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ABSTRACT

Although reverse-transcriptase (RT) enzymes are
critical reagents for research and biotechnology,
their mechanical properties are not well understood.
In particular, we know little about their relative speed
and response to structural obstacles in the template.
Commercial retroviral RTs stop at many positions
along mixed sequence templates, resulting in trun-
cated cDNA products that complicate downstream
analysis. By contrast, group II intron-encoded RTs
appear to copy long RNAs with high processivity
and minimal stops. However, their speed, consis-
tency and pausing behavior have not been explored.
Here, we analyze RT velocity as the enzyme moves
through heterogeneous sequences and structures
that are embedded within a long noncoding RNA
transcript. We observe that heterogeneities in the
template are highly disruptive to primer extension
by retroviral RTs. However, sequence composition
and template structure have negligible effects on be-
havior of group II intron RTs, such as MarathonRT
(MRT). Indeed, MRT copies long RNAs in a single
pass, and displays synchronized primer extension at
a constant speed of 25 nt/sec. In addition, it passes
through stable RNA structural motifs without pertur-
bation of velocity. Taken together, the results demon-
strate that consistent, robust translocative behavior
is a hallmark of group II intron-encoded RTs, some
of which operate at high velocity.

INTRODUCTION

Accurate, end-to-end reverse transcription is required for
faithful copying of RNA into cDNA molecules. Despite the

critical importance of this reaction in biotechnology and
medicine, the speed and behavior of reverse transcriptase
(RT) enzymes on mixed sequence RNA templates have not
been extensively characterized, particularly for new fami-
lies of RT enzyme with altered properties, such as enhanced
processivity. Conventional RT enzymes (such as the Su-
perScript series) are primarily derived from retroviral RTs,
and these tend to pause or stop upon encountering certain
types of RNA sequences, such as repeats (1), and when con-
fronted with stable secondary structures, such as RNA hair-
pins (2). In these cases, the reported duration of pausing is
not uniform, as it can range from seconds to minutes (3).
This behavior can confound the interpretation of sequenc-
ing data and it can prevent analysis of long templates, or
templates containing short regions of stable RNA structure.

In addition to the challenges posed by the diversity of
RNA templates, the actual speed along an RNA template
at which RT enzymes move and copy RNA are not well
known. However, in the few instances in which the RT speed
has been characterized, it can be context-dependent. For
example, the R2 RT has a maximal speed of 29 ± 9 nt/s
on poly(rA) templates, but the speed reduces to 7 nt/s on
templates with heterogeneous sequences (4). In that case,
apparent pausing events cause the accumulation of trun-
cation products throughout the template. Similar behavior
has been reported for AMV (avian myeloblastosis virus) RT
(4). Other factors known to impact RT velocity and effi-
ciency include instability of the protein enzyme itself (4).
Given the diversity of RNA transcripts that are routinely
sequenced with RT enzymes, and the varied types of ex-
perimental applications, it is important to develop a clear
understanding of the kinetic properties and limitations of
these enzymes. Here we analyze the template-dependent
speed of RT enzymes, focusing on group II intron-encoded
RTs. We examine their responses to barriers in the RNA
template, and we compare these properties to a conven-
tional retroviral RT enzyme.
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MarathonRT (MRT) is a structurally characterized RT
that is encoded within a eubacterial group II intron (5),
where it is required for reverse-transcribing intron RNA
into DNA during retrohoming (6). Group II introns are
self-splicing ribozymes (7,8) with compact, tightly folded
structures. To address the challenges presented by this sta-
ble template, group II introns have evolved specialized RT
enzymes capable of disrupting the secondary and tertiary
structures within the intron core, enabling them to copy and
propagate themselves as retroelements. Group II intron RTs
have acquired specialized structural elements that confer ex-
ceptionally high processivity and which enable these RTs
to unwind stable RNA structures in their path (9,10). The
structure and sequence of group II intron-encoded RTs are
distinct from retroviral RTs, having more in common with
viral RNA-dependent RNA polymerases (5,11).

In this study, we report the length-dependent velocity and
homogeneity of MRT and other RT enzymes in the presence
of diverse heterogeneous templates, some of which have
been engineered to contain stable structural elements that
explicitly test the ‘power’ of the enzyme to pass through sta-
ble barriers. We show that MRT carries out synchronized,
single-pass primer extension of highly structured templates
at a constant speed of 25 nt/s, regardless of position along
the RNA template, and it can pass through a diversity of
stable RNA substructures without pausing or even slowing
down. We find that a related group II intron RT can also tra-
verse stable barriers within the templates, but it has a differ-
ent intrinsic velocity. This robust behavior of group II intron
RTs contrasts with that of commercially optimized retro-
viral RNA enzymes, which have low processivity, and are
blocked upon encounter with stable RNA template struc-
tures.

MATERIALS AND METHODS

The RT enzymes used in this work

MRT is a group II intron encoded RT derived from Eu-
bacterium rectale (5). It was overexpressed and purified
to homogeneity as described previously (12). TGIRT, a
thermostable group II intron encoded RT derived from
Geobacillus stearothermophilus (13), was purchased from
InGex.com. SuperScript IV is a highly optimized RT de-
rived from Moloney Mouse Leukemia Virus (MMLV RT),
purchased from Thermo Fisher. The optimal reaction tem-
peratures for MRT, TGIRT and SuperScript IV are 42◦C,
60◦C and 55◦C respectively. Since the definition of enzyme
unit varies for each RT, we provided molar concentration
for MRT and TGIRT in the assays. For SSIV, molar con-
centration is not available, therefore we use the manufac-
turer suggested enzyme units for each assay.

