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ABSTRACT

While RNA structures have been extensively charac-
terized in vitro, very few techniques exist to probe
RNA structures inside cells. Here, we have exploited
mechanisms of post-transcriptional regulation to
synthesize fluorescence-based probes that assay
RNA structures in vivo. Our probing system involves
the co-expression of two constructs: (i) a target RNA
and (ii) a reporter containing a probe complementary
to a region in the target RNA attached to an RBS-
sequestering hairpin and fused to a sequence encod-
ing the green fluorescent protein (GFP). When a re-
gion of the target RNA is accessible, the area can in-
teract with its complementary probe, resulting in flu-
orescence. By using this system, we observed varied
patterns of structural accessibility along the length
of the Tetrahymena group I intron. We performed
in vivo DMS footprinting which, along with previ-
ous footprinting studies, helped to explain our prob-
ing results. Additionally, this novel approach repre-
sents a valuable tool to differentiate between RNA
variants and to detect structural changes caused by
subtle mutations. Our results capture some differ-
ences from traditional footprinting assays that could
suggest that probing in vivo via oligonucleotide hy-
bridization facilitates the detection of folding inter-
mediates. Importantly, our data indicate that intracel-
lular oligonucleotide probing can be a powerful com-
plement to existing RNA structural probing methods.

INTRODUCTION

Biotechnological applications of RNA have exploded in re-
cent years, amplifying the need to develop tools to better
understand RNA folding dynamics and structural changes.
RNA structures have been extensively studied using a va-

riety of in vitro techniques (1–3). Prominent among these
techniques is the use of chemical or enzymatic modifications
(e.g. dimethyl sulfate (DMS), hydroxyl radicals, metal ions,
RNase, S1 nuclease mapping) to map RNA structures (4–
6). While these methods have provided valuable structural
data, most do not provide information on RNA folding dy-
namics or structural changes in vivo.

RNA folding is influenced by a complex cellular mi-
lieu that is difficult to replicate in vitro (7,8). Cellular fac-
tors such as the speed and directionality of transcription,
metabolite levels, RNA localization and other bimolecular
interactions can all have a significant impact on the acquisi-
tion of native RNA structures (7–10). With these considera-
tions in mind, a few groups have developed protocols based
on chemical modification for characterizing RNA struc-
tures in vivo (11–14). One of the most recent examples of
in vivo RNA structural probing is selective 2′-hydroxyl acy-
lation analyzed by primer extension in living cells (14). This
technique adapts traditional chemical probing to an in vivo
setting.

A common feature of chemical probing techniques is that
they rely on non-targeted modification of RNA molecules.
Since the chemical probe does not modify a unique se-
quence within the molecule, chemical footprinting meth-
ods are less likely to detect transient differences within spe-
cific regions that hallmark rare folding intermediates (15).
These rare folding intermediates can have alternative func-
tions when compared to the final structure and can be im-
portant to understand RNA folding pathways (16,17). In
order to detect these intermediates in vivo, a more targeted
approach would be required.

In this work, we demonstrate the novel in vivo RNA
Structural Sensing System (iRS3) for probing RNA struc-
tures in vivo. Our design exploits the ability of a previ-
ously designed, well-studied riboregulator to control green
fluorescent protein (GFP) expression post-transcriptionally
(18,19). The fundamental premise of this approach is that
highly structured areas are physically blocked from bind-
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ing the designed structural reporter. In contrast, ‘open’ re-
gions that do not participate in any intra- or inter-molecular
contacts or that are simply not hindered by the topology of
the molecule will be more readily available to bind to the
reporter. Hereby, we present the iRS3 as a useful tool, not
based on chemical modifications, capable of probing RNA
structure in living cells.

To demonstrate the value of this system, we use the iRS3

to explore the structural organization of the Tetrahymena
group I intron (gI intron). This gI intron is a well-studied
(∼400 nt) catalytic RNA (5,20–21) that has been struc-
turally characterized by a variety of different in vitro tech-
niques (22–25). The gI intron has also been confirmed to
be catalytically active when expressed heterologously in E.
coli (9,26). We establish the ability of our system to distin-
guish between the wild type and two mutant introns and to
identify some of the most accessible regions of each intron.
When compared to all available DMS and hydroxyl radical
footprinting data (including our own in vivo DMS data), re-
sults from our iRS3 probing revealed a higher potential to
detect low abundance folding intermediates. As such, the
iRS3 methodology complements other in vivo and in vitro
probing methods based on small-molecule accessibility.

MATERIALS AND METHODS

Plasmid and strains

To build our new in vivo reporter system, we cloned the
group I intron variants into the engineered riboregulator-
harboring plasmid (18) and modified it to contain probes
complementary to the group I intron. The pZER21��12aG
plasmid incorporates two promoters to drive gene expres-
sion, the pBAD promoter which expressed the gI intron
variants and the pLtetO promoter which expressed the
hairpin-GFP reporter. We designed complementary probes
to be inserted immediately upstream of the hairpin-GFP re-
porter, creating a probe-hairpin-GFP reporter. The cloning
strategies for all plasmids in this study are described in Sup-
plementary Table S3.

