cultures of E. coli S1030 cells
carrying each of the accessory plasmids (pLATp1–3) were
1:100 inoculated into fresh LB and incubated with shaking
at 37°C until the OD600 was over 0.6. Then, 200 μl of
bacterial suspension and 10 μl of phage sample were
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added to 3.6 ml melt LB containing 0.6% (w/v) agar, mixed
by vortexing, and poured into an 8.5-cm Petri dish contain
ing a bottom layer of hard LB agar (1.5%, w/v). The plates
were gently shaken to allow the melt soft agar to spread all
over the surface of the bottom agar. After the soft agar
layer was completely solidified, plates were cultured over
night at 37°C. Plaques were counted to quantify the titre of
the phage samples. The plaque assay was conducted in
triplicate. The phage titre obtained using host bacterium
carrying pLATp3 was used as the standard for calculating
the efficiency of plating (EOP).
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eluted by different concentrations of imidazole were col
lected and analysed on SDS-PAGE gels with Coomassie
blue staining. The fractions with high purity were then
combined and concentrated by Amicon Ultra-15
Centrifugal Filter Units (Millipore). Finally, the concen
trated samples were dialysed three times against a dialysis
buffer (100 mM NaCl, 50 mM Tris-HCl, pH 7.5, 1 mM
DTT, 0.1 mM EDTA, 50% glycerol, and 0.1% TritonTM
X-100). Single mutations were introduced to the 43rd posi
tion of T7 RNAP using the ClonExpress II One Step
Cloning Kit (Vazyme), and the same purification process
as above was applied.

Luminescence reporter assay
E. coli S1030 cells carrying each of the reporter plasmids
(pLRTp1–3) were used for the luminescence reporter assay.
Colonies from freshly streaked agar plates were inoculated
into LB broth and cultured overnight. The cultures were
then 1:100 inoculated into fresh LB and cultured until the
mid-exponential phase. OD600 was measured with a Thermo
Genesys 10S ultraviolet spectrophotometer. Bacterial suspen
sions were diluted to adjust the OD600 to 0.1, and 20 μl of the
diluted sample was added to 170 μl LB in each well of
a Corning 96-well clear bottom white polystyrene microplate.
Selection phage samples carrying WT or mutant T7 RNAP
genes were prepared by adjusting the phage titre to approxi
mately 1011 PFU/ml, and 10 μl of the sample was added to
each well to make up a total volume of 200 μl. The 96-well
plate was then incubated at 37°C in a Digital Thermostatic
Shaker (AOSHENG) at a shaking speed of 1000 rpm. After
2 h of incubation, the optical density and luminescence were
measured using a Biotek Synergy H1 multi-mode microplate
reader. The luminescence of each sample was normalized by
OD, and the values obtained using host bacterium carrying
pLRTp3 were used as the standard for calculating the relative
luminescence. Three independent assays were conducted for
the measurement.
Protein expression and purification
DNA fragments encoding T7 RNAP variants were amplified
from the phage genomic DNA and inserted into the
pQE82L vector encoding an N-terminal His-tag. Vector
pQE82L carrying the T7 RNAP WT gene or a variant was
transformed into E. coli BL21. The bacteria were cultured in
250 mL LB medium containing 100 μg/ml ampicillin at
37°C until they reached an OD600 of 1.2. Then protein
expression was induced by the addition of 0.5 mM IPTG
and incubation was continued at 30°C for 4 h. The cells
were harvested, resuspended in 300 mM NaCl, 20 mM TrisHCl pH 7.5, 0.5 mM DTT, and lysed by three freeze-thaw
cycles in the presence of 0.5 mg/ml lysozyme. Cleared
lysates were separated by centrifugation for 1 h at
18,000 rpm, 4°C. His-tagged T7 RNAP mutants were then
purified from the lysate using a Ni-NTA-agarose column.
After equilibrating the column with elution buffer (300 mM
NaCl, 20 mM Tris-HCl pH 7.5, 0.5 mM DTT), the RNAP
was eluted from the column with 30 ml gradient (20–
100 mM) imidazole in elution buffer. Then the fractions

Transcription assays
To compare the termination efficiencies of T7 RNAP WT and
its mutants, we conducted IVT assays (Fig. 2B and C). The
transcription template was amplified through PCR from the
plasmid pETsnrs-1 with a pair of universal primers pETsnrsF (5′-AATACTGTTGATGGGTGTCTGGT-3′) and pETsnrs1 R (5′-TCGGTGAGTTTTCTCCTTCATTAC-3′). Reaction
mixtures containing 40 mM Tris-HCl pH 8.0, 16 mM
MgCl2, 2 mM spermidine, 5 mM DTT, 0.2 μM inorganic
pyrophosphatase, 1.5 U/μl RNase inhibitor, 4 mM each of
ATP, CTP, GTP, and UTP, 14 nM DNA templates, and
50 nM T7 RNAP WT or mutant were incubated at 37°C.
After incubation for 1 h, DNA templates were removed by
DNase I and the transcripts were purified by RNA purifica
tion kits (New England Biolabs). Purified RNA was quanti
fied
by
measurement
of
OD260
using
a NANOPHOTOMETER (IMPLEN). RNA transcripts (400
ng) were mixed with 4 μl 3× denaturing loading buffer (95%
formamide, 1 mM EDTA, 0.02% bromophenol blue, 0.02%
SDS, and 0.01% xylene fluoride) and 7 μl ddH2O, heated at
80°C for 2 min, and then loaded onto a 1.5% TAE agarose gel.
Electrophoresis was performed at 100 V for 45 min, and the
RNA products were visualized by staining with ethidium
bromide.
