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ABSTRACT

RNAmolecules can be conveniently synthesized in vitro by the T7 RNA polymerase (T7 RNAP). In some experiments, such
as cotranscriptional biochemical analyses, continuous synthesis of RNA is not desired. Here, we propose a method for a
single-pass transcription that yields a single transcript per template DNAmolecule using the T7 RNAP system.We hypoth-
esized that stalling the polymerase downstream from the promoter region and subsequent cleavage of the promoter by a
restriction enzyme (to prevent promoter binding by another polymerase) would allow synchronized production of a single
transcript per template. The single-pass transcription was verified in two different scenarios: a short self-cleaving ribozyme
and a longmRNA. The results show that a controlled single-pass transcription using T7 RNAP allows precise measurement
of cotranscriptional ribozyme activity, and this approach will facilitate the study of other kinetic events.
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INTRODUCTION

In vitro transcription is used in studies ranging from bio-
chemical analyses of functional RNAs to downstream
events (Beckert and Masquida 2011; Wang et al. 2018),
for example in mRNA translation, RNA nanotechnology
(Grabow and Jaeger 2014; Yesselman et al. 2019), and
structural biology (Ahmed and Ficner 2014). RNA mole-
cules can be conveniently synthesized in vitro, generating
single-stranded transcripts that range from a few nucleo-
tides (nt) to thousands of nt in length (Beckert and
Masquida 2011). The most commonly used enzyme for
in vitro transcription is the T7 RNA polymerase (T7
RNAP), which has been studied extensively over the past
50 years (Borkotoky and Murali 2018; Wang et al. 2018).
In contrast to multisubunit RNAPs found in bacteria,
Archaea, and eukaryotes, the T7 bacteriophage-derived
RNAP is a single subunit (98 kDa) enzyme that does not
need any additional factors to initiate and sustain transcrip-
tion (Borkotoky and Murali 2018; Wang et al. 2018). The
enzyme has a high specificity toward the T7 promoter se-
quence, allowing precise transcription initiation (Milligan
et al. 1987; Rong et al. 1998; Imburgio et al. 2000;
Beckert and Masquida 2011; Borkotoky and Murali 2018;
Wang et al. 2018).

The ability to generate up tomilligram quantities of tran-
scripts using the T7 RNAP system has resulted in a multi-
tude of adaptations in molecular biology (Milligan et al.
1987; Milligan and Uhlenbeck 1989; Beckert and Mas-
quida 2011). While the T7 RNAP system has been invalu-
able for in vitro studies of RNA, there are many situations
in which large quantities and continuous synthesis of
RNA are not desired. Many studies use T7-RNAP-
transcribed RNAs that are purified under denaturing con-
ditions, a step that can result in misfolded RNAs (Uhlen-
beck 1995), because in vitro refolding causes RNA
molecules to lose their folding directionality (5′ to 3′), likely
resulting in the coexistence of different folding states (Pan
et al. 1999; Diegelman-Parente and Bevilacqua 2002). Pu-
rification conditions that are less harsh, such as nondena-
turing chromatography, have been utilized for well-
defined transcripts (Lupták et al. 2001; Kieft and Batey
2004; Batey and Kieft 2007; Toor et al. 2008). A different
approach to biochemical characterization of RNAs in-
cludes cotranscriptional in vitro experiments with continu-
ous transcription, but the kinetics of the RNA synthesis
over time must be taken into account, leading to increas-
ingly complex models (Long and Uhlenbeck 1994; Mer-
cure et al. 1998). Another alternative for the study of
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cotranscriptional events is to terminate the transcription
reaction with a dilution into new conditions that prevent
any new RNA synthesis, thereby avoiding the need to ac-
count for the kinetics of transcription (Passalacqua et al.
2017; Passalacqua and Lupták 2021). This method, how-
ever, may not be suitable for experiments that require
specific conditions, such as the volume-limited or highly
synchronized transcriptions that are used in some coupled
transcriptional–translational studies, single-molecule stud-
ies, and other biophysical experiments. A simple and ef-
fective method that generates precise amounts of RNA
and enables temporal control throughout the experiment
is thus desirable for cotranscriptional studies using the
T7 RNAP system.
Herewe present amethod for a single-pass transcription

that yields a single transcript per template DNA molecule.
We hypothesized that stalling the T7 RNAP downstream
from the promoter region and subsequent cleavage of
the promoter by a restriction enzyme (to prevent promoter
rebinding by another T7 RNAP) will generate single tran-
scripts. In this study, two RNAmodels were utilized for tran-
scription. The first is the HDV-like self-cleaving ribozyme
drz-Fpra-2 (Webb and Lupták 2011; Passalacqua et al.
2017), a catalytic RNA molecule that promotes a site-spe-
cific self-scission reaction (Jimenez et al. 2015). This model
system allows tracking of both the synthesis of the full-
length construct and the fidelity and folding of the nascent
transcript through the formation of the cleaved product.
The second model, a longer construct, is the mRNA of
the Thermus aquaticus DNA polymerase (Klentaq) (Barnes
1992). We compare the method with transcription inhibi-
tion by heparin, a widely used polymerase inhibitor.