The primary sequence of all constructs was confirmed
by using primers E and F (Supplementary Table S2) in se-
quencing reactions performed by the University of Texas
core facility. We provide the sequence of the wild-type intron
(WTI) Probe 1 reporter (WTI Probe 1 reporter) in Supple-
mentary Text File 1 and the plasmid is available upon re-
quest. The probes (15–18 and 9–10 nucleotides long) were
designed to be fully complementary to the gI intron (tar-
get RNA) and to give good coverage of regions within the
intron (Supplementary Table S1). All probes were also pur-
chased as oligonucleotide primers (25 nmol, standard de-
salting) from Integrated DNA Technologies (Coralville, IA,
USA).

Computational analysis of probes

NUPACK (27) was used to estimate minimum free ener-
gies (MFEs) of the probe-reporter (EcoRI-Probe-CB-LP-
RBS-+35 nucleotides) and to test for the strand-to-strand
binding affinity between the probe-reporters and the gI in-
tron. The following user input settings were used: RNA nu-
cleic acid type at 25◦C, one strand species and one strand

maximum complex size for probe-reporters (structure for
probe-reporter was predicted to test for base-pairing inter-
actions of probes with downstream GFP coding sequence)
and two strand species and two strand maximum complex
size for probe-reporters and introns. The concentration of
the hairpin-GFP reporters and introns was assumed to be
equimolar (2 �M) in order to test for the relative level of
binding of the intron-hairpin complex. NUPACK was also
used to calculate the binding energy (�MFE) using the
same parameters above described.

Flow cytometry

For all experiments, the fluorescence output of each probe
was measured using at least quadruplicate samples. Cells
were grown overnight in Luria–Bertani (LB) medium
(Benton-Dickenson and Company, Sparks, MD, USA) and
10 mg/ml kanamycin (Amresco, Solon, OH, USA), seeded
into 20 ml of LB plus 100 �l kanamycin (10 mg/ml stock)
and cultured for 2 h. The remainder of the experiment was
carried out under two conditions: (i) samples induced with
800 �l of 20% arabinose (final concentration 0.8%) and
20 �l of anhydrotetracycline (aTc) (final concentration 100
ng/�l), (ii) non-induced samples, where neither of the in-
ducers were added. Five hours after induction, we sampled
100 �l to measure the optical density and an additional 100
�l was pelleted and re-suspended in 1× phosphate buffered
saline (Amresco) for flow cytometry. The flow cytometry
data were collected with a Benton Dickinson FACSCal-
ibur flow cytometer with a 488 nm argon laser and 530 nm
FL1 logarithmic amplifier. Sample data were collected us-
ing CellQuest Pro (Benton-Dickenson and Company) with
a user defined gate. Fluorescent measurements were col-
lected from ∼150 000 cells and analyzed using Microsoft
Excel and JMP, a statistical software package. The medi-
ans of the populations for non-inducing and inducing con-
ditions were normalized by the average fluorescence for all
probes of a given intron variant.

To generate the graphs in Figure 5, we determined shifts
by calculating differences in fluorescence between the av-
erage of median values for the induced and non-induced
samples of the same probe 5 h after induction of appro-
priate samples. To quantify the error associated with these
shifts, we calculated the standard error of the mean (SEM)
as propagated from the original data points after normal-
ization.

In vitro binding assays

An in vitro binding assay was performed to demonstrate the
ability for probes to bind to intron expressed in cellular ex-
tracts. Radiolabeled oligonucleotides were prepared as per
the protocol described in (28). In vivo samples of the gI in-
tron were harvested and purified using the techniques de-
scribed in previously published methods (29). RNA from
these sources was suspended in 7 �l of buffered solution (50
mM KCl (Avantor Performance Materials Inc.) and 80 mM
3-(N-morpholino)propanesulfonic acid buffer (MOPS) (pH
7.0 Amresco)) and denatured at 95◦C for 2 min. After de-
naturing, 10 �l of the radioactive probes were immediately
added to all samples and hybridization occurred at 37◦C for
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30 min. 2× RNA loading dye (NEB) was added to all sam-
ples and to the ladder to get a final concentration of 10% per
volume and then nuclease free H2O (Ambion) was added
to make the sample volume consistent. The samples were
loaded onto a 6% native polyacrylamide gel that was run
at two watts for 24 h. The gel was then carefully placed on
blotting paper (VWR International), loosely covered with
saran wrap and left to dry for 3–4 h at 70◦C in a vacuum
dryer (BioRad). Upon removal from the dryer, the gel was
exposed to a phosphor screen (GE Healthcare) for 3–4 h at
4◦C. Following exposure, the phosphor screen was imaged
using a Typhoon Phosphorimager.