Reverse transcription assays

The basic RNA template used for this assay is the HOTAIR
lincRNA (2148 nt), which was prepared by in vitro tran-
scription (14). The 5′-end of the RT primer (Supplemen-
tary Table S1) was labeled with either 32P using T4 polynu-
cleotide kinase or with a FAM fluorophore during DNA
synthesis. To anneal the primer to HOTAIR RNA, 2 �l
of 1 �M primer and 4 �l of 1 �M HOTAIR RNA were

mixed, heated to 95◦C for 45 seconds, and then cooled down
slowly to room temperature. To prepare the reactions, 500
nM MRT, 100 units SSIV or 500 nM TGIRT were mixed
with the annealed primer-template, reaction buffer and pu-
rified water (Millipore) to make a reaction volume of 19
�l. After pre-incubation of the reaction mixture at 42◦C
for 1 min to allow the RT enzymes to bind to the primer-
template, 1�l dNTP mix (10 mM each, NEB) was added
to initiate the reaction (for a 20 �l total reaction volume).
The reaction buffer for MRT contains 50 mM Tris–HCl pH
8.3, 200 mM KCl, 2 mM MgCl2, 5 mM DTT and 20% glyc-
erol, as previously optimized for MRT (12). For SSIV and
TGIRT, reaction buffers and primer extension reaction tem-
peratures (55◦C and 60◦C respectively), were employed as
directed in the manufacturer instructions. For time course
experiments, reactions were incubated for the specified re-
action times described in the text and then stopped by mix-
ing with 4 �l 10% SDS. For reverse transcription using the
HOTAIR templates containing designed RNA structures,
reactions were incubated for 5 min for MRT and SSIV and
10 min for TGIRT due to its slower intrinsic velocity. The
cDNA products were treated with 300 mM NaOH at 95◦C
for 5 min to hydrolyze the RNA templates, and then sub-
jected to electrophoresis on a 5% denaturing urea (7 M)
polyacrylamide gel. The 32P labeled gel was dried and vi-
sualized using a Typhoon FLA 9500 scanner (GE Health-
care), and the FAM-labeled gel was directly scanned by the
Typhoon FLA 9500 scanner under fluorescence channel.
Resulting data were analyzed and quantified using Quan-
tityOne software (Bio-Rad).

Single-cycle reverse transcription assay

HOTAIR RNA and 5′-FAM labeled RT primer (Supple-
mentary Table S1) were used as the substrate in the single-
cycle reverse transcription reactions. To determine the op-
timal trap for the single-cycle reaction, various molecules
were tested, including (1) RNA1 and (2) RNA2, two 50-nt
RNA oligos derived from HOTAIR, (3) ssDNA containing
a 2′-3′-dideoxycytidine at the 3′-end, (4) RNA1 annealed
with unlabeled RT primer, (5) heparin and (6) HOTAIR
RNA annealed with unlabeled RT primer (Supplementary
Table S1).

The single-cycle reaction procedure was carried out as de-
scribed previously (10). In brief, 100 nM HOTAIR was an-
nealed with FAM-labeled RT primer in 1:1 ratio and heated
to 95◦C for 1 min, followed by cooling on ice for 10 min.
The annealed primer–template was then incubated with 400
nM MRT in a reaction buffer (50 mM Tris–HCl pH 8.3,
200 mM KCl, 2 mM MgCl2, 5 mM DTT and 20% glycerol)
at room temperature for 10 min and then 42◦C for 1 min.
Subsequently the dNTPs, in combination with the respec-
tive trap molecule, were added to initiate the single-cycle
reaction. The final concentration for the dNTPs was 0.5
mM, and the final concentration for each of the traps was
described in the legend (Supplementary Figure S6). Single-
cycle primer extension reactions were incubated at 42◦C for
1 min and stopped by SDS. For the time-course experiment,
RNA1 at a final concentration of 6 �M was used as the
trap, and the reactions were carried out for 10–90 s as spec-
ified in the text. Reactions were stopped with the addition
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of SDS and analyzed by denaturing polyacrylamide gel as
described.

Cloning of stable RNA structural motifs into the HOTAIR
sequence

The RNA structural motifs were inserted into the sequence
of HOTAIR RNA between position 1512 and 1513, be-
tween Domain 3 and 4 (14). The DNA fragments encoding
these RNA structures were inserted into HOTAIR gene us-
ing the seamless cloning approach provided by Gibson As-
sembly (New England Biolabs). See Supplementary Table
S2 for the inserted sequences.

Oxford Nanopore Sequencing Library prep and data analysis

Reverse transcription was done with MRT as described
above and cDNA:RNA duplex products were purified by
ethanol precipitation. For each sample, ∼100 fmol of puri-
fied cDNA:RNA duplex was subject to second strand syn-
thesis using NEBNext Double Stranded cDNA Synthesis
Kit (New England Biolabs), following manufacturer’s pro-
tocol. Subsequently, double stranded DNA products were
prepared for Nanopore sequencing using Oxford Nanopore
Ligation Sequencing Kit and Native Barcoding according
to manufacturer’s protocol. A unique barcode was used for
each sample. Final libraries were pooled and sequenced on
a FLO-MIN106, R9.4.1 flow cell in a MinION device, using
MinKNOW software v. 19.12.5 for device control and data
collection. Output was base-called using Guppy (v2.2.3, de-
fault settings) (15). The resulting fastq files were filtered to
remove adapters (internal or end adapters) using Porechop
0.2.4 (default settings, https://github.com/rrwick/Porechop)
and aligned to the reference sequence using ngmlr 0.2.7
with the parameter for Oxford Nanopore reads, -x ont (16).
Thereafter a custom python script (see supplementary data)
was used to determine the cDNA lengths.

