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ABSTRACT

Cancerous and aging cells have long been thought
to be impacted by transcription errors that cause
genetic and epigenetic changes. Until now, a lack
of methodology for directly assessing such errors
hindered evaluation of their impact to the cells. We
report a high-resolution lllumina RNA-seq method
that can assess noncoded base substitutions in
mRNA at 107%-10~° per base frequencies in vitro
and in vivo. Statistically reliable detection of
changes in transcription fidelity through ~10°nt
DNA sites assures that the RNA-seq can analyze
the fidelity in a large number of the sites where
errors occur. A combination of the RNA-seq and
biochemical analyses of the positions for the
errors revealed two sequence-specific mechanisms
that increase transcription fidelity by Escherichia
coli RNA polymerase: (i) enhanced suppression of
nucleotide misincorporation that improves selectiv-
ity for the cognate substrate, and (ii) increased
backtracking of the RNA polymerase that decreases
a chance of error propagation to the full-length
transcript after misincorporation and provides an
opportunity to proofread the error. This method
is adoptable to a genome-wide assessment of tran-
scription fidelity.

INTRODUCTION

Transcription infidelity by RNA polymerases (RNAPs)
has been proposed to contribute to genome instability
(1) and heritable phenotypic changes (2,3), which may
affect aging (4) and carcinogenesis (5,6). To date, assess-
ment of transcription fidelity in vivo has been performed
with reporter genes targeting a small number of sequences
with a limited spectrum of errors (1,7-10). To extrapolate
this limited fidelity analysis to a genome-wide scale, an

assumption has been made that transcription errors are
randomly distributed. However, several reports have sug-
gested that transcription errors exhibit strong sequence
preferences (11-14). Fidelity analysis for the entire tran-
scriptome has been limited by a lack of a reliable method-
ology. In the past decade, extensive in vitro analyses of
transcription fidelity revealed several error-avoidance
and error-correcting mechanisms based on biochemical
assays for misincorporation of a unique NMP (12,13,
15-20) and single-molecule assays using optical trapping
techniques (11,21). Typically, these experiments included
limited or unbalanced substrate concentrations to detect
misincorporation. These in vitro data cannot be easily
extrapolated to the genetic fidelity assays involving
reporter genes transcribed at high in vivo concentration
of substrates and in the presence of transcription factors
and structural proteins compacting DNA (1,7-10,22,23).
Therefore, there is an urgent need for an approach that
would allow simultaneous assessment of transcription
fidelity in vivo and in vitro under balanced NTP concen-
tration and on the same DNA sequences.

Deep sequencing technologies such as RNA sequencing
(RNA-seq) can analyze >10'" bases in a single run, po-
tentially allowing both a genome-wide and in vitro detec-
tion of transcription error rates around 107°b~' rate
(7,17,18). However, conventional protocols for RNA-seq
generate background errors at >10">b~' frequency
during the process of ¢cDNA library/cluster formation,
sequencing/detection and the mapping of the reads (24),
which has made it difficult to detect transcription errors.
Advanced deep sequencing techniques use tagging of indi-
vidual DNA molecules by random sequences in polymer-
ase chain reaction (PCR) primers to identify and filter out
the PCR artifacts by counting only those error spots that
persist throughout all DNA molecules carrying the same
tag (25-27). This tag-based method substantially reduces
randomly distributed PCR and sequencing errors of the
deep DNA/RNA sequencing (25-27). A problem remain-
ing in this method is that it cannot reduce the errors
introduced by reverse transcriptases (RTs) that typically
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have lower fidelity than DNA polymerases (DNAPs) used
for PCR (28,29). More recently, a deep-sequencing
method was developed involving analysis of mismatches
in overlapping read pairs to identify the artifact errors, but
not the RT errors (30). Thus, so far there is no an
approach suitable for discriminate RNA errors from the
RNA-seq artifacts. Here, we present a high-resolution
RNA-seq method based on a remarkable sequencing
depth of 10° accompanied by several technical improve-
ments reducing background errors to 107> and 10~ levels.
This technique enables statistically reliable detection of
changes in transcription fidelity in vitro and in living
cells, despite the presence of the artifact errors. This meth-
odology may also be instrumental in addressing contro-
versial noncanonical posttranscriptional RNA-editing
(31-35), identification of genomic ‘hotspots’ for transcrip-
tion errors and their contribution to the genetic diversity
of viral populations (27,29,30,36).

MATERIALS AND METHODS
Reagents

NTPs, oligonucleotides and DNA purification kits were
purchased from GE Healthcare, Integrated DNA
Technologies and Qiagen, respectively. NTPs used in the
misincorporation assay (Figure 5 and Supplementary
Figure S5) were further purified as described previously
(17). The high fidelity RT PrimeScript and the DNAP
PrimeSTAR Max used for the cDNA preparation were
purchased from Takara Bio.

Proteins

RNAP holoenzyme of Escherichia coli RL-916 (the strain
was a kind gift from Dr Robert Landick) containing a
histidine-tagged RpoC subunit was purified as described
previously (37). The GreA and GreB expression plasmids
pDNL278 and pMO1.4 were kind gifts from Dr Sergei
Borukov. The plasmids were transformed into E. coli
strain XLI1-Blue cells (Stratagene) for overexpression.
The recombinant GreA and GreB were purified according
to (38) with the addition of Mono Q column (GE
Healthcare) chromatography.

