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Aptaswitches are programmable nucleic acid sensors that can be interfaced with a
rainbow of fluorescent RNA aptamer reporters. These RNA-based switches
activate rapidly; provide a strong fluorescent readout; and enable multiplexed,
enzyme-free detection of diverse pathogen-related sequences. Aptaswitches can
be directly integrated with isothermal amplification to yield all-in-one reactions
that detect viruses like SARS-CoV-2 in clinical samples in only 30 min.
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SUMMARY

Rapid, simple, and low-cost diagnostic technologies are crucial tools
for combating infectious disease. We describe a class of aptamer-
based RNA switches, or aptaswitches, that recognize target nucleic
acid molecules and initiate the folding of a reporter aptamer. Aptas-
witches can detect virtually any sequence and provide anintense fluo-
rescent readout without intervening enzymes, generating signals in
as little as 5 min and enabling detection by eye with minimal equip-
ment. Aptaswitches can be used to regulate the folding of seven
fluorogenic aptamers, providing a general means of controlling ap-
tamers and an array of multiplexable reporter colors. By coupling
isothermal amplification reactions with aptaswitches, we reach sensi-
tivities down to 1 RNA copy/uL in one-pot reactions. Application of
multiplexed all-in-one reactions against RNA from clinical saliva sam-
plesyields an overall accuracy of 96.67% for detection of SARS-CoV-2
in 30 min. Aptaswitches are thus versatile tools for nucleic acid detec-
tion that are readily integrated into rapid diagnostic assays.

INTRODUCTION

Fluorescent light-up aptamers have emerged as powerful tools for visualizing the dy-
namics of RNA expression in living cells'* and providing a bright, translation-free
readout for in vitro reactions.””® These systems consist of short sequences of RNA
or DNA that bind to conditionally fluorescent dye molecules known as fluorogens
to activate their fluorescence. Since the 2003 discovery of the malachite green
RNA aptamer,” diverse aptamer/fluorogen pairs have been developed with high
binding specificity and varying spectral and photophysical properties.’ In 2014, Fi-
lonov et al. reported the Broccoli aptamer that binds to the GFP-mimicking fluoro-
gen (2)-4-(3,5-difluoro-4-hydroxybenzylidene)-2-methyl-1-(2,2,2-trifluoroethyl)-1H-
imidazol-5(4 H)-one (DFHBI-1T) and provides robust folding and green fluorescence
in living cells.® This work was followed by the development of the Corn, Red Broccoli,
and Orange Broccoli aptamers that bind to fluorogens to generate yellow, red/
orange, and orange fluorescence, respectively.”'? Dolgosheina et al. and Autour
et al. have reported the Mango family of aptamers that bind to thiazole orange
(TO) derivatives and offer brightness levels that significantly exceed enhanced
GFP.""""? Chen et al. developed the Pepper aptamer with a broad range of emission
maxima with varying (4-((2-hydroxyethyl)(methyl)amino)-benzylidene)-cyanopheny-
lacetonitrile (HBC) analogs spanning from cyan to red.”*'* These fluorogenic RNA

THE BIGGER PICTURE

Rapid, low-cost, and easy-to-use
diagnostics are critical tools for
healthcare. By providing accurate
disease detection in a convenient
format, these tests ensure that
patients can receive timely
treatment and help slow the
spread of infectious diseases.
However, implementing such
tests for nucleic acids can be
challenging without expensive
equipment and trade-offs in terms
of sensitivity, specificity, and
speed. Here, we report a versatile
class of sensors termed
aptaswitches that manipulate the
folding of fluorescent light-up
aptamers to enable rapid, low-
cost detection of nucleic acid
sequences. Aptaswitches operate
solely through RNA hybridization
and folding, so they do not
require enzymes to function and
can activate in as little as 5 min.
We use them in tandem with
isothermal amplification reactions
for the detection of viral RNA from
clinical samples. These tests
provide results within 30 min in an
easy-to-deploy format with an
accuracy of 96.67% compared to
gold-standard tests.
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aptamers have been used as tags for in vivo mMRNA imaging and in biosensors for de-

tecting proteins, small molecules, and nucleic acids.> "> 17

Over the last decade, Ebola outbreaks in West Africa, the Zika epidemic, and the
COVID-19 pandemic have highlighted the urgent need for rapid, sensitive, and
low-cost diagnostics for containing the spread of viruses and ensuring that patients
receive timely treatment.”>?" Nucleic-acid-based biomarkers associated with dis-
ease are essential for diagnostics because DNA and RNA can be amplified from
trace amounts and provide highly specific detection. Conventional molecular as-
says, however, are implemented in centralized laboratories with expensive thermal
cycling equipment and trained personnel, which increases costs, delays results, and
reduces accessibility. These limitations have motivated research into many novel
diagnostic technologies.””?* To reduce equipment needs, for instance, a variety
of nucleic acid amplification methods that take place at a constant temperature
have been developed. Unfortunately, these isothermal amplification strategies
often suffer from false-positive results arising from non-specific amplification prod-
ucts. Thus, multiple approaches have been developed to verify the sequences of
products following isothermal amplification while providing a visible readout.
Among the most common are CRISPR-based diagnostic assays.”” These employ
cognate guide RNAs and collateral cleavage to verify the sequence of products
and generate visible or fluorescent readout signals.”**° Similarly, paper-based
cell-free transcription-translation systems have made use of sequence-specific ribor-
egulators to confirm amplicon sequences down to the single-nucleotide level while

providing a convenient color-based readout using protein reporters.”’*'~

We hypothesized that sequence-specific RNA-based sensors employing fluorescent
light-up aptamer reporters could offer compelling advantages over previous
sequence-verification methods for diagnostics. For instance, the rainbow of available
fluorogenic aptamer colors could offer improved multiplexing capacity and target
sequence versatility compared with CRISPR-based methods, which can have proto-
spacer-adjacent motif (PAM) site requirements and more limited multiplexing capac-
ity. Moreover, the rapid folding of aptamers could enable a much faster, enzyme-free
readout compared with diagnostics based on cell-free systems, whose readout speed
is inherently limited by the rate of translation and protein folding. Although a number
of RNA-based sensors using aptamer reporters have been described, which range
from split aptamer systems®**¢*’ to strand-displacement approaches,***” these sys-
tems have been limited in terms of dynamic range, activation speed, sequence versa-
tility, and aptamer compatibility,>“~***" which has hampered their use in diagnostic
applications.

Herein, we report a class of programmable aptamer-based RNA switches, or aptas-
witches, that provide wide dynamic range, fast activation speeds, and multiplexing
capacity. Aptaswitches do not require enzymes or chemically modified nucleic acids
to operate and instead rely on the conditional folding of a fluorogenic reporter ap-
tamer. To do this, they exploit sequence-variable stems identified within the re-
porter aptamer structure to tightly repress its folding. Upon hybridization with a
target nucleic acid sequence, aptaswitches employ a toehold-mediated interaction
mechanism to release this repression and promote fast aptamer folding to generate
fluorescence, yielding a wide dynamic range up to 260-fold and activation in as little
as 5 min. Building on measurements of over a hundred aptaswitches, we implement
a computational pipeline for rapid sensor design and demonstrate the generaliz-
ability of the aptaswitch mechanism by applying it to five additional fluorogenic ap-
tamer reporters having a variety of fluorescent colors. Coupling the aptaswitches
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with isothermal ampilification provides clinically relevant sensitivity with fluorescence
that can be seen by eye with minimal equipment. We demonstrate multiplexed all-
in-one assays using the aptaswitches that simultaneously detect extracted severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) RNA and human control
transcripts from 60 clinical saliva samples in 30 min with an accuracy of 96.67%.
These all-in-one aptaswitch assays are simple to implement and reduce the likeli-
hood of cross-contamination and human error, all while providing highly sensitive
detection of viral RNA and human control RNA down to concentrations of 5 and
0.4 copies/pL, respectively. Aptaswitches thus represent powerful enzyme-free mo-
lecular sensors for rapid, low-cost, and multiplexed diagnostic assays.

RESULTS

Broccoli aptaswitch design and validation

To implement a programmable aptamer-based switch, we first investigated the
Broccoli RNA aptamer, which is known for its robust folding and bright fluorescence
upon binding to the fluorogen DFHBI-1T.? Reasoning that an aptamer that could
tolerate sequence changes would be easier to integrate into such a switch, we exam-
ined whether Broccoli could accommodate variations in its stem sequences without
abolishing Broccoli/DFHBI-1T fluorescence. Two versions of Broccoli were evalu-
ated: a “standard” version in the same orientation originally reported by Filonov
et al.” and a “rotated” version formed from a circular permutation of the aptamer
that cleaved the aptamer at its apical loop and fused its original 3’ and 5" ends within
a loop (Figure 1A). The base or “stabilizing” stem of these versions of the aptamer,
containing the 5" and 3’ ends of the RNA, was then varied in sequence and tested for
fluorescence with DFHBI-1T, while the core Broccoli sequence responsible for ligand
binding was kept constant. Encouragingly, we found that both the standard and
rotated forms of Broccoli retained strong fluorescence signals for all 14 different
stem sequences tested (Figure STA; Table S1).