Illumina sequencing and determination of reverse transcrip-
tion stops

Briefly, reverse transcription was performed with MRT,
TGIRT and SSIV at 42◦C, 60◦C and 55◦C for 5, 10 and 5
min, respectively as described. Four RT primers were used
to cover the entire length of the GCSL HOTAIR template
(Supplementary Table S1). cDNA products were purified
using AMPure XP beads by adding 1.2x bead to sample
ratio according to manufacturer’s protocol. Thereafter the
cDNA was 3′ adapter (Supplementary Table S1) ligated us-
ing T4 RNA Ligase 1 (NEB) by mixing 8 �l of cDNA with
0.2 �l of 50 �M 3′ adaptor, 1 �l of 10 mM ATP, 2 �l of
T4 RNA Ligase buffer, 8 �l of 50% PEG 8000. The mix-
ture was incubated at 25◦C for 16 h, followed by enzyme de-
activation at 65◦C for 15 min. Ligated products were then
cleaned with AMPure XP beads by adding 1.2× bead to
sample ratio. The resulting products were PCR amplified
5–9 cycles with Q5 DNA polymerase (NEB) using Illumina
TruSeq forward primer and indexed reverse primers (NEB-
Next multiplex oligos), with cycles of 98◦C, 10 s; 62◦C, 30
s; 72◦C, 60 s. Multiplexed sequencing libraries were pooled
and sequenced using a NextSeq 500/550 platform using a
150 mid output kit.

FASTQ files were trimmed with Cutadapt (v3.2) to re-
move Illumina adaptor sequences and aligned to the GCSL
template with HISAT2 (v2.1.0). The stop information
was extracted with software RTEventsCounter.py (https:
//github.com/wyppeter/RTEventsCounter) (17). To reduce
the inherent bias that is introduced by clustering long li-
braries on an Illumina Next-Seq flow cell, we utilized band
densitometry to calculate the fraction of cDNA extension
reactions that stopped prematurely due to the presence of
the GCSL (Fstop). The intensity corresponding to the GCSL
stop site and that of longer extension products were calcu-
lated IGCSL, (red asterisk in Figure 4B–D) and Ireadthrough,
respectively. The fraction of cDNA population stopped due
to the GCSL structure was defined as

Fstop = IGCSL/
(
Ireadthrough + IGCSL

)

RESULTS

Monitoring MarathonRT behavior as a function of time and
template position

When RT efficiency is evaluated by users or developers for
most applications, the enzyme is incubated with primer-
template for a fixed period of time and the relative amount
of primer extension is quantified, without considering the
diverse physical processes that contribute to efficient primer
extension on a given template. This becomes problematic
when working on exceptionally long or complex templates,
as it is important to know the actual speed and constraints
on the polymerase so that one can gauge appropriate re-
action times. In addition, most templates contain at least
some short regions of stable secondary structure or repeat
sequences and it is important to know how and whether
these are traversed by the enzyme. Finally, an important
metric of efficiency are the changes in speed or processivity
that a polymerase displays during the initial, middle, and fi-
nal stages of a template-copying reaction, as this will affect
the number of times each base being copied as a function of
position. To evaluate all of these attributes, we developed a
method for monitoring the behavior of RT enzymes in real
time as they travel along a test template.

Specifically, reverse transcription was initiated from a
32P- or fluorophore-labeled primer that had been annealed
to a long RNA template containing diverse sequences and
secondary structures. After incubation of RT enzyme with
primer-template, the primer extension reaction was initiated
with a rapid pulse of dNTPs. The reaction was stopped at a
series of short time intervals (Figure 1A) and the products
were evaluated by electrophoresis or nanopore sequencing.
The cDNA lengths produced at each reaction time were
determined by comparison with DNA size markers. Af-
ter plotting cDNA length against reaction time, one can
gauge the relative synchrony of the RT population, visual-
ize pauses and stops of subpopulations along the path and
determine global and local velocity by linear regression. For
our studies, it was important to select an RNA template
that was long enough for monitoring the progression of ex-
tending primers over time, but short enough to be analyzed
on a high-resolution polyacrylamide gel. Based on the cal-
culated velocities of other single-chain polymerases, we hy-
pothesized that RT velocity would be lower than 50 nt/sec

https://github.com/rrwick/Porechop
https://github.com/wyppeter/RTEventsCounter
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Figure 1. High-resolution time course experiment to monitor the primer
extension progress of MRT. (A) Overview of the primer extension time
course experiment. MRT that was extending the 32P-labeled primer along
the 2148-nt HOTAIR RNA template was stopped at the indicated reaction
times in 5-sec increments until it reached the end of the template. (B) Elec-
trophoresis analysis of the cDNA products generated in the time-course
experiment on a denaturing polyacrylamide gel. The full-length cDNA is
1883 nt. (C) Plotting of cDNA length against reaction time to calculate
the velocity for MRT. The cDNA length was estimated by comparing with
DNA size markers. The average length for each cDNA sample was cal-
culated based on three replicates. The error bar for each time points rep-
resents standard deviation. The velocity was determined to be 25.1 ± 1.1
nt/s.