Northern blot analysis of iRS3 transcript

To determine the steady state levels of iRS3 transcript, RNA
was extracted as per protocol described in (29) from cells
expressing the iRS3 reporter at 2.5 and 5 h after induction.
The RNA was run down an agarose/formaldehyde gel and
blotted using previously described methods (30) (see Sup-
plementary Table S1 for 16S rRNA and iRS3 transcript
probes).

In vivo dimethyl sulfate footprinting

Primers fluorescent labeling. 5′ Amine modified primers
(DMS primers K, L and M in Supplementary Table S2)
were fluorescently labeled according to previously pub-
lished protocols (17). For the labeling reaction 1 �l of the
purified amine primer (25 mg/ml), 1.2 �l of distilled wa-
ter, 15 �l of Borax buffer (0.1 M) and 3 �l of NHS-Dye
(IRDye R© 650 Infrared Dye, Li-Cor) were mixed and in-
cubated in the dark for 3–4 h. Finally, the primers were
gel-purified and re-dissolved in 60 �l of nuclease-free wa-
ter. Their concentrations were estimated using 260 nm ab-
sorbance and the extinction coefficients provided by Inte-
grated DNA Technologies (IDT) for each primer.

In vivo dimethyl sulfate treatment. Cells containing WTI
plasmid (Supplementary Table S3) were grown overnight at
37◦C in 5 ml of LB medium. The main culture was induced
with 4 ml of 20% arabinose (final concentration 0.8%) at an
OD600 between 0.15 and 0.3, and the culture was left to grow
for 5 h at 37◦C. Samples were then treated with DMS and
prepared as described in (31) and total RNA was extracted
from cells using previously described methods (29). After
extraction, 4 �g of total RNA were reverse-transcribed us-
ing Superscript III RT (Invitrogen) as per manufacturer’s
instructions.

Capillary electrophoresis. A capillary electrophoresis (CE)
system (Beckman Coulter A26572 GenomeLabTM GeXP
Genetic Analysis System) was used to separate the DMS
treated fragments. Each cDNA sample obtained above
was mixed with 1 �l of a DNA size standard 600 ladder
(GenomeLab Beckman Coulter 608095) and nuclease-free
water was added to a final volume of 30 �l in a conical
96-well plate. The samples were separated in the CE sys-
tem using the following parameters: temperature pre-set to
60◦C, denaturation at 90◦C for 150 s, injection at 2.0 kV for
30 s and separation at 3.0 kV for 90 min. Lastly, the data

obtained were analyzed using Capillary Automated Foot-
printing Analysis (CAFA) (32). The CE traces obtained
were aligned to the ladder peaks using CAFA. Then, using
CAFA, the fit data were filtered and normalized using the
‘no-DMS’ control. All samples were run by technical and
biological duplicates.

RESULTS

Molecular design and optimization of iRS3

Our design is an alteration of a previously published, highly
controllable riboregulator that inhibits the synthesis of
GFP in the presence of a regulatory hairpin and promotes
the synthesis of GFP in the absence of the same hairpin
(18). As illustrated in Figure 1, this new structural reporter
is comprised of five segments at the RNA level: (i) a specific
15–18 nucleotide sequence (probe) that is complementary
to a specific region of the target RNA sequence, (ii) a cis-
blocking (CB) region complementary to the ribosome bind-
ing site (RBS), (iii) a linker region (LR) in between the RBS
and its complement, (iv) a region containing an RBS and (v)
a region encoding GFP. The probe, which is the only vari-
able feature of this system, acts as a sensor for a specific re-
gion within the target RNA. The RBS, LR and the CB form
a stable hairpin. The stability of this hairpin is controlled by
the expression of a separate molecule (e.g. the Tetrahymena
gI intron) in trans that can base pair to the probe and desta-
bilize the hairpin, most likely by steric hindrance and/or
by subsequent structural reconfigurations upon probe bind-
ing. In addition, once the hairpin is opened, the iRS3 tran-
script could be further stabilized by interactions with the ri-
bosome; similar protection effects have been reported (30).
Thus, the hairpin acts as an adaptor converting the extent
of the RNA–probe interaction into fluorescence readout.

We initially tested two designs for the riboregulator. The
first design contained a NotI restriction site between the
probe and the CB–RBS hairpin, which was intended to sim-
plify cloning. However, we did not observe a significant
shift in fluorescence upon induction of the intron (data not
shown). As a result, we created a second design which con-
tained the probe immediately adjacent to the CB–RBS hair-
pin. This probe design allowed us to detect a shift in fluores-
cence upon induction of the target and was therefore used
for the remainder of our analyses.

