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Ribonuclease-Responsive DNA Nanoswitches
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SUMMARY

DNA has been used in the construction of dynamic DNA devices that
can reconfigure in the presence of external stimuli. These nanodevi-
ces have found uses in fields ranging from biomedical to materials
science applications. Here, we report a DNA nanoswitch that can
be reconfigured using ribonucleases (RNases) and explore two ap-
plications: biosensing and molecular computing. For biosensing,
we show the detection of RNase H and other RNases in relevant bio-
logical fluids and temperatures, as well as inhibition by the known
enzyme inhibitor kanamycin. For molecular computing, we show
that RNases can be used to enable erasing, write protection, and
erase-rewrite functionality for information-encoding DNA nano-
switches. The simplistic mix-and-read nature of the ribonuclease-
activated DNA nanoswitches could facilitate their use in assays for
identifying RNase contamination in biological samples or for the
screening and characterization of RNase inhibitors.

INTRODUCTION

Dynamic DNA nanotechnology has yielded a variety of DNA devices and switches

that can reconfigure in response to stimuli.1 Such programmed conformational

changes have been used in biosensing,2 in mechanical motions,3 and in directing

site-specific chemical reactions.4 Through chemical functionalities, DNA nanostruc-

tures have been designed to react to triggers such as light,5 pH,2 temperature,6 ionic

conditions,7 and biological stimuli such as nucleic acids.8 We have previously devel-

oped DNA nanoswitches that undergo a conformational change in response to an

external trigger. These nanoswitches have been used for sensing nucleic acids and

proteins,9–13 biomolecular interaction analysis,14 single-molecule experimenta-

tion,15,16 and molecular memory.17–19 The DNA nanoswitch is a long DNA duplex

made from a single-strandedM13 (7,249 nt) and short complementary backbone oli-

gos (Figures 1A and S1). Specific DNA9 and RNA10 sequences can be targeted by

incorporating two complementary single-stranded extensions on the nanoswitch,

causing target binding to reconfigure the nanoswitch to a looped ‘‘locked’’ state.

The open and locked states of the DNA nanoswitch can be easily visualized on an

agarose gel. Here, we report DNA nanoswitches that can be triggered by ribonucle-

ases (RNases), and demonstrate two potential applications: (1) detecting RNase ac-

tivity and (2) in ribonuclease-operated information processing encoded by DNA.

In contrast to our previous work with DNA nanoswitches, here, we use a signal-off

strategy based on RNase-triggered reconfiguration of DNA nanoswitches. To

accomplish this, we pre-hybridized the DNA nanoswitch with an RNA lock strand,

forming a locked nanoswitch (Figure 1A, locked looped state). For proof-of-concept,

we chose RNase H, a ribonuclease that specifically catalyzes the hydrolysis of RNA in

an RNA-DNA duplex.20 On the addition of RNase H, the RNA lock is digested, lead-

ing to the release of the DNA latches and thus opening of the nanoswitch (Figure 1B).
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This DNA nanoswitch conformational change provides a direct gel-based readout of

the RNase H activity (Figure 1C). The signal is provided by the intercalation of thou-

sands of dye molecules (from regular DNA gel stains) into the nanoswitch, thus

providing a huge signal, even for a single molecular event such as enzymatic cleav-

age of an RNA strand (Figure 1A, inset). The use of a long scaffold DNA such as the

M13 provides higher numbers of intercalation sites for these DNA stains and pro-

vides an enhanced signal compared to shorter scaffolds.