In vitro RNA preparation

The pPRY plasmid containing lambda phage Pr promoter
and fd phage terminator was used for the DNA template
(Supplementary Figure S1A). The transcribed region is
composed of refampicin-resistant rpoB gene that
contains a 1546G—T mutation, and partial rp/L and
rpoC genes of E. coli. The plasmid DNA was purified by
Qiagen  mini-prep kit and  phenol/chloroform/
isoamylalcohol (25:24:1). The residual phenol that may
affect transcription was removed by solvent extraction
with diethyl ether. For transcription reaction, 400 nM
holoenzyme in the absence or presence of 12mM GreA
and 4 mM GreB was incubated with | mM NTP and 2nM
the plasmid DNA for 15min at 37°C in transcription
buffer [TB; 20mM Tris—HCI, pH 7.9, 5mM MgCl, (or
ImM MnCl,), 1mM 2-mercaptochanol, 0.1M KClI,
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0.1mg/ml bovine serum albumin] (Supplementary
Figure S1B). The reaction was stopped by heat denatur-
ation for 3min at 90°C followed by DNase I (Takara Bio)
treatment for 20 min at 37°C. We verified the production
of a homogeneous 5.7kb RNA by agarose-gel electro-
phoresis before adding DNase 1 (Supplementary
Figure S1C). The 5.7kb RNA was purified from the
digested DNA, NTPs, abortive oligo-RNA products and
proteins as shown in Supplementary Figure S1D.

In vivo RNA preparation

Total RNA was prepared from E. coli MG1655 strain
harboring pPR9 plasmid. Cells were cultured at 28°C in
LB medium containing ampicillin. The overnight cell
culture was inoculated into the fresh medium at 1/70 (v/
v) and was incubated for ~2h at 28°C (ODggo reached
0.35) and then for 2h at 42°C (ODgog reached 2.3) to
induce the Pr promoter (39). The cells in 200 ml culture
were harvested and resuspended with a solution contain-
ing 0.5% sodium dodecyl sulphate, 20 mM sodium acetate
(pH 5.5) and 10mM EDTA. The suspended cells were
mixed with an equal volume of prewarmed saturated
phenol (20mM sodium acetate, 10mM EDTA, pH 5.5)
and incubated for Smin at 60°C. The mixture was
centrifuged, and RNA and DNA were precipitated with
ethanol from the supernatant. The pellet was dissolved in
DNase I buffer with 10U of DNasel and incubated for
30min. RNA was separated from the digested DNA by
acidic phenol extraction followed by G-50 Micro column
(GE Healthcare) purification and then precipitated with
ethanol. The pellet was dissolved in diethylpyrocarbonate-
treated water and used for cDNA synthesis.

Library preparation

The first DNA strand was synthesized using the transcript
from the Pr promoter (0.8 pg RNA synthesized in vitro or
Sug total RNA purified from E. coli cells) and a RT
PrimeScript. The RNA transcript was mixed with 1 mM
dANTP and 5uM of two specific primers (a and b,
Figure 1A) that hybridizes to the RNA transcript at the
most 3’ portion of the DNA segments 1 and 6 (Figure 1A)
of the first PCR. A hairpin structure between the segments
1 and 2 inhibits elongation of RT on the RNA transcript
to the 5 end. The mixture was incubated for 5min at
65°C. The PrimeScript, 1x PrimeScript buffer and
RNase Inhibitor were added to the mixture according to
the manufacturers’ instructions, and the mixture was
incubated for 45min at 42°C, for Smin at 37°C with
RNase H and for 15min at 70°C. The single-strand
DNA product was purified with MinElute PCR purifica-
tion kit and eluted with 10 ul of the elution buffer. The
first PCR including the second DNA strand synthesis was
performed with a DNAP PrimeSTAR Max based on the
manufacturers’ instructions at 5 cycles for the RNA prep-
aration in vitro and 10 cycles for the RNA preparation
in vivo. We noticed that the total RNA purified from
E. coli cells had a concentration of the unique transcript
from the Pr promoter of the pPR9 plasmid by ~30-fold
less than the in vitro RNA preparation. Thus, the five
additional cycles make almost same final concentrations
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of ¢cDNA libraries derived from the in vitro and in vivo
RNA preparations. One-tenth total reaction volume of the
single strand DNA purified by the Qiagen kit and each
primer pair including a barcode and the inner Illumina
sequence adapters in the 5 tails (Figure 1A and
Supplementary Table S5) were used for the PCR. This
PCR amplified the six different DNA segments
comprising the c¢cDNA (transcript) and the internal
control (primer) (Figure 1A and B) for the five libraries
with respective barcodes. We confirmed that no first PCR
product was obtained in each primer pair when RNA
solution without RT was used as a template. The six
DNA segments obtained from each reaction tube of the
first PCR were mixed and purified by the Qiagen kit, and
eluted with 10 ul of the elution buffer. The second PCR
was performed with one-fifth total reaction volume of the
obtained PCR products, a primer pair containing the
outer sequencing adapters in the 5 tails (Supplementary
Table S5), and the same PCR enzyme as the first PCR at 6
cycles. The presence of the full-length Illumina sequence
adapter and barcode sequence (Illumina TruSeq Index
1-5) in each of the five cDNA libraries was confirmed
by Sanger sequencing.

Illumina sequencing

Quantifications of the numbers of amplifiable molecules in
the libraries were performed by qPCR using a Library
Quantification Kit (KK4824, Kapa Biosystems) and
Agilent 2100 Bioanalyzer. The cluster generation on a
paired-end flow cell and sequencing were performed with
cBot and HiSeq 2000, respectively, according to the user
guides of Illumina. The summary of sequencing data is
shown in Supplementary Table S1. Raw sequencing data
and processed data are available for download at
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GS
E46479.