To determine an appropriate length for the complemen-
tary probes, we carried out binding predictions (see Ma-
terials and Methods: Computational Analysis of Probes)
and discovered that 15–18 mers gave a more stable bound
complex than 8–12 mers (data not shown). Therefore, we
chose to continue our studies with 15–18 mers given their
higher specificity, stronger binding and their ability to pro-
vide more intron coverage for our initial studies. Although
we proceeded with 15–18 mers, our computational predic-
tions suggested that 8–12 mers could provide sufficient, al-
beit weaker, binding to be used in these studies to increase
the structural resolution of the system. From these prelim-
inary studies, we developed a general methodology for de-
signing the iRS3 system to target different RNAs (Supple-
mentary Figure S1).
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Figure 1. Fundamentals of the in vivo RNA Structural Sensing System (iRS3). (A) Accessible region on target RNA. Our system is expressed on a plasmid
using two promoters, pBAD and PLtetO. The RNA reporter construct (Probe X iRS3 construct) incorporates a GFP transcript (green) whose translation
is inhibited due to ribosome binding site (RBS, blue) sequestration by a cis-blocking region (CB, orange) that is connected to the RBS through a flexible
linker region (LR, black). If the probe (purple) targets an accessible region on the target RNA, an interaction will occur causing the hairpin loop to open,
exposing the RBS and lead to GFP expression. (B) Inaccessible region on target RNA. If the probe (red) targets an inaccessible region on the target RNA,
there will be reduced interaction between the intron and the probe, the hairpin loop will not open and a negligible increase in fluorescence will be observed
compared to non-induced levels.

iRS3 fluorescence is specific to the interaction between probe
and target RNA

After determining an appropriate design for the iRS3 (Fig-
ure 1), we then built several controls to verify that the
fluorescence observed was specific to the recognition and
binding of the probe to the target gI intron. All controls
were built in the context of Probe 1 (Supplementary Table
S1). We hypothesized that a shift in fluorescence would re-
sult from the 5′ target region binding to its complementary
probe-iRS3 reporter. The binding location of Probe 1 on the
intron (and all other probes used) is shown in Figure 2.

Using Probe 1, we tested if a fluorescence shift was spe-
cific to the intracellular presence of both the target gI intron
(expressed by the pBAD promoter) and the iRS3 transcript
(expressed by the pLtetO promoter). For these experiments,
we inoculated cells harboring the plasmid construct con-
taining the target gI intron RNA and the iRS3 construct.
We conducted flow cytometry assays under inducing (pres-
ence of intron) and non-inducing (absence of intron) con-
ditions and ran each experiment in at least quadruplicates.
For all experiments, we defined a fluorescence shift as the
difference in fluorescence between means (averaged fluores-
cence medians) of induced and the non-induced replicates,
5 h after inducing the appropriate samples. As illustrated in
Figure 3A, significantly more fluorescence is observed only
when the reporter transcript is expressed in the presence of
the target gI intron. When the Probe 1-iRS3 reporter and
the WTI constructs were co-expressed in a �araC knock-
out strain (where the pBAD promoter cannot be activated)

no appreciable shift was detected (Figure 3B). This exper-
iment demonstrated that induction of intron expression is
required to achieve a significant fluorescence shift.

We then tested if fluorescence was specific to the binding
of the Probe 1-iRS3 reporter to the targeted 5′ end region
of the intron. For this experiment, we designed a mutant gI
intron where the local binding region to Probe 1 was altered
by mutating a 9 bp stretch in the center of the 16-mer target
area (GGGAAAAGT25–33 → CCCTTTTCG25–33) coupled
with compensatory mutations (GCTA54–57 → TGAT54–57)
to preserve the native secondary structure. As shown in Fig-
ure 3C, mutating the target region on the intron resulted
in a smaller shift in fluorescence upon induction relative to
the wild-type gI intron–Probe 1 system. These results indi-
cated that the interaction between the wild-type gI intron
and the Probe 1 reporter occurs specifically within the tar-
geted region and, that it was necessary for a significant shift
in fluorescence. The residual shift shown by the mutant in-
tron can be explained by the few remaining nucleotides of
complementarity that are located at each end of the mutated
sequence.

Lastly, we tested the dependency of observing a fluores-
cence shift on the structural context of the targeted area. For
this experiment, we built a much smaller transcript (∼100 nt
compared to ∼400 nt) that mimicked the gI intron by con-
taining the complementary region to Probe 1. The strong in-
teraction we observed suggests that even the smaller target
RNA was sufficient to destabilize the hairpin (Figure 3D),
as long as the binding sequence was specific and present.
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Figure 2. GI intron Tetrahymena Ribozyme Model System. This figure depicts the sequence and secondary structure of the Tetrahymena wild-type gI
intron. Probe numbers are circled and indicated next to black dashed lines, which show the regions of the molecule being targeted by these complementary
probes. Structural domains are indicated by the letter ‘P’ followed by a number. The dashes between the nucleotides on opposing sides of each stem loop
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In this way, we demonstrated that the probe can still bind
outside of the molecular context provided by the gI intron.
Importantly, these results implied that the use of this sys-
tem could be extended beyond large molecules such as the
gI intron.