RESULTS AND DISCUSSION

DNA Nanoswitches for RNase Detection

For our first application, we demonstrate the detection of RNase activity. RNases

are involved in many biological processes, including neurotoxicity, genome replica-

tion and maintenance, angiogenic activity, immunosuppression, and antitumor

activity.21 In retroviruses such as HIV-1, an RNase H activity associated with the

viral reverse transcriptase is required for replication, making RNase H inhibitors po-

tential drugs for AIDS.22 RNases are also potential biomarkers for neoplastic dis-

eases such as pancreatic cancer and in cystic fibrosis.23 In a laboratory setting, RN-

ases are important for some molecular biology protocols, but can also be the

source of frustrating contaminations that degrade biological RNA samples. Detec-

tion of RNases and their inhibition have therefore become increasingly important,

and various RNase detection kits are commercially available. Early methods devel-

oped to determine RNase activity include renaturation gel assays,24 high-perfor-

mance liquid chromatography (HPLC),25 colorimetry,26 and fluorometry.27 These

methods suffer from limitations such as complexity, high cost, and low sensitivity,28

spurring recent detection approaches using catalytic hairpin assembly,27 gold

nanoparticle conjugates,29 magnetic nanoparticles,30 and DNA walkers.31 These

assays have higher sensitivity but include multiple wash steps, additional amplifica-

tion, indirect quantitation, and specific equipment for readout. Our RNase detec-

tion assay uses reconfigurable DNA nanoswitches as a simple mix-and-read

strategy.

Figure 1. DNA Nanoswitch Design and Operation

(A) The nanoswitch is locked in a looped conformation with a pre-hybridized RNA lock strand. On the addition of RNase H, the lock strand is digested,

resulting in unlooping the nanoswitch to the open state.

(B) Mechanism of cleavage of the RNA lock strand by RNase H and release of the DNA latches.

(C) The DNA nanoswitch (1) is locked by an RNA lock strand into a looped configuration (2). RNase H causes cleavage of the RNA lock, causing the

nanoswitch to unlock and reconfigure into the linear state (3). This conformational change can be read out on an agarose gel to detect the presence of

RNase H (inset).
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Along with demonstrating the basic operation of the DNA nanoswitches by RNase H

in Figure 1, we performed controls to show that looped nanoswitches were not

affected at the optimal RNase H temperature of 37�C and that nanoswitches locked

with DNA strands were not affected by RNase H (Figure S2). We tested the looping

efficiency of the nanoswitches with different concentrations of the RNA lock at

different incubation times, with average looping yields of 60% (Figure S3). We tested

the sensitivity of the assay with different amounts of RNase H in a 1-h assay and

showed corresponding variation in unlooping the nanoswitch (Figures 2A and S4).

By quantifying the reduction in the looped band of the nanoswitch, we reliably de-

tected as low as 0.02 U RNase H in a 10-mL reaction.

As a step toward testing ribonuclease presence in biological samples, we spiked in a

known concentration of RNase H in fetal bovine serum (FBS) and cell lysates ex-

tracted from human (HeLa) and murine (C2C12) cell lines. We confirmed that RNase

detection was preserved in 10% FBS and cell lysates with the unlocking of the DNA

nanoswitch in both biofluids (Figures 2B and 2C). We also demonstrated the assay

under different temperatures ranging from 4�C to 37�C, suggesting that the assay

could be performed without any temperature control (Figures 2D and S5). To further

generalize the assay, we tested a panel of other RNases: RNase T, RNase If, and

RNase A. The response of the locked nanoswitches varies between these RNases,

Figure 2. RNase H Assay

(A) Sensitivity plot showing nanoswitch unlocking with different enzyme concentrations (gel image shown as inset). Error bars represent standard

deviation obtained from triplicate experiments.

(B and C) Detection of RNase H in 10% FBS (B) and human (HeLa) and murine (C2C12) cell lysates (C).

(D) The nanoswitch-based RNase assay works at a range of temperatures.

(E) Activity of different RNases (H, T, If, and A) in the nanoswitch assay.

(F) Inhibition efficiency of kanamycin on RNase H activity.

(G) Rapid readout can be obtained by mixing nanoswitches with the sample containing RNase H and a quick gel run.
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with RNase H and RNase A showing high levels of unlooping, RNase If showing par-

tial unlooping, and RNase T showing no activity on the nanoswitch (Figure 2E).