Data analysis for the sequencing

The initial data processing, including reads separation by
the barcodes and the generation of fastq files, was per-
formed with the CASAVA software (Illumina). A single
large fastq format file of high quality reads (Phred score
0 > 30, see Supplementary Table S1) was split into about
10 smaller files by using a shell script splitReads.sh
(http://code.google.com/p/perm/downloads/detail’Tname
=gplitReads.sh) to use SAMtools mpileup —A commands
for the following error analysis in the sequence reads (see
below). The obtained reads were aligned and mapped to the
pPRY plasmid DNA sequences (1056 bp) using a program
Bowtie 0.12.7 that does not allow insertion and deletion in
the alignment (40). We chose Bowtie parameter that allows
three mismatches. To calculate error rates, we counted the
numbers of 4 bases A, T, G, C, and N (not determined) in
each position of the mapped reads by using the program
SAMtools 0.1.18 (41) with supplemental use of a Perl
script, parse_samtools_mpileup.pl (a kind gift from
Dr Wei Shao). Each type of error rates per position was
determined as the number of sequence reads with a particu-
lar type of base-substitution divided by the number of the
reads with the reference base in each DNA position.
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Ternary elongation complex formation and biochemical
transcription assays

The ternary elongation complexes (TECs) carrying
S'-labelled RNAs (see Supplementary Table S6) were
assembled and immobilized on Ni*'-NTA agarose
(Qiagen) in TB as described previously (42,43). Five to
ten picomoles of RNAP was incubated with 7.5-15
pmols of the preannealed RNA-DNA hybrid in 25-50-
pl volume for 10min at room temperature. Next, 15-50
pmols of the nontemplate DNA strand (NDS) were added
for 10 min. The immobilized TEC9s were washed with TB
containing 1M KCI. The TECs were eluted from Ni*'-
NTA agarose by TB(-MgCl,) with 100 mM imidazole as
described previously (17) and diluted with TB(-MgCl,).
TECI18s were obtained from TEC9s by walking on the
template of 170 G and 474 G sequences (37). To allow
the 1 or 2 steps of walking, the 14G and 17G on the
170 G and 474 G sequences, respectively, were substituted
with C (see Figures 4A, 5B and Supplementary
Figure S3A). The typical concentration of TEC is
~1nM (44). All reactions were performed in TB at
37°C. The reactions were stopped by gel-loading buffer
(5M urea; 25mM EDTA final concentrations). The
RNA products were analyzed as described previously
(17). Details about the experimental setups for
misincorporation, mismatch-extension, RNA cleavage
and NTP competition assays are described in the corres-
ponding figures or supplementary figures.

Exonuclease III footprinting

The rear-end Exonuclease III (Exolll) footprinting was
performed as described previously (17,44). TECs were
assembled on the 5 end-labeled template DNA strand
and the unlabeled NDS (Supplementary Table S6). The
reaction was started by mixing 15pul TB containing 10 U
of ExollIl (New England Biolabs) with 15l of the elong-
ation complex at 30°C. To prevent digestion of the NDS
by Exolll for the rear-end footprinting, the NDS carries
phosphorothioate bond at the 3" end. The active state
(pretranslocated state) and backtracked states of TECs
were determined by shifting the boundaries of RNAP
due to stepwise extension of RNA in TECs (17,44).

RESULTS

Strategy for the assessment of transcription fidelity
by RNA-seq

The strategy is based on two key assumptions:
(i) combined error rates of RT and DNAPs used for the
RNA-seq can be reduced to ~107> b~' range by using
high-fidelity RT and DNAPs. The estimated error rates
are based on information provided by the manufacturers,
which are consistent with our data (see Supplementary
Table S3), (ii) multi-subunit RNAPs generate errors
with sequence preferences different from those of the
structurally unrelated RTs/DNAPs as suggested previ-
ously (11-14,36,45). We did not use the tag-based error-
correction method to reduce artifact errors because this
approach cannot identity/correct RT errors and typically
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increases the number of PCR cycles owing to the loss of
the original templates for PCR in a course of the DNA
tagging (25-27). Instead, we significantly reduced the
number of PCR cycles to minimize the DNAP errors
during the library production (see ‘Materials and
Methods’ section). To identify the sequence sites
dominated by transcription errors, we used error-prone
and error-proof transcription conditions in vitro to
increase and decrease transcription errors, respectively.
In this system, transcription error rates are changed in a
controlled manner for the sequencing reads, whereas the
artifact errors remain constant. Detection of transcription
errors should be possible at sequence sites favoring tran-
scription and disfavoring the artifact errors even when the
averaged enzymatic artifact rates exceed those of tran-
scription. Widespread existences of such sites through
the analyzed sequences should be also statistically
evaluated. We also reduced the nonenzymatic sequencing
errors caused by incorrect base-calling (46) and misalign-
ment (47) of the Illumina reads by setting an appropriate
filter eliminating these artificial error hotspots (see below).
Finally, we signiﬁcantly increased the read depth to
average 3 x 10° to cover the predicted ~107° b~! rate
for transcription errors.

The RNA samples for the RNA-seq were generated by
transcription of pPR9 plasmid (39) by E. coli RNAP
in vitro and in vivo. The plasmid contains an ~5.7-kb
fragment of E. coli rpoBC operon that is transcribed
from a strong lambda phage Pr promoter and terminated
at an fd phage transcription terminator (Supplementary
Figure S1A). A multi-round transcription by the purified
RNAP holoenzyme generated ~10'> RNA molecules with
a uniform length of ~5.7 kb (Supplementary Figure S1 B-
D). The reference transcription reaction was performed in
a TB (42) with SmM MgCl, to determine the standard
error rate. To reduce fidelity (the error-prone condition),
we replaced Mg®" with Mn”" (48-50). To increase fidelity
(the error-proof condition), we added GreA/GreB
proteins (51) for proofreading activity. We kept a
balanced high concentration of NTPs (1 mM) in all con-
ditions to avoid forced nonphysiological misincor-
poration, although the actual concentrations of NTPs
in vivo may not be uniform and vary under different
growth conditions (52). For the in vivo fidelity measure-
ment, we purified total RNA from the wild-type E. coli
strain harboring the same pPRY plasmid after 2h induc-
tion of the Pr promoter at 42°C (39).