To further demonstrate the effect of the S43Y mutation
of T7 RNAP on termination at terminator TΦ, the reac
tions were performed at various enzyme concentrations
(5.6, 16.7, 50, 150, and 450 nM), template concentrations
(1.75, 3.5, 7, 14, and 28 nM), and reaction times (0.25, 0.5,
1, and 2 h). To examine whether the S43Y mutation has
a common effect on the class I terminators (Fig. 3D), the
terminator T7 TΦ was replaced by T3 TΦ, the thr attenua
tor, the rrnBT1 terminator, or the rrnC terminator (Table
S2). Transcription templates carrying various terminators
were amplified by PCR using a pair of universal primers
(pETsnrs-F and pETsnrs-1 R), and the IVT reaction was
conducted as mentioned above.
To test the effect of the S43Y mutation in T7 RNAP on
class II termination signals, an artificial class II terminator (5′ATCTGTTTTTTTTT-3′) was inserted into the plasmid
pETsnrs-1, replacing T7 TΦ (Fig. 4A). Transcription tem
plates were amplified by PCR using primers pETsnrs-F (5′AATACTGTTGATGGGTGTCTGGT-3′) and pETsnrs-2 R
(5′-TAAATCAAAAGAATAGACCGAGATAGG-3′), and the
termination efficiencies of T7 RNAP WT and the S43Y
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mutant at this artificial class II terminator and class I T7 TΦ
were compared under the same IVT reaction conditions as
above. To further verify the effect of the S43Y mutation on
class II signals, another weaker class II terminator (5′ATCTGTTT-3′) was introduced into the transcription tem
plate of an eGFP sgRNA coding sequence (5′GGGCACGGGCAGCTTGCCGGGTTTTAGAGCTAGAAA
TAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTG
AAAAAGTGGCACCGAGTCGGTGCTTTTTTT-3′ to 5′GGGCACGGGCAGCTTGCCGGGTTTTAGAGCTAGAAA
TAGCAAGTTAAAATAAGGCTAGTCCGTTATCTGTTTG
AAAAAGTGGCACCGAGTCGGTGCTTTTTTT-3′, under
lined bold sequences indicate the modified sequence and
the introduced class II terminator) through PCR
mutagenesis with primers sgRNA-F (5′-ATCAGGCG
CCATTCGCCATTCAGG-3′) and sgRNA-IITER-R (5′AAAAAAAGCACCGACTCGGTGCCACTTTTTCAAACA
GATAAC-3′) (Fig. 4B). The IVT reaction (10 μl) containing
40 mM Tris-HCl pH 8.0, 16 mM MgCl2, 2 mM spermidine,
5 mM DTT, 0.2 μM inorganic pyrophosphatase, 1.5 U/μl
RNase inhibitor, 4 mM each of ATP, CTP, GTP, and UTP,
150 nM T7 RNAP WT or S43Y mutant and 70 nM DNA
template was carried out at 37°C for 1 h. After incubation, 1 μl
reaction mixture was directly mixed with 2 μl 3× denaturing
loading buffer and 3 μl ddH2O and heated at 80°C for 2 min,
and then the samples were loaded onto a 12% TBE PAGE gel
and electrophoresis was conducted at 100 V for 1 h. In
addition to the artificial terminators, termination of T7
RNAP WT and the S43Y mutant on several native class II
terminators was also tested using DNA templates from plas
mid pETsnrs-1 in which T7 TΦ was replaced by a designated
native class II terminator sequence. The universal primers
pETsnrs-F and pETsnrs-1 R were used to amplify the tem
plates, and the IVT reaction was conducted as described
above for class I terminators (Fig. 4C).
The IVT of eGFP sgRNA and various sgRNAs (Table S3)
without terminator by T7 RNAP WT and S43Y mutant was
also compared (Fig. 5). DNA templates were amplified by
PCR
using
universal
primers
sgRNA-F
(5′ATCAGGCGCCATTCGCCATTCAGG-3′) and sgRNA-R
(5′-AAAAAAAGCACCGACTCGGTGCCACT-3′). The IVT
reaction conditions were as mentioned above.
Overall IVT yields of T7 RNAP WT and the S43Y mutant
were compared based on the production of tRNAIle (5′GGCCGGTTAGCTCAGTTGGTTAGAGCGTGGTGCTAA
TAACGCCAAGGTCGCGGGTTCGATCCCCGTACTGGC
CA-3′) and tRNALeu (5′-GGTAGCGTGGCCGAGCGGTC
TAAGGCGCTGGATTAAGGCUCCAGTCTCTTCGGTTG
CGTGGGTTCGAATCCCACCGCTGCCA-3′). IVT templates
were constructed by replacing the sgRNA coding sequence in
plasmid pUCT7sg-eGFP with the tRNA coding sequences.
IVT reaction conditions and analyses were as described
above for sgRNA. The comparison of the IVT production of
various long RNAs (from 900 to 4100 nt) by T7 RNAP WT
and the S43Y mutant was conducted in a 10 μl reaction
containing 40 mM Tris-HCl pH 8.0, 16 mM MgCl2, 2 mM
spermidine, 5 mM DTT, 0.2 μM inorganic pyrophosphatase,
1.5 U/μl RNase inhibitor, 4 mM each of ATP, CTP, GTP, and
UTP, 150 nM T7 RNAP WT or S43Y mutant, and 20 ng/μl

DNA templates. After incubation at 37°C for 1 h, 1 μl reaction
mixture was mixed with 4 μl 3× denaturing loading buffer and
7 μl ddH2O and heated at 80°C for 2 min, and each sample
was then loaded onto a 1.5% TAE agarose gel and analysed as
mentioned above (Figure S4).