We then tested the potential of our assay for screening RNase H inhibitors. Since

HIV-1 reverse transcriptase is known to have RNase activity, HIV drug development

includes the screening of small molecules and antibiotics that can inhibit this enzy-

matic activity. As a proof-of-concept demonstration, we tested a known RNase H in-

hibitor, kanamycin, for its inhibitory effects on RNase H.32 We incubated the nano-

switch with different concentrations of kanamycin and then added RNase H (0.5 U)

(Figure 2F). Quantified results show that kanamycin inhibits the RNA cleavage

Figure 3. Multi-input DNA Nanoswitches and Information Processing

(A) DNA latches can be placed at specific locations on the scaffold, resulting in different loop sizes.

(B) A nanoswitch mixture with 5 different nanoswitches can recognize specific RNA lock strands to reconfigure and yield specific bands on a gel. The

presence or absence of these 5 bands can be used as a 5-bit code to encode information in DNA nanoswitches.

(C) Combination of different locked states of the 5 nanoswitches is used as a 5-bit code to encode information (e.g., ‘‘R,’’ ‘‘N,’’ ‘‘A’’), and the information

can be erased by the addition of RNase H.

(D) By using DNA locks, specific nanoswitches can be protected from unlocking, providing a write-protection feature for information encoding.

(E) Information (locked bit) erased using RNase H can be rewritten using a DNA lock of the same sequence as the previously used RNA lock.
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activity of the enzyme, with a half-maximal inhibitory concentration (IC50) value of

30.6 mM. The inhibition efficiency of kanamycin reported in the literature has varied

in levels from weak to strong inhibition of RNase H,32,33 and the inhibition level re-

ported here is within the extremes of the reported numbers. To further make a rapid

readout, we performed a start-to-finish assay within 15 min by incubating the nano-

switches with RNase H for 5 min followed by agarose gel electrophoresis for 10 min

(Figure 2G). Our assay can also be used in point-of-care settings with existing buffer-

less electrophoresis units (e.g., E-Gel from Thermo Fisher).

RNase-Triggered DNA Nanoswitches for Information Processing

For our second application, we demonstrate the use of RNase H in processing infor-

mation encoded using DNA nanoswitches. In our previous studies, we have used

nanoswitches of different loop sizes to encode bits of memory.17,18 Here, we expand

the control of erasable and rewritable memory using a ribonuclease. By incorpo-

rating DNA latches at defined locations on the scaffold, the resulting loop size of

the locked conformation can be changed (Figures 3A and S6). We created a nano-

switch mix containing nanoswitches that can form five different loop sizes. Specific

lock strands bind sequence specifically to corresponding nanoswitches in the

mixture and cause reconfiguration to form loops of different sizes based on the dis-

tance between the DNA latches (Figure 3B). The location of the DNA latches along

the scaffold in each nanoswitch was designed to provide well-separated locked

bands on the gel when all five RNA locks are present (Figure S7). In previous work,

we showed that the kinetics of the writing process can be tuned by changing the

loop size of the DNA nanoswitches, with shorter loops forming faster than longer

loops.17 In the present study, we reacted the nanoswitches with RNA inputs (20–

23 nt) to obtain the highest looping for each of the 5 nanoswitches in the mix (typi-

cally overnight) (Figure S3; sequences in Table S1). Our previous work has shown that

this length regime for target nucleic acid results in better looping of nanoswitches.9

Using the 5 different locked states of the nanoswitches, we created amemory system

that can encode 5 bits of information per gel lane, which can be translated into al-

phabet characters using the 5-bit Baudot code.34 We used specific RNA lock strands

as inputs to trigger specific nanoswitches, with each loop acting as a bit in a 5-bit

code (shortest loop is bit 1 and longest loop is bit 5; Figure S7). On a gel-based

readout, we treated each lane as a 5-bit encoder, with multiple consecutive gel lanes

providing a string of characters. To demonstrate this, we encoded information using

RNA lock strands to display the characters ‘‘RNA’’ on a gel (Figure 3C). We used the

RNase H to act as a molecular eraser, cleaving the RNA in a DNA-RNA hybrid to

erase the written information.