iRS3 can discriminate between accessible and protected re-
gions along the group I intron

After identifying a sensitive molecular design that led to flu-
orescence in the presence of specific binding between the
Probe 1 reporter and an accessible region of the gI intron,
we tested if the iRS3 could capture contrast in structural ac-
cessibility along the target gI intron. For these experiments,
we designed nine additional constructs with different prob-
ing regions along the gI intron (Figure 2, Supplementary

Tables S1 and S3), resulting in 33% sequence coverage of the
gI intron. The probes were numbered sequentially accord-
ing to their position in the primary sequence of the intron.

We then tested the ability of the iRS3 system to report on
different regions expected to have a wider range of accessi-
bility based on in vitro results (1,33). We focused on the 3′
end (corresponding to Probe 10), a more structurally hin-
dered region relevant to the folding of the gI intron cat-
alytic core (34) (corresponding to Probe 9), and the P5a
domain important to the activation of the ribozyme (35)
(corresponding to Probe 6). Once we confirmed that each
of the four complementary probes could bind the intron
in vitro (Figure 4A), we incorporated each probe into the
in vivo iRS3 reporter. As shown in Figure 4B, using the
iRS3 system, we observed a differentiated pattern where
Probes 1 and 6 showed similar fluorescence shift, Probe 10
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showed the largest shift in fluorescence and Probe 9 the
lowest shift in fluorescence upon intron induction. We also
demonstrated using northern blotting analysis that the flu-
orescence observed from these probes does not correlate
with detected levels of the probe-iRS3 mRNA transcript
(Supplementary Figure S2). These results suggested that the
iRS3 system could detect differences in accessibility between
target regions by differential shifts in fluorescence.

It is important to note that prior to testing the different
reporters, we performed a computational analysis using the
NUPACK (27) software suite to test the probe sequences for
self-dimerizations or unwanted hairpin formation (see Ma-

terials and Methods: Computational Analysis of Probes).
We also used NUPACK to test for the strand-to-strand
binding affinity between the iRS3 reporters and the target
WTI. All probes designed and tested in this study were pre-
dicted to bind with the target region on the intron without
many side interactions (data not shown), albeit with rela-
tively different strength. As a result, we expected that each
iRS3 reporter probe needed to be individually normalized.
That is, as confirmed experimentally, each probe affected
the intrinsic stability of the hairpin in the iRS3 construct
differently and lead to varying baseline levels of fluores-
cence. Differential baseline levels of fluorescence observed
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Figure 4. Pilot test reveals that fluorescence assay can detect relative levels of accessibility. (A) In vitro binding assays show that the probes can bind to the
gI intron. Total cellular RNA containing the gI intron was extracted from cells, denatured and then hybridized to the corresponding P32 labeled probe.
The resulting hybridized mixture was loaded onto a native polyacrylamide gel, dried and imaged. Black arrows point to the location of the gI intron band.
(B) Representative flow cytometry curves from cells harboring the gI intron and the IRS3 construct non-induced (blue) induced (red) samples after 5 h.

between probes can also be explained by the presence of a
low amount of gI intron (confirmed by northern blotting
analysis, data not shown), even under non-inducing condi-
tions.

Assaying a probe library along the group I intron

After confirming that the iRS3 could discriminate between
different levels of accessibility along the target RNA by dis-
playing differential levels of fluorescence, we tested if fluo-
rescence shifts represented a good measure of accessibility
across a wide range of probes. We confirmed the binding ca-
pabilities of all probes to the gI intron by conducting in vitro
binding assays in which we hybridized 5′P32 labeled probes

to denatured total RNA extracted from E. coli cells overex-
pressing the gI intron (Supplementary Figure S3). After we
saw that the probes could bind to the denatured intron, we
incorporated the remainder of our designed probes into the
structure sensing system and co-expressed each construct
with the gI intron in cells. According to previous in vitro
studies: (i) Probes 3, 4, 5 and 6 target important regions for
the catalytic activity of the intron (36,37), (ii) Probes 2, 5
and 6 target key tertiary contacts (38), (iii) Probe 7 targets
the P6a and P6b domains of the gI intron (5) and (iv) Probe
3 (domains P3 and P4) targets a heavily base-paired region
likely in the interior of the molecule and thus relatively hin-
dered (33). By selecting these key areas, we anticipated a
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Figure 5. iRS3 can capture difference in accessibility along the length of the wild-type group I intron. (A) Fluorescence shifts resulting from probing
different regions along the length of the group I intron. The dashed line represents the median of the fluorescence shift means for all probes. The calculation
of standard error is described in the Materials and Methods section. (B) Map of the wild-type Tetrahymena gI intron marked with the relative accessibility for
regions as determined by comparison of their fluorescence shifts. The data are separated into two general categories with regions showing protection (blue)
or higher accessibility (red). Regions whose fluorescence shift mean falls within one standard deviation of the overall median in Panel A (dashed line) were
considered in between (gray). (C) Footprinting data for regions assayed by probes. In vivo DMS data, performed as part of this work (Supplementary Figure
S5), were discretized by considering the normalized DMS reactivity (DMS reactivity = DMS – no DMS) values between 0.5 and 1.5 as mildly protected
(gray), values below 0.5 as protected (blue) and values over 1.5 as exposed (red). The in vitro DMS and hydroxyl radical footprinting data were adapted
from (40*) using an equivalent discretization scheme. All chemical reactivities were normalized by the global average reactivity. Nucleotides marked in
white indicate that the footprinting method is not capable of detecting accessibility for this nucleotide. *Within (40), see Appendix A and Supplementary
Figure S1.