We established a method for preparing five different
cDNA libraries each with its own barcode for Illumina
sequencing (Figure 1A). Each 6-nt barcode allows multi-
plexing all five in vitro and in vivo preparations in a single
sequencing analysis. The 5 fragment of the 5.7kb RNA
transcripts was reverse transcribed, and the product was
subjected to PCR reactions that generated six ~200 bp
segments (Figure 1A). The primers contained a specific
barcode for each of the five starting preparations and
the inner Illumina-sequencing adapters (Figure 1A). The
second step of PCR generated the final cDNA libraries for
the Illumina sequencing by using the first-step PCR
product as a template and primers containing the outer
sequencing adapters in the 5 tails (Figure 1A). In the first

cycle and the remaining 4 cycles of the first PCR, chemical
synthetic errors in the DNA primers replace and steadily
dilute transcription errors by 2-fold in mRNA segments to
which these primers hybridize. Thus, transcription errors
in the corresponding cDNA segments were replaced or 16-
fold reduced by 5 cycles of the first PCR (Figure 1A, the
empty boxes). Consequently, contribution of transcription
errors in these segments becomes negligible in the final
cDNA libraries compared with the rest of cDNA.
Importantly, we used these outer segments (shown by
green and yellow lines, Figure 1A and B) as internal
controls to compare error rates in these sequences with
those in the embedded ¢cDNA segment carrying intact
transcription errors (Figure 1B, blue lines). Base substitu-
tion errors made during synthesis of primer DNA are
reported at 107*-107> b~' rates (based on the manufac-
turer information), which is consistent with our data (see
Supplementary Figure S2 and Table S4).

We obtained 191099 124 reads with high base-calling
quality [Phred score Q>30 (46)] by the paired-end
sequencing (Supplementary Table S1). Each sequenced
read included the c¢cDNA and the internal control
sequence (Figure 1B). The uniquely mapped sequence
reads covered 1056bp with an average 3 x 10° read
depth (Supplementary Table S2). To assess types and
rates of RNA/DNA changes per position, we excluded
insertion and deletion errors to avoid reads misalignment
(47) during bioinformatic analysis. In the mapped
sequence reads, we found a few positions with abnormally
high background of transversions A—C (first read) and
G—T (second read) with 1072 or 10°b~" frequency,
which are unlikely due to transcription errors. These
errors are probably caused by the relatively close
emission spectra of the corresponding fluorophores and
their incomplete separation by optical filters in the
Illumina platform at these particular positions (24).
These rare positions have been ignored.

We plotted transition error rates for the cDNA se-
quences in the standard Mg>" transcription condition
against the error-prone Mn>" condition (Figure 1C, red
dots). We compared this plot with the corresponding plot
derived from the internal controls where transcription
errors were replaced or diluted with the oligo DNA-syn-
thetic errors (Figure 1C, blue dots). If there are no differ-
ences between the Mg”"/Mn?"sets (indicating a failure in
detection of transcription errors), the data should fall
along the y =x line as is observed for the internal
control positions (R > 0.9). In contrast, for the cDNA pos-
itions, the plots of the lower error rates were localized
in the y>x area (R<0.9 for the<3x 10~ b™! rates).
Two-tailed F-test for the Mg>"/Mn?" RNA samples con-
firmed that the error rates <3 x 107* b~! are not equally
distributed in cDNA [P = 2 x 10~* (n = 540)] as opposed
to their equal distribution in the internal controls [P = 0.5
(n= 125)1. Notably, the transition errors occurring at
>3x107*b~" rates were primarily observed in the
second read that required an additional strand synthesis
step (Figure 1D). Therefore, these errors mostly derived
from the artifact of paired-end sequencing. We used this
information to set a cutoff value of 3 x 10~* b~ error rate
in our statistical analysis of transcription errors.
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The high-resolution RNNA-seq detects changes in transition
error rates in vitro

Next, we separately compared each type of transition
error between the two in vitro RNA samples representing
the standard and the error-prone transcription conditions
(Mg>*/Mn*" plot, Figure 2, left column). We observed an
up to 2-fold Mn*"-dependent increase in errors for G—A
and T(U)—C transitions in a majority of cDNA positions
in the error range from 3x107* to 6x 107> b~'. A
nonparametric f-test between the two samples provided

Mn2+ vs Mg2*
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a significant difference in means of the two samples
(P <0.05). We observed slight Mn”>"-dependent increase
in C—T(U) transition rate (P = 0.09) and no difference
in A—G transition (P = 0.7). Because the detected mean
rate of A—G transition was the lowest among the four
types of transitions (Supplementary Figure S2), the A—>G
transcription errors appeared to be masked by the arti-
facts even in the error-prone conditions for RNAP.
Note that the internal control showed no significant
effect of Mn?" on any type of transition error (Figure 2,
left column). Thus, the RNA-seq detected Mn*'-
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Figure 2. Scatter plots of transition-error rates. The error rates per position in the cDNA and internal control are plotted for error-prone/standard
(left column), error-prone/error-proof (middle column) and moderate-error-proof/error-proof (right column) sets of conditions as shown on the top.
The error rates <3 x 107* b~! were used for the statistical analysis. P value of two-tailed nonparametric r-test for the two samples is shown. For the
cDNA, n =132 (G—=A), n =142 (C—T), n =104 (T—C) and n = 162 (A—G). For the internal control, n = 39 (G—A), n =26 (C—T), n =30

(T—C) and n = 30 (A—>G).
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dependent increase in three types of transcription errors
made by E. coli RNAP in vitro at the 107°-10"* b~ rates.