Next, we showed that by using specific RNA or DNA lock strands, we could ‘‘protect’’

certain bits from being erased. We used a mix containing two nanoswitches with

different loop sizes and used combinations of DNA or RNA locks to demonstrate

this write-protection feature. Once the inputs were added, there were two written

bits corresponding to the bands for two loop sizes (Figure 3D). On adding RNase

H, only the RNA locked strand was cleaved, changing that nanoswitch to the open

state (Figure 3D, inset). Even within the same mixture, nanoswitches locked by a

DNA strand were not affected by the RNase H. We demonstrated all four possible

combinations of the DNA and RNA lock strands and showed that the bits written us-

ing a DNA input strand are ‘‘protected’’ against erasing.

In addition to writing and erasing capabilities, molecular memory systems also often

require a rewriting functionality. Once the RNA locks are cleaved by the enzyme, the
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DNA latches on the nanoswitches are again available for hybridization. To demon-

strate rewriting, we erased the bits using RNase H and rewrote the bits using DNA

locks of the same sequence (Figure 3E). For erasing using RNase H, we performed

a time series and show that erasing prewritten bits can be completed in under a

few minutes with >1 U/mL RNase H (Figure S8). This processing time is faster than

our prior work, in which we showed erasing encoded bits using toehold-based

DNA strand displacement17 or light activation of photocleavable locks.19 These ex-

periments show that we can controllably encode information using DNA nano-

switches, erase information using an enzyme such as RNase H, and further rewrite in-

formation as required.

Our DNA nanoswitch is a versatile biomolecular platform with broad applica-

tions.10,12–14,17 The use of RNase provides an additional tool to manipulate DNA

nanoswitches. Our DNA nanoswitch assay adds to the suite of available techniques

for monitoring RNase activity. Most of these assays require fluorescently labeled

probes and depend on a separate signal amplification step to enhance the signal

produced by RNA cleavage.27,29 In contrast, our �7-kbp-long nanoswitch provides

an inherent signal by the intercalation of thousands of dye molecules from regular

DNA stains, providing a high signal even for the cleavage of a single RNA lock by

RNases (unlooping the nanoswitch causes the shift of thousands of dye molecules

on a gel). For use in a biological context, the biostability of DNA nanoswitches is

an important factor. In previous work, we and others have demonstrated the detec-

tion of nucleic acid and protein biomarkers in 10%–20% serum,9,11 as well as in hu-

man urine,12 showing the inherent stability of DNA nanoswitches for use in real-life

applications. Results in FBS and cell lysates demonstrated in this work further estab-

lish the potential of the DNA nanoswitch assay in in vitro applications. In molecular

computing, this enzyme-based operation of DNA nanoswitches adds to our suite of

nanoswitches that are responsive to light or DNA,17,19 opening up avenues to create

DNA devices that can be orthogonally operated by physical (light), biological (RNA/

DNA/enzymes), or chemical (pH) triggers. For RNase detection, our assay provides a

simple and effective mix-and-read strategy with a gel-based readout. Our strategy

does not require labeling and amplification, thus being easy to adapt by any lab

without the need for expensive equipment. We believe it could fill an important

need for identifying RNase contamination in biological samples and for character-

izing RNase inhibitors.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and reasonable requests for resources and reagents should be

directed to and will be fulfilled by the Lead Contact, Ken Halvorsen (khalvorsen@

albany.edu).

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

Datasets generated during this study are available within the paper and the Supple-

mental Information.

Materials

Oligonucleotides were purchased from Integrated DNA Technologies (IDT) with

standard desalting. M13 circular DNA, RNase H, RNase T (Exo T), RNase If, and BtsCI
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enzymes were purchased from New England Biolabs (NEB). GelRed nucleic acid

stain was purchased from Biotium. Molecular biology grade agarose was purchased

from Fisher BioReagents. We have used the viral genome M13mp18 (7,249 nt) for

this and previous constructions of our nanoswitches due to its commercial availabil-

ity and frequent use in DNA origami.