RESULTS

T7 RNAP stalling position and strategy for promoter
cleavage

The promoter sequence of the T7 RNAP consists of a 23-
base pair (bp) region that extends from the position −17
to the position +6, where +1 is the first nucleotide to be
transcribed (Rosa 1979; Imburgio et al. 2000). The consen-
sus sequence found in T7 bacteriophage promoters is 5′-
TAATACGACTCACTATAGGGAGA; the first nucleotides
to be transcribed are underlined (Imburgio et al. 2000). It
can be separated into two domains: an upstream binding
region that extends from position −17 to −5, and a down-
stream initiation region from −4 to +6 (Rosa 1979;
Chapman and Burgess 1987; Chapman et al. 1988; Li
et al. 1996; Rong et al. 1998; Imburgio et al. 2000). At
the initiation region, substitutions are, in general, well-tol-
erated in the first transcribed nucleotides, with the excep-
tion of substitutions at the position +1, in which no
variation is tolerable, and the position +2, where noncon-
sensus mutations reduce the transcription yield by half

(Imburgio et al. 2000). Thus, for efficient RNA production,
the first transcribed nucleotide should remain unchanged;
however, optimal results are obtained when the entire
binding region and the first six nucleotides (−4 to +2) of
the T7 consensus initiation sequence are maintained
(Imburgio et al. 2000).
The T7 RNAP promoter with GGGAGA sequence at the

initiation region can be targeted by four commercially
available restriction enzymes that recognize at least 4 bp
of the consensus sequence: MlyI, PleI, SfcI, and HinfI (Rob-
erts et al. 2015). We chose HinfI, a type-II restriction endo-
nuclease that recognizes theGANTC sequence, whereN is
any base, and cleaves between guanine and adenine resi-
duesonboth strands of theDNAduplex (positions−10and
−11 of the promoter sequence) (Osterman and Coleman
1981; Roberts 1981; Frankel et al. 1985; Roberts et al.
2015). HinfI has previously been used in studies of T7
RNAP promoter recognition and its activity was shown to
prevent transcription (Osterman and Coleman 1981). The
HinfI enzyme has a monomeric molecular weight of 31
kDa, and like other restriction enzymes, is active in dimer
form (Frankel et al. 1985) anddependsonMg2+ for catalysis
(Pingoud et al. 2005). The molecular architecture of HinfI is
not known, but the structural similarity among type-II re-
striction endonucleases allows estimation of the spatial or-
ganization of HinfI around its DNA binding site (Pingoud
2001; Pingoud et al. 2005). In addition, DNase footprinting
studies of distinct type-II restriction enzymes have shown
that they protect 13–21 bp of the target DNA (Fox 1988).
Biochemical and structural studies of the T7 RNAP

showed that the transcription bubble comprises a stretch
of 17 nt, with an overall interaction with about 20 nt of
the DNA template (Ikeda and Richardson 1986; Chapman
et al. 1988; Martin et al. 1988; Sousa 1996; Mentesana
et al. 2000; Yin and Steitz 2002; Durniak et al. 2008). The
RNA polymerase can be stalled by depleting a specific nu-
cleotide from the reaction mixture (Levin et al. 1987; Erie
et al. 1992; Sohn et al. 2003), but guanosine cannot be
the stalling nucleotide, because the T7 RNAP requires gua-
nosines for efficient transcription initiation (Imburgio et al.
2000). T7 RNAP complexes stalled within the first 8–10 nt
of the RNA transcript are less stable because they are in
the transcription-initiation conformation, whereas com-
plexes stalled at a later position (during the elongation
stage of transcription) are highly processive and therefore
more stable, resulting in fewer abortive events (Ling et al.
1989; Mentesana et al. 2000; Zhou and Martin 2006). Fur-
thermore, stalling the T7 RNAP away from the promoter re-
gion gives the restriction enzyme enough room to cleave
the promoter region without sterically clashing with the
T7 RNAPelongation complex. For these reasons, we chose
to stall the T7 RNAP at position +27 by incorporating the
first cytosine at this position and initiating transcription us-
ing onlyGTP, ATP, andUTP.Once the T7 RNAP is stalled at
the +27 position, the restriction enzyme is added to cleave
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the polymerase-free promoter and
prevent new transcription initiation.
Subsequent addition ofCTP facilitates
the synthesis of the full-length tran-
script (Fig. 1).