With this knowledge, we implemented the first-generation aptaswitch design shown in
Figure 1B. Each aptaswitch contains the full sequence of the reporter aptamer, including
its core sequence and domains b and b* encoding the stabilizing stem of the aptamer,
where "*" denotes a reverse complementary sequence. In the absence of the target
RNA, however, the aptaswitch forces the aptamer into an inactive conformation by
sequestering its b* stem domain into a strong upstream hairpin structure. The 20-bp
hairpin stem is substantially longer than the stabilizing stem, which discourages aptamer
folding, and its 5’ positioning ensures that the hairpin can form prior to the aptamer dur-
ing transcription, further reducing potential leakage. To ensure that the aptaswitches
could respond rapidly to diverse target RNAs, we designed them to adopt a toehold-
mediated strand-displacement mechanism upon activation to provide fast reaction ki-
netics* (Figure 1B). Thus, each aptaswitch also contains a 15-nt 5’ single-stranded
toehold domain a that is designed to initiate hybridization with a complementary target
RNA. When the target RNAbinds, itinvades the hairpin stem, disrupting its structure and
releasing the aptamer stem domain b*. To further encourage strand invasion, we incor-
porated a pair of single-nucleotide bulges into the upper stem of the hairpin in domains
cand c'*, with c fully complementary to the target RNA, which increased the thermody-
namic driving force of the forward reaction”* and decreased the likelihood of premature
transcriptional termination. The stem domain b* released from the sequestering hairpin
can then hybridize with the exposed b domain, promote the folding of the Broccoli re-
porter aptamer, and generate fluorescence upon binding of DFHBI-1T. Importantly, this
general aptaswitch design can be activated by diverse target RNA sequences, provided
that the reporter aptamer has a stabilizing stem that can tolerate sequence variations.
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Figure 1. Mechanism of de novo-designed aptaswitches and in vitro characterization

(A) Structures of the standard and rotated versions of the Broccoli aptamer. Standard Broccoli is the original configuration of Broccoli, and rotated
Broccoli is a circularly permuted form of Broccoli.

(B) Design schematics of the Broccoli aptaswitch. Aptaswitches comprise a target-binding sequence that is complementary to a target nucleic acid
(shown in orange) and an aptamer core sequence (shown in green). The hairpin structure sequestering the stabilizing stem of Broccoli represses
aptamer folding and the formation of the Broccoli/DFHBI-1T complex. The a* domain in the target RNA binds to a complementary single-stranded
toehold a domain in the aptaswitch RNA, initiating a branch migration that opens the hairpin stem. The newly released b* domain binds to the
downstream b domain, enabling the formation of the Broccoli/DFHBI-1T complex.

(C) Evaluation of a library of 32 aptaswitches, with the standard and rotated versions of Broccoli having different stabilizing stem lengths. Data represent
mean and individual ON/OFF values after 2 h of four aptaswitch designs with the same stabilizing stem length for each Broccoli version.

(D) ON/OFF fluorescence levels obtained 2 h after reaction for 150 first-generation Broccoli aptaswitches determined in the presence or absence of the
cognate target RNAs from different pathogens. Inset: ON/OFF GFP fluorescence measured for Broccoli aptaswitches on a logarithmic scale. Relative
errors for the aptaswitch ON/OFF ratios were obtained by adding the relative errors of the aptaswitch ON- and OFF-state fluorescence measurements
in quadrature. Relative errors for ON and OFF states are from the SD of n = 3 technical replicates.

(E-H) Time course measurements of fluorescence from the top-performing Broccoli aptaswitches for detection of four different pathogens with and
without target RNA: HIV (E), YFV (F), VF (G), the malaria-related Pfs25 transcript (H). Shaded regions denote mean + SD with n = 3 technical replicates.

We used the NUPACK nucleic acid sequence design package®” to generate initial
libraries of de novo-designed Broccoli aptaswitches in the standard and rotated con-
figurations with a variety of target RNA sequences (Figure 1C; see Table S1
for sequences). Aptaswitch RNAs were in vitro transcribed at 37°C for 2 h with
200 nM of the DNA template and then directly screened for function by challenging
them with 2.5 uM synthetic RNA target in 4 uM of DFHBI-1T buffer. The Broccoli ap-
taswitches routinely achieved greater than 40-fold ON/OFF ratios, which is defined
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Figure 2. Second-generation aptaswitches enable multiplexed detection with orthogonal reporter aptamers
A) Schematic of the improved second-generation aptaswitch design compared with the first-generation aptaswitches.
B and C) ON/OFF fluorescence ratios, time course measurements, and reaction photographs of Broccoli (B) and Red Broccoli (C) aptaswitches.

(
(
(D-H) ON/OFF fluorescence ratios and time course measurements of Orange Broccoli (D), Corn (E), Mango-IlI(A10U) (F), Mango-IV (G), and Pepper
(

H) aptaswitches. Inset: photographs of aptaswitch reactions.

(1) Multiplexed detection of DENV RNA, ZIKV RNA, Pfs25 RNA, and CHIKV RNA with Broccoli/DFHBI-1T, Corn/DFHO, Mango-IV/YO3-biotin, and Red
Broccoli/OBI, aptamer/fluorogen pairs, respectively. The heatmap represents the arithmetic mean of three replicates.

For (B)—(H), bars represent the arithmetic mean ON/OFF ratio or fluorescence & SD (n = 3 technical replicates).

as the ratio of the aptaswitch fluorescence with its cognate target divided by the
fluorescence of the aptaswitch without it. Moreover, they showed that, on average,
the rotated version of Broccoli provided better ON/OFF performance compared
with the standard Broccoli. We thus proceeded to evaluate a library of over 150
first-generation aptaswitches using rotated Broccoli targeting a variety of RNAs
taken from conserved regions of the genomes of 10 human pathogens: HIV, yellow
fever virus (YFV), Coccidioides (causative agent of valley fever [VF]), malaria-causing
Plasmodium falciparum (antigen 25 mRNA, Pfs25), dengue virus (DENV), chikungu-
nya virus (CHIKV), St. Louis encephalitis virus (SLEV), West Nile virus (WNV), zika virus
(ZIKV), and norovirus (NoV). Candidate Broccoli aptaswitches were designed for
each potential binding site along the target RNA in 1-nt increments, leaving flanking
regions on the 5" and 3’ ends of the target available for primer binding. Sensors were
designed to target either the sense or antisense orientation of the genome, which
can both be readily generated following amplification, and the length of the stabi-
lizing stem domain b was varied between 6 and 10 nt. The top six to eight constructs
with the lowest overall defects for each target were tested experimentally. Sensor
transcripts prepared by in vitro transcription were challenged with synthetic versions
of the pathogen RNA targets. For determination of the ON/OFF ratio, background
fluorescence from the DFHBI-1T fluorogen alone was not subtracted from either the
ON- or OFF-state fluorescence.

Figure 1D shows the performance of the top 150 aptaswitches tested based on
ON/OFF ratio (see Table S2 for sequences). Overall, we found that 14 aptaswitches
from this library provided a remarkable 100-fold or more increase in fluorescence
upon detection of the cognate target, and 43 provided a greater than 50-fold
ON/OFF ratio. Time course measurements of the optimal Broccoli aptaswitches
from four pathogen target RNAs (Figures 1E-1H) demonstrated that the sensors
can generate strong fluorescence signals within 15 min in 37°C reactions. The
optimal Broccoli aptaswitch for the P. falciparum transcript Pfs25 was also selected
for target RNA titration experiments and found to activate with as little as 20 nM of
target RNA (Figures S1C and S1D).