Linearization of M13 DNA

A total of 5 mL of 100 nM circular single-stranded M13 DNA, 2.5 mL of 103 Cut Smart

buffer, 0.5 mL of 100 mM BtsCI restriction-site complementary oligonucleotide, and

16 mL of deionized water were mixed and annealed from 95�C to 50�C in a T100

Thermal Cycler (Bio-Rad, Hercules). Added to the mixture was 1 mL of the BtsCI

enzyme (20,000 U/mL) and incubated at 50�C for 15 min. The mixture was brought

up to 95�C for 1 min to heat deactivate the enzyme, followed by cooling down to

4�C.

Construction of Nanoswitches

Linearized single-stranded M13 DNA (20 nM) was mixed with a 10-fold excess of the

backbone oligonucleotides and DNA latches and annealed from 90�C to 20�C at 1�C
min�1 in a thermal cycler. Constructed nanoswitches were diluted in 13 PBS to a

concentration of 400 pM. To form loops, 2 mL nanoswitches were mixed with the

RNA lock strand (typically 2.5 nM final concentration) and incubated at 20�C
overnight.

RNase H Activity Assay

Locked nanoswitches were first mixed with RNase H buffer (13 final) and placed at

37�C. A total of 1 mL RNase H (different units per microliter) was added to 10 mL of

the locked nanoswitches and incubated at 37�C. For sensitivity experiments, sam-

ples were incubated for 1 h at 37�C. For time series experiments, RNase H enzyme

was added at different time points (from 16 min to 0 min). After incubation, samples

were mixed with 1 mL GelRed (13 final) and 2 mL loading dye (15% Ficoll, 0.1% bro-

mophenol blue), and run on 0.8% agarose gels. A similar protocol was used for the

other enzymes.

Detection in FBS and Cell Lysates

Locked nanoswitches were first mixed with RNase H buffer (13 final), and FBS or cell

lysates were added to a final concentration of 10%. For positive controls, 1 mL RNase

H (5 U/mL) was added to 10 mL nanoswitch-biofluid mix and incubated at 37�C for

15 min. After incubation, samples were mixed with 1 mL GelRed (13 final) and 2 mL

loading dye (15% Ficoll, 0.1% bromophenol blue), and run on 0.8% agarose gels.

Gel Electrophoresis

Nanoswitches were run in 0.8% agarose gels, cast from molecular biology grade

agarose (Fisher BioReagents) dissolved in 0.53 Tris-borate EDTA (TBE). Gels were

typically run at 75 V (constant voltage) at room temperature. Samples were pre-

stained by mixing 13 GelRed stain with the samples before loading. Gels were

imaged with a Bio-Rad Gel Doc XR+ gel imager and analyzed using ImageJ.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.xcrp.

2020.100117.

ll
OPEN ACCESS

Cell Reports Physical Science 1, 100117, July 22, 2020 7

Report

https://doi.org/10.1016/j.xcrp.2020.100117
https://doi.org/10.1016/j.xcrp.2020.100117


ACKNOWLEDGMENTS

The research reported in this publication was supported by the NIH through NIGMS

under award R35GM124720 to K.H. We thank Prof. Bijan K. Dey for providing cell

lysates.

AUTHOR CONTRIBUTIONS

Conceptualization, A.R.C.; Methodology, A.R.C. and K.H.; Investigation, A.R.C. and

R.T.; Formal Analysis, A.R.C.; Visualization, A.R.C.; Writing – Original Draft, A.R.C.;

Writing – Review & Editing, A.R.C. and K.H.; Funding Acquisition, K.H.; Supervision,

K.H.

DECLARATION OF INTERESTS

A.R.C. and K.H. are inventors on patents and patent applications covering aspects of

the DNA nanoswitch design and applications. K.H. is an inventor on three patents or

patent applications related to this work, filed by the President and Fellows of Har-

vard College and the Children’s Medical Center Corporation (US patent no.