wide representation of accessible and inaccessible regions
as well as biologically relevant areas within the intron.

As shown in Figure 5A, we observed meaningful differ-
ences in the accessibility of the regions probed. We calcu-
lated statistical error using the SEM for the fluorescence
shift, as propagated from the SEM of multiple determi-
nations (≥4) of fluorescence at non-inducing and inducing
conditions. We determined that accessibility of regions was

statistically different from each other when the means of our
observations differed by at least two standard errors. Us-
ing this highly stringent metric, we concluded that Probes
3 and 7 were significantly more exposed than Probes 2, 4,
5 and 9. This observation supported that the iRS3 system
can discriminate between exposed and protected regions.
We then categorized each region as exposed, protected or
in between based on comparing each fluorescence shift to
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the median accessibility of all regions (Figure 5B). To de-
termine if the inherent thermodynamic properties of each
probe could cause the observed fluorescence patterns, we
plotted the MFE of the bound complex between the probe
sequence and the specific target region versus the normal-
ized fluorescence shift. As can be seen from Supplementary
Figure S4, there is no significant bias in the binding affin-
ity of the probes (note that the slope of the trend line and
the R2 value approximate to zero and, points are randomly
distributed around the trend line).

To explain the general accessibility of each target region,
we conducted an in vivo DMS footprinting analysis cover-
ing approximately 92% of the entire intron (except about
35 nucleotides at the 3′ and 5′ ends of the intron). Addi-
tionally, we compared the iRS3 results to structural stud-
ies of the group I intron reported in the literature (1,5,39–
40). A particularly useful study was performed by Russell
et al. when they explored the structure of the group I intron
using DMS footprinting and hydroxyl radical footprinting
in vitro (40). We found reliable consistency between in vivo
and in vitro DMS footprinting of the group I intron struc-
ture when looking at the overall protection level of each area
targeted by our different probes (Figure 5C, Supplementary
Figure S5). In general, our iRS3 reporters show some agree-
ment with the in vitro hydroxyl radical footprinting (40) and
DMS footprinting data (Figure 5). Specifically, the region
targeted by Probe 5 appear to be protected, Probes 4 and
6 targeted regions appear to be moderately protected and
exposed respectively and, Probes 7 and 8 regions appear to
be more exposed when doing a qualitative assessment of all
three footprinting patterns (Figure 5C). Overall, we noted
two major differences when comparing Figure 5B and C.

First, in general the footprinting results generally esti-
mate an overall higher exposure level (Figure 5C) for the re-
gion targeted by Probe 9 than iRS3 determinations (Figure
5A). This difference is likely due to the region being a stable
and heavily based-paired helix (34) potentially more diffi-
cult to be disrupted by oligonucleotide hybridization than
modified by chemical probes. The discrepancy between hy-
droxyl radical footprinting and iRS3 is reasonably logical
given that hydroxyl radical footprinting cleaves the RNA
phosphodiester backbone and this cleavage is less influ-
enced by base pairing in the intron structure (1,39). While
DMS footprinting identified a few exposed nucleotides in
the Probe 9 target region, this region has enough protected
and undetermined nucleotides to preclude drawing conclu-
sions about the global region’s accessibility from in vivo
DMS. These findings strongly suggest that the iRS3 is a
measure of global accessibility that may provide different
information, specifically, how available an entire region is
to form base-pairing interactions.