T7 RNAP promoter cleavage by a
restriction enzyme and single-pass
transcription optimization

To study the cleavage of the T7 pro-
moter region of the transcribed DNA,
wemeasured the kinetics of the cleav-
age reaction by the HinfI restriction
enzyme under various conditions. For
these studies, HinfI was used at a con-
centration of ∼65 nM and the DNA
template at 100 nM. We first investi-
gated the cleavage reaction in the
transcription reaction mixture (reac-
tion buffer + rNTPs) without the T7
RNAP (Fig. 2A). About 40% of the
DNA was cleaved after 1 minute,
∼85% after 3 min, and no full-length
construct was detected after 6 min of
reaction.Next, weprobed the binding
competition between T7 RNAP (100
nM final concentration) and HinfI. To
allow the binding of the T7 RNAP to
the promoter region, we waited
3 min before adding HinfI to the reac-
tion. We also avoided the addition of
rNTPs to ensure that the T7 RNAP
does not initiate transcription and
move downstream from the promoter
region. Surprisingly, the cleavage re-
action occurred slightly faster in the
presence of T7 RNAP. After 1 min of
incubation, about 60% of the DNA
was cleaved; after 3 min, ∼85% was
cleaved; and no full-length DNA was
detected after 6 min of digestion
(Fig. 2B). The result obtained here is
in accordance with previous studies
of T7 RNAP promoter showing that
HinfI outcompetes the T7 RNAP for
the promoter binding and cleavage
(Osterman and Coleman 1981). This
result also indicates that the endonu-
clease does not need to be in excess
for the cleavage reaction to reach
completion.

To pause the T7 RNAP downstream from the promoter
region and allow DNA cleavage by HinfI, we performed
the same experiment in the presence of GTP, ATP, and

UTP. This stalling experiment demonstrates that the HinfI
cleavage is faster than the two previous experiments,
with no detectable full-length DNA remaining after 3 min
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FIGURE1. Schemeof a single-pass transcription by the T7 RNApolymerase. Transcribed tem-
plate is underlined, and the first cytosine is shown in red as part of the nontemplate strand. D=
A or G or T (not C); H=A or C or T (not G). T7 RNAP (blue oval) binds the promoter of the tem-
plate DNA (A). Upon the addition of GTP, ATP, and UTP, transcription is initiated, stalling at the
first cytosine position (B). Addition of HinfI to the solution while T7 RNAP is stalled downstream
from the promoter region allows binding (C ) and cleavage of the promoter (D). Subsequent
addition of CTP allows the T7 RNAP to continue the synthesis of the transcript (E). Due to
the cleaved promoter, the T7 RNAP is unable to start a new transcription reaction (F ).
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of reaction (Fig. 2B). The T7 RNAP was clear of the promot-
er region when HinfI was added to the reaction, and the re-
sults suggest that the action of HinfI in the promoter region
is facilitated by an RNAP that is stalled downstream from
the promoter region.
To confirm that the digestion of the promoter by HinfI is

effective at inhibiting the RNA synthesis by the T7 RNAP as
previously reported (Osterman and Coleman 1981), we
performed a transcription reaction where we incubated
the DNA template of the self-cleaving ribozyme drz-
Fpra-2 with HinfI for 10 min before the addition of NTPs
to allow transcription to initiate. A control experiment with-
out HinfI incubation was also performed. As expected, af-
ter the addition of NTPs and 10 min of incubation, no
product formation was observed in the HinfI treated exper-
iment, while normal amounts of RNA were detected in the
control sample (Fig. 2C).
Wealso tested the samecleavage reactionbyHinfI with a