9914958, issuedMarch 13, 2018; US patent application no. 20170369935, published

December 28, 2017; and US patent application no. 20180291434, published

October 11, 2018). A.R.C. and K.H. are inventors on an additional patent application

related to this work, filed by Children’s Medical Center Corporation, the Research

Foundation for The State University of New York, and the President and Fellows of

Harvard College (US patent application no. 20180223344, published August 9,

2018). A.R.C. is also an inventor on one additional patent application related to

this work, filed by Vital Biosciences (US patent application no. 20200150083, pub-

lished May 14, 2020).

Received: March 27, 2020

Revised: May 20, 2020

Accepted: June 11, 2020

Published: July 22, 2020

REFERENCES

1. Simmel, F.C., and Dittmer, W.U. (2005). DNA
nanodevices. Small 1, 284–299.

2. Ji, W., Li, D., Lai, W., Yao, X., Alam, Md.F.,
Zhang, W., Pei, H., Li, L., and Chandrasekaran,
A.R. (2019). pH-Operated Triplex DNA Device
on MoS2 Nanosheets. Langmuir 35, 5050–
5053.

3. Marras, A.E., Zhou, L., Su, H.-J., and Castro,
C.E. (2015). Programmable motion of DNA
origami mechanisms. Proc. Natl. Acad. Sci.
USA 112, 713–718.

4. Chen, Y., and Mao, C. (2004). Reprogramming
DNA-directed reactions on the basis of a DNA
conformational change. J. Am. Chem. Soc.
126, 13240–13241.

5. Kohman, R.E., and Han, X. (2015). Light
sensitization of DNA nanostructures via
incorporation of photo-cleavable spacers.
Chem. Commun. (Camb.) 51, 5747–5750.

6. Juul, S., Iacovelli, F., Falconi, M., Kragh, S.L.,
Christensen, B., Frøhlich, R., Franch, O.,
Kristoffersen, E.L., Stougaard, M., Leong, K.W.,
et al. (2013). Temperature-controlled
encapsulation and release of an active enzyme

in the cavity of a self-assembled DNA
nanocage. ACS Nano 7, 9724–9734.

7. Mao, C., Sun, W., Shen, Z., and Seeman, N.C.
(1999). A nanomechanical device based on the
B-Z transition of DNA. Nature 397, 144–146.

8. Chandrasekaran, A.R., and Halvorsen, K.
(2019). Controlled disassembly of a DNA
tetrahedron using strand displacement.
Nanoscale Adv. 1, 969–972.

9. Chandrasekaran, A.R., Zavala, J., and
Halvorsen, K. (2016). Programmable DNA
Nanoswitches for Detection of Nucleic Acid
Sequences. ACS Sens. 1, 120–123.

10. Chandrasekaran, A.R., MacIsaac, M., Dey, P.,
Levchenko, O., Zhou, L., Andres, M., Dey, B.K.,
and Halvorsen, K. (2019). Cellular microRNA
detection with miRacles: microRNA- activated
conditional looping of engineered switches.
Sci. Adv. 5, eaau9443.

11. Hansen, C.H., Yang, D., Koussa, M.A., and
Wong, W.P. (2017). Nanoswitch-linked
immunosorbent assay (NLISA) for fast,
sensitive, and specific protein detection. Proc.
Natl. Acad. Sci. USA 114, 10367–10372.

12. Zhou, L., Chandrasekaran, A.R., Punnoose,
J.A., Bonenfant, G., Charles, S., Levchenko, O.,
Badu, P., Cavaliere, C., Pager, C.T., and
Halvorsen, K. (2020). Programmable low-cost
DNA-based platform for viral RNA detection.
bioRxiv. https://doi.org/10.1101/2020.01.12.
902452.