To further validate the difference of the error rates in the
Mn*"/Mg*" samples, we added GreA/B to our standard
reaction (Mg>"). GreA/B are expected to reduce errors by
its proofreading activity (15,53). As expected, GreA/B
amplified the differences in the rates of G—A, T(U)—C
and C—T(U) transitions between the Mn*" and Mg>"
samples (Figure 2, middle column), and significantly
reduced the means of the three transition-error rates in
Mg®" and Mn?" samples (Figure 2, right column),
indicating that we detected proofreading activity of
GreA/B in both Mg®" and Mn”" conditions. GreA/B did
not affect the error rates in the internal control. A—G
transitions were also not affected by GreA/B in the
cDNA and in the internal control regions, again suggesting
the artifact origin of the majority of A—G errors. In
a fraction of cDNA positions for the other three transition
types, we also did not observe significant changes in the
error rates between the error-prone and error-proof tran-
scription conditions (Figure 2).

Comparison of transition-error rates in vitro and in vivo

It is broadly assumed that RNAP has similar intrinsic
fidelity in vivo and in vitro (7,17). However, in vitro
fidelity assessed by single NMP misincorporation assay
does not account for error propagation to full-length
RNA. Moreover, the in vitro fidelity, defined as a ratio
of kpo/Kq for cognate and noncognate NTP (17,18),
does not take into account for proofreading activity of
RNAP that requires backtracking of the enzyme. The
in vivo fidelity could also be affected by local DNA struc-
tures, DNA damage and promoter strength of the gene
(1,54). Therefore, the in vitro fidelity is not exactly
related to the in vivo fidelity.

To evaluate these differences, we used the RNA-seq to
compare the error rates for the same RNA produced
either in vitro or in vivo. Scatter plots visualized the differ-
ences in transition-error rates between in vivo sample and
in vitro Mg>" samples + GreA/B (Figure 3). In the cDNA
positions, we observed significant differences between the
in vivo and the standard (+Mg®") in vitro samples:
C—T(U) transitions were overrepresented in the in vivo
samples (P < 0.05), whereas G—A and T(U)—C transi-
tions were underrepresented (P <0.05) (Figure 3). For
G—A and T(U)—C transitions, addition of GreA/B to
the in vitro reaction reduced the differences between the
in vivo and in vitro samples (Figure 3). This result indicates
an extensive RNA proofreading by GreA/B in the living
cells as was suggested previously (55). Thus, our data
suggest that transcription in the wild-type E. coli cells con-
taining functional GreA/B proteins has similar fidelity as
transcription in vitro in the presence of Gre factors.

The increased rate of C—T(U) transition in the in vivo
sample was insensitive to GreA/B, suggesting that these
errors may be introduced by DNAP during the five add-
itional cycles of the first PCR used only for cDNA syn-
thesis with the in vivo RNA sample. The same increased
background may dilute G—A and T(U)— C errors for the
in vivo sample. The detected difference in C—T(U) error

rates might be caused by a modest cellular stress during
shift to 42°C for induction of Pg promoter of the rpoBC
gene (see ‘Materials and Methods’ section), decrease of
intrinsic fidelity of RNAP for certain types of errors at
elevated temperature or due to a spontaneous cytosine
deamination before or during RNA purification from
E. coli cells. Although the in vivo frequency of a spontan-
eous deamination of cytosines in DNA is known to occur
at 107 order (56), the corresponding rate for the RNA is
unknown. We also observed minor increases in the error
rates for G—A and C—T(U) transitions in the internal
controls for the in vivo sample compared with the standard
in vitro sample (Figure 3). This was likely due to the errors
introduced during the DNA oligonucleotides synthesis
rather than the DNAP errors during PCR [see
Supplementary Figure S2, the error rates for the oligo-
DNA synthesis are slightly higher (by ~1 x 10~%) than
those of transcription for all four types of transition].

Backtracking controls mismatch extension

We performed a hierarchical clustering analysis (57) of the
error rates in all positions used for the statistical analysis
of the errors at the lower than the threshold value,
3x 107" b~'. This analysis connects by a series of
branches the DNA positions and the fluctuation
patterns/levels of error rates depending on transcription
conditions. Thus, this analysis identifies DNA positions
exhibiting the similar error-rate profiles under the
standard in vitro, error-prone Mn?>", error-proof GreA/B
and the in vivo conditions. We chose G— A error because
of its highest sensitivity to Mn*" and GreA/B (Figure 2).
The G—A errors were clustered into major C—G and
minor A, B groups where the error rates were increased
and not affected by Mn>", respectively (Figure 4A). The
majority of the Mn”"-sensitive errors in groups C-G was
also reduced by GreA/B (Figure 4A). This significant
overlap strongly indicates transcription origin of these
errors, which were susceptible to the chemical and
protein factors specifically targeting transcription
fidelity. We further argue that the Mn”'-insensitive
errors belonged to the RNA-seq artifacts that become
more prominent at the sequences exhibiting relatively
low transcription error rates. Alternatively, these se-
quences might generate ‘true’ transcription errors with
an intrinsic resistance to Mn”>". Note, that the averaged
error rate in group A (1.1 x 10™%) was lower than in group
B (1.8 x 1077), suggesting that transcription errors from
the former group are more diluted with the artifact errors.

In each cluster, we aligned the 9-nt sequences located
immediately upstream from the G—A error site
(Figure 4A). This was based on the assumption that the
catalytic properties of RNAP are mainly determined in 9-
bp RNA-DNA hybrid of a TEC (58; Interestingly, the
RNA-DNA hybrid sequences for Mn*"-insensitive errors
were strongly enriched with short A/T(U) tracts (group A
in Figure 4A) as opposed to the more balanced sequence
content of the sites affected by Mn*" and GreA/B (the
representative Mn”'-sensitive group F in Figure 4A).
A/U-rich sequences in the RNA-DNA hybrid have been
shown to promote RNAP backtracking on DNA (59) as
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one of the mechanisms increasing RNAP fidelity (21).
Thus, we assumed that a relatively low frequency of
Mn**-insensitive transcription errors was related to
increased backtracking of RNAP.