Second-generation aptaswitches enable multiplexed detection

To extend the utility of the aptaswitches, we sought to improve their performance
using a second-generation design and enable multiplexed readout by integrating
other fluorogenic aptamers. Based on the results from the library of first-generation
Broccoli aptaswitches, we incorporated three design changes into the second-gen-
eration systems (Figures 2A and S2). First, we removed the bulges from the top of the
hairpin and set its stem to be 6 bp longer than the stabilizing stem b domain of the
reporter aptamer. This design change removed the possibility of leakage due to
bulges in the stem while reducing the average hairpin length to make it easier to
transcribe and disrupt through strand invasion. Second, we allowed the toehold
length of the aptaswitches to vary from 10 to 24 nt, depending on the target RNA.
Third, for reporter aptamers like Broccoli that have an apical stem loop that tolerates
sequence changes, we allowed this stem-loop sequence to be optimized based on
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the larger context of the aptaswitch. This sequence was designed to promote the
folding of the aptamer, increasing ON-state signal, while minimizing potential for
base pairing elsewhere within the aptaswitch, such as in the toehold regions. We
then used computational RNA design to generate second-generation aptaswitches
using seven different aptamer/fluorogen pairs: Broccoli/DFHBI-1T, Red Broccoli/
3,5-difluoro-4-hydroxybenzylidene-imidazolinone-2-oxime-1-benzoimidazole (OBI),
Orange Broccoli/3,5-difluoro-4-hydroxybenzylidene imidazolinone-2-oxime (DFHO),
Corn/DFHO, Mango-IlI(A10U)/TO1-biotin, Mango-IV/YO3-biotin, and Pepper/
HBC 530. Corn and the Mango aptamers, which lack a variable apical stem
loop, were designed with the updated toehold and hairpin alone. With the
ongoing concern over mosquito-borne illnesses and the difficulties in identifying
them,”’*>™*" we targeted the aptaswitches to conserved genomic regions for these
pathogens: CHIKV, DENV, Pfs25RNA from P. falciparum, WNV, YFV, and ZIKV (see
Table S3 for sequences). For the Pepper aptamer, testing was also performed on
targets from the fungal infection VF and SARS-CoV-2.

Using the second-generation design, we found that effective aptaswitches could be
generated for all seven reporter aptamers for the eight pathogen target RNAs
(Figures 2B-2H). The ON/OFF ratios of the aptaswitches varied depending on the
target and aptamer, yet they still provided clear differences in signal. Figure S3A
presents the ON/OFF ratios for a library of 180 Pepper aptaswitches, providing
four sensors with dynamic range greater than 100 and 63 with dynamic range greater
than 10. The yield of top-performing aptaswitches was higher for the sensors with
rotated versions of Pepper aptamer compared with those with the standard config-
uration (Figure S3B). Time course measurements of representative aptaswitches
from each reporter demonstrated that substantial fluorescence is obtained from
the sensors within 30 min, with some generating strong signals within 5-10 min
(Figures 2B, 2C, 2F, and S3C). To observe the fluorescence of the aptaswitches,
we illuminated the reactions using a blue light transilluminator system equipped
with an orange optical filter. The strong fluorescence produced by the aptaswitches
with the cognate target was clearly visible using this setup (Figures 2B-2G and S3C).
For potential in-home use, we found that inexpensive light and filter combinations
costing about $23 could be used to make the aptaswitch reactions visible
(Figures S4A-S4C). In addition, we found that the aptaswitch/fluorogen reactions
are capable of being lyophilized and reactivated by adding water, suggesting
potential for room-temperature storage and distribution (Figure S4D).

The ability to simultaneously detect multiple targets independently is highly desir-
able, as it can be used to distinguish multiple illnesses that share similar symptoms
athigher throughput and lower cost. Taking advantage of the distinct spectral prop-
erties of the aptamer/fluorogen pairs, we implemented several multiplexed reac-
tions enabling independent detection of two to three different target RNAs for
the mosquito-borne infections (Figures S5A-S5I; see Table S4 for sequences).
Leveraging the spectrally orthogonal Broccoli/DFHBI-1T, Corn/DFHO, Mango-IV/
YO3-biotin, and Red Broccoli/OBI pairs, we implemented a four-channel reaction
for simultaneous detection of targets from DENV, ZIKV, Pfs25, and CHIKV, respec-
tively, which could successfully distinguish all 16 possible combinations of targets
(Figure 2I; see Figure S5J for photographs of the reactions).

Integrating aptaswitches with isothermal amplification

We next focused on coupling the aptaswitches to isothermal amplification reactions
to ensure that they could reach clinically relevant detection limits for pathogen
nucleic acids. We first tested the aptaswitches in combination with nucleic acid
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Figure 3. Integration of isothermal amplification with aptaswitches to enable detection of attomolar concentrations of viral RNA
(A) Schematic of the general procedure for the detection of viral RNA. RNA is extracted from patient samples and amplified using RT-LAMP. Amplified
nucleic acids are then detected using specific aptaswitches. The aptaswitch binds to exposed loop domains in the RT-LAMP DNA amplicons to produce
the output fluorescence signal. A strong fluorescence signal is then used to indicate that viral RNA is present in the patient sample.
(B—F) Representative fluorescence plots of Broccoli aptaswitches for the detection of RT-LAMP amplification for N gene (B) and S gene (D) of RNA from
cultured SARS-CoV-2. (C), (E), and (F) show bar graphs of analytical sensitivity determination using series-diluted, cultured SARS-CoV-2 RNA (C and E) or
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Figure 3. Continued

synthetic human control ACTB mRNA (F). Bars in (C), (E), and (F) represent the mean fluorescence intensity + SD of the aptaswitches at 30 min, which was
preceded by a 30-min RT-LAMP reaction.

(G-1) Limit of detection for Red Broccoli aptaswitches for the detection of SARS-CoV-2 N gene (H) and ACTB mRNA (1). (G) shows the Red Broccoli
aptaswitch response following RT-LAMP with different template concentrations as a function of time (n = 3 technical replicates; bars represent the
arithmetic mean + SD).

(J and K) Limit of detection for Orange Broccoli aptaswitches for the detection of SARS-CoV-2 N gene (J) and human control ACTB mRNA (K) (n = 3
technical replicates; bars represent the arithmetic mean + SD).

(L and M) Fluorescence intensity measured for different human control ACTB mRNA concentrations after 30 min of Mango-IlI(A10U) (L) and Mango-IV
aptaswitch (M) (n = 3 technical replicates; bars represent the arithmetic mean + SD).

sequence-based amplification (NASBA)*® reactions that operate at 41°C for detec-
tion of DENV (Figure Sé; see Table S5 for sequences). NASBA followed by aptas-
witch readout enabled detection down to sample concentrations of 2.41 RNA
copies/pL (Figure S6D) and allowed us to correctly identify three DENV-positive
and three DENV-negative serum samples (Figure S6E). However, the 2-h reaction
time needed for NASBA reactions prompted us to explore more rapid isothermal
amplification methods.

Reverse transcription loop-mediated isothermal amplification (RT-LAMP) is a fast
and cost-effective method to amplify specific RNA sequences within minutes.*”>°
RT-LAMP has an operating temperature of ~61°C-71°C and uses a set of four to
six primers to generate DNA products containing exposed, single-stranded loop
domains.”’? We sought to use the aptaswitches in combination with RT-LAMP
to develop an assay to detect SARS-CoV-2,>* which has accounted for more than
670 million infections and more than 6 million deaths worldwide.*” We thus devel-
oped aptaswitches that targeted the exposed loop domains of the RT-LAMP prod-
ucts to activate aptamer fluorescence (Figure 3A). The use of aptaswitches reduces
the potential for false-positive results by ensuring that the correct sequence is gener-
ated from RT-LAMP, a common failure mode for assays that employ isothermal

amplification alone.??

We first designed second-generation aptaswitches targeting multiple regions of the
SARS-CoV-2 genome and human B-actin (ACTB) mRNA, which serves as a sample
processing control, using six different reporter aptamers: Broccoli, Red Broccoli,
Corn, Mango-IlI(A10U), Mango-IV, and Orange Broccoli. Initial aptaswitch screens
were performed using DNA stem-loop sequences that mimicked the expected
RT-LAMP amplicons (see Table Sé for sequences). We observed impressive signal in-
creases greater than 100-fold with rapid system activation against these targets for
the Broccoli aptaswitches (Figure S7; see Table S7 for sequences) and the Red
Broccoli/OBI aptaswitches (Figures S8A-S8C; see Table S8 for sequences) against
SARS-CoV-2 and ACTB. Aptaswitches using Corn/DFHO, Mango-III(A10U)/TO1-
biotin, Mango-IV/YO3-biotin, and Orange Broccoli/DFHO combinations were also
effective at detecting both types of targets, albeit at lower optimal ON/OFF ratios
between 20- and 50-fold (Figures S8D-S8N; see Table S8 for sequences).