DNA template containing an antigenomic hepatitis delta
virus (aHDV) ribozyme construct (Kuo et al. 1988; Passalac-
qua et al. 2017) with the first cytosine at position +11—the
earliest position to form a stable complex in the elongation
phase (Ling et al. 1989; Mentesana et al. 2000; Zhou and
Martin 2006). The experiment revealed that when the T7
RNAP is stalled at position +11, the cleavage of the pro-
moter by HinfI is inhibited, by about fivefold, taking more
than 6 min to fully cleave the promoter (Supplemental
Fig. S1a). This result supports our hypothesis that a down-
stream stalling site is more suitable for promoter cleavage
to avoid a potential steric clash between the two enzymes.
To confirm single-pass transcription from the aHDV ribo-
zyme template, we tested the transcription reaction start-
ing from the stalled complex. As expected, before the
addition of CTP, the transcripts were stalled and no full-
length product observed, whereas after the addition of
CTP, full-length productwas detected, but further accumu-

lationwas observed only in the control
experiment lacking HinfI digestion
(Supplemental Fig. S1b). Lastly, we at-
tempted the same experiment using
two constructs containing the first cy-
tosines at positions +6 and +7.We ex-
pected T7 RNAP complex to be in an
abortive initiation phase (Ling et al.
1989; Mentesana et al. 2000; Zhou
and Martin 2006), and indeed we did
not observe any transcription or
stalled complex when digested with
HinfI after incubation with T7 RNAP.
Taken together, a single-pass tran-
scription can be achieved with tran-
scription complexes stalled at any
position in the elongation phase
(downstream from position +10), but
efficient promoter cleavage by HinfI

is achieved with T7 RNAP complexes stalled further down-
stream, where the probability of a steric clash is minimal,
such as at position +27.
During the optimization process of the single-pass tran-

scription reaction, we tested different concentrations of
HinfI in the cleavage assay (Supplemental Fig. S2a), and
the results showed that the restriction enzyme was active
at substoichiometric concentrations. We therefore chose
to use HinfI at a concentration of ∼65 nM, lower than the
DNAandT7RNAPconcentrations (∼100nMeach) in all sin-
gle-pass transcription experiments. To ensure complete
promoter digestion in all experiments, we incubated HinfI
in the reaction mixture for 10 min before addition of the
fourth nucleotide. Because previous experiments suggest-
ed that the T7 RNAP can form a stable stalled complex in
the elongationmode (Zhou andMartin 2006), whereas oth-
ers suggested that the T7 RNAP can abort the transcript
(Koh et al. 2018), we chose not to incubate longer than
10 min before continuing with single-pass transcription.
To test our proposed method for any residual transcrip-

tion after the initial round of RNA production, we used two
different approaches: (i) we added 2 µM of T7 promoter
decoy with CTP to compete for any undigested DNA tem-
plate and prevent a new round of transcription initiation,
and (ii) we added proteinase K enzyme 45 sec after the ad-
dition of CTP to promote the digestion of the T7 RNAP af-
ter the single round of transcription was completed. In
both experiments, the results showed similar behavior to
the single-pass transcription, suggesting that no new tran-
scripts were synthesized (Supplemental Fig. S2b). We also
observed that the optimal concentration of rNTPs to be
used in the reaction is 200 µM GTP; 100 µM ATP and
UTP; and 50 µM CTP. Additionally, to avoid a possible ac-
cumulation of multiple polymerases and/or transcripts per
DNA molecule, we used 1.3-fold excess of DNA template
relative to T7 RNAP.

B

A C

FIGURE 2. Cleavage of the T7 RNAP promoter by HinfI. (A) Kinetics of the promoter cleavage
by HinfI in a reactionmixture containing NTPs. (B) Kinetics of the promoter cleavage by HinfI in
the presence of T7 RNAP and absence (left) or presence of ATP, GTP, and UTP (right). (C )
Denaturing PAGE analysis of the drz-Fpra-2 ribozyme transcription reaction after HinfI diges-
tion of the nonstalled T7 RNAP complex (prior to addition of NTPs) compared to the nondi-
gested control reaction.
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Synthesis of a ribozyme using single-pass
transcription

To test the single-pass transcription system utilizing T7
RNAP and HinfI, we studied the RNA synthesis and the
cotranscriptional self-cleavage reaction of the HDV-like
self-cleaving ribozyme drz-Fpra-2 (Passalacqua et al.
2017). A control transcription experiment of drz-Fpra-2
without HinfI showed that transcripts and cleaved fractions
of the ribozyme accumulate over time due to a continuous
synthesis and self-scission of the ribozyme (Fig. 3). We also
observed a decrease in transcription rate over time, likely
due to the limited amount of rNTPs used in the reaction
(200 µM GTP; 100 µM ATP and UTP; and 50 µM CTP)
and the resulting scarcity of free rNTPs after a few minutes
of reaction. Next, we performed the same experiment but
with the addition of the HinfI-digestion and showed that
the synthesis of RNA proceeds in agreement with a sin-
gle-pass transcription model and is largely finished 10

sec after the addition of CTP (Fig. 3). Given that the speed
of RNA synthesis by the T7 RNAP is around 200–260 nt/sec
(Brakmann and Grzeszik 2001), 10 sec is expected to be
sufficient time to synthesize the 109-nt-long transcript,
even if the reaction includes a lag phase of 1–5 sec, as re-
ported previously (Jia and Patel 1997; Skinner et al. 2004;
Tang et al. 2009; Koh et al. 2018). Because this transcript is
a ribozyme, the full-length transcript self-cleaves into two
shorter products, making it easier to detect continual tran-
scription (Fig. 3). The results confirmed that only a single-
pass transcription took place, validating the proposed
method.