To address backtracking as a potential error-correcting
mechanism during processive elongation, we arbitrarily
selected one sequence from each group: 170G (Mn>*-in-
sensitive group A, relatively lower error rate) and 474 G
(Mn?"-sensitive group F, relatively high error rate)
(Figure 4B) and analyzed RNAP backtracking at these
sequences by Exolll footprinting (17,44,60). A dynamic
pattern of DNA digestion by Exolll provides information
of distance and stability for individual backtracked states
of RNAP. The TEC was assembled with a 9-nt RNA
hybridized to the DNA template containing 170G or
474 G sequence with a modification that is required for
the TEC walking (see ‘Materials and Methods’
section) (37). The 9-nt RNA was elongated to 18-nt
length with NTPs, making TECI8A (corresponding to
the 170 G sequence) or 18C (corresponding to the 474 G
sequence), which has the new 3’RNA end located imme-
diately 5’ of the site where G—A error was detected
(Figure 4C). When RNAP reversibly backtracks, Exolll

that digests DNA from the rear-end of RNAP (Figure 4C)
produces the expanded rear-end boundary(ies) of the
backtracked state(s), which converts to a boundary of
the active state on prolonged incubation with the
nuclease (44). We observed two differences in backtrack-
ing at the 170G and 474G sequences (Figure 4D).
TECI18A/170G was equilibrated between the active state
and 1-10 bp stably backtracked states within 90 s of incu-
bation with Exolll, whereas TECI8C/474G was
equilibrated primarily in the active state with a minor 6-
bp backtracked state. Thus, backtracking from the active
state was more strongly induced or stabilized in TEC18A/
170G compared with TEC18C/474G as was predicted
from the difference in their A/T(U) sequence contents
(Figure 4A). Interestingly, AMP misincorporation in
TECI8C/474G (mimicking the G—A error during
processive elongation) did not cause RNAP to advance
1 bp forward on the DNA (Figure 4D). This result indi-
cates that the TEC19A remains in a 1 bp backtracked state
after the misincorporation, which is consistent with the
previous findings on the effect of misincorporation on
backtracking (15,21). We concluded that the higher back-
tracking potential and thus better proofreading on the
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170 G as opposed to the 474 G sequence is responsible for
the relatively lower error rate detected by the RNA-seq
(see Supplementary text and Supplementary Figure S3).
Next, we tested if backtracking on 474 G sequence
affects the G—A misincorporation in the presence of
Mn?" as was indicated by the clustering analysis. To
mimic the G—A misincorporation at 474 G site during
processive elongation, we measured the rate of AMP-
misincorporation in TECI8C in the presence of Mg>" or
Mn?" (Figure 5A and B). As expected, Mn*"-sensitive
TECI8C misincorporated AMP more rapidly in the
presence of Mn”?" than in the presence of Mg>"
(Figure 5C). Remarkably, we detected high level of an
endonucleolytic RNA cleavage at 7-nt upstream of the 3’
RNA end in the presence of Mg®", and to a substantially
less extent in the presence of Mn>" (Figure 5C). This
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cleavage was consistent with the Exolll footprinting data
(Figure 4D), showing backtracking of this complex at 6 bp
distance. We propose that backtracking after the
misincorporation generated a substrate for the cleavage
in this complex with or without GreA/B. At the longest
6-24min incubation time with noncognate ATP, Mn*"
also appeared to decrease extension of the 3" error (19 A*
product) with the next cognate substrate (21 A* and
22 A** products) (Figure 5C and E). One would expect
these opposite effects of Mn>" on error correction and ex-
tension to counteract one another leading to a net zero
impact of Mn”*" to fidelity. However, at the shorter
10-90s, where an impact of the slow intrinsic RNA
cleavage was negligible, Mn>" stimulated rather than
inhibited the error extension (Figure 5C and E). This
effect was confirmed in the experiment with the TEC
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Figure 5. Effects of backtracking on the efficiencies of mismatch extension (ME) and intrinsic transcript cleavage, and their dependences on Mn>".
(A) Reaction scheme for AMP misincorporation followed by ME. (B) RNA and downstream nontemplate DNA sequences in the TECs with long
(18 nt) and short (8 nt) transcripts used in the assay. (C) Incubations of TECI18C/474 G with the noncognate ATP in the presence of Mg>" or Mn*".
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condition: This difference is due to the intrinsic transcript cleavage of 19 A* product of misincorporation, which occurs substantially faster in
Mg*" compared with Mn?". The faster cleavage in Mg”>" leads to apparent earlier than expected saturation of the ME reaction under these
conditions. Although the plotting of ME appeared to follow single exponential kinetics, they result from a superposition of 3 different processes
of 19 A* misincorporation, 19 A* cleavage and 19 A* extension with the next cognate NMP.
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disregarding the cleavage activity described below. Thus,
Mn?" appeared to decrease transcription fidelity on 474 G
sequence by suppressing intrinsic RNA proofreading
activity in the backtracked complex and by promoting ex-
tension of the error with the next cognate NMP, which
allowed the error propagation into a full-length RNA.
To prove that backtracking was the major error correc-
tion mechanism at the 474 G site, we assembled a version
of TEC18C/474 G but reducing the RNA length from 18
to 8nt by removing 10nt from the 5 end (TECS8C,
Figure 5B). The shortening of the nascent RNA has
been shown to prevent backtracking (44). Interestingly,
elimination of backtracking dramatically enhanced
G—A error and extension of the error with the next
cognate AMP at this sequence (Figure 5C and D). The
efficiency and the rate of mismatch extension increased
4- and >10-fold, respectively, in TEC8C compared with
the original TECI8C in the presence of Mg>" or Mn*"
(Figure 5E). Thus, backtracking followed by error correc-
tion by an intrinsic RNA cleavage represents a major
mechanism for control of the G—A error at the 474 G
site during processive transcription. The slow rate of the
intrinsic cleavage at the 474 G site indicated that a sub-
stantial fraction of the 3’'RNA misincorporation are not
able to propagate to the full-length transcript due to back-
track pausing of RNAP after misincorporation. Applying
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the RNA-seq to nascent transcripts, isolated from back-
tracked elongation complexes of RNAP containing a 3’
error, by the previously established NET-seq method
warrants addressing the effect of mismatch extension on
the detected error rates (61).