(4,18). To meet these objectives, we chose a 2148-nt lncRNA
known as HOTAIR (HOX transcript antisense RNA) as the
template, as this would provide a window of at least 40 sec-
onds for actively monitoring primer extension. In addition
to being a long RNA, HOTAIR contains heterogeneities in
sequence and structure that might be expected to provide
insights into RT response. The HOTAIR secondary struc-
ture has been determined (14), it contains several repeat se-
quences, and its local GC content varies significantly across
the template with a gradual decrease from 5′- to 3′-end (Sup-
plementary Figure S1). Primer extension along HOTAIR
provides an opportunity to closely examine the behavior of
MRT and other RTs under a diverse set of natural condi-
tions.

Given that the time points were necessarily fast in this
experiment, it was essential to develop a method for rapidly
inactivating the actively translocating enzymes. We tested
rapid heating and fast mixing of SDS to the reactions, fi-
nally settling on an SDS quench method for terminating
active reverse-transcription. To monitor time courses con-
sistently, each reverse transcription reaction was monitored
individually at a series of fast reaction times (see Materials
and Methods).

Remarkably, time-courses of MRT primer extension re-
vealed a number of unexpected behaviors. First, the popu-
lation of advancing enzymes was observed to be highly syn-
chronized (Figure 1B), migrating as single large population
through time after initiation of reaction. Second, this syn-
chronized population of primer extension complexes was
maintained throughout the course of reaction, suggesting
that enzyme functional properties are not deteriorating or
changing with time (Figure 1B). Perhaps most interesting is
that the front of advancing enzymes appears to move at the
same speed along the entire template (Figure 1C). Given the
synchrony and homogeneity of behavior of this enzyme, it
became evident that we could utilize this method to calcu-
late the velocity of MRT, and to evaluate whether the rela-
tive speed changes with time or position on the template.

Determining the velocity of MarathonRT and related en-
zymes

To determine the velocity of MRT, we plotted the average
length of radiolabeled cDNA products as a function of re-
action time (Figure 1C), resulting in an overall speed of 25
± 1.1 nt/s. Remarkably, the velocity plot is perfectly lin-
ear throughout the course of reaction, which indicates that
MRT moves at constant speed and that activity is not dimin-
ished at later stages of the reaction. In addition, the popu-
lation of extending primers at the front does not diminish
as it moves along the template (Supplementary Figure S2),
which would otherwise occur with retroviral RTs, caused by
frequent premature stops. The end-to-end, unbiased reverse
transcription of a long RNA template with MRT has im-
portant implications for homogeneity of read depth in RNA
sequencing experiments. To examine this phenomenon us-
ing an orthogonal method that would enable us to eval-
uate the resulting cDNA products more quantitatively in
downstream nanopore experiments, we repeated the time-
resolved extension reaction using primers labeled with 5′-
FAM (5′-carboxyfluorescein), resulting in a MRT velocity
of 25.4 nt/s (Supplementary Figure S3). This confirms the
absolute value for the speed of MRT and shows that 5′-
fluorescent labelling of the primer does not affect efficiency
of the extension reaction. Again, it is striking that, with
both types of labeled primers, linear regression of the re-
sulting velocity plot reveals that the speed of MRT is com-
pletely constant across the full length of the template (r2 >
0.98) (Figure 1C and Supplementary Figure S3).

The constant speed of MRT in this context is particu-
larly significant given that HOTAIR is structurally com-
plex, containing local regions of stable secondary struc-
ture and repetitive sequences (14). Most polymerases pause,
stall or stutter at template heterogeneities (3,18), and it was
therefore remarkable that MRT not only shows minimal
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stops, but it does not even slow down upon encountering
with any of the substructures within the HOTAIR template
and there is no decrease in activity after traveling ∼1900
nucleotides along the expanse of HOTAIR. This behav-
ior indicates that MRT can disrupt base pairs and other
RNA-RNA interactions within the structure of HOTAIR
and that this process of template smoothing never becomes
rate-limiting for the reaction, implying that some other step,
such as translocation, is rate-limiting. In addition, the re-
sults indicate that the enzyme is stable under the reaction
conditions used for the study.

This behavior is in sharp contrast with the apparent be-
havior of retroviral RTs, which are obstructed by certain
sequences and secondary structures during primer exten-
sion, displaying pauses, stops or bursts of dissociation at
different types of template heterogeneities (19,20). To di-
rectly compare the behavior of MRT with other types of
RTs, we first performed a time-course experiment for the
commonly-used retroviral RT SuperScript IV (SSIV, de-
rived from MMLV RT) and we observed that the primer
extension was dominated by multiple premature stops that
prevented most of the extending primers from reaching
the end of the template (Supplementary Figure S4). Due
to this behavior, and the fact that it is a distributive en-
zyme that does not function under single-cycle conditions
(in which the same enzyme completes cDNA synthesis from
end-to-end) (10), it was not possible to estimate the speed
of SSIV. We then examined the behavior of another group
II intron-encoded RT, TGIRT (thermostable group II in-
tron RT). Time courses of TGIRT primer extension reflect
continuous extension that is similar in many ways to that
of MRT, although TGIRT proceeds at slower speeds un-
der its optimal reaction conditions (4.4 nt/s, Supplemen-
tary Figure S5). These results are consistent with the sugges-
tion that group II intron-encoded RTs have evolved to effi-
ciently disrupt RNA template structures (10,13), although
their basal rates of primer extension can differ, with impli-
cations for the timeframe needed to copy kilobase-length
transcripts.