To confirm that the single-pass methodology does not
affect the kinetics of the ribozyme cleavage, we compared
the initial rates of cleavage for control and single-pass ex-
periments. The ribozyme self-scission kinetics were ana-
lyzed by fitting the first four time points (up to 1-min
transcription reaction after the addition of CTP) to a mono-
exponential decay function (Eq. 1). The observed rates of
self-scission were similar for both the control and the sin-
gle-pass experiments (Supplemental Fig. S3), supporting
our hypothesis that the single-pass would not interfere
with the kinetics of the ribozyme reaction. The results ob-
tained here show a lower rate of self-cleavage when com-
pared with a previously reported rate (Passalacqua et al.
2017). This variation is likely due to differences in condi-
tions (buffer, ionic strength, and NTPs concentration) and
methodology, as the previously reported experiment was
based on a transcription with minimal Mg2+, followed by
a 25-fold dilution into a physiological-like buffer
(Passalacqua et al. 2017), which is different from the condi-
tions used here.

Synthesis of a long transcript using single-pass
transcription

We also analyzed the production of an 1831-nt-long tran-
script, the mRNA of the Klentaq DNA polymerase, follow-
ing the same protocol. The HinfI-treated experiment
showed that most of the RNA was synthesized within 15
sec after the addition of CTP, contrasting with the in-
creasing accumulation of transcripts over time in the con-
trol experiment (Fig. 4). As in the ribozyme experiment,
we also noticed a decrease in transcription rate over
time, likely due to the scarcity of free rNTPs. Because
of their size, the majority of the transcripts were stranded
near the wells of the PAGE gel. Given that the purpose of
this experiment is to verify the synthesis of total RNA, we
decided to analyze all the bands near the wells in addi-
tion to other visible bands present in the exposed dena-
turing PAGE gel (Fig. 4). These results support a model of
a single-pass transcription of the template. Considering
the average speed of the T7 RNAP, about 9 sec are need-
ed for the synthesis of the full transcript, totaling 9–14 sec
if we account for a lag phase, confirming that the system

B

A

C

FIGURE 3. Cotranscriptional self-scission of the drz-Fpra-2 ribozyme.
(A) Denaturing PAGE analysis of the drz-Fpra-2 ribozyme transcription
reaction in the absence (Controls 1 and 2—triangles) and presence of
HinfI (SP 1 and 2; single-pass transcriptions—circles). (B) Comparison
of the relative RNA synthesis over time. (C ) Linear-log profile of the
RNA synthesis over time for SP1 and SP2. (B,C ) Normalized to the av-
erage value of SP 1 and 2 at the 900-sec timepoint.
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is suitable for a controlled synthesis of single RNAs using
the T7 RNAP.

Heparin does not fully inhibit T7 RNAP

To compareourmethod to previously proposed approach-
es of single-pass RNA synthesis, we tested RNAP inhibition
by heparin. Heparin is a competitive inhibitor of RNA poly-
merases that are widely used to reduce the formation of
new initiation complexes, while not affecting transcription-
al complexes already in the elongation state (Walter et al.
1967). Previous reports showed that heparin also affects
the T7 RNAP elongation complex and that full inhibition
is not achieved (Chamberlin and Ring 1973; Sastry and
Ross 1997). In early studies of T7 RNAP inhibition by hepa-
rin, 20 µg/mL of heparin was used to inhibit 0.1 µg of T7
RNAP (Chamberlin and Ring 1973), and in a more recent
study, 100 µg/mL was used to inhibit 0.02 µg of T7 RNAP

(Ma et al. 2005). We chose to use this higher concentration
of 100 µg/mLof heparin to test the inhibition of 0.3 µgof T7
RNAP. We compared heparin inhibition of the T7 RNAP to
the HinfI cleavage using the same conditions and con-
structs as described above. Despite greatly reducing the
activity of the T7 RNAP, we did not observe full inhibition
by heparin, and a significant quantity of RNA accumulated
over time, relative to the HinfI experiment (Supplemental
Fig. S4). Thus, the use of heparin is not suitable for sin-
gle-pass transcription by the T7 RNAP.