RdRp assays
sgRNA products synthesized by T7 RNAP WT and S43Y were
purified with RNA purification kits (New England Biolabs)
before analysis by HPLC using a PLRP-S column (4000 A,
8 μm, 4.6 × 150 mm) (Fig. 5B). In order to demonstrate that
the RNA terminal extension of T7 RNAP is reduced by the
S43Y mutation, the run-off sgRNA produced by T7 RNAP
S43Y IVT was further purified by collecting the HPLC frac
tion of the major peak (Fig. 5B) and used as the template for
the RdRp extension assay. The 10-μl reaction mixture con
tained 40 mM Tris-HCl pH 8.0, 16 mM MgCl2, 2 mM sper
midine, 5 mM DTT, 0.2 μM inorganic pyrophosphatase,
1.5 U/μl RNase inhibitor, 4 mM each of ATP, CTP, GTP,
and UTP, 150 nM T7 RNAP WT or S43Y mutant, and 500
ng/μl HPLC-purified sgRNA. The RdRp extension reaction
samples were incubated at 37°C for 1 h. Then, 2 μl 3× dena
turing loading buffer and 2 μl ddH2O were mixed with 2 μl
reaction mixture and heated at 80°C for 2 min. Finally, the
mixture was loaded onto a 12% TBE PAGE gel and analysed
as mentioned above (Fig. 5A).
Termination efficiency calculation
The grey value of each band for transcripts was quantified
with ImageJ software. For accurate quantification, each grey
value was transferred into mole number based on the mole
cular weight of the corresponding RNA. Termination efficien
cies were calculated as the molar ratio between terminated
transcripts and the sum of terminated and run-off transcripts.
Steady-state kinetics
To compare the transcription efficiency of T7 RNAP WT and
S43Y at various ribonucleotide concentrations, 10-μl reaction
mixtures containing 40 mM Tris-HCl pH 8.0, 16 mM MgCl2,
2 mM spermidine, 5 mM DTT, 0.2 μM inorganic pyropho
sphatase, 1.5 U/μl RNase inhibitor, 1 mM ATP (or CTP),
GTP, UTP, and various amounts of CTP (or ATP), 40 nM
DNA template, and 20 nM T7 RNAP WT or S43Y were
incubated at 37°C for 10 min. The reactions were terminated
by adding 5 μl denaturing RNA loading dye (New England
Biolabs). The samples were analysed by 10% TBE PAGE with
ethidium bromide staining, and the yield of run-off sgRNA
was quantified. To compare the transcription efficiency of T7
RNAP WT and S43Y at various DNA template concentra
tions, 10-μl reaction mixtures containing 40 mM Tris-HCl pH
8.0, 16 mM MgCl2, 2 mM spermidine, 5 mM DTT, 0.2 μM
inorganic pyrophosphatase, 1.5 U/μl RNase inhibitor, 1 mM
each of ATP, GTP, UTP, and CTP, 20 nM T7 RNAP WT or
S43Y, and various amounts of DNA template were incubated
at 37°C for 10 min. The reactions were terminated by adding
5 μl denaturing RNA loading dye. The samples were analysed
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by 10% TBE PAGE with ethidium bromide staining, and the
yield of run-off sgRNA was quantified. All data were analysed
with Prism software.

DNA and RNA binding
Binding
to
promoter
containing
DNA
(5′TTAATACGACTCACTATAGGAGAACCTTAAGGTTTA
ACTTTAAGACCCTTAAGTG-3′) or purified sgRNA by T7
RNAP WT or S43Y mutant was tested by electrophoretic
mobility shift assay (EMSA). The assays were all conducted
at 30°C for 10 min. The 10-μl DNA binding mixtures
contained 1 μM annealed oligonucleotides, 40 mM TrisHCl pH 8.0, 16 mM MgCl2, 2 mM spermidine, 5 mM
DTT, and various amounts of T7 RNAP WT or S43Y
mutant (0.25, 0.5, 1, 2, 4, 8, or 10 μM). The reaction
mixtures were then mixed with 1.5 μl 10× gel-shift loading
buffer (Beyotime Biotechnology) and loaded onto a 10%
TBE PAGE gel. Electrophoresis was conducted at 120 V
for 80 min and the DNA products were visualized by
staining with ethidium bromide. For the RNA binding
assay, the 10-μl RNA binding mixtures contained 3 μM
purified sgRNA, 40 mM Tris-HCl pH 8.0, 16 mM MgCl2,
2 mM spermidine, 5 mM DTT, and various amounts of T7
RNAP WT or S43Y mutant (0.625, 1.25, 2.5, or 5 μM). The
reaction mixtures were then mixed with 1.5 μl 10× gel-shift
loading buffer (Beyotime Biotechnology) and loaded onto
a 10% TBE PAGE gel. Electrophoresis was conducted at
120 V for 2 h and analysed as above. The grey values of gel
bands corresponding to unbound DNA or sgRNA of each
lane were quantified with ImageJ software. Promoter and
RNA binding percentages were calculated as the molar ratio
between the reduction of unbound DNA or sgRNA at each
enzyme concentration and the unbound DNA or sgRNA of
sample without RNAP addition.

Structural interpretation
The crystal structures of the T7 RNAP IC (Protein Data Bank
code 1QLN) and EC (Protein Data Bank codes 1MSW) were
used to analyse the location of the mutation S43Y in
a structural context. PyMOL software was used for
visualization.

Results
Evolution of T7 RNAP towards reduced termination
efficiency at T7 TΦ
We developed a PACE system to generate T7 RNAP mutants
(Fig. 1A). PACE has been used for the evolution of diverse
proteins, such as polymerases and genome-editing proteins,
towards desired properties, such as improved activities and
specificities [28,29]. While PACE has not been used to evolve
T7 RNAP to increase its read-through transcription, we con
sidered that it could serve as an ideal method to explore the
elements within single-subunit RNAPs that are involved in
transcription termination.