Monitoring and profiling MarathonRT velocity with
nanopore sequencing

While electrophoresis is a rapid method to determine cDNA
distributions and velocity, the calculated sizes are limited to
resolution on the gels. Therefore, we wanted to use an or-
thogonal approach to estimate distribution of cDNA prod-
ucts at the reaction time points. Due to the large size of the
RNA, we utilized Oxford Nanopore sequencing, a method
that allowed us to use a single RT primer for sequencing the
various length cDNAs at all time points. While we cannot
determine single nucleotide resolution with precision, we
were able to sequence individual cDNAs produced at each
time point which allowed us to obtain distribution plots for
the products (Figure 2A). Upon inspection of the curves, we
saw a similar synchronized population of primer extended
cDNA products over time. Though the amplitude of the
curves decreases over time, this is attributable to biases in
nanopore library construction and sequencing. Moreover,
while some degree of desynchronization can be happening

there is minimal loss of elongating products as the final 70
sec peak amplitude is similar to that of the initial starting
product.

To determine elongation velocity from the global
nanopore data, we calculated the distribution peak max-
imums at each time point and subsequently plotted these
values against reaction time. Notably the calculated veloc-
ity by sequencing, 26.6 nt/s (Figure 2B), matched well with
the calculated velocity by electrophoresis, 25.4 nt/s. Over-
all, utilizing each method confirms the consistency and ac-
curacy of the velocity for MRT.

Analyzing the synchronized primer extension under single-
cycle conditions

During the velocity experiments described above, an excess
of MRT enzyme was used to carry out the reactions, which
is classically defined as a ‘multiple-cycle reaction condition’.
This condition is typical for routine primer extension reac-
tions using reverse transcriptases (12,13). The shortcoming
of this experimental condition is that one cannot monitor
the speed or product length from a single molecule of en-
zyme, as the excess RT enables a second molecule of enzyme
to bind at premature terminations and continue the primer
extension. Multiple-cycle conditions are actually essential
for the activity of distributive retroviral RT enzymes (such
as the SuperScript series), as they require multiple enzymes
to carry out a single copying event (10,12). By contrast,
single-cycle conditions are required to determine if the syn-
chronized pattern we observe for MRT is the macroscopic
observation of a large group of enzyme molecules that are
uniformly and continuously extending the primers, without
a pause, stop, dissociation or reassociation event that would
disrupt the continuity of primer extension and thus result in
desynchronization.

To determine if the velocity we calculated is for a single
MRT molecule copying in a single pass, we evaluated the
velocity of MRT under single-cycle conditions, in which an
excess of trap was added upon initiation of primer exten-
sion as described previously (see Materials and Methods)
(10). Before initiating the study, we screened a diverse set of
traps (see Materials and Methods) and found that a 50-nt
RNA oligonucleotide derived from the 3′-end of HOTAIR
effectively prevents reassociation of the RT but does not de-
crease the velocity of MRT. Effectiveness of the trap was
established by observing that cDNA products were not de-
tected when trap is preincubated with MRT before adding
primer-template duplex and that MRT extends the primer
to the end of HOTAIR template in one minute (Supplemen-
tary Figure S6, lanes 1 and 2). We then performed a brief
time-course experiment to determine the velocity for MRT
by using the RNA trap to force the primer extension under
single-cycle conditions. The kinetic behavior of primer ex-
tension observed under multiple-cycle conditions, including
the highly synchronized pattern of primer extension and the
constant velocity across the template, was also observed un-
der single-cycle conditions, resulting in a speed of 26 ± 3.0
nt/s (Figure 3). Thus, the synchronized primer extension by
MRT results from an ensemble of single-enzyme reactions
in which each RNA is copied in a single pass by a single
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Figure 2. Nanopore sequencing analysis of the cDNA products generated by MRT using HOTAIR template in a time course experiment. (A) Length
distribution plotting of the sequencing reads that represent the cDNA products generated at different reaction times. (B) Plotting of the average cDNA
length determined by nanopore sequencing against reaction time, fit to a linear model. MRT velocity was determined as 26.6 nt/s.

Figure 3. Analyzing primer extension progress by MRT in time course un-
der single-cycle conditions. (A) Electrophoresis analysis of time-resolved
cDNA products on a denaturing polyacrylamide gel via FAM labeling. (B)
Plotting of the average length of cDNA against reaction time. The average
velocity calculated from the three replicates is 26.2 ± 3.0 nt/s. The error
bar for each time points represents standard deviation.

molecule of enzyme. This is consistent with our previous
studies showing that MRT has a processivity coefficient of
over 30 000 nt (10).

Systematic analysis of template structures on primer exten-
sion

In the previous experiments, we used a relatively struc-
tured lncRNA (HOTAIR) as the template. The homogene-
ity of velocity along the length of this RNA suggested that
the group II intron-encoded RTs can readily unwind RNA
structures formed within the HOTAIR template. But none
of the HOTAIR substructures represent unusually difficult,
thermodynamically stable obstacles and so we wanted to
provide a more challenging test. To systematically evaluate
the ability of RT enzymes to open and copy a diversity of
stable RNA substructures, we selected a set of stable RNA
secondary and tertiary substructures as tests for the un-
winding power of the enzymes. These RNA substructures
were then imbedded into HOTAIR RNA to create chal-
lenge templates for reverse-transcription (Figure 4A). These
RNA substructures include a highly stable 12-bp GC stem
loop (GCSL) (�G = –33.32 kcal/mol), the mouse mam-
mary tumor virus (MMTV) gag-pro shift site pseudoknot
(21), Escherichia coli tRNAPhe, and Oceanobacillus iheyen-
sis group II intron (22) (Supplementary Table S2 and, il-
lustrated, Supplementary Figure S7). These structures were
inserted between HOTAIR positions 1512 and 1513, which
is the boundary that separates HOTAIR Domain 3 from 4,
to minimize the impact on the formation of the modular-
ized HOTAIR structure and the substructures themselves.
The primer used to reverse-transcribe HOTAIR RNA vari-
ants is same as that used for the previous velocity experi-
ments. In this case, RTs examined in this experiment (which
include MRT, TGIRT and SSIV) carry out primer exten-
sion for ∼370 nucleotides before encountering the inserted
RNA structure obstacles.