DISCUSSION

Our results show that a single-pass transcription is achieved
after stalling the T7 RNAP downstream from the promoter
region and then rapidly cleaving the promoter region with
the restriction enzyme HinfI. The single-pass transcription
indicated a single read of the DNA template and stopped
the accumulation of transcripts within a few seconds,
whereas the control experiments showed accumulation of
transcripts over time (Figs. 3, 4). Observed initial rates of
self-scission for both the control and single-pass experi-
ments were similar, suggesting that the method used in
the single-pass transcription does not affect the ribozyme
activity (Supplemental Fig. S3). The single-pulse of tran-
scription using the T7-RNAP–HinfI system also shows sig-
nificantly better control of the RNA copy number than a
heparin-inhibited reaction (Supplemental Fig. S4). It is im-
portant to note that the systemproposed here also has dis-
advantages, particularly if the DNA to be transcribed has
another HinfI restriction site. In such a case, a single-strand-
ed DNA template with double-stranded promoter region
can be used, because a duplex DNA is not required
by the T7 RNAP for the elongation phase of transcription
(Milligan et al. 1987; Maslak and Martin 1993). An alterna-
tive approach would be to use another restriction endo-
nuclease or a nicking endonuclease, such as a type
IIS restriction enzyme that would require the addition of a
5′ recognition site and would cleave the downstream
T7 RNAP promoter region. The choice of a different restric-
tion enzyme and its binding site shouldbe chosen such that
the cleavage occurs downstream from the position −12 of
the promoter, because the positions −17 to −13 are dis-
pensable for initiation, despite some penalty in yield
(Osterman and Coleman 1981; Martin and Coleman
1987; Chapman et al. 1988). Additionally, no 3′ overhangs
should be created by the restriction enzyme because T7
RNAP can nonspecifically initiate transcription from such
sites (Schenborn and Mierendorf 1985; Triana-Alonso
et al. 1995).
The simplicity of this methodmakes it a valuable alterna-

tive to purification or dilution of the reaction to halt
transcription, simplifying the kinetic studies of cotranscrip-
tional events, such as RNA folding, self-scission, and self-
splicing. A continuous transcription reaction is initiated

B

A

C

FIGURE 4. Transcription of a long construct. (A) Denaturing PAGE
analysis of the Klentaq DNA polymerase gene transcription reaction
in the absence (Controls 1 and 2—triangles) and presence of HinfI
(SP 1 and 2—squares). The last timepoint of SP 2 experiment was re-
moved due to artifact in the PAGE gel. (B) Comparison of the relative
RNA synthesis over time. (C ) Linear-log profile of the RNA synthesis
over time for SP1 and SP2. (B,C ) Normalized to the value of SP 1 at
the 900-sec timepoint.
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with all components present at the outset, whereas this ap-
proach allows new components (e.g., ligands, cofactors,
andmodified nucleotides) to be added at a specified point
(e.g., before or after the single-pass transcription is per-
formed). The method is not only suitable for studying func-
tional RNAs, such as ribozymes and riboswitches, but can
also be adapted to study processes such as cotranscrip-
tional RNA degradation and translation. Biophysical and
structural studies of nascent RNAs, including single mole-
cule studies and cryo-EM analyses are also likely to benefit
from this method.

MATERIALS AND METHODS

T7 RNAP promoter cleavage by HinfI

Forty microliters reactions were prepared by adding 8 µL 5× reac-
tion buffer (1× buffer: 40 mM Tris–HCl, 15 mMMg(OAc)2, 50 mM
KOAc, 2 mM spermidine, pH 7.5), 4 µL of 100 mM DTT (10 mM
final concentration), and drz-Fpra-2 (Fig. 2A,B) or aHDV
(Supplemental Fig. S1a) DNA template (100 nM final concentra-
tion). rNTPs were added to a final concentration of 250 µM
each according to the experiment: all four rNTPs for the cleavage
analysis without T7 RNAP; GTP, ATP, and UTP for the cleavage
analysis for downstream stalled T7 RNAP. No rNTPs were added
for the experiment that involved competition for binding at the
promoter region. HinfI (NEB) was added at a final concentration
of 1% (v/v) (∼65 nM). T7 RNAP was used at a final concentration
of 100 nM. All reactions were performed at 37°C. Time points
were collected and reactions were terminated with an equal vol-
ume of stop buffer containing 25 mM EDTA, pH 7.4, with xylene
cyanol and bromophenol blue loading dyes. The samples were
resolved with 2.5% agarose gel and SYBR Gold staining accord-
ing to manufacturer’s protocol (Invitrogen). The band intensities
were analyzed by creating lane profiles for each lane using
ImageJ (Schneider et al. 2012).