The top-performing aptaswitches from these screens were coupled to RT-LAMP in
two-pot assays using different combinations of primers°®>*~>° and aptaswitches to
gauge their sensitivity. In these two-pot reactions, RT-LAMP is first performed on
the RNA sample for 30 min at 61°C, and the resulting RT-LAMP product is then
diluted into a second reaction at 37°C containing the aptaswitches designed to
target the amplicon loop domains. Since RT-LAMP also produces amplicons with
two loop regions that have unrelated sequences, we also implemented a scheme

to target the two independent loop regions in the same reaction simultaneously
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(Figure S9A). This approach effectively doubles the concentration of targets avail-
able for detection and thus increases signal output and/or decreases reaction
time (Figures S9B-S9D; see Table S9 for sequences). A pair of Broccoli aptaswitches
targeting two RT-LAMP loops from amplification of the N gene and S gene provided
a limit of detection of 1 copy/uL and 0.67 copies/pL, respectively, in the amplifica-
tion reaction and activated within 30 min (Figures 3B-3E; see Table S10 for se-
quences). Using RT-LAMP primers amplifying the human control ACTB mRNA and
a pair of Broccoli aptaswitches, we achieved an impressive limit of detection of
0.06 copies/uL in the amplification reaction (Figure 3F). Red Broccoli aptaswitches
provided red/orange fluorescence, could activate within 15 min, and demonstrated
detection limits of 1 and 0.06 copies/pL for the SARS-CoV-2 RNA (N gene) and ACTB
mRNA, respectively, using the same sets of RT-LAMP primers (Figures 3G-3l). Or-
ange Broccoli, Mango-IlI(A10U), and Mango-IV were also successfully integrated
into the two-pot reaction scheme and provided the same limits of detection as the
Broccoli and Red Broccoli sensors (Figures 3J-3M). Experiments performed with
these aptamer outputs rapidly provided a visible color that could be seen by the
eye using a blue light source and an orange optical filter (Figure S10).

To increase the throughput and ease of implementation of the tests, we also devel-
oped master mix formulations for reactions that can be stably stored at —20°C and
rapidly added to 384-well plates at the time of use (Figure S11; see Table S11 for se-
quences). The parallelized two-pot 384-well assay employs a 30-min RT-LAMP reac-
tion, followed by dilution into a 25-min aptaswitch detection reaction. The assay was
tested against contrived samples containing extracted RNA from SARS-CoV-2, other
human coronaviruses, and influenza at concentrations typical of clinical saliva sam-
ples. The high-throughput aptaswitch assay successfully identified the SARS-
CoV-2 samples and provided excellent specificity in under 1 h of total reaction
time (Figure S11C).

Developing an aptaswitch-based all-in-one molecular diagnostic assay
All-in-one diagnostic assays where all reaction steps occur in the same reaction
vessel and do not require additional reagents to be added after the start of the re-
action are highly desirable. Such assays reduce processing time, labor, time to
result, and the likelihood of cross-contamination while providing increased
throughput. Accordingly, we developed a streamlined all-in-one RT-LAMP/aptas-
witch assay for detection of SARS-CoV-2 RNA where the reaction is heated 30 min
for amplification, followed by a return to room temperature for aptaswitch readout
(Figure 4A; see Table S12 for sequences). To implement the assay, we found that
it was essential to choreograph binding of the LAMP primers and aptaswitches to
the amplicons at different reaction stages to avoid assay inhibition. During the
amplification phase, we used a raised 67°C reaction temperature (Figure S12A)
and a higher primer/aptaswitch ratio (Figure S12B) to promote primer binding
over aptaswitch binding. Once amplification is complete and most of the primers
are consumed, the return to room temperature facilitates aptaswitch binding, ap-
tamer folding, and fluorogen docking to generate a strong fluorescence signal
(Figures 4A and S12C). We found that standard aptaswitch buffer components
and the fluorogen inhibited RT-LAMP reactions (Figure S12D). Thus, we kept the flu-
orogen concentrations low and did not add additional chemical components to the
reactions. We determined that both RT-LAMP and aptaswitch readout worked effec-
tively in these conditions (Figure S12D).

In the optimized all-in-one assays, RNA extracted from a patient sample is added
to a reaction combining RT-LAMP components, along with the aptaswitches and

10 Chem 10, 1-25, July 11, 2024

Chem



Please cite this article in press as: Yan et al., Rapid, multiplexed, and enzyme-free nucleic acid detection using programmable aptamer-based
RNA switches, Chem (2024), https://doi.org/10.1016/j.chempr.2024.03.015

Chem ¢ CelPress

A
RT-LAMP
67°C, 30 min Cool down to RT—'—AMPC ]
Pathogen room temperature 15,000 ooling 70
RNA ﬂ \ 5 down  Readout
<
8 60
c
y & § g 10,000 3 — +TargetRNA
z a 3
c @ 5 50 - Target RNA
EI fluorogen 2 &
B = 5,000 -~ Temperature
2 AR g 40 O
T ) | Aptaswitch RNA 8 J C
2 [is)
- ZReadout 0 - ‘ ‘ ‘ 30
H 0 30 60 90 120 150
Time (minutes)
<D( 7,000 =
< 5 P
8, SARS-CoV-2 RNA concentration (copies/uL) < SARS 9°V/ ZLRNA
g g 6,000+ (copies/uL)
3 5, 64 16 4 1 025 c M
2 \ud Non-template control 1] \‘“_____’_‘ — 64.00
5 4, Trial 1 "' T 8 4,000 16.00
[ rial 1 S
= 3 o g — 4.00
Q
&1, Trial 3 8 0.25
3 L v v @
€ %5 16 4 1 025 8 Tnals 3 0 T T — 0.00
. 14 0 20 40 60
SARS-CoV-2 mRNA (copies/uL) Time (minutes)
E F G
35 35,000 ACTB mRNA concentration (copies/uL) . IL‘(SISe?/ET)A
3
5 P &S < — 61.70
§28,000 o N Y o7 QY O N ; . 8 '
§ 21.000 Trial 1 on-template control § — 1543
g Trial 1 ] — 38
2 14,000 s — 095
8 = o
8 7,000 5
2 Trial 3 g 0.06
a 0 ) o
Trial 3 1) 0 - 0.00
INORAAP P INANS 0 20 4o 60
ACTB mRNA (copies/pL) Time (minutes)

Figure 4. Implementing one-pot single-channel RT-LAMP/aptaswitch reactions
(A) Schematic of target RNA detection by one-pot isothermal amplification-coupled aptaswitch. A 30-min amplification step at 67°C is used for the
RT-LAMP reaction and followed by cooling to room temperature. Over this second stage, the reduced temperature enables the aptaswitches to bind to

the RT-LAMP amplicons and the cognate fluorogen. A strong and rapid increase in fluorescence is observed in the reaction signaling the presence of
target viral RNA.

(B-D) Analytical sensitivity of one-pot Red Broccoli RT-LAMP/aptaswitch reactions for detection of the SARS-CoV-2 N gene using different cultured
SARS-CoV-2 RNA template concentrations (B). Photographs (C) from triplicate Red Broccoli aptaswitch reactions following the 30-min amplification at
67°C show strong fluorescence from reactions down to 1 copy/pL. Time course measurements obtained from a plate reader of aptaswitches with
different target RNA concentrations at 25°C (D). Bars (B) and shaded regions (D) denote the arithmetic mean + SD, with n = 3 technical replicates.
(E-G) Analytical sensitivity of one-pot Broccoli RT-LAMP/aptaswitch reactions for the detection of human control ACTB mRNA at different
concentrations (E). Photographs (F) from triplicate Broccoli aptaswitch reactions following the 30-min amplification at 67°C show strong fluorescence
from reactions down to 0.24 copies/pL. Time course measurements obtained from a plate reader of aptaswitches with different target RNA
concentrations at 25°C (G). Bars (E) and shaded regions (G) denote the arithmetic mean + SD, with n = 3 technical replicates.

fluorogens, for target detection. The reaction vessel is first heated to 67°C for 30 min
to amplify the genetic material from the pathogen, followed by cooling to room tem-
perature, where the aptaswitches can bind to the amplicon loops. We first tested re-
actions using the optimal Red Broccoli aptaswitches targeting SARS-CoV-2. These
experiments revealed that the Red Broccoli aptaswitches could provide visible fluo-
rescence output for sample concentrations down to 1 RNA copy/pL in the reaction
(Figures 4B and 4C; see Table 513 for sequences). In addition, strong fluorescence
was observed from the aptaswitches by the time the system reached room
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temperature (Figure 4D). A pair of Broccoli aptaswitches also successfully detected
the SARS-CoV-2 S gene in a one-pot single-channel reaction using a temperature-
controlled plate reader to provide fluorescence readout in real time (Figure S12E).
In addition, we deployed a pair of Broccoli aptaswitches targeting two loops of
the RT-LAMP amplicon of the ACTB mRNA for detection of the control transcript
in a one-pot single-channel reaction (Figures 4E-4G). Once again, Broccoli fluores-
cence was detectable by the time the reaction reached room temperature
(Figures 4F and 4G) and yielded a detection limit of 0.24 copies/uL of ACTB
mRNA. We also found that the aptaswitch and its cognate fluorogen can be
embedded and freeze-dried onto paper discs along with lyophilization-compatible
RT-LAMP master mix and primer mix to create a field-stable paper-based one-pot
RT-LAMP-coupled aptaswitch assay (Figure S13A). For the diagnostic test, the
freeze-dried assay paper is first rehydrated by the solution of extracted RNA and
then heated at 67°C for amplification. This step is followed by cooling to room tem-
perature, which enables the proper folding of the aptaswitch and its interaction
with the amplicons. A pair of Broccoli aptaswitches successfully detected the
SARS-CoV-2 S gene in a paper-based one-pot single-channel reaction. This assay
generated green fluorescence emission on paper and employed a temperature-
controlled plate reader to provide fluorescence readout in real time (Figures S13B
and S13C; see Table S14 for sequences).

