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ABSTRACT

The recent identification and development of RNA-
guided enzymes for programmable cleavage of tar-
get nucleic acids offers exciting possibilities for both
therapeutic and biotechnological applications. How-
ever, critical challenges such as expensive guide
RNAs and inability to predict the efficiency of target
recognition, especially for highly-structured RNAs,
remain to be addressed. Here, we introduce a pro-
grammable RNA restriction enzyme, based on a bud-
ding yeast Argonaute (AGO), programmed with cost-
effective 23-nucleotide (nt) single-stranded DNAs as
guides. DNA guides offer the advantage that di-
verse sequences can be easily designed and pur-
chased, enabling high-throughput screening to iden-
tify optimal recognition sites in the target RNA. Us-
ing this DNA-induced slicing complex (DISC) pro-
grammed with 11 different guide DNAs designed to
span the sequence, sites of cleavage were identified
in the 352-nt human immunodeficiency virus type
1 5-untranslated region. This assay, coupled with
primer extension and capillary electrophoresis, al-
lows detection and relative quantification of all DISC-
cleavage sites simultaneously in a single reaction.
Comparison between DISC cleavage and RNase H
cleavage reveals that DISC not only cleaves solvent-
exposed sites, but also sites that become more
accessible upon DISC binding. This study demon-
strates the advantages of the DISC system for pro-
grammable cleavage of highly-structured, functional
RNAs.

INTRODUCTION

Argonaute (AGO) proteins are the central enzymes of
RNA-induced silencing complex (RISC) pathways in eu-
karyotes, and homologues are found in the other domains
of life (1-4). Along with clustered regularly interspaced
short palindromic repeat (CRISPR)/Cas-based systems,
AGOs are being exploited for use in biotechnological ap-
plications. Recent examples include a programmable arti-
ficial DNA restriction enzyme, based on the Pyrococcus
furiosus AGO, capable of producing cleaved DNA prod-
ucts with specifically-engineered sticky ends (5), and two
programmable RNA-dependent endoribonucleases, estab-
lished from bacterial CRISPR systems, that are specific for
single-stranded (ss) RNA with potential in vivo applications
(6,7). Despite these advances, the ability to site-specifically
cleave or manipulate highly-structured RNASs in vitro in
a time- and cost-effective manner remains to be demon-
strated.

Programmable RNA-targeting endoribonucleases for in
vitro use have been highly sought after, with applica-
tions in RNA structure-function studies, RNA nanotech-
nology, and therapeutics. In contrast to B-form DNA,
which has a uniform and predictable structure, RNA folds
into many complex secondary and tertiary structures in
an unpredictable manner. Previous approaches using ham-
merhead (HH) ribozymes (8), catalytic DNAzymes (9),
and artificial site-specific RNA endonucleases (ASREs)
(10) all suffer limitations such as the need for extensive
re-engineering (HH ribozyme/ASREs) or additional se-
lective evolution (DNAzymes) for each new target. Fur-
thermore, CRISPR /Cas-based endoribonucleases require
RNA guides that must be either transcribed and puri-
fied in vitro or purchased at a significant cost. Moreover,
this method has not been shown to recognize structured
RNA elements (6) that tend to be hallmarks of many
functional RNAs (11,12). An ideal programmable endori-
bonuclease would exhibit four critical features: efficient
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site-specific cleavage of RNA without off-target activity,
a convenient and inexpensive means of adapting the pro-
grammable recognition element, no target site sequence lim-
itations, and activity toward both unstructured and highly
structured RNAs. To our knowledge, no existing system sat-
isfies all of these criteria.

Here, we describe a yeast AGO capable of efficient and
programmable DNA-dependent endoribonuclease activity
in vitro. Once programmed with short, inexpensive and
easily interchangeable guide DNAs (gDNAs), this DNA-
induced slicing complex (DISC) demonstrates high speci-
ficity with extremely low off-target cleavage. DISC was
capable of targeting multiple sites spanning the highly-
structured human immunodeficiency virus type 1 (HIV-
1) 5-untranslated region (SUTR) RNA. Additionally, we
have adapted a primer extension/capillary electrophoresis
method typically used for RNA structure probing to iden-
tify optimal sites of target cleavage within the SUTR in a
high-throughput manner.

MATERIALS AND METHODS
Expression and purification of K. polysporus AGO207

A recombinant protein encompassing Thr207-1le1251 of
Kluyveromyces polysporus AGO (AGO207) was expressed
and purified as previously described (13). The concentra-
tion of purified AGO207 was determined by Bradford assay
(Bio-Rad) and stock aliquots were stored at -80°C in stor-
age buffer (10 mM Tris—HCI pH 7.5, 200 mM NaCl, 5 mM
DTT).

Preparation of miR-20a-derived substrates

A list of RNA and DNA oligonucleotides used in this
study is provided (Supplementary Tables S1-S4). miR-
20a-derived 5 phosphorylated guide RNA (gRNA) was
chemically synthesized (Dharmacon), deprotected, and gel-
purified. 5 phosphorylated gDNAs were chemically syn-
thesized (Sigma Aldrich). The sequences encoding target
RNAs were cloned into a pUC19 vector and transcribed
in vitro using T7 RNA polymerase. DNase [-treated tran-
scripts were gel purified (10% polyacrylamide, 8 M urea,
1x TBE), capped using ScriptCap m’G Capping System
(CeliScript) and GTP or [a-*’P]-GTP (3000 Ci mmol~')
and gel purified again. DNA targets were chemically synthe-
sized (Sigma Aldrich), 5" end-labeled with T4 PNK (Ther-
moFisher) and [y3?P]-ATP (3000 Ci mmol~') before gel
purification. Unlabeled nucleic acid concentrations were
quantified by spectrophotometry at 260 nm and calculated
using the molar extinction coefficient. All extinction coef-
ficients for substrates synthesized by commercial vendors
were calculated or provided by the manufacturer. The ex-
tinction coefficient used for capped miR-20a RNA targets
is 587 900 1/molecm.