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In order to link the ability of T7 RNAP to bypass the
terminator TΦ to the proliferation of phage M13, we
replaced gene III in the phage genome with the T7 RNAP
gene. While on an accessory plasmid pLATp1 carried by
E. coli host cells, TΦ was inserted between the T7 promoter
and the ribosome-binding site (RBS) in front of gene III
(Fig. 1B). We also constructed another accessory plasmid,
pLATp2, using two terminators of TΦ in tandem in order
to exert stronger selection stress. It was previously reported
that the production of infectious M13 phage particles
increased with increasing concentrations of pIII (encoded
by gene III) [30]. Therefore, the ability of phages to pro
pagate in host cells carrying accessory plasmids is positively
correlated with the level of gene III transcripts, which
should only be produced by T7 RNAP bypassing the TΦ
(s) upstream of gene III. Phages that persist through the
repeated dilution process of the PACE experiment are
expected to produce evolved RNAP mutants with improved
transcription activity in the presence of TΦ. As shown in
Fig. 1C, the EOP of the evolved phage mutants was sig
nificantly increased compared with that of the WT, using
either the accessory plasmid containing only one TΦ (1.5 –
to 4-fold increase) or that containing two TΦs (71 – to 682fold increase). This result suggested that the ability of the
RNAPs encoded by these mutants to bypass terminators
was improved. The effect of the evolution was also evalu
ated by another in vivo test of the luminescence reporter
assay. In the presence of only 1 TΦ, eight out of the 14
mutants produced significantly stronger relative lumines
cence compared with the WT, while in the presence of
two TΦs in tandem, all the mutants produced stronger
luminescence (Fig. 1D). Combining the results of the two
in vivo tests, especially from the PACE when tandem ter
minators were applied, we inferred that mutations of key
residues in the T7 RNAP involved in termination were
generated.
T7 RNAP mutants from PACE with reduced termination
efficiency in vitro
We sequenced 14 T7 RNAP mutants obtained from PACE
(Fig. 2A). We found that all mutants except Ma and Mc
have a mutation at residue S43, with residues of larger size,
such as tyrosine (S43Y), phenylalanine (S43F), or leucine
(S43L), replacing the original serine. We selected 10 repre
sentative mutants (from Ma to Mj), overexpressed them in
E. coli, and obtained purified T7 RNAP mutants. The
effects of these T7 RNAP mutants were directly tested in
IVT with DNA templates harbouring the T7 promoter and
terminator TΦ. The results showed that the termination
efficiency on TΦ of all mutants except Ma and Mc was
markedly decreased, and the mutants with the most signif
icant reduction in termination efficiency (over 20%) (Md,
Me, Mf, and Mi) all contain a common mutation S43Y
(Fig. 2B).
We further investigated the effect of a single mutation
at the S43 position, constructing T7 RNAP mutants S43A,
S43L, S43K, S43D, S43Y, and S43F. Among these mutants,
the S43Y mutant showed the greatest reduction in
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Figure 1. PACE of T7 RNAP for mutants with decreased termination efficiency at T7 terminator TΦ. (A) Schematic overview of the PACE in this study. The E. coli host
cells contain two plasmids before infection: the accessory plasmid (AP), which correlates the termination efficiency of T7 RNAP to M13 phage propagation (details in
(B)), and the mutagenesis plasmid (MP), which elevates the mutagenesis levels during PACE (27). The gene encoding pIII (gene III) in AP is under the control of a T7
promoter, while between the T7 promoter and gene III one or two tandem TΦ terminators were inserted to block the transcription of gene III by the T7 RNAP
encoded in the selection phage (SP) genome. Without pIII protein the M13 selection phage fails to infect host bacteria and gets washed out by the repeated dilution
process. However, if the mutagenesis driven by the MP creates T7 RNAP mutants that can bypass the TΦ terminator, pIII protein is expressed and infectious progeny
phages are produced to persist through the repeated dilution of PACE. (B) Key elements in AP and SP as described in (A). (C) Efficiency of plating (EOP) of selected
phages indicated termination bypassing. The EOP of the phages carrying T7 RNAP WT and selected mutants (Ma–Mn) was calculated by dividing the phage titre
obtained on host cells carrying accessory plasmid pLATp1 (with one TΦ terminator inserted between the T7 promoter and gene III, left panel) or pLATp2 (with two
TΦ terminators inserted between the T7 promoter and gene III, right panel) by that obtained on cells carrying pLATp3 (without TΦ between the T7 promoter and
gene III). (D) Termination bypassing of T7 RNAP WT and selected mutants (Ma–Mn) as indicated by the transcription of a luminescence reporter gene downstream of
the TΦ terminator. Relative luminescence was calculated by dividing the normalized luminescence value obtained using host cells carrying reporter plasmid pLRTp1
(with one TΦ terminator inserted between the T7 promoter and the reporter gene, left panel) or pLRTp2 (with two TΦ terminators inserted between the T7 promoter
and the reporter gene, right panel) by that obtained using cells carrying pLRTp3 (without TΦ between the T7 promoter and the reporter gene).
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Figure 2. T7 RNAP mutants selected from PACE and their transcription termination in vitro. (A) Mutated residues of all potential termination bypassing T7 RNAP
mutants, as revealed by DNA sequencing. (B) Termination efficiency of WT and 10 representative mutants (from Ma to Mj) of T7 RNAP on the DNA template
containing a T7 promoter and terminator TΦ (schematic showing the organization of the DNA template and sizes of run-off and terminated transcripts on top of gel).
Identities of DNA template and major RNA products are indicated by arrows. The termination efficiency of T7 RNAP WT or each mutant was calculated as the molar
ratio between terminated transcripts and the sum of terminated and run-off transcripts from three independent assays and shown in the right panel. (C) Termination
efficiency of T7 RNAP WT and mutants S43A, S43L, S43K, S43D, S43Y, and S43F obtained with the same procedure as that for (B).