We next took advantage of the multiplexing capabilities of the aptaswitches to estab-
lish all-in-one RT-LAMP/aptaswitch reactions to detect SARS-CoV-2 and the ACTB
control mRNA simultaneously (Figure 5A; see Table S15 for sequences). This multi-
plexed reaction employed 12 different primers from the two sets of RT-LAMP primers,
Broccoli and Red Broccoli aptaswitches, and the DFHBI-1T and OBI fluorogens
needed for each reporter aptamer. While developing the assay, we found that the
Red Broccoli aptaswitches, which favor binding to OBI, also bound to DFHBI-1T in
the reaction conditions needed for the all-in-one reactions. This effect led to a strong
green fluorescence signal along with the desired red/orange fluorescence upon acti-
vation of Red Broccoli. Consequently, we chose to use a Red Broccoli aptaswitch for
the detection of SARS-CoV-2 amplicons and a pair of Broccoli aptaswitches for the
detection of the ACTB amplicon. This combination of sensors still allowed for accurate
results to be obtained. Negative clinical samples would generate green fluorescence
from the presence of the ACTB mRNA in the sample via Broccoli/DFHB-1T, confirming
a successful reaction. For samples positive for SARS-CoV-2, a red/orange signal from
Red Broccoli/OBl would indicate both the presence of the SARS-CoV-2 amplicon and
a successful reaction, obviating the need for readout from the ACTB aptaswitch.

We initially tested the multiplexed all-in-one assay using contrived samples with
different combinations of the SARS-CoV-2 and ACTB synthetic target RNAs and found
that it generated the expected two-channel fluorescence signals (Figure 5B). Once the
system is activated, the signal remains stable at room temperature over 6 days
(Figures ST14A and S14B). To assess the sensitivity of the reactions, we prepared syn-
thetic samples with SARS-CoV-2 RNA concentrations varying from 600 to 0.2 copies/
uL, while the ACTB mRNA concentration was kept constant at 4,000 copies/pL in the
reaction (Figure 5C). A significant Red Broccoli fluorescence was observed in the pres-
ence of the SARS-CoV-2 N gene down to concentrations of 5 copies/pL, while the
assay control green fluorescence remained high for all ACTB-containing samples.
The assay was then tested by supplying different concentrations of ACTB mRNA in
the absence of SARS-CoV-2 (Figure 5D). These experiments demonstrated that the
all-in-one RT-LAMP/aptaswitch assay could provide significant fluorescence output
down to 0.4 RNA copies/pL of the ACTB mRNA in the reaction.
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Figure 5. Multiplexed all-in-one RT-LAMP/aptaswitch assay for the detection of viral RNA

(A) Schematic of the multiplexable all-in-one RT-LAMP/aptaswitch assay. RT-LAMP is initially performed at 67°C for 30 min for simultaneous
amplification of RNA targets, followed by a cooling period. Reduction of temperature enables binding of the aptaswitches and is evidenced by a rapid
increase in the fluorescence of both Broccoli and Red Broccoli aptaswitches, signifying the presence of both the SARS-CoV-2 N gene and the ACTB
mRNA.

(B) All-in-one reactions enable simultaneous detection of SARS-CoV-2 RNA and human control ACTB mRNA with Red Broccoli and Broccoli
aptaswitches, respectively (n = 3 technical replicates; bars represent the arithmetic mean + SD).

(C) Limit of detection assay of SARS-CoV-2 N gene using 4,000 copies/uL ACTB mRNA. Values are the arithmetic mean + SD, with n = 3 technical
replicates. Red bar represents fluorescence intensity of Red Broccoli aptaswitches for detecting SARS-CoV-2 RNA. Green bar represents fluorescence
intensity of Broccoli aptaswitches for detecting ACTB mRNA (two-tailed Student's t test; ns, p > 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

(D) Limit of detection for multiplexed all-in-one reactions with aptaswitches for ACTB mRNA without SARS-CoV-2 RNA (n = 3 technical replicates, two-
tailed Student’s t test; ns, p > 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. Values are the arithmetic mean + SD. Red bars, fluorescence intensity of
Red Broccoli aptaswitches for detecting SARS-CoV-2 RNA; green bars, fluorescence intensity of Broccoli aptaswitches for detecting ACTB mRNA).
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Validation of multiplexed all-in-one reactions with clinical saliva samples

We next sought to validate the assay using a panel of 31 SARS-CoV-2-positive and
29 negative clinical saliva samples. RNA from the samples was first extracted using a
PureLink RNA extraction kit, and SARS-CoV-2 RNA concentrations were quantified
via quantitative RT-polymerase chain reaction (RT-gPCR). The extracted RNA was
supplied to the reactions and incubated at 67°C for 30 min, followed by rapid cool-
ing for readout in 384-well plates using a plate reader. We used the 95" percentile
value for non-template controls (NTC) of 26 valid (ACTB mRNA present) and 31
invalid samples (ACTB mRNA not present) for threshold value determination of
SARS-CoV-2 RNA and human control gene assay channels (Figure S15A). These
thresholds from Red Broccoli aptaswitches for determining the presence of SARS-
CoV-2 RNA and Broccoli aptaswitches for determining the presence of human con-
trol ACTB mRNA were then applied to the analysis of data from double-blinded
testing of patient saliva samples. Analysis of the samples following reaction cool
down enabled immediate identification of positive and negative samples in a plate
reader. Figures 6A, 6B, and S15B show the fluorescence of the Red Broccoli and
Broccoli aptaswitches at the beginning of the measurement. In general, the SARS-
CoV-2 positive samples display a much higher Red Broccoli fluorescence than the
negative samples as expected, while the Broccoli fluorescence remains highly active
in all the samples. Applying the fluorescence thresholding criteria, the assay
identified 29 out of 31 positive samples, which had Ct values ranging from 7 to 30
correctly, while 29 out of 29 negative samples were correctly determined to be
free of SARS-CoV-2 RNA. Accordingly, the sensitivity of this assay is 93.55% and
the specificity is 100%, resulting in an overall accuracy of 96.67%.

To investigate the potential of the all-in-one assay for rapid high-throughput testing
and in-home use, we also evaluated the assay without the RNA extraction step. In
this streamlined workflow, the saliva sample is directly added to the RT-LAMP/aptas-
witch mixture, and the 67°C reaction temperature is used to simultaneously release
viral RNA from the SARS-CoV-2 capsid and amplify its genetic material (Figure 6C). A
total of 58 clinical saliva samples were analyzed using this approach (Figures 6D, 6E,
and S15C). For the negative patient samples, 29 out of 29 were identified correctly
(Figure 6D). However, we found that for positive patient samples with Ct > 24, only
2/10 were identified correctly (Figure 4E). This reduction in sensitivity is likely caused
by components from saliva interfering with the RT-LAMP efficiency and less efficient
release of viral RNA compared with a full RNA extraction procedure. Despite this lim-
itation, we found that the all-in-one direct-from-saliva assay successfully identified
17 out of 19 positive patient samples with higher viral loads (Ct < 24). When consid-
ering only these higher viral load saliva samples with Ct < 24, the direct assay
yielded an accuracy of 95.8%, with 89.5% sensitivity and 100% specificity. Such
higher viral load samples are most likely to be obtained in the first days of symptom
onset, when samples are known to have lower Ct values.®” Although the perfor-
mance of the direct-from-saliva assay is substantially below that of RT-qPCR tests,
the ease of implementation and fast 30-min results from these all-in-one tests are ad-
vantageous for frequent at-home testing. Moreover, the use of saliva samples, which
are collected non-invasively and do not require swabs, makes the direct assay very
attractive compared with rapid antigen tests, which typically demonstrate poor

sensitivity when used with saliva.”®°

DISCUSSION

We have developed a class of computer-designed RNA aptaswitches enabling
enzyme-free detection of target nucleic acids without any sequence constraints
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Figure 6. Validation of multiplexed all-in-one RT-LAMP/aptaswitch assays on clinical saliva samples

(A and B) Fluorescence signals obtained from extracted RNA from 29 negative (A) and 31 SARS-CoV-2-positive (B) clinical saliva samples. The dashed
lines represent diagnostic thresholds that were determined using 95" percentile values for non-template controls of valid and invalid samples (orange
dashed line, Red Broccoli aptaswitch threshold value for determining a SARS-CoV-2-positive sample; teal dashed line, Broccoli aptaswitch threshold
value for determining a valid sample based on the presence of the human ACTB mRNA).