miR-20a-mediated cleavage assays

Stock AGO207 was diluted using storage buffer supple-
mented with 0.5 mg/ml Ultrapure BSA (Ambion) and
stored at —80°C. All assays were performed in DISC re-
action buffer (20 mM Tris—=HCI pH 7.5, 150 mM NacCl, 1
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mM MgCl,, 1 mM DTT, 5% glycerol), 0.05 mg/ml BSA,
and 0.4 U/wl RiboLock RNase inhibitor (ThermoFisher).
AGO207 (1 wM) was mixed with 50 nM gRNA or gDNA
and incubated at 25°C for 30 min to form the RISC or
DISC, respectively. Cleavage was initiated by adding 1 1 5'-
capped target RNA (final concentration, 25 nM) and trace
amounts of *?P-cap-labeled target in a 10 ul reaction and
incubating at 30°C for 20 min. For cleavage assays with
DNA targets, 3>P-end-labeled targets were added to a fi-
nal concentration of 25 nM. Reactions were quenched with
10 pl formamide loading buffer (95% formamide, 18 mM
EDTA, 0.025% SDS, 0.025% bromophenol blue, 0.025%
xylene cyanol). Products were resolved on 16% denatur-
ing gels (16% polyacrylamide, 8 M urea, 1 x TBE) and vi-
sualized on a Typhoon (GE Healthcare) phosphorimager.
Bands were quantified by ImageQuant (GE Healthcare).
All cleavage percentages were calculated using Equation (1),
plotted using Equations (1) or (2), and averaged over three
independent experiments. Cleavage of nucleic acid target by
either RISC or DISC given as percent:

1,

Ptarget,guide = 100 x <Iz _: Ic) (1)
where P is the percent cleavage of either target RNA or tar-
get DNA by RISC or DISC, and Z; and /; indicate the band
intensities of the 5" cleavage product and intact substrate,
respectively.

Relative percent, P, target cleavage of a given
guide:target pair relative to the gRNA-dependent RNA
cleavage:

P, ui
Prel — 100 x < target,g 1de) (2)
PrnARNA

Identification of appropriate guide: AGO207 ratio

Since AGO207 co-purifies with bound endogenous Es-
cherichia coli RNA (13,14), guide:protein ratios were varied
to identify an appropriate amount of gDNA to mix with
AGO207 for biochemical assays. AGO207 (500 nM) was
pre-incubated with increasing amounts of gDNA (0-100
nM) for 30 min at 25°C followed by addition of cap-labeled
miR-20a-derived target (1 nM) and incubation at 30°C for
20 min. Reactions were quenched with formamide loading
buffer and resolved by 16% denaturing PAGE (8 M urea,
Ix TBE). Gels were visualized on a Typhoon phospho-
rimager and quantified by ImageQuant. All cleavage per-
centages were calculated using Equation (1) and averaged
over three independent experiments. Cleavage by 500 nM
AGO207 saturated at 70 + 3% target cleaved when guided
by 10-25 nM gDNA (Supplementary Figure S1).

Validation of DISC-specificity on unstructured targets

Specificity and fidelity of DISC was determined by per-
forming in vitro cleavage assays using 10 nM gDNA or
gRNA and 1 pM AGO207. AGO207 was pre-incubated
with gRNA or gDNA followed by addition of either per-
fectly matched cap-labeled RNA target (25 nM) or the same
target but with a dinucleotide mismatch at the cleavage site.
For systematic single- and dinucleotide mismatch assays,
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mismatches were introduced to the guide strands and all re-
actions were performed with the same target. Products were
resolved on 16% denaturing PAGE and gels were visualized
on a Typhoon phosphorimager.

Preparation of HIV-1 ADIS 5’UTR transcript

The HIV-1 5UTR variant used in this study contained a
stable GAGA tetraloop sequence in place of the dimer-
ization initiation site (DIS) loop (HIV-1 ADIS 5UTR)
(see Supplementary Figure S3 and Supplementary Table
S2) to eliminate heterogeneity. The HIV-1 ADIS SUTR
was in vitro transcribed from a FokI-digested pUCI18 vec-
tor with an upstream HH ribozyme using T7 RNA poly-
merase. DNase I-treated transcripts were purified on dena-
turing gels (7% polyacrylamide, 8 M urea, 1 x TBE) and
visualized by UV shadowing. The RNA was eluted from
the gel in elution buffer (500 mM ammonium acetate, 1
mM EDTA, 0.1% (w/v) SDS), ethanol precipitated, resus-
pended in MilliQ water, and quantified by UV absorbance
at 260 nm using an extinction coefficient of 3 243 (098
I/molecm. The RNA was 5’ phosphorylated with T4 PNK4
(ThermoFisher) and ATP or [y*?P]-ATP (3000 Ci mmol~!).
In the case of the body-labeled RNA, [«*’P]-GTP (3000 Ci
mmol~') was added to the in vitro transcription reaction.

Design of gDNAs for HIV-1 5UTR cleavage

Guide DNAs for experiments targeting the HIV-1 ADIS
S'UTR sequence (Supplementary Tables S3 and S4) were
generated by following the workflow outlined in Supple-
mentary Figure S4. To facilitate gDNA design, we devel-
oped a Python-based script that will allow users to input
an RNA sequence of interest and generate an output list
of gDNAs that target the input RNA. Users can select any
length of gDNA that they want to generate, as well as spec-
ify the interval between cleavage sites. The script commands
are based on the workflow outlined in Supplementary Fig-
ure S4 and can be downloaded from https://research.cbc.
osu.edu/musier-forsyth.1/tools/.