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Figure 3. A detailed comparison of termination efficiency between T7 RNAP WT and S43Y at class I terminators. (A) Termination efficiency of T7 RNAP WT and S43Y
at various enzyme concentrations (5.6, 16.7, 50, 150, and 450 nM). (B) Termination efficiency of T7 RNAP WT and S43Y at various DNA template concentrations (1.75,
3.5, 7, 14, and 28 nM). (C) Termination efficiency of T7 RNAP WT and S43Y at various reaction times (0.25, 0.5, 1, and 2 h). From (A) to (C), the termination efficiency
at each condition was quantified as the molar ratio between terminated transcripts and the sum of terminated and run-off transcripts from three independent assays
and shown on the right. (D) Termination efficiency of T7 RNAP WT and S43Y at four class I terminators: T3 TΦ, the thr attenuator, the rrnBT1 terminator, and the rrnC
terminator. The termination efficiency at each condition is shown at the bottom of the corresponding gel lane.
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termination efficiency at T7 TΦ, from nearly 78% to 53%.
Termination efficiencies of S43F, S43K, and S43L were
reduced by about 17%, 12%, and 10%, respectively. The
S43D mutant also exhibited a slight reduction (about 5%),
while the S43A mutation did not show any effect on
termination efficiency (Fig. 2C).
S43Y mutation decreases the termination efficiency of T7
RNAP on class I terminators
We compared the termination efficiency of T7 RNAP WT and
S43Y by varying the reaction conditions of IVT, including
enzyme concentration, template concentration, and reaction
time. The termination efficiency of S43Y slightly increased
when the enzyme concentration was gradually increased,
while for WT only fluctuations were observed (Fig. 3A). The
termination efficiency of S43Y slightly decreased upon
increasing the template concentration, while the termination
efficiency of WT remained similar at various template con
centrations (Fig. 3B). Extension of reaction time has little
effect on the termination efficiency of both WT and the
S43Y mutant (Fig. 3C).
The detailed comparison in vitro confirmed that S43Y
mutation has a marked effect on the termination efficiency
at T7 TΦ. T7 TΦ is a typical class I terminator for T7 RNAP.
It has been reported that T7 RNAP also terminates at T3 TΦ
and certain intrinsic terminators of bacterial RNAPs [11,31].
To determine whether the S43Y mutation affects termination
at other class I signals, we constructed IVT templates in which
T7 TΦ was replaced by T3 TΦ, the thr attenuator, the rrnBT1
terminator, or the rrnC terminator. Compared to WT, the
S43Y mutant showed an obvious reduction in termination
efficiency at all terminators tested, suggesting a common
effect on class I terminators (Fig. 3D).
S43Y mutation reduces the termination efficiency of T7
RNAP at class II terminators
As shown in Fig. 3D, the reduction in termination efficiency
of S43Y at the rrnBT1 terminator was the most significant
compared to those at other class I terminators. It turned out
that rrnBT1 also harbours a class II terminator downstream of
the class I terminator [8]. Thus, although the S43Y mutation
was obtained through evolution on a class I structuredependent terminator, it may also affect the termination at
class II sequence-dependent terminators. We constructed
templates with an artificial class II terminator (5′ATCTGTTTTTTTTT-3′) inserted to compare T7 RNAP WT
and S43Y in IVT. The results showed that the termination
efficiency of the S43Y mutant was also decreased compared to
WT at the class II signal (Fig. 4A). The core sequence of
a class II signal (5′-ATCTGTT-3′) inserted into the transcrip
tion template of an eGFP sgRNA (103 nt) resulted in the
production of ~78-nt terminated IVT products by WT T7
RNAP (Fig. 4B). However, the terminated products were
eliminated upon S43Y mutation, meanwhile the run-off tran
script levels were increased significantly compared to WT
(Fig. 4B). A detailed comparison was also made in a range
of reaction conditions, including different enzyme
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concentrations, template concentrations, and reaction times,
which further verified the effect of S43Y on the termination
efficiency at class II terminators (Figure S2). Several natural
class II terminators including signals in PTH, VSV, Adeno5,
and the CJ site were also tested, and the S43Y mutation
consistently decreased the termination efficiency at all class
II terminators tested (Fig. 4C).
S43Y mutation attenuates the apparent RNA-dependent
RNA polymerase activity of T7 RNAP
Besides DdRp activity, T7 RNAP was found to retain RdRp
activity as well. T7 RNAP could catalyse RNA-primed RNA
synthesis if the run-off RNA displays 3′-end complementarity
to itself, generating a hairpin structure, or to another RNA
molecule, forming intermolecular duplexes, yielding products
longer than the run-off RNA [22,23,32,33]. When we used T7
RNAP WT to synthesize the eGFP sgRNA (with a terminal
hairpin structure to mimic an RNA-primed RNA template
structure), the 3′ overextended transcripts from the RdRp
activity, shown as gel bands and smears moving slower than
the run-off product bands in PAGE, were clearly observed
[32,33]. In this study, when we investigated the termination
efficiency of T7 RNAP WT and S43Y on the class II terminator
inserted in the eGFP sgRNA, we found that the S43Y mutation
reduced the levels not only of terminated products but also of
overextended RNA products, resulting in significant increases
in the levels of run-off products (Fig. 4B). This unexpected
result led us to investigate the RdRp activity of the S43Y mutant
in more detail. On IVT for the eGFP sgRNA without termina
tion signal, the 3′ extended transcripts were obvious for T7
RNAP WT but barely observable for the S43Y mutant (Fig. 5A
and Figure S3). HPLC analysis also showed additional peaks
representing 3′ extended transcripts following the main peak
corresponding to the run-off sgRNA from T7 RNAP WT
products (Fig. 5B). Consistent with the gel analysis, these
additional peaks were not observed in the HPLC chromato
gram for IVT products of the S43Y mutant (Fig. 5B). The DdRp
and RdRp activities of T7 RNAP are mixed in IVT; therefore,
we purified the run-off sgRNA and used it as the only template
to compare the RNA terminal extension of T7 RNAP WT and
S43Y mutant [33]. Run-off sgRNA from T7 RNAP S43Y IVT
was purified by collecting the main peak (Fig. 5B) after HPLC
(Fig. 5A, lane 3) and served as an RNA-primed RNA template
to test the 3′ extension from RdRp activity. Through PAGE gel
analysis, we observed that the T7 RNAP WT extended the
sgRNA, as judged from the emergence of additional slowermoving gel bands (Fig. 5A, lane 4), while much fewer of such
bands were produced by the S43Y mutant (Fig. 5A, lane 5).