(C) Schematic of all-in-one extraction-free detection of SARS-CoV-2 RNA in clinical saliva samples. The release of RNA from patient saliva samples
occurs at 67°C along with RT-LAMP amplification in the same reaction.

(D and E) Fluorescence signals obtained from extraction-free multiplexed all-in-one RT-LAMP/aptaswitch reactions for 29 negative (D) and 29

(E) positive clinical saliva samples. The dashed lines represent the diagnostic thresholds that were determined using 95" percentile values for non-
template controls of SARS-CoV-2-positive and -negative samples (orange dashed line, Red Broccoli aptaswitch threshold value for determining a SARS-
CoV-2-positive sample; teal dashed line, Broccoli aptaswitch threshold value for determining a valid sample).

using a variety of different fluorogenic aptamers for readout. Demonstrating the
broad adaptability and programmability of this approach, we assembled a set of
over 700 aptaswitches capable of targeting diverse RNAs, including pathogens
and human transcripts. Taking advantage of spectrally orthogonal aptamer re-
porters, we implemented a four-channel single-reaction multiplexing detection
scheme capable of detecting DENV, ZIKA, malaria, and CHIKV targets simulta-
neously. This capability can be used to reduce assay costs and processing time.
Combining aptaswitches for detection with isothermal reactions for amplification,
we achieved clinically relevant levels of sensitivity for viral detection in two-pot
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reactions. Use of aptaswitches reduces the potential for false-positive results by
ensuring that the correct sequence is generated from isothermal amplification,
a common failure mode for assays that employ isothermal amplification
alone. We found using RT-LAMP that the sensitivity of the assay is equivalent
to RT-gPCR tests conventionally used for SARS-CoV-2 detection in clinical sam-
ples. Clear fluorescence signals from the assays can be visualized using simple,
readily available components that can be obtained for about $23.

Finally, we also demonstrated all-in-one multiplexed SARS-CoV-2 detection with a
human control gene through RT-LAMP/aptaswitch reactions using Red Broccoli/
OBI and Broccoli/DFHBI-1T in combination to obtain robust test results within
30 min. This assay was able to reliably detect as few as 5 copies/pL of SARS-
CoV-2 with red/orange fluorescence from Red Broccoli while simultaneously
providing readout of the assay control ACTB mRNA using the Broccoli fluores-
cence channel. The assay could be extended to higher-order multiplexing with
other common respiratory viruses, such as influenza A or respiratory syncytial virus
(RSV), using additional orthogonal aptaswitch/fluorogen pairs offering distinct
fluorescence signatures.

Key to the high performance and sequence versatility of the aptaswitches is the
exploitation of a variable stem region within the reporter aptamers to regulate
their folding. Harnessing this feature, which occurred at one or two sites for all flu-
orogenic aptamers we tested, enabled us to repress or activate aptamer folding
using virtually any sequence. The repression mechanism we use based on disrup-
tion of the stabilizing stem, in turn, enables the aptaswitches to be activated
quickly with high yields since only a single intramolecular hybridization reaction
is necessary to form the aptamer. This direct activation mechanism simplifies the
design and the aptamer folding pathway compared with other approaches
requiring an additional strand-displacement step for activation.’” The resulting
optimized repression and activation mechanisms lead to fast turn-on speed and
wide dynamic range, with ON/OFF ratios reaching 260-fold for the best aptas-
witches. Furthermore, use of a sequestration mechanism that hides key compo-
nents of the aptamer, namely the stabilizing stem, within the sensors contributes
to the programmability of the aptaswitches. Sequestration means that fewer nucle-
otides of the aptaswitch are exposed, and only the toehold region of the target-
binding site is available for binding, which reduces the likelihood of off-target hy-
bridization and sensor misfolding. By contrast, split aptamer systems, where the
reporter aptamer is cleaved in two for repression, employ fully exposed target-
binding regions.’*?**’ These exposed regions can lead to sensor misfolding
based on the target sequence, hampering recognition of the target molecule
and limiting sensor programmability.

Taken together, our all-in-one multiplexed aptaswitch assay is sensitive, low cost,
rapid, and easy to use, and it reduces the need for centralized and expensive instru-
mentation and diagnostic professionals (see Note S1 for comparisons with other
diagnostic assays). A key innovative feature of the aptaswitches is their capacity
for rapid detection of target nucleic acids in as little as 5 min with a strong character-
istic fluorescence signal using a non-enzymatic reaction. This property enhances
multiplexing capacity using aptaswitches programmed with distinct fluorescent out-
puts. Multiplexing of the fluorescence readout, however, is fundamentally limited by
the assortment of fluorogenic aptamers available. In principle, increased multiplex-
ing can be achieved by extending aptaswitch designs to aptamers that recognize
small molecules or protein ligands, which could enable readout in paper-based
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formats rather than via fluorescence. Another advantage of the aptaswitches is that
they do not require any chemical modifications for signal generation. As a result, ap-
taswitches can be prepared simply through in vitro transcription at a cost of at most
~$0.21 per reaction, which is substantially lower than the cost of more conventional
probe systems using fluorophore-modified oligos®' (see Note S2 for cost estimate).
Although we found that aptaswitch/RT-LAMP reactions can be successfully lyophi-
lized onto paper, for longer-term storage, we expect that they can also be synthe-
sized at the point of use in paper-based reactions using freeze-dried in vitro tran-
scription components.®?*? Lastly, the use of aptaswitches to verify the sequence
of amplicons reduces the likelihood of false-positive results from non-specific ampli-
fication.®*®> By contrast, DNA staining dyes, which fluoresce upon binding to DNA
irrespective of its sequence, can generate signals from non-specific amplicons,
reducing test accuracy.

We anticipate our aptamer-based molecular diagnostic system will enable indi-

viduals to on-site test more frequently with a shortened turn-around time,®¢’

%8 or microfluidic de-

particularly when coupled with low-cost instrumentation
vices.”® Compared with widely used rapid antigen tests, our assay provides
higher sensitivity and relies on more easily obtained saliva samples, rather than
nasal swabs. However, it does demand additional equipment for fluorescence
readout, reaction heating at 67°C, and sample purification for optimal perfor-
mance. Our success in using in silico design tools to reliably produce high-perfor-
mance, specific aptaswitches reduces the number of design cycles required for
optimization by improving the components tested with each passing cycle.
Thus, multiplexed aptaswitches can also be quickly engineered for profiling
custom or newly emerging pathogens. Predicting the performance of the aptas-
witches for different targets based on sequence information alone is very chal-
lenging and is tied to the large variations in performance observed for different
aptaswitch designs (for example, see Figure 1D). These performance differences
are driven by multiple effects, including variations in aptamer fluorescence with
changes in basal stem sequence (Figure S1A), differences in aptaswitch structure
and binding site availability depending on the target sequence, and potential in-
teractions between the target and core aptamer sequence. Despite these effects,
we have found that high-performance aptaswitches can be routinely identified
through screening six to twelve different sensors for a given target. It is likely
that high-throughput aptaswitch datasets coupled with machine learning ap-
proaches®” will enable us to better predict aptaswitch function from sequence
in the future. Thermodynamic analyses indicate that the aptaswitch design will
be unable to robustly discriminate single-base changes in target sequences (Fig-
ure S16; Table S16). However, we expect that future design improvements will
enable the use of aptaswitches to resolve such mutations, opening the door to
rapid genotyping and variant identification. Furthermore, use of alternative ap-
tamers and substrates should enable the aptaswitches to be used in colorimetric
assays that require no additional optical equipment.