Overall, in the case of MRT and TGIRT, the inserted
RNA structures had minimal influence on processivity,
speed or pausing of the enzymes (Figure 4B and C). How-
ever, they had a profound impact on SSIV as there are a
multitude of stops throughout the various templates, in-
cluding known stem-loops within the HOTAIR sequence
(Figure 4D), which reflects the inherent shortcoming of this
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retroviral RT. Interestingly, the presence of the GCSL struc-
ture caused perturbation of extension by all three enzymes,
denoted by red asterisks. For MRT 8% of the extending cD-
NAs were stopped upon encountering the GCSL, whereas
for TGIRT nearly 25% stopped. In the case for SSIV, the
presence of the GCSL blocked 86% of extending cDNAs.
We calculated the velocity of MRT as it reverse-transcribes
along the GCSL template. Of the extending population that
can make it past the GCSL, we observe a normal, syn-
chronized pattern of primer extension and the same con-
stant speed observed previously for the WT template (Sup-
plementary Figure S8), suggesting that the GCSL obstacle
does not cause MRT to slow down.

Determining the exact location of the GCSL induced stop

To provide information on the physical mechanism of tem-
plate smoothing by RT enzymes, we sought to determine
the exact site of the RT stop induced by the GCSL structure
for each enzyme. To do so, we used a previously developed
method that exploits next-generation sequencing to analyze
the location of reverse transcription stops on the GCSL
HOTAIR template (17). For all three enzymes, a stop was
detected at nucleotide position 1550 (Figure 4E), although
as described above, each enzyme had a different probability
of proceeding past the stem-loop. This stop leads to a trun-
cated cDNA product of 378 nt, which agrees well with the
band size observed by electrophoresis as denoted by red as-
terisks (Figure 4B–D). This nucleotide is positioned exactly
at the base of the stem–loop, suggesting that the polymer-
ization active sites of all the three RTs can get very close to
the base of the GCSL structure before the complex is desta-
bilized.

DISCUSSION

Here, we present the first study in which the speed of
elongating RT enzymes has been continuously measured
along a long, mixed sequence template typical of cellu-
lar RNAs, with results that have important implications
for our understanding of the mechanism and implementa-
tion of these critical enzymes. Understanding the absolute
value of RT speed is particularly important when work-
ing with group II intron RTs such as MRT and TGIRT
because of their extremely high processivity, but it is also
important for applications involving the distributive retro-
viral RTs such as SSIV, which we included in a compre-
hensive comparative analysis of velocity dynamics. Given
that our approach provides positional-dependent informa-
tion on velocity, it also enabled us to monitor the behav-
ior of RT enzymes when they encounter structural obstacles
during elongation. To our knowledge, this is the first time
that structurally-defined, stable RNA structural motifs have
been systematically placed at specific sites in the path of an
elongating RT in order to evaluate the dynamical response
of the enzyme before, during and after encounter with the
obstacle. Our findings provide unexpected insights into the
types of RNA structures that block RT enzymes and, for
some of the RTs, they reveal surprisingly robust behavior
post-encounter.

Different motors, different speeds: characteristic velocities of
RT enzymes

In this study we show that the highly processive RT en-
zymes MRT and TGIRT carry out efficient primer exten-
sion at constant speeds along mixed sequence templates, al-
though the absolute values of their velocities are different
(25 nt/s and 4.4 nt/s, respectively). While both enzymes are
derived from group II encoded RTs, differences in the abso-
lute value of their speed may reflect different inherent prop-
erties of each enzyme, as they are not identical. They share
only 43% sequence identity and 62% sequence similarity.
TGIRT is derived from a thermophilic organism, and may
therefore have evolved enhanced binding affinity to RNA
template-primer to improve thermostability (23). This may
require more energy to overcome the strong interaction with
template-primer and, consequently, reduce the primer ex-
tension velocity. However, TGIRT is not a native RT en-
zyme, as it is fused to Maltose Binding Protein (MBP) to
enhance solubility, which may impact its apparent velocity
(13).

Unlike other RT enzymes, which can only be examined
under multiple-cycle conditions (10), it is possible to study
MRT under single-cycle reaction conditions in which the
enzyme cannot rebind after falling off. This enabled us to
show that, at least for MRT, individual RT are moving along
the entire template length, copying RNA as a homogeneous
population of molecules with a uniform velocity. For the
first time, this enabled us to compare an RT enzyme with the
observed velocity of other single-chain polymerases that are
processive under single-cycle conditions. One example is the
highly processive DNA polymerase �29, which carries out
primer extension on M13 ssDNA at a rate of 23.3 nt/s (1400
nt/min) (24). Other examples include the thermostable Pfu
and Deep Vent DNA polymerases, whose extension speeds
were determined to be 25 and 24 nt/s on M13 ssDNA, re-
spectively, at their optimal extension temperatures of 75◦C.
Remarkably, MRT is quite comparable in speed to these
polymerases and our results suggest that a non-obstructed
extension speed of ∼25 nt/sec is some type of ‘sweet spot’
in the efficiency of single-chain polymerases. The universal-
ity governing their rate-limiting mechanism merits further
exploration.