HIV-1 ADIS 5’UTR cleavage assays with individual gDNA

All cleavage assays were performed in DISC reaction buffer.
HIV-1 ADIS 5UTR substrate was folded by mixing un-
labeled RNA substrate (10 nM) and trace amounts of 2P
end-labeled RNA in 50 mM HEPES (pH 7.5). Samples were
heated at 80°C for two min followed by incubation at 60°C
for four min. MgCl, was added to a final concentration
of 10 mM and the sample was transferred to 37°C for 6
min followed by incubation on ice for at least 30 min. Sam-
ple homogeneity was evaluated by native PAGE (6% poly-
acrylamide, 1 x TB, 1 mM MgCl,) at 4°C (Supplementary
Figure S3). For DISC formation and HIV-1 ADIS SUTR
cleavage, AGO207 (500 nM) was pre-mixed with gDNA (10
nM) for 30 min at 25°C in a 9 .l reaction followed by addi-
tion of 1 pl of HIV-1 ADIS 5UTR substrate (final concen-
tration 1 nM) and incubation at 30°C for 20 min. Reactions
were quenched with formamide dye and products were re-
solved on denaturing PAGE (8% polyacrylamide, 8 M urea,
I1x TBE). All gels were visualized on a Typhoon phospho-
rimager and quantified by ImageQuant using Equation (1).
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Selective 2'-hydroxyl acylation analyzed by primer extension
(SHAPE)

SHAPE probing experiments of HIV-1 ADIS 5UTR
were performed as described previously (15). Briefly, in
vitro transcribed and gel-purified RNA was refolded as
described above. The refolded RNA was then reacted
with N-methylisotoic anhydride (NMIA) for 45 min and
ethanol precipitated. SHAPE reactivities were determined
via primer extension and capillary electrophoresis using a
NED™ (Thermo-Fisher)-labeled DNA primer and Super-
Scriptlll (Invitrogen). SHAPE reactivities were determined
using the RiboCAT data analysis tool (15). Results are the
average of four replicates.

Cleavage assays using RNase H

All RNase H-mediated RNA cleavage assays were carried
out under similar conditions as DISC-mediated cleavage as-
says except that the order of mixing gDNA, target RNA,
and enzyme were modified. To determine the approximate
amount of RNase H that results in similar levels of cleavage
of the unstructured miR-20a target as DISC, 1 nM of miR-
20 cap-labeled target RNA and 10 nM miR-20a gDNA were
pre-incubated at 25°C for 30 min to allow heteroduplex for-
mation. RNase H (0.25-5 units, New England Biolabs) was
added to the hybrid duplex to a final volume of 10 wl and the
reaction was incubated at 30°C for 20 min. Reactions were
quenched with formamide loading dye and substrates were
resolved from products by denaturing 16% PAGE. Products
were quantified using Equation (1). Based on these results,
1.5 units of RNase H was used in each 10 wl reaction for
subsequent experiments.

Comparing activity of DISC and RNase H on unstructured
or structured targets

DISC reactions were carried out as described above for un-
structured and structured targets using 500 nM AGO207,
10 nM gDNA and I nM target RNA. AGO207 and gDNAs
were mixed to assemble DISCs, followed by addition of the
target RNA. RNase H assays were carried out as described
above by first incubating 10 nM gDNA with 1 nM target
RNA, followed by addition of 1.5 units of RNase H. Cleav-
age events of the miR-20a gDNA and HIV-1 ADIS SUTR
targets were quantified using Equation (1).

HIV-1 ADIS 5UTR cleavage assays with mixture of gDNAs

Cleavage assays using a mixture of gDNAs were performed
similarly to the individually guided cleavage assays except
that equimolar amounts of each of the selected gDNAs
(20 nM total) were pre-mixed together with AGO207 (2
M) before adding to the reaction mixture (guide and
AGO207 concentrations are indicated when varied for ex-
periments that evaluate assay conditions). The mixture was
pre-incubated at 25°C for 30 min to form a mixture of
DISCs that would recognize different regions of the HIV-
1 ADIS 5UTR substrate. After DISC-formation, 25 nM
32P body-labeled HIV-1 ADIS 5UTR was added and 3-pl
aliquots were removed at indicated time points. Reactions
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were quenched with formamide dye. Products were resolved
on denaturing PAGE (8% polyacrylamide, 8 M urea, 1x
TBE).

High-throughput analysis of DISC-mediated cleavage of
HIV-1 ADIS SUTR

Cleavage reactions using unlabeled HIV-1 ADIS SUTR
substrate were performed to generate DISC-mediated prod-
ucts for analysis by a reverse transcription/primer extension
reaction primed by 5-NED™ fluorophore-labeled oligonu-
cleotide primer. Eleven gDNAs targeting the HIV-1 ADIS
5UTR at 23 nucleotide (nt) increments between posi-
tions 24-276 (gDNA2-12, see Supplementary Table S3)
were pre-mixed at equimolar concentrations (20 nM to-
tal). AGO207 (500 nM) and the gDNA mixture were pre-
incubated at 25°C for 30 min in reaction buffer. Following
DISC-formation, folded unlabeled HIV-1 ADIS 5UTR (25
nM) was added and cleavage was performed at 30°C for
60 min. Reactions were quenched and RNA was phenol-
chloroform extracted, ethanol precipitated in the presence
of glycogen (2 pg), and stored as a pellet at —20°C. Con-
trol reactions were performed similarly except gDNAs were
excluded for background subtraction.