Transcription reaction of HinfI digested DNA
template

Reactions were prepared by mixing 5× reaction buffer (1× buffer:
40 mM Tris–HCl, 15 mMMg(OAc)2, 50 mM KOAc, 2 mM spermi-
dine, pH 7.5), DTT to 10 mM final concentration, T7 RNAP to 100
nM final concentration, and drz-Fpra-2 DNA template to 100 nM
final concentration. HinfI was added to ∼65 nM final concentra-
tion (the control experiment was not incubated with HinfI) and al-
lowed to react for 10 min at 37°C. T7 RNAP was not stalled in this
experiment (Fig. 2C). Double-distilled RNase-free water (ddH2O)
was used to complete the reaction volume when needed. After
the incubation, rNTPs were added to the reaction to allow tran-
scription to start (200 µM GTP, CTP, and UTP; 100 µM ATP).
One microliter of [α-32P]ATP (250 µCi/mL) (PerkinElmer) was
used to label the transcripts. After 10 min at 37°C, both the
HinfI treated reaction and the control reaction were terminated
with an equal volume of stop buffer containing 25 mM EDTA, 5
mM Tris pH 7.4, 7 M urea, 0.1% SDS, with xylene cyanol and bro-
mophenol blue loading dyes. The samples were fractionated on a
10% denaturing PAGE gel. The gel was exposed to phosphor-

image screens and analyzed using Typhoon phosphorimager
and ImageQuant software (GE Healthcare).

Stoichiometry optimization of DNA, T7 RNAP,
rNTPS, and HinfI

Several reactions were performed as described above. Varying
concentrations of DNA template (from 50 nM to 1.5 µM), T7
RNAP (from 50 nm to 2 µM), HinfI (from 50 nM to 1.5 nM), and
rNTPs (from 50 µM to 500 µM) were tested to optimize the reac-
tion conditions. We noticed that when the concentration of the T7
RNAP was higher than that of the DNA template, the reaction
generated more aborted and background transcripts (data not
shown). Our results suggested that a 1:0.75 ratio of DNA:T7
RNAP should be maintained. HinfI proved to be a robust enzyme,
and 1% (v/v) (∼65 nM) was sufficient to cleave up to 0.5 µM of
DNA in 10 min (data not shown). All reactions were performed
at 37°C. Optimal rNTP concentrations for the reaction are as fol-
lows: 200 µM GTP; 100 µM ATP and UTP; and 50 µM CTP. Either
[α-32P]ATP or [α-32P]CTP can be used to track the reaction, but
[α-32P]CTP provides a cleaner PAGE gel because RNAs aborted
during transcription initiation are not radiolabeled.

For the HinfI cleavage digestion followed by transcription
(Supplemental Fig. S2a), reactions were prepared by mixing 5×
reaction buffer (1× buffer: 40 mM Tris–HCl, 15 mM Mg(OAc)2,
50mMKOAc, 2mM spermidine, pH 7.5), DTT to 10mM final con-
centration, T7 RNAP to 1 µM final concentration, and drz-Fpra-2
DNA template to 1 µM final concentration. HinfI was added for
each sample at the following final concentrations: 1.5 µM,
1.0 µM, 0.5 µM, and 0.25 µM final concentration (control experi-
ment was not incubated with HinfI). Double-distilled RNase-free
water (ddH2O) was used to complete the reaction volume when
needed. NTP final concentrations were 500 µM GTP, ATP, UTP,
and 100 µM CTP. One microliter of [α-32P]CTP (250 µCi/mL)
(PerkinElmer) was used to label the transcripts. T7 RNAP was
stalled with the addition of GTP, ATP, ad UTP and incubated for
5 min before addition of HinfI enzyme. HinfI digestion was al-
lowed to proceed for 10 min and the transcription reaction was
continued with the addition of CTP. After 30 min incubation at
37°C, both the HinfI treated reactions and the control reaction
were terminated with an equal volume of stop buffer containing
25 mM EDTA, 5 mM Tris pH 7.4, 7 M urea, 0.1% SDS, with xylene
cyanol and bromophenol blue loading dyes.