Second, iRS3 accessibility results for the region assayed
by Probe 3 appear to contradict all footprinting studies in
general (Figures 5 and 6A). We reasoned that the greater
accessibility of this region to the IRS3 reporter could reflect
an ability of the probe to interact with folding intermedi-
ates in which the complementary segment of the intron is
exposed. This hypothesis was supported by previous find-
ings that transitions from some folding intermediates to the
native form require transient disruption of the long-range
P3 base pairs (41,42). Upon P3 disruption, the 5′ strand of

P3 is expected to be accessible to Probe 3, while the 3´ strand
most likely forms the alternative base pairs alt P3 (43). To
test whether the accessibility of Probe 3 depends on expo-
sure of the P3 region, we split up the targeted area into two
shorter target sequences: P3 (nt 95–104 targeted by Probe
3a, 10 nucleotides) and P4 (nt 104–112 targeted by Probe 3b,
9 nucleotides) (Figure 6B). After demonstrating that these
shorter probes bound to the group I intron in vitro (Sup-
plementary Figure S3), we incorporated the probes into
the iRS3 construct. Interestingly, Probe 3a showed an even
higher fluorescence shift than Probe 3 while Probe 3b dis-
played no fluorescence shift (Figure 6C). We conclude that
indeed, the high accessibility to Probe 3 likely arises from
interaction with the 5′ strand of P3, probably because the
probe is able to interact with and partially folded trapped
intermediate (see Discussion). These results also confirmed
our ability to obtain higher structural resolution in our sys-
tem when using shorter probes.

iRS3 can discriminate between group I intron mutants

We also examined if our system could be used to assay struc-
tural differences between RNA variants. For these experi-
ments, we compared the wild-type gI intron to two intron
variants, the quintuple mutant and the A-rich bulge mu-
tant (37). The quintuple mutant contains mutations in five
critical tertiary contacts (Figure 2) that are known to be
highly disruptive to the tertiary structure and catalytic ac-
tivity of the intron (38). Based on this, we hypothesized that
the quintuple mutant would exhibit significant differences
in accessibility using the IRS3 relative to the WTI. Given
that most of the targeted regions of the intron remained un-
altered (at the primary sequence level) in the quintuple mu-
tant, we used the same library of probe-reporters designed
for the wild-type gI intron. As for the A-rich bulge mutant,
it is a milder variant than the quintuple mutant as it disrupts
only one tertiary contact (P5a, Figure 2).

As shown in Figure 7, expression of the quintuple mu-
tant results in significantly different shifts in fluorescence
(marked with asterisks) relative to the WTI for Probes 1,
2 and 7 (Supplementary Table S4). From these results, we
learned that a couple of areas of the intron become more ac-
cessible to oligonucleotides in vivo (e.g. domains P1 (Probe
1) and P6ab (Probe 7)), while others become more protected
as a result of the quintuple mutations (e.g. domain P2.1, cor-
responding to Probe 2). Furthermore, the increase in the av-
erage fluorescence observed in the quintuple mutant relative
to the WTI (∼30%) indicates the potential of capturing in-
creased molecular accessibility in the quintuple mutant that
results from its lack of tertiary structure relative to the WTI
(44). On the other hand, the A-rich bulge mutant shows po-
tential differences mostly around the area of mutations, do-
main P5ac (Probes 4 and 5). The P5abc domain is known to
be important to the stabilization and catalytic activity of the
intron (33), and it is plausible that mutations affect tertiary
contacts in this local area. It is important to note that the
9/10 probes were designed to target regions in the mutants
that contain the same sequence as the WTI.

The area targeted by Probe 3 displayed particular differ-
ences in accessibility between the WTI and quintuple mu-
tant. Specifically, Probe 3 showed an increased fluorescence
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shift in the quintuple mutant relative to the WTI indicating
higher accessibility in this region. This was expected given
that Probe 3 targets domain P3–P4, which does not prop-
erly base pair in the quintuple mutant due to the absence of
required long-range interactions (33,45–47). Likewise, we
captured differences between the WTI and the quintuple
mutant via IRS3 fluorescence shifts in the P6b region (tar-
geted by Probe 7). We expected that the P6ab area would be
more accessible in the quintuple mutant because this do-
main normally contributes to a tertiary contact that has
been mutated in the quintuple mutant (5). Interestingly, for
Probe 7, the A-rich bulge mutant shows a milder difference
with respect to the wild type than the one shown for the
quintuple mutant. This finding supports the iRS3 sensitiv-
ity to discriminate more subtle structural differences.

DISCUSSION

In this work, we have combined the traditional idea of us-
ing nucleotide accessibility as a measure of RNA struc-
ture (1,33) with a genetically encoded biosensor to sense
that availability. The novelty of our approach lies in the
creative implementation of oligo-hybridization probing di-
rectly in living cells. In this work, we demonstrated the po-
tential of the iRS3 to be used as a powerful tool in the study
of RNA structures in vivo. First, we showed the ability to
capture differential structural accessibilities (as defined by
base-pairing interactions) with high specificity within var-
ious local regions throughout the Tetrahymena gI intron.
We also established the ability of the iRS3 to capture struc-
tural differences between wild type intron and a distant vari-
ant (quintuple mutant). Finally we have also showcased the
ability of the iRS3 to sense milder mutations as it is the case
of the A-rich bulge mutant with respect to the quintuple
mutant.