RNA pellets were resuspended in 9 wl MilliQ water, an-
nealed with 2 pl of 5 uM NED™-labeled primer and ex-
tended using Superscript III reverse transcriptase follow-
ing the manufacturer’s protocol (Invitrogen) in a total re-
action volume of 20 pl. Remaining RNA was digested by
adding 1 pl of 4 M NaOH and heating to 95°C for 3 min.
The reactions were then neutralized with 2 pul of 2 M HCL.
For each sample, 3 pl of neutralized reaction was added
to 17 wl of MilliQ water and ethanol precipitated with 10
g of glycogen. To allow for sequence alignment, Sanger-
style sequencing reactions were also performed using the
same NED™-labeled primer with the transcription template
plasmid using the Thermo Sequenase Cycle Sequencing Kit
(ThermoFisher) per the manufacturer’s protocol. All reac-
tion and sequencing pellets were resuspended in formamide
supplemented with GeneScan™ 600 LIZ® Size Standard
(Applied Biosystems) and resolved using a 3730 DNA Ana-
lyzer (Applied Biosystems) at the Plant Microbe Genomics
Facility at The Ohio State University. The resulting electro-
pherograms were analyzed using RiboCAT (15). For each
dataset, the normalized reactivity values were as described
(15) using a sample devoid of gDNA, gDNA(-), as the
background control. Reported reactivity values represent
the mean of three independent experiments. Raw data will
be made available upon request.

RESULTS
DNA-guided RNA cleavage by budding yeast AGO

Recently, human AGO2 was reported to be a catalyti-
cally active RNase when programmed with a gDNA (16).
Here, we tested the capability of a previously character-
ized N-terminal truncation variant of the budding yeast K.
polysporus AGO, AGO207 (Supplementary Figure S1A), to
function as the catalytic part of a DISC (13). The truncation
mutant was chosen because it has been well-characterized
previously and retains core wild-type function in terms of
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guide and target recognition and target cleavage (13,14).
Furthermore, the N-terminal region varies across different
eukaryotic species and is absent in prokaryotes, suggest-
ing that this sequence may have species-specific function-
ality. K. polysporus AGO was also chosen based on com-
plications associated with other, well-characterized AGO
proteins. Pyrococcus furiosus and Thermus thermophilus are
both thermophiles that function optimally at high temper-
ature (17,18) while human AGOs are not expressed well in
bacteria and would require more complicated expression
strategies (19-21).

Previous studies showed that AGO207 uses a 5
monophosphorylated 23-nt gRNA to cleave complemen-
tary RNA targets. To test if gDNA could activate AGO207
to cleave RNA or DNA targets, the purified recombinant
protein was loaded with either a miR-20a-derived gRNA
or gDNA, followed by addition of either a 5 labeled
60-nt unstructured complementary RNA or DNA target
(Figure 1A and B). Due to the well-documented difficulty
of removing cellular RNAs from eukaryotic AGO proteins
(13,14,19-21) most of the purified AGO207 molecules
are bound to endogenous E. coli RNAs (>63,000 unique
sequences) and only the fraction in the RNA-free form
is available to be programmed for specific cleavage (13).
AGO207 programmed with the gDNA retained ~80%
target RNA cleavage relative to gRNA (Figure 1C and
Supplementary Figure S1B and C), demonstrating that
gDNA can activate yeast AGO as a functional DISC
against unstructured RNAs. In addition, no off-target
cleavage was observed indicating that the AGO207
molecules bound to endogenous RNAs do not affect cleav-
age by DISC loaded with gDNA. Furthermore, neither
RISC nor DISC showed appreciable cleavage of the DNA
target (Figure 1C). To examine whether RISC and DISC
cleave 5'-radiolabeled target RNAs at the same position,
their reaction products were resolved on a 16% denaturing
polyacrylamide sequencing gel. Both products migrated to
the same position (Figure 1D), suggesting that RISC and
DISC recognize RNA targets and cleave them in the same
manner.

Optimization of gDNAs

Crystal structures of eukaryotic RISCs indicate that the nt
at position 1 (gl) of the gRNA is flipped out and does not
participate in target pairing (13,14,19-23). AGO proteins
are also known to have different affinity for the 5'-nt of small
RNAs (24,25). To test whether the identity of the 5" g1 nt bi-
ases the slicing activity of DISC, we cleaved the 5" capped
miR-20a RNA target using gDNAs that were identical to
one another with the exception of the gl nt. Guides begin-
ning with T, A or C cleaved the target comparably (~60%)
whereas gDNAs with a 5’ G displayed only ~40% cleavage
(Figure 2A). Next, we next tested cleavage of the miR-20a
target using gDNAs varying in length from 15 to 25 nt with
truncations at the 3’ of the gDNA to determine the mini-
mum length that promotes target cleavage without sacrific-
ing catalytic efficiency (Figure 2B, left). Guide DNAs 23- to
25-ntin length cleaved the RNA target at similar and consis-
tent levels, whereas gDNAs 22-nt and shorter displayed ir-
regular cleavage patterns across replicates (Figure 2B right).
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Figure 1. DNA-guided RNA cleavage activity. (A) Schematic of cleavage assay using ss gRNA or gDNA. RNA-free AGO207 is shown with AGO207 bound
to endogenous E. coli RNA that co-purifies with the protein (black and gray strands). Either gRNA or gDNA is loaded into the RNA-free population of
AGO207. Following complex formation, a 5’ labeled 60-nt unstructured RNA or DNA target whose sequence perfectly matches the guide is added to the
reaction. Yellow circle indicates 32P radiolabel. (B) Schematic of guide and target pairs used in the cleavage assay described in (A) showing combinations of
gRNA or gDNA bound to a complementary cap-labeled RNA target or a 5’ end-labeled DNA target. Yellow circle indicates radiolabel. Black arrowhead
indicates cleavage site. (C) Cleavage assay using guide and target pairs shown in (B). Black bars indicate average of three independent replicates and dots
indicate cleavage percentage of each individual replicate relative to the canonical gRNA targeting the RNA substrate. Inset shows low-level cleavage of
DNA targets by either RISC or DISC. (D) Analysis of cleavage site by RISC and DISC. AGO207 was programmed with either a 23-nt gRNA or gDNA
followed by addition of a perfectly matched cap-labeled target RNA. Substrates and products were resolved on 16% denaturing PAGE alongside base-
hydrolyzed polyuridine RNA. Inset shows expanded view of cleavage products, demonstrating that RISC and DISC both cleave the RNA substrate at the

same position.