13. Chandrasekaran, A.R., Dey, B.K., and
Halvorsen, K. (2020). How to Perform miRacles:
A Step-by-Step microRNA Detection Protocol
Using DNA Nanoswitches. Curr. Protoc. Mol.
Biol. 130, e114.

14. Koussa, M.A., Halvorsen, K., Ward, A., and
Wong, W.P. (2015). DNA nanoswitches: a
quantitative platform for gel-based
biomolecular interaction analysis. Nat.
Methods 12, 123–126.

15. Halvorsen, K., Schaak, D., and Wong, W.P.
(2011). Nanoengineering a single-molecule
mechanical switch using DNA self-assembly.
Nanotechnology 22, 494005.

16. Yang, D., Ward, A., Halvorsen, K., and Wong,
W.P. (2016). Multiplexed single-molecule force
spectroscopy using a centrifuge. Nat.
Commun. 7, 11026.

ll
OPEN ACCESS

8 Cell Reports Physical Science 1, 100117, July 22, 2020

Report

http://refhub.elsevier.com/S2666-3864(20)30116-8/sref1
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref1
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref2
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref2
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref2
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref2
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref2
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref3
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref3
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref3
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref3
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref4
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref4
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref4
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref4
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref5
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref5
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref5
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref5
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref6
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref6
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref6
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref6
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref6
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref6
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref6
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref7
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref7
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref7
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref8
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref8
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref8
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref8
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref9
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref9
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref9
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref9
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref10
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref10
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref10
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref10
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref10
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref10
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref11
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref11
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref11
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref11
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref11
https://doi.org/10.1101/2020.01.12.902452
https://doi.org/10.1101/2020.01.12.902452
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref13
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref13
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref13
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref13
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref13
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref14
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref14
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref14
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref14
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref14
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref15
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref15
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref15
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref15
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref16
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref16
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref16
http://refhub.elsevier.com/S2666-3864(20)30116-8/sref16


17. Chandrasekaran, A.R., Levchenko, O., Patel,
D.S., MacIsaac, M., and Halvorsen, K. (2017).
Addressable configurations of DNA
nanostructures for rewritable memory. Nucleic
Acids Res. 45, 11459–11465.

18. Chandrasekaran, A.R. (2018). Reconfigurable
DNA Nanoswitches for Graphical Readout of
Molecular Signals. ChemBioChem 19, 1018–
1021.

19. Chandrasekaran, A.R., Abraham Punnoose, J.,
Valsangkar, V., Sheng, J., and Halvorsen, K.
(2019). Integration of a photocleavable
element into DNA nanoswitches. Chem.
Commun. (Camb.) 55, 6587–6590.

20. Nakamura, H., Oda, Y., Iwai, S., Inoue, H.,
Ohtsuka, E., Kanaya, S., Kimura, S., Katsuda, C.,
Katayanagi, K., Morikawa, K., et al. (1991). How
does RNase H recognize a DNA.RNA hybrid?
Proc. Natl. Acad. Sci. USA 88, 11535–11539.

21. Sorrentino, S. (1998). Human extracellular
ribonucleases: multiplicity, molecular diversity
and catalytic properties of the major RNase
types. Cell. Mol. Life Sci. 54, 785–794.

22. Boyer, P.L., Smith, S.J., Zhao, X.Z., Das, K.,
Gruber, K., Arnold, E., Burke, T.R., Jr., and
Hughes, S.H. (2018). Developing and
Evaluating Inhibitors against the RNase H
Active Site of HIV-1 Reverse Transcriptase.
J. Virol. 92, e02203-17.

23. Huang, W., Zhao, M., Wei, N., Wang, X., Cao,
H., Du, Q., and Liang, Z. (2014). Site-specific
RNase A activity was dramatically reduced in
serum from multiple types of cancer patients.
PLOS ONE 9, e96490.

24. Frank, P., Cazenave, C., Albert, S., and Toulmé,
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