For the comparison of the single-pass transcription with T7 pro-
moter decoy and proteinase K enzyme digestion (Supplemental
Fig. S2b), reactions were prepared by mixing 5× reaction buffer
(1× buffer: 40 mM Tris–HCl, 15 mM Mg(OAc)2, 50 mM KOAc,
2 mM spermidine, pH 7.5), DTT to 10 mM final concentration,
T7 RNAP to 50 nM final concentration, and drz-Fpra-2 DNA tem-
plate to 200 nM final concentration. HinfI was added for each
sample to a final concentration of 400 nM (control experiment
was not incubated with HinfI). Double-distilled RNase-free water
(ddH2O) was used to complete the reaction volume when need-
ed. NTP final concentrations were 100 µM GTP, ATP, CTP, and
UTP. A total of 0.25 µL of [α-32P]ATP (250 µCi/mL) (PerkinElmer)
was used to label the transcripts. T7 RNAP was stalled with the
addition of GTP, ATP, and UTP and incubated for 5 min before
addition of HinfI enzyme. HinfI digestion proceeded for 10 min
and the transcription reaction was continued with the addition
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of CTP. For the T7 promoter decoy experiment, double-stranded
T7 promoter decoy was added to the reaction (final concentra-
tion of 2 µM) with CTP to outcompete any undigested DNA tem-
plate. For the proteinase K (NEB; 1 unit/50 µL reaction)
experiment, proteolysis of the polymerase was initiated 45 sec af-
ter CTP addition. All reactions were performed at 37°C. Time
points were collected and the reactions were terminated with
an equal volume of stop buffer containing 25 mM EDTA, 5 mM
Tris pH 7.4, 7 M urea, 0.1% SDS, with xylene cyanol and bromo-
phenol blue loading dyes. Samples were fractionated on a 10%
denaturing PAGE gel. The gel was exposed to phosphorimage
screens and analyzed using Typhoon phosphorimager and
ImageQuant software (GE Healthcare).

In vitro cotranscriptional analysis

Reactions were prepared by mixing 5× reaction buffer (1× buffer:
40 mM Tris–HCl, 15 mMMg(OAc)2, 50 mM KOAc, 2 mM spermi-
dine, pH 7.5), DTT to 10 mM final concentration, and DNA tem-
plate (100 nM final concentration for the drz-Fpra-2 and aHDV
ribozymes, and 50 nM for the Klentaq DNA polymerase). For
the ribozyme experiments, because the self-cleavage reaction re-
quires Mg2+ for catalysis (Das and Piccirilli 2005; Chen et al. 2010;
Golden 2011; Thaplyal et al. 2015), an additional 2.5 mM MgCl2
was added to allow self-scission to proceed efficiently. rNTPs
were added according to the optimized conditions (200 µM
GTP; 100 µM ATP and UTP; and 50 µM CTP). 2 µL of [α-32P]CTP
(drz-Fpra-2 and Klentaq experiments) or 1 µL of [α-32P]ATP
(aHDV experiment) (250 µCi/mL) (PerkinElmer) was used to label
the transcripts. T7 RNAP was added to a final concentration of
75 nM for the ribozyme experiments and 37.5 nM for the
Klentaq DNA polymerase experiment. HinfI was maintained at
the optimal final concentration of 1% (v/v) (∼65 nM) and was add-
ed to the reaction 3min after the addition of the T7 RNAP. For the
heparin experiment, heparin sulfate was used at 100 μg/mL final
concentration, and the reaction followed the same steps as de-
scribed above. Double-distilled RNase-free water (ddH2O) was
used to complete the reaction volume when needed. CTP addi-
tion was used to define t0 and occurred after a 10-min incubation
with HinfI. All reactions were performed at 37°C. Time points were
collected and the reaction was terminated with an equal volume
of stop buffer containing 25 mM EDTA, 5 mM Tris pH 7.4, 7 M
urea, 0.1% SDS, with xylene cyanol and bromophenol blue load-
ing dyes. Samples were resolved on either a 12% (ribozymes) or a
6% (Klentaq mRNA) denaturing PAGE gel. The gel was exposed
to phosphorimage screens and analyzed using Typhoon phos-
phorimager and ImageQuant software (GE Healthcare). Band in-
tensities were analyzed by creating lane profiles for each lane
using ImageJ (Schneider et al. 2012) and exporting the data to
Microsoft Excel. Drz-Fpra-2 self-cleavage data were fit to a mono-
exponential decay function (Equation 1) for both control and sin-
gle-pass experiments.

Fraction intact = A× e−kt + C, (1)

where t is time, A represents the relative fractions of the ribozyme
population cleaving with a rate constant k, and C represents the
ribozyme population that remains uncleaved. The model was fit
to the data using a linear least-squares analysis and the Solver
module of Microsoft Excel.
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