Although 24- and 25-nt gDNAs promoted a slight increase
in cleavage of the unstructured target compared to the 23-nt
gDNA, we found that longer gDNAs had an adverse effect
on cleavage activity in some cases, which will be discussed in
more detail in the next section. These results indicated that
23-nt gDNAs with a 5’ T display the properties of a suitable
gDNA for DISC that retains target specificity.

Using 23-nt gDNAs beginning with T, we validated the
accuracy of DNA-guided RNA cleavage by introducing a
dinucleotide mismatch at the cleavage site in the miR-20a
target strand which is known to inhibit cleavage by yeast
RISC (13,14). Cleavage of the mismatched target by DISC
was not detected, whereas RISC showed minor but de-
tectable cleavage (Figure 2C). To further evaluate the effect
of mismatches between guide and target strands, we system-
atically introduced single- and dinucleotide mismatches to
the gDNA spanning an §-nt window flanking the cleavage
site (Figure 2D). Single-nt mismatches to g7, g8 and gl4
dramatically reduced target cleavage while single-nt mis-
matches to any positon between g9-gl3 nearly abolished
activity. Similarly, all dinucleotide mismatches tested dis-
played nearly undetectable cleavage of the target RNA (Fig-
ure 2D and Supplementary Figure S2).

DISC cleaves highly-structured RNAs

Although a recent study reported that human AGO2-based
DISC cleaves 21-nt unstructured RNAs (16), cleavage of

structured RNAs remains to be tested. We next examined
whether AGO207-based DISC can identify and cleave tar-
geted sequences in a highly-structured RNA that contains a
diverse set of conformational features such as varied lengths
of helices, bulges, hairpin loops, and single-stranded re-
gions. For this purpose, the HIV-1 SUTR was selected as
a model substrate. This 352-nt RNA is composed of sev-
eral structured sub-domains; the transactivation response
(TAR; nt 1-57) element, polyadenylation signal (poly(A);
nt 58-104), primer-binding site (PBS; nt 125-223), and ge-
nomic RNA packaging domain (Psi, nt 228-334) (Sup-
plementary Figure S3A) (26). We chose to use the struc-
turally characterized monomeric DIS mutant (HIV-1 ADIS
5'UTR, Supplementary Figure S3B) to reduce technical
complications associated with RNA dimerization that is
typical of the wild-type sequence (27). Native PAGE of the
refolded transcript showed a single band, indicating that
HIV-1 ADIS SUTR folds into a single, homogeneous struc-
ture (Supplementary Figure S3C).

We systematically designed 14 gDNAs (gDNAI to
gDNA14) end-to-end that span the HIV-1 ADIS 5SUTR
and recognize 14 target regions (TR1-TR14) (Figure 3A
and Supplementary Figure S4). Each of the different cleav-
age sites was individually targeted using different gDNA se-
quences in separate reactions. Cleavage products were de-
tected at the expected position for all sites, albeit to different
extents (Figure 3B), demonstrating that DISC recognizes
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Figure 2. Optimization of gDNAs. (A) Evaluating the effect of the 5" nt on cleavage activity. AGO207 was programmed with gDNAs whose 5’ nt was T, A,
G or C followed by addition of a cap-labeled RNA target that perfectly matches all guides from positions 2-23. Black bars indicate average cleavage of three
independent replicates and dots indicate cleavage percentage of each individual replicate. (B) Optimizing gDNA length. (Left) miR-20a-derived gDNA
sequences with 5" T were varied in length from 15 — 25 nt. Yellow circle indicates cap-label. Black arrowheads indicate cleavage site. (Right) Quantification
of cleavage products using gDNAs of different length. Black bars indicate average of three independent replicates and dots indicate cleavage percentage
of each individual replicate. (C) Evaluating sequence-specificity of DISC. (Top) Sequences of gRNA or gDNA paired with a cap-labeled RNA target that
contains a dinucleotide mismatch at a non-permissive site known to abrogate cleavage by yeast AGO. Yellow circle indicates cap-label on target strand.
Black arrowheads indicate the cleavage site at t10 and t11 (positions 10 and 11 counting from the 5" end of the guide). (Bottom) AGO207 was pre-incubated
with either a gRNA or gDNA followed by addition of either a perfectly matched target or a mismatched target. Substrates and products were resolved
by 16% denaturing PAGE. Black arrowhead indicates migration of cleavage product. (D) Single- and dinucleotide mismatch assay. (Left) Schematic of
gDNAs (bottom) and target RNA (top) with mismatches in the guide shown in red and bold. Dotted line flanked by black arrowhead indicates cleavage
site. Yellow circle indicates cap-label on target strand. (Right) Black bars on plot represent average cleavage by DISC of three independent replicates and
gray dots represent individual replicates.
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Figure 3. Cleavage of highly structured HIV-1 ADIS 5UTR RNA by DISC. (A) Schematic of DISC-mediated cleavage assay. The target RNA sequence was
divided into 23-nt segments (shown in different colors) spanning the entire sequence, with each segment targeted by a different gDNA. AGO207 molecules
that are bound to endogenous E. coli RNA are not shown for clarity. Following DISC-assembly, a 5" end-labeled HIV-1 ADIS 5 UTR transcript was
added to the mixture to initiate cleavage by DISC. (B) Substrates and products generated by the assay described in (A) were resolved by denaturing PAGE
(8%) revealing cleavability of the viral RNA by DISC. (C) Secondary structure of HIV-1 ADIS 5UTR predicted by SHAPE. Colored circles at nucleotide
positions indicate SHAPE reactivity. Guide DNAs targeting the different TRs of the HIV transcript are indicated by light blue bars and arrows (TR1 -
TR 14). Arrowheads indicate cleavage sites by DISC. The color of each arrowhead reflects the distribution of cleavage percentages by DISC shown in (B)
and (D) (white, 0-12.5%; yellow, 12.5-25%; orange, 25-37.5%; red, 37.5-50%). (D) Quantification of DISC-mediated cleavage of each TR. Purple circles
indicate nucleotides that are unpaired and green circles indicate nucleotides involved in GeU base pairs. Dotted line flanked by black arrowheads indicates
cleavage site. Black bars on plot represent average cleavage by DISC of three independent replicates and gray dots represent individual replicates. Asterisk
for set using gDNA13 indicates average of two replicates.
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the target sequences even in highly-structured RNAs. Since
60-nt unstructured miR-20a targets are cleaved best when
gDNAs are 23-nt long or longer (Figure 2B), we tested if the
same is true for the structured HIV-1 ADIS SYUTR. Cleav-
age of target regions 6 and 8 (TR6 and TR&8) was tested by
DISCs loaded with gDNAs of different length (20-25 nt)
(Supplementary Figure SSA and B). TR6 was cleaved most
efficiently when gDNAG6 was 23- or 24-nt long (Supplemen-
tary Figure S5C and D), whereas TR8 cleavage did not de-
pend on guide length (Supplementary Figure S5C and E).
This effect may be the result of potential homodimerization
properties of each gDNA sequence. Specifically, TR8 cleav-
age may be independent of length because increasing the
length of gDNAS does not form additional hydrogen bonds
in a potential homodimer compared to the additional hy-
drogen bonds formed between the gDNA6 homodimer as
it is lengthened (Supplementary Figure SSF and G). These
results suggest a design strategy wherein gDNA length can
be extended until it forms a stable homodimer.