The successful integration of aptaswitches with multiple fluorogenic aptamers sug-
gests that they can be broadly applied to diverse aptamers and other functional RNA

motifs. Building on the success of toehold-based RNA switches in living cells,””"

we
expect that aptaswitch mechanisms could be transferred in vivo to enable tag-free
imaging of endogenous transcripts. These strategies could also be deployed for
controlling the folding of functional RNA motifs to regulate intracellular interactions

such as protein binding or recognition by the ribosome.”?
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

All DNA oligonucleotides were purchased from Integrated DNA Technologies.
Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Alexander A. Green (aagreen@bu.edu).

Materials availability
This study did not generate new, unique reagents.

Data and code availability

The main data supporting the results in this study are available within the paper and
the supplemental information. The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding authors upon reasonable
request.

Transcriptional template preparation and RNA synthesis

All DNA oligonucleotides were purchased from Integrated DNA Technologies (IDT).
Molecular biology kits were used as described in the manufacturer’s instructions, un-
less otherwise noted. DNA fragments were assembled and amplified via PCR using
the Phusion High-Fidelity (HF) PCR Master Mix with HF buffer (NEB, M0531L). PCR
product constituting the transcriptional template for the aptaswitches was purified
using a MinElute PCR Purification Kit (Qiagen, 28006).

Aptaswitch RNAs were in vitro transcribed at 37°C for 2 h using AmpliScribe T7-Flash
Transcription Kits (Biosearch Technologies, ASF3507) with 200 nM of the DNA tem-
plate. Synthetic target RNAs were synthesized from PCR-amplified templates and
were purified using Monarch RNA Cleanup Kit (NEB, T2040L). All transcription prod-
ucts were prepared using this method, unless otherwise noted. For quantification of
target RNA concentrations, DNase | (Biosearch Technologies, ASF3507 kit) was used
to remove the DNA template to terminate transcription.

In silico design of aptaswitches

Aptaswitches were generated computationally using the NUPACK software pack-
age’*’* and by adapting approaches previously used for designing toehold switch
riboregulators.>’’%7> For a given target RNA or DNA sequence, candidate aptas-
witch designs for a desired reporter aptamer were generated at each base along
the target RNA or DNA. The secondary structures of the first- and second-generation
aptaswitches and the typical ranges of domain lengths are provided in Figure S2.
The secondary structures and minimum free energies of each of the resulting aptas-
witches were then analyzed in the presence or absence of the target. Candidate ap-
taswitches were selected based on the predicted single-strandedness of the toehold
region, the accessibility of the binding site within the target RNA or DNA, and the
probability that the reporter aptamer would fold into the correct secondary struc-
ture. This probability was calculated using the equilibrium base-pairing probability
table computed for the aptaswitch/target complex. RNA designs, secondary struc-
tures, and free energies were computed using NUPACK v3.2.2 using the ra1999
free energy parameter set and a temperature of 37°C.

Experimental screening of aptaswitches

Six to eight promising aptaswitches identified during in silico selection were tested
for each pathogen target. A BioTek Synergy Neo2 multimode microplate reader was
used for all plate reader measurements. 1.0 pM of column-purified aptaswitches (for
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Mango-IlI(A10U) and Mango-IV aptaswitches) or 0.7 pL direct transcription product
of aptaswitch RNA (for Broccoli, Corn, Red Broccoli, and Orange Broccoli aptas-
witches) and 2.0 uM of purified target RNA were added to the 384-well plate along
with 4 uM of DFHBI-1T for Broccoli (Lucerna, 410), 4 uM of Bl for Broccoli (Lucerna,
600), 2 uM of DFHO for Corn and Orange Broccoli (Lucerna, 500), 3 uM of OBI for
Red Broccoli (Lucerna, 610), 2 pM of TO1-3PEG-biotin for Mango-IlI(A10U) (abm,
G955), 2 uM of YO3-3PEG-biotin for Mango-IV (abm, G957), or HBC 530 for Pepper
(tocris, 7277). DFHBI-1T, BI, OBI, TO1-3PEG-biotin, YO1-3PEG-biotin, or HBC 530
buffer consisted of 40 mM HEPES pH 7.4, 100 mM KCl, and 5 mM MgCl,. DFHO
buffer consisted of 40 mM HEPES pH 7.4, 100 mM KCI, and 1 mM MgCl,. Before
each measurement, samples were shaken linearly for 30 s to ensure proper mixing.
The plate reader was preheated, and the measurements were taken at 37°C unless
otherwise indicated. To visually observe the fluorescence of the sensors, we illumi-
nated the reactions in a microplate using a Safe Imager 2.0 Blue Light Transillumi-
nator (ThermoFisher, G6600).

Multiplexed detection using orthogonal aptaswitches

Two-channel aptaswitch reactions were prepared with either a 2 pM concentration of
the purified Corn aptaswitch or 1.4 ul of the direct transcription product of the Corn
aptaswitch along with 1 pM DFHO fluorogen and 1 uM of purified Broccoli aptas-
witch or 0.7 pL of the direct transcription product of the Broccoli aptaswitch along
with 4 uM of the DFHBI-1T fluorogen. The 10X fluorogenic dye mix consists of
10 uM DFHO, 40 uM DFHBI-1T, 40 mM HEPES pH 7.4, 100 mM KCI, and 5 mM
MgCl,.

Three-channel aptaswitch reactions were prepared with 2 uM purified Corn aptas-
witch along with 1 pM DFHO, 1 pM purified Broccoli aptaswitch along with 4 uM
DFHBI-1T, and 1 uM purified Mango-IV aptaswitch along with 2 pM YO3-biotin.
The 10X fluorogenic dye mix consisted of 10 uM DFHO, 40 puM DFHBI-1T, 20 uM
YO3-biotin, 40 mM HEPES pH 7.4, 100 mM KCI, and 5 mM MgCls.

Four-channel aptaswitch reactions were prepared with 2 pM purified Corn aptas-
witch along with 1 pM DFHO, 1 pM purified Broccoli aptaswitch along with 4 uM
DFHBI-1T, 1 uM purified Mango-IV aptaswitch along with 2 uM YO3-biotin, and
1 uM purified Red Broccoli aptaswitch along with 4 pM DFHBI-1T. The 10X fluoro-
genic dye mix consisted of 10 uM DFHO, 40 uM DFHBI-1T, 20 uM YO3-biotin,
40 pM OBI, 40 mM HEPES pH 7.4, 100 mM KCI, and 5 mM MgCl,.

Multiplexed reactions were incubated at 37°C for 30 min and transferred to a
384-well plate for fluorescence measurements in a Synergy Neo2 multimode micro-
plate reader. The photographs of fluorescence were taken using a Safe Imager 2.0
Blue Light Transilluminator (Thermo Fisher, G6600).

Analysis of fluorescence data from four-channel multiplexed aptaswitch
reactions

Since the fluorescence of the reporter aptamers had some overlap, we implemented
a MATLAB script to deconvolve plate reader data and extract the fluorescence
generated by each aptamer/fluorogen pair in the four-channel multiplexed reac-
tions. A calibration plate was prepared that contained the aptaswitch reaction
buffer with the four fluorogens in one well, representing a blank sample for back-
ground fluorescence subtraction, and four other wells containing the fluorogens in
buffer with one of the aptamers. The five calibration wells were then measured
in a Synergy Neo2 multimode microplate reader using four excitation/emission
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pairs: 472 nm/507 nm, 505 nm/545 nm, 595 nm/620 nm, and 541 nm/590 nm.
Following subtraction of the background signal, the characteristic profile of the
four excitation/emission signals associated with each of the four reporter aptamers
was determined, generating a 4 X 4 non-singular matrix linking the fluorescence
reads to each aptamer. We inverted this matrix to generate a conversion matrix
that could take fluorescence data and convert it into the signal generated by each
of the four reporter aptamers. Multiplexed reactions were first measured using iden-
tical conditions in the plate reader. Background-subtracted fluorescence from the
reactions was then converted into aptamer signals using the conversion matrix (Fig-
ure 21). We also tested the accuracy of the conversion matrix by applying it to all
possible combinations of two or more of the aptamers. Comparison of the known ap-
tamer combinations to those generated by the conversion matrix from fluorescence
reads yielded an R-squared value 0f 0.972, confirming the accuracy of the conversion
matrix.