Mechanistic implications of constant speed

The observed kinetic behavior of MRT has important
mechanistic implications. The constant, unperturbed speed
of MRT along mixed sequence templates implies that the
enzyme behaves much like a translocative helicase, which
strips away obstacles in its path (whether its protein or
base-paired RNA/DNA). The constant velocity of the en-
zyme, regardless of position along the template, also im-
plies that the protein itself does not undergo rate-limiting
conformational sampling as it travels or encounters features
in the template, and that the active structure is highly sta-
ble, which is not surprising given the bioinformatic stabil-
ity search that was used to discover the enzyme (5). Such
properties of MRT are similar to those of the single-chain
�29 DNA polymerase, which is also a highly stable protein
that catalyzes uniform primer extension that is unperturbed
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Figure 4. Evaluating the impact of stable RNA structures on the processivity of MRT, TGIRT and SuperScript IV. (A) Schematic overview showing each
of the stable RNA structures (red) that were inserted at the same position between Domain 3 and 4 of HOTAIR RNA. The RT primer was annealed at
the 3′-end of the templates for extension by each of the three RT enzymes. The inserted RNA structures included an ultra-stable 12-bp GC stem loop
(GCSL), an MMTV frame-shift site pseudoknot (MMTV PS), an E. coli tRNAPhe (Ec tRNAPhe), and an O.i. group II intron (Oi Gp II). Electrophoretic
analyses of cDNA products generated by (B) MRT, (C) TGIRT and (D) SSIV from wild-type HOTAIR RNA (HOTAIR) and the HOTAIR variants. The
prematurely terminated cDNA products induced by the GCSL are denoted by red asterisks. (E) Secondary structure of the GCSL stem loop (red), with
an insert to display the Fstop of 0.08, 0.26 and 0.86 for MRT, TGIRT and SSIV, respectively (see Materials and Methods).

by template heterogeneity (24). During the course of evolu-
tion, both enzymes appear to have acquired additional do-
mains that facilitate consistent, processive primer extension
(10,25), although these domains differ in apparent struc-
ture. The efficient and consistent kinetic behavior of MRT
probably stems from the fact that it is a component of a ge-
netic parasite that evolved to function in foreign cellular en-
vironments with diverse conditions and template structures.
Fitness of mobile elements like group II intron RTs requires
that they are self-contained and unperturbed by the host en-
vironment.

Practical implications of RT enzyme speed

The specific velocity of an RT enzyme has important prac-
tical implications for its use during primer extension reac-
tions and its application as a biotechnological tool. Our
findings demonstrate that, even for the most processive RTs
available, one must be cognizant of the inherent enzyme
velocity when planning primer extension experiments, par-
ticularly when performing reactions on templates that are
kilobases in length. This is important because viral RNA
genomes, long noncoding RNAs and full-length mRNAs
are the focus of intense current research, and many of
these transcripts are often very long, exceeding kilobases in
length. Given the velocities we have measured, the reaction
time for a 10kb template would be at least 7 min for end-
to-end coverage by MRT at 42◦C and 40 min for TGIRT at
60◦C. Furthermore, while most reverse transcription pro-
tocols suggest an incubation of 1 hour at the optimal re-
action temperature our data suggests one can significantly
reduce this time for MRT, which streamlines long, mul-
tistep protocols. Additionally, MRT functions under mild

reaction conditions, with an optimal reaction temperature
of 42ºC for full activity whereas for TGIRT, the optimal
reaction temperature is 60ºC. A recent study has shown
that RNA is relatively stable at 45ºC (depending on mag-
nesium ion concentration and pH), but the rate of degrada-
tion increases by nearly 10-fold at 60ºC (26). Using MRT at
42◦C and a shorter incubation period will reduce the time
the RNA is exposed to high temperatures and be subject
to template breakage. Thus, the speed of a given enzyme
and the incubation temperature impacts the feasibility of
specific experiments, particularly when working with long
RNA molecules.

Speed bumps and roadblocks: what happens when RT en-
zymes collide with obstacles?

Naturally-occurring RNAs contain a multitude of mixed
nucleotide sequences, including repeat sequences and re-
gions of stable RNA structure. While previous studies sug-
gest that template secondary structures can induce prema-
ture RT stops, a systematic characterization of RT response
to different types of RNA structural states and obstacles
has never been done until now. To address this issue, we
designed a series of stable ‘challenge structures’ (ranging
from stable RNA stems to entire tertiary structures) and
then created a set of ‘test templates’, in which we imbedded
each ‘challenge structure’ at the same position in the cen-
ter of a long RNA template, placing them well in the path
of the elongating polymerase (Figure 4A and Supplemen-
tary Figure S7). Specifically, the primer binding site was lo-
cated ∼370 nt away from the challenge structure, enabling
us to observe behavior of the elongating RT as it encoun-
ters each different type of obstacle. This design considera-
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tion is important, as previous studies of RT/template in-
teractions involved the analysis of RNA stems that were
incorporated into very short templates, immediately adja-
cent to the RT initiation site (27). Such a design may con-
found interpretation of RT behavior by influencing the ear-
liest stages of productive initiation and preventing the en-
zyme from ‘revving up’ and running unperturbed in con-
tinuous elongation mode. Having created our novel series of
test templates, we then initiated primer extension with the
various families of RT enzyme and compared their relative
behaviors.