Thus, the S43Y mutation attenuates both transcription termi
nation and the apparent RdRp activity of T7 RNAP, without
disturbing its DdRp activity – the main activity for
transcription.
We also compared the IVT production of multiple other
sgRNAs targeting various genes by T7 RNAP WT and S43Y.
The 5′ 20-nt sequences of the sgRNA vary for targeting genes,
and the remaining 83-nt sequences of the gRNA backbone are
the same and are likely to form the same terminal secondary
structure. Gel analysis demonstrated that for all sgRNAs
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Figure 4. Termination of transcription by T7 RNAP WT and S43Y at class II terminators. (A) Comparison of termination efficiency between T7 RNAP WT and S43Y on
the templates containing either a class I (TΦ) or class II (5′-ATCTGTTTTTTTTT-3′) terminator (schematic showing the organization of DNA template and sizes of run-off
and terminated transcripts on top of gel). Identities of DNA template and major RNA products are indicated by arrows. The termination efficiency at each condition is
shown at the bottom of the corresponding gel lane. (B) IVT of an eGFP sgRNA carrying an inserted class II termination signal (5′-ATCTGTTT-3′) by T7 RNAP WT and
S43Y. M1 is the 78-nt 5′ fragment of the sgRNA, used as a size marker for the expected terminated transcripts. M2 is the 103-nt full-length sgRNA size marker. The
terminated and run-off RNA gel bands are marked by arrows. (C) Comparison of the termination efficiency of T7 RNAP WT and S43Y at various class II terminators
(PTH, VSV, Adeno5, and the CJ site). The DNA sequences of the four natural class II terminators are shown on top of the gel, and the calculated termination efficiency
is shown at the bottom of each lane.
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Figure 5. RdRp activity of T7 RNAP WT and S43Y. (A) IVT products by T7 RNAP WT (lane 1) or the S43Y mutant (lane 2) on DNA template encoding an eGFP sgRNA.
The run-off sgRNA from S43Y products (lane 2) was purified by HPLC (lane 3). With the purified run-off sgRNA as reaction template, T7 RNAP WT produced significant
amounts of extended products moving slower than the precise sgRNA (lane 4), while such extension resulting from RdRp activity was much weaker for the S43Y
mutant, as less extra product was produced (lane 5). For each lane, 1 μg RNA was loaded. The 3′ extended RNA and run-off sgRNA are indicated at the right of the
gel. (B) HPLC chromatogram of the eGFP sgRNA IVT products by T7 RNAP WT (top) and the S43Y mutant (bottom). In the HPLC chromatogram, additional peaks
(extended products) following the main peak (run-off products) are obvious for T7 RNAP WT, but not for the S43Y mutant. Corresponding RNA products are indicated
on top of the chromatogram peaks. (C) IVT production of various sgRNAs targeting different genes as indicated on the top by T7 RNAP WT and S43Y. The percentage
of the 3′ extended RNA products in total products was calculated and is listed at the bottom of each lane. The slower-moving gel bands indicated by arrow
a correspond to the inter-molecular (3′-end of one sgRNA annealed to another sgRNA to form a primer/template structure and then extended by the RdRp activity of
T7 RNAP) extended products (23), while those indicated by arrow b correspond to DNA templates.
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Figure 6. Steady-state kinetics and DNA/RNA binding assays. (A) Incorporation of AMP into eGFP sgRNA by T7 RNAP WT and S43Y mutant at various ATP
concentrations. ATP concentrations were 3.9, 7.8, 15.6, 31.3, 62.5, 125, and 250 μM, with other NTPs all at 1 mM, RNAP at 20 nM, and DNA template at 40 nM. The
reaction time was 10 min at 37°C. (B) Incorporation of CMP into eGFP sgRNA by T7 RNAP WT and S43Y mutant at various CTP concentrations. CTP concentrations
were 15.6, 31.3, 62.5, 125, 250, 500, and 1000 μM, with other NTPs all at 1 mM. Other conditions were the same as those for (A). (C) Comparison of the efficiency of
eGFP sgRNA synthesis by T7 RNAP WT and S43Y at various DNA template concentrations. DNA template concentrations were 2.5, 5, 10, 20, 40, 80, and 160 nM. RNAP
was at 20 nM, rNTPs were at 1 mM each, and the reaction time was 10 min at 37°C. (D) Binding of T7 RNAP WT or S43Y mutant to annealed DNA oligos containing
a T7 promoter. The gel bands corresponding to DNA–RNAP complex and DNA are marked by arrows. The percentage of bound promoter-containing DNA at each
enzyme concentration was calculated and shown at the bottom. (E) RNA binding by T7 RNAP WT and S43Y. The 103-nt eGFP sgRNA was purified from S43Y IVT. The
gel bands corresponding to RNA–RNAP complex, sgRNA, and its dimer form (in native gel) are marked by arrows. The percentage of bound RNA at each enzyme
concentration was calculated and shown in the right panel.