NASBA reactions with aptaswitch readout

For target RNA amplification with NASBA, 2.01 pL 3X reaction buffer (Life Sciences,
NEC-1-24), 0.99 uL 6X nucleotide mix (Life Sciences, NEC-1-24), 0.03 puL Protector
RNase Inhibitor (Roche), 0.12 pL of each NASBA primer (12.5 mM, IDT), 0.15 plL
nuclease-free water (Thermo Fisher, 10977015), and 1.2 pL target RNA were mixed
at 4°C and heated to 65°C for 2 min, followed by a 10-min incubation at 41°C. 1.5 uL
Enzyme Mix (Life Sciences, NEC-1-24) was then added to the reaction for a final vol-
ume of 6 pL. After mixing, the reaction was incubated at 41°C for 2 h. For a 35 pL two-
pot reaction, 5 pL of the NASBA amplified RNA product was combined with 0.7 plL of
RNA aptaswitch and 10X DFHBI-1T dye mix. This reaction was incubated and
measured at 37°C for an additional 2 h. The 10X DFHBI-1T dye mix consists of
40 uM DFHBI-1T (Lucerna, 410), 40 mM HEPES (Gibco, 15630080), pH 7.4,
100 mM KClI (Invitrogen, AM9640G), and 5 mM MgCl; (Invitrogen, AM9530G).

Viral RNA extraction for clinical dengue virus samples

De-identified serum samples positive and negative for dengue virus were obtained
at Salud Digna (Culiacan, Mexico). Viral RNA was extracted by using a QlAamp Viral
RNA Mini Kit (Qiagen, 52904) according to the manufacturer’s instructions. RNA was
eluted with 60 uL buffer AVE (Qiagen, 1020953) and stored at —80°C before use.

Two-pot RT-LAMP/aptaswitch reactions

RT-LAMP reactions were conducted with WarmStart LAMP 2X Master Mix (NEB,
E1700L), 3 pL of 10X primer mix (IDT; 16 pM of forward inner primer [FIP)/
backward inner primer [BIP], 4 uM of forward loop [FLoop]/backward loop [BLoop]
primers, and 2 uM of forward outer [F3])/backward outer [B3] primers), and 12 pL
of sample. The final volume of the amplification reaction was 30 puL. Amplification
was performed at 61°C for 30 min in an Applied Biosystems ProFlex PCR System
(Thermo Fisher, 4484073). Heat-inactivated 2019 novel coronavirus (ATCC, VR-
1986HK) was used as a template to perform the aptaswitch screen and establish limit
of detection ranges. The volume of template to be used and the final concentration
of template in the reaction was calculated on the basis of the initial concentration
provided by the vendor of 4.2 x 10° copies/pL. 10 uL of the resulting RT-LAMP prod-
uct was then added to the 384-well plate containing 0.7 uL of directly transcribed
aptaswitch RNA (for Broccoli, Corn, Red Broccoli, or Orange Broccoli aptaswitches)
along with 4 uM of DFHBI-1T (Lucerna, 410), 2 uM of DFHO (Lucerna, 500), 4 uM of
OBl (Lucerna, 610), or 4 uM of DFHO (Lucerna, 500), respectively. For Mango aptas-
witches, 1 uM of purified aptaswitch RNA was used with 2 uM of TO1-3PEG-biotin
(abm, G955) or 2 uM of YO3-3PEG-biotin (abm, G957).
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One-pot single-channel RT-LAMP/aptaswitch reactions

The one-pot single-channel reaction combines RT-LAMP components (WarmStart
LAMP 2X Master Mix [NEB, E1700L] and 3 uL 10X primer mix [IDT; 24 uM of FIP/
BIP, 6 uM FLoop/BLoop, and 3 pM of F3/B3]) along with the aptaswitches and corre-
sponding fluorogen. These reactions used primers at 1.5X the standard concentra-
tions for RT-LAMP (i.e., 2.4 uM for FIP and BIP, 0.3 uM for F3 and B3, and 0.6 uM
for LF and LB primers). For Broccoli aptaswitch readout, the reactions contained
2 uM DFHBI-1T and 0.2 pL of the direct transcription products of each of the Broccoli
aptaswitches targeting the forward and backward loops of the SARS-CoV-2 N gene
RT-LAMP amplicon. For Red Broccoli readout, the reactions contained 2 uM OBI
and 0.4 pL of the direct transcription product of the Red Broccoli aptaswitch targeting
the backward loop of the ACTB mRNA RT-LAMP amplicon. No additional ions were
added. Following addition of the SARS-CoV-2 sample, the reaction was incubated at
67°C for 30 min in a multiwell plate in a temperature-controlled plate reader with the
fluorescence readout in real time or incubated in a thermal cycler or incubator.
Following the 67°C incubation, the temperature of reaction was cooled to room tem-
perature for aptaswitch binding and fluorescence readout.

Paper-based one-pot single-channel RT-LAMP/aptaswitch reactions

Paper discs (Whatman, 1442-042) were cut using a 7.14 mm hole punch (Amazon,
BO879YNTTP) and then pre-treated by blocking overnight in a solution of 5% BSA
(NEB, B9000) and 0.05% Tween 20 (Sigma-Aldrich, P1379-100ML), followed by rinsing
for 3 x 15 min with H,O and drying in an oven prior to use. Pre-treated paper discs
were then placed into a 96-well flat clear bottom black microplate (Corning, 3603)
for freeze-drying and readout reactions. A mix containing 0.2 plL of each directly tran-
scribed aptaswitch RNA, 1.5 pL of 40 uM of DFHBI-1T (Lucerna, 410), 4.5 pM RT-LAMP
primer mix (IDT; 16 uM of FIP/BIP, 4 uM FLoop/BLoop, and 2 uM of F3/B3), and 7.5 pL
of Lyo-Compatible LAMP 4X Master Mix (NEB, M1710B) was applied to each paper
disc (13.9 pL/disc), which was then flash frozen in liquid nitrogen and freeze-dried at
—40°C overnight. The stabilized paper reactions were rehydrated with either 30 pL
of nuclease-free H,O or with 30 pL of solution containing target RNA. A BioTek Syn-
ergy Neo2 multimode microplate reader was used to control temperature (67°C for
30 or 60 min, following by cooling to 25°C) and monitor fluorescence readout using
the excitation/emission pair of 472 nm/507 nm in real time.

All-in-one multiplexed RT-LAMP/aptaswitch reactions

The all-in-one two-channel RT-LAMP/aptaswitch assay was conducted with
WarmStart LAMP 2X Master Mix (NEB, E1700L), 3 pL of 10X primer mix, 1.5 plL of
20X fluorogen mix, 0.8 uL of aptaswitch mix, and 9.7 pL of sample. The final volume
of the amplification reaction was 30 pL. The 10X RT-LAMP primer mix includes two
sets of primers: set 1 for the SARS-CoV-2 N gene at 1.5X the standard RT-LAMP con-
centration (IDT; 24 uM of FIP/BIP, 6 uM FLoop/BLoop, and 3 uM of F3/B3) and set 2
for the ACTB mRNA control at 0.8 the standard RT-LAMP concentration (IDT;
12.8 uM of FIP/BIP, 3.2 uM FLoop/BLoop, and 1.6 pM of F3/B3). The 20X fluorogen
mix is composed of 40 pM OBI (Lucerna, 610) and 40 uM DFHBI-1T (Lucerna, 410).
No additional ions were added. The aptaswitch mix consists of 2 pL of Broccoli ap-
taswitch for the ACTB mRNA amplicon forward loop, 2 pL of Broccoli aptaswitch for
the ACTB mRNA amplicon backward loop, and 4 uL of Red Broccoli aptaswitch
for the SARS-CoV-2 amplicon backward loop. The reaction was incubated at 67°C
for 30 min, followed by a cooling period to 25°C in an Applied Biosystems
ProFlex PCR System (Thermo Fisher, 4484073), a temperature-controlled plate
reader, or an incubator. The reactions were transferred to a 384-well plate for
fluorescence measurements in a Synergy Neo2 multimode microplate reader.
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Broccoli/DFHBI-1T fluorescence was measured with 472 nm excitation and 507 nm
emission wavelengths. Red Broccoli/OBI fluorescence was measured with 541 nm
excitation and 590 nm emission wavelengths.

Viral RNA extraction for clinical SARS-CoV-2 human saliva samples
De-identified, heat-inactivated clinical saliva samples were obtained from the Bio-
design Institute Clinical Testing Laboratory at Arizona State University. These spec-
imens were collected for SARS-CoV-2 diagnostic purposes. The viral RNA was
extracted, unless otherwise noted, by using a PurelLink Viral RNA/DNA Mini Kit
(Thermo Fisher, 12280050) according to the manufacturer’s instructions. RNA was
eluted with 50 pL of H,O and stored at —80°C before use.

RT-qPCR measurements of clinical samples

RT-gPCR parallel detection was prepared using a Luna SARS-CoV-2 RT-qPCR Multi-
plex Assay Kit Detection (NEB, E3019). The detection was performed following
the protocol of the kit in 7900HT Fast Real-Time PCR System with a 384-well block
module (Thermo Fisher, 4329001). Time to threshold was calculated using single-
threshold analysis mode.
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