DISC unwinds local RNA structure

DISC cleaved HIV-1 ADIS 5’UTR, but the degree of DISC-
mediated cleavage varied across the RNA (Figure 3B). We
hypothesized that the cleavage efficiency of each site may
depend on the local structure of the RNA; however, there
was no observed correlation between the DISC cleavage
patterns and SHAPE reactivities (Figure 3C). The SHAPE-
based secondary structure, which closely matches those pre-
viously determined for similar constructs (15,28,29) showed
that each TR is involved in unique intramolecular base pair-
ings (Figure 3C and D). For instance, TR4, TR6, TR8 and
TR11 have several nt, including those at the cleavage site
(i.e., target nt 10 (t10), t11 or both) in base-paired regions.
As shown earlier, base pairing of gDNA to t10 and t11 is
critical for DISC to cleave unstructured RNA (Figure 2C).
Therefore, to test whether gDNA base pairing to t10 and
t11 is in fact required for DISC-mediated cleavage of tar-
get sequences in highly-structured RNAs, TR4, TR6, TR8
and TR11 of the HIV-1 ADIS 5SUTR were targeted by
DISC with gDNAs containing 2-nt mismatches at t10 and
t11 (Figure 4A). All four TRs were very weakly cleaved or
completely resistant to cleavage when programmed with the
mismatched gDNA regardless of their reactivity when pro-
grammed with the matched gDNAs (Figure 4B and Supple-
mentary Figure S6). Thus, successive, extensive base pairing
between the gDNA and target sequence is indispensable for
cleaving target sites on highly-structured RNAs. Given that
the abovementioned TRs are intramolecularly base-paired
(Figure 3C), cleavage at those sites demonstrates that DISC
retains an RNA-unwinding activity; i.e. DISC is able to effi-
ciently compete with intramolecular base-pairs in the target
sequence allowing for proper annealing and efficient cleav-
age activity.

To directly test the potential ability of DISC to com-
pete with target secondary structure, the cleavage activity
of DISC was compared with that of E. coli RNase H, an
endoribonuclease that is incapable of cleaving dsRNA (30),
but is instead targeted to ~8-nt long single-stranded RNA
using a complementary short DNA probe (31). Thus, de-
tection of RNA cleavage by RNase H provides evidence
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that the target site is solvent-exposed and largely single-
stranded. Approximately 1-2 units of commercially avail-
able RNase H showed similar cleavage activity as DISC
against the unstructured miR-20a target under similar con-
ditions (Figure 4C and Supplementary Figure S7A-C).
Therefore, this amount was used for experiments compar-
ing DISC and RNase H cleavage of the structured ADIS
S'UTR target. We pre-incubated HIV1 ADIS SUTR with
a subset of the same 23-nt gDNAs used for DISC-mediated
cleavage and added RNase H to the mixture. We chose
gDNAs that target TR4, which folds into hairpin struc-
ture with a predicted 15-nt poly(A) loop (Figure 3C); TR6,
which forms a junction upstream of the PBS with a pre-
dicted 9-nt unpaired region; TRS in the hairpin preceding
the PBS; and TR11 in Psi, which includes many paired nt
and no single-stranded region longer than 4 nt. Relative to
cleavage of the unstructured target, RNase H only weakly
cleaved all four sites, while DISC demonstrated more ro-
bust cleavage of TR6, TR8 and TR 11 (Figure 4D and Sup-
plementary Figure S7D). As expected, RNase H cannot
cleave strongly base-paired regions to which the gDNA will
not spontaneously hybridize. Conversely, DISC efficiently
cleaved TRs that were RNase H-resistant, supporting an
RNA unwinding activity of DISC.