We observe that engineered template structures have min-
imal impact on the group II intron encoded RTs (MRT and
TGIRT), but they block even the most highly optimized
retroviral RT (SSIV). Surprisingly, the obstacle that caused
the biggest disruption to the RTs in this study was not the
imbedded tRNA or an intact group II intron, but a rela-
tively small stem-loop that is rich in G-C pairs (GCSL).
To obtain a better understanding of where the RT enzymes
stop relative to the position of the stem loop, we utilized
a high-throughput, single nucleotide resolution approach
to determine exact stop sites induced by the GSCL for all
three RT enzymes (17). The majority of group II intron
RT molecules pass through the GCSL and copy it success-
fully, but a small population is stopped by this substruc-
ture. By contrast, almost the entire population of SSIV is
blocked by the GCSL. For all stops observed at the GCSL,
all three RTs synthesize cDNA right up to the basal po-
sition of the GCSL stem before stopping. It is therefore
clear that the GCSL loop passes through the entry tunnel
of all these polymerases, but once inside the enzyme, the
GCSL seems to become stuck. This suggests that certain
stable RNA motifs may have shapes or characteristics that
lodges them unproductively inside the enzyme in a confor-
mation that obstructs or inhibits processive translocation,
and thereby causes stops. Previous single molecule stud-
ies with retroviral RTs have shown that, upon encounter-
ing template structures, polymerization is dominated by fre-
quent kinetic pauses (1,3), and pause density is correlated
with the relative base pair strength ahead of the polymer-
izing enzymes (3). These observations have led to the sug-
gestion that retroviral RTs operate by a passive process that
exploits the spontaneous thermal fluctuations of base pairs
within template structures (3,28). This conclusion agrees
well with our observation that SSIV is almost completely
blocked by the GCSL (Figure 4D). The fact that MRT
passes rapidly through all of the ‘challenge’ structures engi-
neered in this study, and that only a few percent of molecules
are blocked by the GCSL, suggests that group II intron RTs
have evolved a different, active mechanism for smoothing
out base pairs within template structures.

Marching in unison: the implications of synchronized primer
extension

One of the most striking features of the data obtained in this
study is the remarkably synchronized pattern of primer ex-
tension by group II intron RTs, despite the heterogenous se-
quence content of the template. Previous studies using retro-
viral HIV RT and R2 RT from Bombyx mori R2 element
have only demonstrated this type of processive, synchro-

nized primer extension on homopolymeric poly(rA) tem-
plates and, even then, observed speeds were not uniform,
ranging from 10–15 nt/s and 9.5–19.5 nt/s, respectively
(4,29). In fact, when mixed sequence RNA templates were
used, no synchronized pattern of extension was observed
for either enzyme. It has never been clear how a population
of RT enzyme behaves after it passes through an obstacle in
the template, and whether this impacts the conformational
ensemble of a population of translocating enzymes.

Our engineered ‘obstacle course,’ combined with our abil-
ity to visualize the speed and synchrony of an RT popu-
lation at all positions, resulted in a methodology unique
amongst studies of polymerases, and as such, it provided
fresh insights into response of polymerases before, dur-
ing and after encounters with template secondary and ter-
tiary structure. For example, when monitoring the extend-
ing cDNA population that makes it past the GCSL struc-
ture, we observe the same synchronized pattern of extension
and constant speed as seen in the original template, which
has never been observed for any enzyme. Single molecule
studies suggest that retroviral enzymes slow down upon en-
countering structures (3), but the use of short templates
never allowed for evaluation of speed after encountering
the structure. The homogeneity of MRT behavior, even af-
ter passing through stable structures, suggests that it does
not sample any rate-limiting conformational states as it tra-
verses obstacles and that the majority population of en-
zymes maintains a stable, single conformation during all
stages of elongation. It is interesting to consider what ac-
tually controls the behavior of MRT, and the physical ba-
sis for its rate-limiting step. Given its insensitivity to stable
structures in its path, template smoothing and unwinding
are clearly not rate-limiting, so the inherent speed of MRT
is likely due to intrinsic characteristics of the enzyme, such
as the efficiency of nucleotide binding, product release or
translocation along the RNA lattice. Determining the rate-
limiting step for this remarkable enzyme family, and the
physical basis for differences in velocity among polymerases
will be an important subject for future

CONCLUSION

This study has important practical ramifications for choos-
ing an RT enzyme that is best-suited for certain types of
transcriptome-wide analysis. Conventional retroviral RT
enzymes severely limit the number and quality of reads that
can be obtained on many types of natural RNA templates,
therefore biasing the resultant transcriptomic datasets. Ap-
plication of template-insensitive, processive group II intron
RTs will enable researchers to capture the full spectrum of
RNA transcript abundance, providing a wealth of informa-
tion on novel gene targets and, potentially, leading to the
discovery of new cellular RNA molecules. In addition to
practical insights, this study underscores the microscopic
diversity of RT behavior, demonstrating that each type of
RT enzyme displays a unique pattern of behavior that arises
from its specific role in biology and which lends itself to dif-
ferent types of technological applications. Despite the sim-
plicity of their single-chain structures, we show that RTs
like MRT are fast, processive, powerful enzymes that are
largely insensitive to environmental conditions. The creative
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exploitation of these properties will lead to new insights into
biological mechanism and new tools for exploring the ex-
panding universe of functional RNA molecules.
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