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tested, S43Y IVT provided significantly improved yield and
purity compared to T7 RNAP WT IVT (Fig. 5C). However,
the IVT yields of RNAs with other lengths and sequences by
T7 RNAP WT and S43Y are similar (Figure S4). Thus, the
high yield of sgRNA by the S43Y mutant is mainly due to its
reduction in RdRp efficiency, and not enhanced DdRp
efficiency.
Nucleotide incorporation, promoter binding, and RNA
binding by T7 RNAP and its S43Y mutant
We evaluated the steady-state kinetics of T7 RNAP and its
S43Y mutant by directly quantifying the run-off sgRNA
products after gel analyses. At low RNAP concentrations
(20 nM) for these assays, the 3′ extended products are
hardly detectable [23], facilitating the quantification of the
gel bands of run-off sgRNA. We first tested run-off RNA
synthesis efficiency of T7 RNAP WT and S43Y at various
ribonucleotide concentrations. For T7 RNAP WT, Km and
kcat for ATP are 15.9 ± 1.8 μM and 11.8 ± 2.4 s−1, respec
tively. For T7 RNAP S43Y, Km for ATP is 17.8 ± 2.2 μM
and kcat is 14.1 ± 0.3 s−1 (Fig. 6A). The kcat/KmATP ratio
of T7 RNAP S43Y (0.79) is comparable with that of T7
RNAP WT (0.74). For another nucleotide substrate, CTP,
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although the kcat value is similar for T7 RNAP WT
(11.9 ± 2.8 s−1) and T7 RNAP S43Y (12.6 ± 2.3 s−1), Km
is lowered 2-fold by the S43Y mutation (68.0 ± 3.7 μM,
compared to 135.1 ± 15.1 μM of the WT) (Fig. 6B),
resulting in a 2-fold higher efficiency of CTP incorpora
tion by the S43Y mutant (kcat/KmCTP of T7 RNAP S43Y
and
WT
are
0.19
and
0.09,
respectively).
We also compared the efficiency of sgRNA production by
T7 RNAP WT and S43Y at various DNA template concentra
tions. The S43Y mutant consistently showed higher sgRNA
yield compared to WT at various DNA template concentra
tions (Fig. 6C). We further compared the promoter binding
affinity of T7 RNAP WT and S43Y mutant. As shown in
Fig. 6D, the gel bands corresponding to RNAP binding to
promoter-containing DNA were well-resolved for WT but not
S43Y mutant, although the unbound promoter-containing
DNA decreased similarly upon the increasing of both enzyme
concentrations. The result suggests a similar promoter bind
ing of the S43Y mutant compared to that of the WT, while the
S43Y mutant with a higher Koff disassociates from the pro
moter-containing DNA during electrophoresis.
In contrast, the RNA binding affinity of the S43Y
mutant is decreased. As revealed by EMSA, judging from
the reduction of unbound sgRNA, the binding affinity to

Figure 7. The role of S43 in the initiation complex (IC) and elongation complex (EC) structures of T7 RNAP and the proposed mechanism of termination at class
I terminators. (A) The N-terminal domain (residues 1 to 325) of T7 RNAP in the IC (left, PDB accession no. 1QLN) and EC (right, PDB accession no. 1MSW) structures, as
well as the DNA template and RNA transcript, are shown. S43 (coloured in red) as a hinge of the C1-helix and the C2-helix (in blue) and R50 (in purple) in the C2-helix
are indicated by arrows. The shortest distance between R50 and the DNA template was measured and is shown. (B) Homologous alignment of the N-terminal amino
acid sequences of all characterized T7-like single-subunit RNAPs. The alignment was performed with CLC Sequence Viewer 7. The position corresponding to S43 in T7
RNAP is marked by an arrow.
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purified eGFP sgRNA by T7 RNAP WT is higher than that
of the S43Y mutant (Fig. 6E), consistent with their dis
crepancy in apparent RdRp activity. In addition, the gel
bands corresponding to RNAP binding to sgRNA were
well-resolved for WT but not S43Y mutant, indicating an
unstable binding to sgRNA by the S43Y mutant (Fig. 6E).
The weaker and unstable RNA binding of S43Y presum
ably prevents the extension of RNA terminal primer/tem
plate structure, and leads to observed reduction in RdRp
activity.

Discussion
S43 is a key residue of T7 RNAP involved in transcription
efficiency and RNA binding
S43 has not been reported functionally important for T7
RNAP. When T7 RNAP undergoes transition from the IC
to the EC, its N-terminal domain (residues 1 to 325),
which is involved in promoter recognition and DNA melt
ing, substantially alters its conformation, while the other
portion of the enzyme exhibits little change, as revealed in
the complex structures [7,34]. During the transition,
a significant change is the rotation of the C2-helix (resi
dues 46–55) and its stacking on the C1-helix (residues 28–
41) to form an elongated C-helix (Fig. 7A). The C-helix
(residues 28–71) replaces the promoter-binding domain
(PBD) in the IC and aligns with the template DNA strand
in the EC (Fig. 7A). Therefore, the refolding of the C-helix
in cooperation with the rotation of the PBD reconstructs
T7 RNAP and facilitates the formation of the EC [35]. It
was also suggested that the formation of the C-helix is
important for the rate of EC dissociation, as disruption of
the refolding of the C-helix through mutagenesis of resi
dues within this helix to prolines increases abortive tran
script levels [36]. As shown in Fig. 7A, the side chain of
Arg50 in the C2-helix is only 4.4 Å away from the tem
plate strand DNA in the EC structure. The positive-tonegative charge mutation R50E resulted in the accumula
tion of abortive transcripts during T7 RNAP transcription
[36], indicating that R50 may directly interact with the
DNA template and that the C2-helix plays a crucial role in
stabilizing the association between enzyme and DNA.