Despite the fact that most of the regions of the gI intron
exhibited similar structural behaviors in vivo and in vitro, for
this stable model intron, we discovered some regions that
behave differently when probed using oligonucleotides in
living cells. The most unambiguous example of regions that
behave differently when probed with the iRS3 in vivo was
the region P3 (assayed by Probe 3), which appeared signif-
icantly more accessible by oligonucleotide hybridization in
vivo, relative to all three standard techniques: in vitro hy-
droxyl radical footprinting and, in vitro and in vivo DMS
footprinting techniques. This difference could exist because
the misfolded RNA is not at a high enough concentration to
be detected by classical primer extension, but is detectable
through oligonucleotide probing.

Figure 8 illustrates the fundamental differences in using
oligonucleotide probes versus small molecules for in vivo
RNA structural probing that can explain increased sensi-
tivity to the detection of low abundance intermediates in
our iRS3 approach. We illustrate the simplest case of a two
state folding equilibrium system to represent the dynamics
of folding in a region (Region X) presumed to be mostly
protected (State 1). However, as expected given dynamic
folding equilibrium, other structural conformations are also
observed. These structures may be more exposed (e.g. State
2), but appear at a lower frequency (indicated by the larger
equilibrium arrow pointing to State 1, Figure 8A). Based on
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>>>accessible 

Figure 8. Oligonucleotide versus small-molecule in vivo structural prob-
ing. (A) Equilibrium between two conformations of the target RNA. The
conformation on the left (State 1) exhibiting relative protection for Region
X is more favorable. The less favorable alternative conformation (State 2)
on the left exhibits increased exposure of Region X. The equilibrium ar-
rows indicate the relative abundance of each state. (B) The addition of a
small molecule to react with the target RNA results in single-hit kinetics
where, on average, at most one specific A or C nucleotide (in the case of
DMS footprinting) is modified per molecule (‘X’ representing site of mod-
ification); the figure illustrates the low likeliness of modifying nucleotides
within Region X. Equilibrium shown is same as described above. (C) An
oligonucleotide has an increased probability to hit and bind Region X as
it bares full base-pairing complementarity to Region X. Additionally, the
oligonucleotide can benefit from capturing the less-favorable State 2 by
locking the target RNA at the more exposed conformation, shifting the
equilibrium toward the less favorable alternative conformation (illustrated
by the longer blue arrow, relative to panels A and B).

these dynamics, the potential of modifying Region X (dur-
ing its less favorable but more accessible equilibrium states)
by a small molecule like DMS is rather low (Figure 8B). This
is due to the intrinsic single-hit kinetics of these chemical
probing approaches that result in, at most, one modification
per molecule. These modifications can happen at any cyti-
dine or adenosine of the molecule not specifically within the
target region. In contrast, an oligonucleotide that has strong
complementarity for a target region can bind with high
specificity to its target. This oligonucleotide–target interac-
tion can lock less-favorable structures in that state, shifting
the equilibrium toward less abundant conformations and
giving a signal for exposure that is larger than the exposure
of the region in the absence of probe, when exposure is con-
sidered as a fraction of the RNA population (Figure 8C).
We suggest that this process underlies the ability of iRS3 to
capture the presence of low level folding intermediates that
are accessible to Probe 3, whereas these intermediates are
not observed in the steady state by DMS or hydroxyl rad-
ical footprinting methods (540). The ability of the iRS3 to
capture folding equilibrium intermediates of importance to
the RNA folding pathway makes it a useful complement to
current in vivo small-molecule-based structural probing ap-
proaches.
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We believe that the structural information gained from
the iRS3 can enrich in vivo RNA structural studies for a cou-
ple of reasons. First, the ability of the iRS3 to capture fold-
ing equilibrium intermediates of the RNA folding pathway
makes it a useful complement to current structural prob-
ing approaches. Second, iRS3 probing provides a funda-
mentally different measure of structural accessibility than
chemical methods, namely that accessibility of a region can
be interpreted as the availability of a given region to partic-
ipate in interactions with other macromolecules (i.e. DNA,
RNA). Given these capabilities, potential applications of
the iRS3 include detecting alternative structural conforma-
tions, and observing the structural effects of tuning RNA–
RNA interfaces using mutations.

Another major appeal of this in vivo oligonucleotide-
based structural probing approach is the ability to design
the central riboregulator of the system to sense any tar-
get RNA in a rational way. Simple manipulation of the
iRS3 plasmid (e.g. making plasmid compatible for golden
gate cloning) should make the system highly amenable for
rapid insertion of any probe of choice. Although this system
could be incorporated in other organisms beyond E. coli,
further studies are required to determine if the iRS3system
can detect RNAs at native levels. Given these advantages,
our method has the potential to provide a relatively easy-
to-use platform to capture dynamic structural changes in a
wide range of RNAs within living systems.

SUPPLEMENTARY DATA

Supplementary data are available at NAR Online.
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