Assessing DISC-accessible cleavage in a high-throughput
manner

To comprehensively identify sites of high DISC cleavage ac-
tivity in long RNAs, a high-throughput approach is desir-
able wherein multiple gDNAs can be used in a single reac-
tion. We next tested whether multiple DISC-mediated cleav-
age events can be performed simultaneously in a one-pot re-
action without losing cleavage activity or target site speci-
ficity. Equimolar amounts of gDNAA4, -5, -6, -7 and -8 were
mixed and pre-incubated with AGO207 to assemble five
DISCs targeting the ADIS ’UTR (Figure 5A and B). A P
body-labeled RNA substrate was then added to the assem-
bly, followed by a 60-min time course incubation. The com-
bined DISCs generated cleavage products targeted by all
five gDNAs, demonstrating that multiple DISC-mediated
cleavage events can be detected from a single reaction (Fig-
ure 5C). Moreover, these data show that cleavage observed
in the one-pot reaction mimics that observed in the indi-
vidual reactions. TR7 is consistently poorly cleaved in our
experiments, both in the individual reactions and in the one-
pot reaction, yielding the two expected cleavage products in
each case. We did not detect any appreciable cleavage prod-
ucts at unexpected sites that were not targeted by a gDNA,
implying that our results reflect single-hit kinetics. To of-
fer an explanation for why each target was only sliced one
time, the effective concentration of DISC was increased rel-
ative to the target RNA to see if this promoted multiple slic-
ing events. To do this, the concentration of AGO and HIV-1
ADIS 5UTR were fixed and the amount of gDNA6 and -10
was titrated resulting in a corresponding increase in the level
of double-cut 92-nt product, demonstrating that single-hit
kinetics are dependent on a low enzyme to substrate ratio
(Supplementary Figure S8).

Another requirement for mapping sites highly-
susceptible to DISC cleavage in a high-throughput manner
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is accurate read-out of the multiple cleavage sites generated
by assorted DISCs. To this end, we employed a reverse
transcription/primer extension analysis (RT/PE) (Figure
6A). DISCs were assembled with 11 of the 14 gDNAs
used in Figure 3 spanning nucleotides 24-276 (TR2-TR12)
(noise associated with large peaks corresponding to the
primer and full-length RT/PE product limit the applicabil-
ity of this technique at the 5" and 3’ termini). An unlabeled
HIV-1 ADIS 5'UTR substrate was added to the mixture to
initiate cleavage. Following a 60-min incubation, reactions
were quenched and worked up as described in the Methods.
The total RNA pool containing all cleavage products was
used to template RT reactions with a fluorophore-labeled
primer that is annealed at the 3’ end of the HIV-1 ADIS
S'UTR. The extended primers were subjected to capillary
electrophoresis and analyzed by RiboCAT software (15)
to assign peaks and identify DISC-mediated cleavage
sites. The output of the analysis provided a trace of peak
intensities corresponding to programmed cleavage sites.
In a single experiment, the RT/PE assay allowed us to
detect DISC-generated cleavage products across the HIV-1
ADIS 5YUTR substrate in 23-nt increments (Figure 6B and
Supplementary Figure S9A).

Given that detection of cleavage sites in the PAGE and
RT/PE analyses relies on the stability of the cleavage prod-

ucts retaining the 5" and 3’ ends, respectively (Supplemen-
tary Figure S9B-E), consistency between the two meth-
ods also suggests that our cleavage conditions support near
‘single-hit’ kinetics. The patterns of DISC reactivity were
quite similar between the RT/PE and PAGE analyses al-
though TR8 and TR11 showed slightly different reactivities
(Supplementary Figure S9F). Thus, our high-throughput
method using RT/PE analysis enables a single experiment
to map DISC-cleavage sites of a 352-nt region within a
structured RNA at 23-nt resolution. In theory, this method
should be applicable to the use of many more gDNAs or
much longer RNA targets with only minor adjustments.

DISCUSSION

In this study, we showed that AGO207-based DISC is a
programmable guide-dependent endoribonuclease with sev-
eral advantages over existing methods. Our method is cost-
effective, as it can be catalytically activated by inexpensive
23-nt synthetic DNA oligonucleotides as guides. In addi-
tion to its high specificity, DISC has no target sequence
limitations because the target site specificity is determined
by the guide sequence alone. This property allows for sys-
tematic design of gDNAs against any target RNA (Figure
3A and Supplementary Figure S4). Furthermore, DISC can
unwind some RNA secondary structures and cleave target
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Reactions using only one guide are shown in lanes 3-7 as reference for product migration. The one-pot reaction time course is shown in lanes 8-14.

sites known to be in base-paired regions (Figure 4D); how-
ever, the specific limitations of this activity require further
investigation.

A Cas9-based programmable RNA recognition and
cleavage system was recently described (RCas9) (6,7).
RCas9 requires the use of ~120-nt single guide RNAs (sgR-
NAs) to recognize and cleave complementary sequences
on target ssSRNAs, in addition to a sequence-specific DNA
oligonucleotide protospacer adjacent motif (PAMmer).
These requirements limit the practical use of RCas9 for the
purpose of mapping RNA susceptibility to cleavage in a

high-throughput manner. Although the specificity for PAM
can be modified by protein mutagenesis (32), different Cas9
variants need to be prepared in each case. Very recently,
Staphylococcus aureus Cas9 was shown to display RNA-
dependent RNA targeting activity in a PAM-independent
manner (33). However, this variant cleaves ssDNA and ds-
DNA at higher efficiency than RNA, posing potential com-
plications during in vivo applications (33). In addition, this
PAM-independent Cas-based RNase can only cleave un-
structured, solvent-exposed regions on the target RNA. An-
other PAM-independent Cas-based programmable endori-