Error rate depends on the nucleotide at the 3’ end of the
transcript

We noted that not all short A/T tracts followed by a 3’
guanine residue identified by the RNA-seq exhibit low
frequency of G— A errors, suggesting that high propensity
for backtracking may not be the only parameter to control
transcription fidelity (12). In search of another fidelity par-
ameter embedded into sequence context, we aligned the
sequences surrounding the G— A sites composed of the
top 10% of the either lowest or highest error rate group,
each of which was displayed by sequence logo (62,63).
This analysis revealed a strong preference for adenine in
n — 1 position for the low error rate sites and cytosine in
the same position for high error rate sites when n is a
position for the error (Figure 6A). This analysis also
revealed sequence preferences for n—1 and n—2 DNA pos-
itions for the other types of transition errors
(Supplementary Figure S4).

Next, we tested if a residue in the DNA or the RNA
in n—1 position affects RNAP misincorporation rate.
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Figure 6. A 3’ residue in the nascent transcript determines the G— A error rate. (A) DNA logo derived from a sequence alignment around the dG
residues coding for the low or high G—A error rate. Top lowest 10% (left) and top highest 10% (right) of all G—A error rates (<1 x 107>) averaged
by five different RNA preparations are used for the analysis. The residue frequencies from n—2 to n+1 (G—A error occurs at n site) were plotted
with WebLogo (63). Y-axis is not shown as typical log base 2, but it represents the actual number to depict the residue types. (B) DNA/RNA
scaffold for testing the effect of dC—dA substitution in the n — 1 site of DNA. TECISC (n—1 = C) and TECI8A (n—1 = A) on the 474 G sequence
are shown. (C) Biochemical G— A error rates in TECI8C or 18 A as determined by NTP competition assay (see text for more details) (64,65). (D)
Time course of AMP misincorporation for GMP in TECI8C or TECI8A. The curves represent the double exponential (TEC18C) or single expo-
nential (TECI8A) fit of the data; apparent rate constants (k) are shown. The slower misincorporation rate obtained from the double-exponential
fitting curve for TEC18C data was related to the intrinsic cleavage of 3’ RNA in this complex.
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We used a previously developed NTP competition assay
monitoring a single NMP misincorporation in the
presence of a mixture of a cognate and noncognate NTP
(64,65). We compared the G— A error rates in TEC18C/
474G and TEC18A/474 G carrying C18 (n—1)—A sub-
stitution in DNA (Figure 6B, C and Supplementary
Figure S5 A-C). As predicted by the sequence logo
(Figure 6A), the C18 (n—1)—A substitution decreased
the biochemical G19—A error rate in both Mg>" and
Mn*" on 474G sequence (Figure 6C) without affecting
RNAP backtracking and intrinsic transcript cleavage
(Supplementary Figure S5 D and E). The n— 1 mutation
also caused a 10-fold reduction of the rate of G19—A
transcription error in a single AMP misincorporation
assay lacking the cognate GTP (Figure 6D)
Interestingly, the n—1 mutation stimulated AMP
misincorporation without a strong effect on the cognate
GMP incorporation (data not shown). This difference
suggests that a chemical nature of the 3’ RNA-DNA
base pair plays a major role in binding or addition of a
noncognate NTP with only minor contribution to the
same processes with a cognate substrate.

DISCUSSION

Our work provides the first evidence that RNA-seq can
assess physiological transcription error rates even in the
presence of artifact errors. We directly detected changes in
the transition-error rates in the range of 4x 107> to
3x 107 b~ (Figures 2 and 3). These limits identify a
lower baseline of the standard transition-error rates at
107> order or less. Our findings that GreA/B increases
the fidelity of processive transcription in vitro to a level
of the fidelity in vivo (Figures 2 and 3) provide an ample
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opportunity for application of the RNA-seq for evalu-
ation of transition-type transcription errors in E. coli
cells harboring viable greAd/greB deletions, mutations in
RNAP subunit that reduce fidelity in vitro (19,66) and in
the wild-type cells under different growth conditions
including biological stresses/DNA damages (25,67).
Although we did not detect any obvious hotspots (29)
for the RNAP errors within the tested sequence, our
results do not exclude that these hotspots exist genome-
wide. The transversion errors by RNAP seem to occur
with lower rates than transitions hindering their detec-
tion by the RNA-seq (Supplementary Figure S6).
The transversions appear to favor conversion to thymine
or adenine rather than to cytosine or guanine
(Supplementary Figure S6), suggesting that RNAP has
preferences for transversion errors that are similar to RT
and/or DNAP.