Ser43, on the other hand, is located like a hinge in the
loop between the C1-helix and the C2-helix, suggesting its
potential role in the regulation of the formation of the
C-helix and the alignment between the C2-helix and the
template DNA strand. This means S43 regulates the
enzyme–DNA interaction indirectly. We observed that
mutations of Ser43 to Leu, Lys, Asp, Tyr, and Phe (but
not Ala) all attenuated the termination of T7 RNAP
(Fig. 2C). Although distant from the active site, the S43Y
mutation increases the transcription efficiency at various
CTP and DNA template concentrations (Fig. 6). One may
speculate that the larger residues at the 43rd position
increase the rate of moving forward of the EC to reduce
termination. However, such change may impede other
functions of the enzyme, such as RNA binding (Fig. 6E).

Application of PACE to improve the understanding of T7
RNAP transcription termination
PACE has been applied to evolve properties of various biomo
lecules, such as promoter specificity of T7 RNAP, DNA binding
activity and specificity of TALEN, activity and selectivity of
aminoacyl-tRNA synthetases to incorporate noncanonical
amino acids, broad PAM compatibility and high DNA specifi
city of Cas9, and target compatibility and activity of base editors
[29,37–39]. This continuous directed evolution method allows
efficient modification of biomolecules without requiring
detailed knowledge of their structures beforehand. Novel muta
tion sites detected from the resultant pool of evolved mutants
generated during PACE experiments often promote our under
standing of how the biomolecule functions. Through direct
control of downstream gene expression, T7 RNAP is an ideal
target for PACE, and the complex mechanism of its transcrip
tion termination without structural clues is an especially suitable
issue to be investigated. In this work, the previously unnoticed
residue S43 was revealed by PACE to be a key residue regulating
the transcriptional termination of the T7 RNAP. Although
insights obtained from the S43Y mutant alone are still not
sufficient to elucidate the termination mechanism of T7
RNAP, it is promising to apply the PACE alone or in combina
tion with other directed evolution methods to discover more
key elements in the enzyme towards a deeper understanding of
the complex process of transcriptional termination.
According to previous model of the termination mechan
ism, termination occurs in two steps: RNAP pausing and
RNA release [40]. In the process of transition from transcrip
tion elongation to termination, the nascent RNA could gen
erate a hairpin structure at the class I terminator, which
causes EC collapse, releasing RNA and polymerase from the
DNA template. A major contributor to polymerase pausing is
the U-rich tract following the hairpin structure, which was
reported to induce EC pausing and provide additional time
for hairpin formation [41,42]. The weak rU:dA base-pairing
may also contribute to the destabilization and collapse of the
EC [43]. Consistent with this model, a mutation that presum
ably increases the rate of EC moving such as S43Y may reduce
or neutralize the destabilization effect from the terminator
RNA hairpin and the following U-rich tract.
The class II terminators share a common sequence (5′ATCTGTT-3′) in non-template strand DNA. Such signals do
not form an obvious hairpin structure, and the incorporation of
IMP destabilizing the secondary structure of RNA was reported
to have no effect on such termination, indicating a sequencespecific termination manner [44]. The mechanisms underlying
the two classes of termination are believed to be different, as
a modified and less processive form of T7 RNAP, which is
proteolytically cleaved between residues 178 and 179, and sev
eral other mutants of T7 RNAP with alterations in this region,
such as R173 C, fail to recognize class II terminators but retain
robust termination at class I terminators [45,46]. Introduction
of a disulphide link (D660C-R379C) into T7 RNAP also caused
the same phenomenon [47]. However, common features also
exist between the two types of termination. For example,
although class II termination is sequence-specific and orienta
tion-dependent, the U-rich tract downstream also facilitates
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termination [8,10]. And it was reported that class II termination
is associated with transcription bubble contraction, and the
kinetic stability of the EC markedly decreased when the first
base pair of the class II termination signal was reached [48,49].
In the present study, efficiencies of the two types of termination
were simultaneously reduced by the mutation S43Y, suggesting
a common mechanism that affects the termination at both
classes of terminators.
The Tyr and Phe mutations of Ser43 exhibited the most
significant effect, while substitution with an alanine residue at
this position resulted in no obvious effect on termination
(Fig. 2C), indicating that smaller amino acids are tolerated for
efficient termination regulation of T7 RNAP. Consistently, phy
logenetic analysis of all characterized phage RNAPs [32,33,50–55]
showed that the closely related T3 and K11 RNAPs have a serine
and alanine at this position, respectively (Fig. 7B). However, for
other RNAPs with unknown or different reported termination
behaviour for example, Syn5 RNAP does not recognize class I T7
terminators [56] and VSW-3 RNAP does not recognize class II
T7 terminators [33], the sequences at the corresponding regions
are not conserved (Fig. 7B), indicating that this portion is
a determinant for the termination behaviour of each enzyme.
Further mutagenesis and hybridization studies on this region are
ongoing to provide more insight into the mechanism of tran
scription termination of single-subunit RNAPs.

An enzymatic reagent for IVT
With both transcription termination and RNA terminal
extension of T7 RNAP attenuated by the S43Y mutation, the
levels of two major undesired byproducts from IVT – termi
nated transcripts and 3′ overextended transcripts – are sig
nificantly reduced (Figs. 3–5). Meanwhile, the S43Y mutant
maintains the high yield of WT T7 RNAP (Figure S4).
Introduction of a single mutation into the widely used T7
RNAP without changing the IVT formula provides a simple
solution to improve the purity of IVT products.
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