PAGE 11 OF 13 Nucleic Acids Research, 2018, Vol. 46, No. 16 e98

A

1. Designing gDNA library spanning the taget RNA

gDNA# HIV-1 ADIS 5'UTR
2 3 4 5 6 9 11 12
5: ) el el cx—l) c—l  e— el c—l 31
1 24 276 352

2. Assembling assorted DISCs

%,
=
3T

Assorted DISCs

y

' &
\@ Unlabeled+ %B

HIV-1 ADIS 5'UTR

3. DISC-mediated cleavage

FE B

B

4. Reverse transcription 5. Capillary electrophoresis

RT primer

5 eememcme——mo—==- 3
--------- M

—
------------- M
IIII|IIII|IIII
=i 0 100 200 300

Nucleotide number (nt)

TAR polyA PBS Psi

L
o
o
}_/—\
o »n
>t
o5
2>
=
=
(S
35
£
?
5 O O O O O O O O O O O O O O O O O O O O O O O oo o o o
N O < VUL © M 0 OO O — N O ¢ IO O~ 0 0O O «~ N O T 1V © ~ ©
- T - v v v v v - - NN NNNNNNA
Nucleotide number on HIV-1 ADIS 5'UTR

Figure 6. High-throughput detection of DISC-mediated cleavage events. (A) Schematic of high-throughput assay to detect accessibility of structured RNAs.
Guide DNAs spanning the target sequence were mixed together to assemble a mixed population of assorted DISCs. For clarity, AGO207 molecules bound
to endogenous E. coli RNA are not shown. An unlabeled HIV-1 ADIS 5UTR was added to the mixture to initiate cleavage. Cleaved RNA products were
used as templates to prime reverse transcription using a fluorophore-labeled DNA primer. The cDNA products were detected by capillary electrophoresis
yielding an electropherogram of peaks whose positions reflect DISC cleavage sites. (B) Electropherogram of DISC-cleavage sites programmed using 11
gDNAs with 23-nt increments. The average of three individual replicates was plotted as a single trace. Cleavage events were detectable at different sites with
varying sensitivity.



e98 Nucleic Acids Research, 2018, Vol. 46, No. 16

bonuclease, Casl3a, requires only ~56-nt CRISPR RNA
(crRNA) for target binding and cleavage (7). However, this
Cas protein remains in an enzymatically active state and
cleaves any solvent exposed ssSRNAs non-specifically once
it has recognized and cleaved its target sequence (7). Thus,
both RCas9 and Casl3a have target limitations, low target
specificity, and/or lack RNA unwinding capability. In con-
trast, DISC overcomes these limitations and can be used to
comprehensively investigate cleavable sites in long RNAS in
vitro, even in the absence of any prior knowledge about 3-
dimensional structure or target-site accessibility.

DISC was capable of cleaving the majority of structured
TRs in the HIV-1 ADIS 5SUTR, although a few struc-
tured TRs were very poorly cleaved. TR1, 2 and 3 located
within the highly-stable stems of TAR and poly(A) were
not cleaved (Figure 3C-D) suggesting that there are limi-
tations to the RNA unwinding ability of DISC. In contrast,
partially paired TR6, 9 and 10, each having single-stranded
stretches 9 nt or longer showed high DISC reactivities. TRS,
11 and 12, each containing successive unpaired regions of
no longer than 4 nt, were also sensitive to DISC-mediated
cleavage. Thus, DISC reactivity does not seem to correlate
with the number of unpaired nt in a predictable manner
(Figure 3D).

An immediate application of the in vitro DISC-mediated
cleavage method described here includes high-throughput
scanning of highly structured RNAs including viral RNAs,
long non-coding RNAs, and regulatory regions of mRNAs
for identification of sites that may be efficiently targeted by
siRNAs or shRNAs in cells. Future therapeutic applications
for cleavage of functionally relevant RNAs can also be en-
visioned but requires additional studies to make the DISC
system applicable within biological systems. This technol-
ogy also has the potential for applications such as targeted
adenosine to inosine editing (34,35) and chemical modifica-
tion (36). These applications would involve engineering of
a catalytically-inactive DISC fused to other enzymatically-
active proteins such that the DISC would be used to site-
specifically localize the fused enzyme partner to the site of
the desired reaction, potentially paving the way for more
targeted manipulation of large RNAs.

Nature gave rise to many DNA restriction enzymes that
recognize different target sequences such as palindromic se-
quences in dsSDNA (37,38). In a biological context, DNA is
typically double stranded; thus, target sequences are gen-
erally accessible in a highly-conserved canonical confor-
mation. Unlike DNAs, RNAs fold into complex architec-
tures, and therefore potential target sequences are often not
solvent exposed. This feature could explain why sequence-
specific RNA restriction enzymes are not found in nature.
Indeed, while our results indicate a role for solvent acces-
sibility and stability of target RNA structure in determin-
ing DISC reactivity, the lack of consistent correlation be-
tween structure and reactivity does not support use of DISC
for RNA structure probing. Instead, our data indicate that
DISC (i) can be readily programmed to target both struc-
tured and unstructured RNA sequences without modify-
ing the proteinaceous catalytic machinery, (ii) retains high
specificity towards its intended target sites, (iii) possesses no
target site sequence limitations, and (iv) can unwind local
RNA structure to access base-paired target sites inaccessi-

PAGE 12 OF 13

ble to other ribonucleases. Furthermore, we show that tar-
get site accessibility by DISC can be determined in a high-
throughput manner for relatively long, highly structured
RNAs. Future studies will be aimed at extending DISC ca-
pability to cleave long, highly structured RNAs in cells and
on determining the impact of RNA binding proteins on
DISC cleavage.
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