Although transcription fidelity has been extensively
studied by a single NMP incorporation in elongation
complexes deprived of NTP substrates, the mechanism
of fidelity control during processive transcription awaits
development of an appropriate methodology. Our new
approach that combines RNA-seq and biochemical
analyses of transcription errors propagating to the full-
length RNA revealed two sequence-specific mechanisms
used during processive transcription under physiological
NTPs concentration: (i) NTP selection related to the
chemical nature of DNA—RNA base pair immediately
upstream from the error site, and (ii) postincorporation
error correction by the intrinsic transcript cleavage in
the backtracked RNAP (Figure 7). A recent biochemical
study suggested that a noncognate NTP is rejected from
RNAP by formation of a stressed sugar—phosphate
backbone in the template DNA strand, which involves
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Figure 7. Multiple pathways for control of RNAP fidelity. Transcription error rate is determined by the 3’ RNA-DNA base pair in TEC
(preincorporation substrate selection) and by backtracking propensity of RNAP (postincorporation proofreading). The 3’ RNA-DNA base pair
controls misincorporation rate of a noncognate substrate (indicated by an asterisk). The DNA sequences such as A/T-rich tracts and protein factors
that promote backtracking increase fidelity by decreasing extension of the 3" RNA error with the next cognate NMP (shaded). The error is corrected
by the intrinsic or Gre-assisted transcript cleavage in backtacked TEC. The irreversible backtrack arrest of TEC carrying the 3’ RNA error may
derive from the inefficient transcript cleavage in the backtracked complex (the dead-end pathway).
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angling of a 3 RNA-DNA base pair to align the NTP for
catalysis (16). The authors argued that the angling may
weaken stacking of the 3’ base pair and ribose contacts
with a noncognate N'TP to induce its preferential rejection
from the active center without a significant effect on the
properly paired cognate NTP. We speculate that 3’ rA-dT
and 3’ rC-dG base pairs could have an unequal stacking
potential to differently affect the noncognate NTP rejec-
tion. Further analysis is warranted for generalizing this
sequence-specific mechanism for the NTP selection.
When the preincorporation NTP selection fails, the
enhanced backtracking that interferes with an extension
of the 3% RNA mismatch provides an additional time to
proofread the error by RNA cleavage. In this scenario,
trans-acting factors that promote backtracking like
DNA-bound proteins or nucleosomes may increase
fidelity, whereas factors that interfere with backtracking
like trailing RNAP, ribosomes (in prokaryotes) or second-
ary structure in the nascent RNA may decrease fidelity.

In eukaryotic transcription, Nesser et al. previously
analyzed transcription errors throughout ~450-bp
cDNA of CANI transcript in yeast by Sanger seguencing
(9). Their work reported a much higher 1.3 x 10~ "/bp rate
of substitutions compared to the rate observed for E. coli
RNAP in our study and the rates determined for yeast
RNAP II in vitro (17). The authors claimed transcription
rather than an artificial origin of these errors by showing
that the rate was increased to 1.7 x 107%/bp in the mutant
cell lacking Rpb9 subunit of RNAP II. Rpb9 is linked to
transcription fidelity based on the results of in vitro
misincorporation assays (49). Surprisingly, deletion of
yeast DSTI gene coding for RNA proofreading factor
TFIIS (GreA/B analog) had almost no effect on the
error rate in vivo (9). Once again, this result was different
from our observation of a major impact of GreA/B
proteins on transcription fidelity in E. coli. A source of
these differences requires additional investigation.

The future application of the RNA-seq will allow moni-
toring genome-wide transcription fidelity under different
growth conditions and in different cell types. Would 10°
read depth (instead of 10° read depth used here) that
covers 107> b™' frequency be sufficient for detection of
changes in transition-type transcription errors? This
depth reduction could allow determination of fidelity
against ~10° bases of transcriptome by a single Illumina
sequencing analysis and lead to a significant cost reduc-
tion. We positively answer this question by showing that,
for a voluntarily chosen position 578 of the rpoBC tran-
script, G—A transition-error rate was not significantly
affected by a 10-fold decrease of the depth to 2 x 10°
(Supplementary Figure S7). At this reduced depth, we suc-
cessfully detected the responses of the error rates to Mn>*
and GreA/B in vitro. Thus, the 10° read depth appears to
be sufficient to assess increases in transition errors from
the basal level across an entire transcriptome with caution
that the sensitivity to transcription error is varied by
mRNA levels among different genes. Another potential
issue for the genome-wide RNA-seq is the additional
PCR cycles and barcoding bias (68), accompanied by the
adapter ligation to cDNA during the library preparation.
Our cDNA preparation included 11 cycles of PCR for the

in vitro transcription samples and 16 cycles for the in vivo
sample. However, we found that the in vivo sample had
significantly lower G—A and T(U)—C errors than the
standard (Mg>") in vitro sample, indicating no significant
contribution of the PCR artifacts to the types of transcrip-
tion errors detected in this work (Figure 3 and
Supplementary Figure S2). This suggests that such an
increase in the PCR cycles appeared not to dilute tran-
scription errors beyond the detection limit. Our data
also clearly indicate that the most significant technical im-
provement allowing reduction of the artifact transition
errors in the Illumina platform is a suppression of the
errors during the second read of the paired-end
sequencing, which typically occur with >3 x 10~* b~ fre-
quency (Figure 1D). The tag-based method (25-27) and
overlapping read pairs method (30) have a strong poten-
tial in identification of the sequencing errors. Additional
improvement of the RNA-seq bioinformatics has the po-
tential to discriminate between transcription frame-shift
errors (not analyzed in this work) and insertion/deletions
artifacts associated with the Illumina platform and
reads mapping. This approach may enable detection of
physiologically relevant transcription slippage at short
homopolymeric tracts and dinucleotide repeats broadly
present in transcribed genes and contributing to
slippage-associated diseases in humans (23,69).

It is worth mentioning that transcription errors at 10>
error rate may have a deleterious effect on genome stabil-
ity by inducing a prolonged stalling of RNAP at multiple
sites across >10°bp transcribed region in a genome. The
irreversibly arrested TEC should block DNA replication
and subsequent rounds of transcription leading to double-
strand DNA breaks and cessations of gene expression
(64,70). The prolonged RNAP stalling is exemplified by
almost irreversible loss of RNAP catalytic activity after an
NMP misincorporation to TECIS, which was not
accompanied by dissociation of RNAP from DNA
(Figure 5). This mechanism is different from the previ-
ously proposed production of toxic proteins due to tran-
scription errors, which requires an assumption that error
rate of transcription is comparable with that of transla-
tion. Transcription misreading may have an impact on
cell physiology comparable with translation misread-
ing owing to multi-round translation of an erroncous
mRNA molecule.
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