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ABSTRACT: Rapid, point-of-care (POC) diagnostics are essential to mitigate the impacts of current (and future) epidemics;
however, current methods for detecting severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) require complicated
laboratory tests that are generally conducted off-site and require substantial time. CRISPR-Cas systems have been harnessed to
develop sensitive and specific platforms for nucleic acid detection. These detection platforms take advantage of CRISPR enzymes’
RNA-guided specificity for RNA and DNA targets and collateral trans activities on single-stranded RNA and DNA reporters.
Microbial genomes possess an extensive range of CRISPR enzymes with different specificities and levels of collateral activity;
identifying new enzymes may improve CRISPR-based diagnostics. Here, we identified a new Casl3 variant, which we named as
miniature Cas13 (mCas13), and characterized its catalytic activity. We then employed this system to design, build, and test a SARS-
CoV-2 detection module coupling reverse transcription loop-mediated isothermal amplification (RT-LAMP) with the mCas13
system to detect SARS-CoV-2 in synthetic and clinical samples. Our system exhibits sensitivity and specificity comparable to other
CRISPR systems. This work expands the repertoire and application of Casl3 enzymes in diagnostics and for potential in vivo
applications, including RNA knockdown and editing. Importantly, our system can be potentially adapted and used in large-scale
testing for diverse pathogens, including RNA and DNA viruses, and bacteria.

KEYWORDS: Casl3, COVID-19, SARS-CoV-2, RT-LAMP, biosensors, point-of-care diagnostics

H INTRODUCTION quantitative polymerase chain reaction (RT-qPCR).” RT-
qPCR testing requires shipping samples to a centralized facility
that is equipped with thermal cyclers and staffed by highly
trained personnel who extract nucleic acids and run samples.
This approach takes several hours (or more) from sampling to
result, complicating its large-scale application for recurrent
community-wide testing. The detection limit of the RT-qPCR
is 1 copy/ uL,” but because recurrent testing is necessary, test
sensitivity is not necessarily a high priority.® Recent studies
indicate that a sensitivity of 100 copies/uL suffices for efficient
testing.8

At-home or point-of-care (POC) diagnostics are essential for
effectively managing pathogen outbreaks and pandemics,
including COVID-19." POC testing can accurately and rapidly
identify and isolate symptomatic and asymptomatic carriers
and thereby contribute to limiting virus spread and protectin:

vulnerable individuals at risk due to pre-existing conditions.

Low-cost, frequent, and fast-turnaround testing is critical to
curbing virus spread. POC testing has quick turnaround times
and is efficiently deployed in low-resource areas and pop-up
centers; is easy to use and does not require highly trained

personnel; and can be used in clinical settings, pharmacies, and
even at home.” Advances in POC testing and effective Received:  April 24, 2021
deployment in-field would enable the reopening of economies,
schools, and borders as well as the resumption of nearly normal
operations across all fields.*

The current gold standard test for SARS-CoV-2 detection
involves reverse transcription of the virus genome and

© XXXX The Authors. Published b
Ameericl;n %ﬁemﬁcaissgcietg https://doi.org/10.1021/acssynbio.1c00181

W ACS Publications A ACS Synth. Biol. XXX, XXX, XXX=XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ahmed+Mahas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiaochu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tin+Marsic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Magdy+M.+Mahfouz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssynbio.1c00181&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00181?ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00181?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00181?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00181?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00181?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00181?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00181?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00181?fig=abs1&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acssynbio.1c00181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/synthbio?ref=pdf
https://pubs.acs.org/synthbio?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Synthetic Biology

pubs.acs.org/synthbio

Research Article

To overcome requirements for complex equipment,
researchers have developed technologies for a single-step,
isothermal amplification of nucleic acids, including loop-
mediated isothermal amplification (LAMP) and recombinase
polymerase amplification (RPA).”'® LAMP and RPA are cost-
effective, field-deployable, and scalable alternatives to PCR-
based methods.”' Recently, RT-LAMP and RT-RPA were
coupled with CRISPR Cas9, Cas12, and Cas13 enzymes for
the sensitive and specific detection of nucleic acids and viruses,
including SARS-CoV-2."”~"® The Cas12 and Casl3 enzymes
complex with their corresponding single-guide RNA (sgRNA)
and scan a DNA or RNA template for a complementary
sequence. Once a complementary sequence is recognized, the
enzyme cleaves the nucleic acid in cis and, once activated by
the initial recognition, exhibits collateral trans cleavage
activities, cleaving single-stranded (ss) DNA or RNA
molecules present in the reaction.'””” This collateral cleavage
activity of Cas12 and Casl3 has been harnessed for nucleic
acid detection. For example, the CRISPR-Casl3 system
coupled with RPA is used for virus detection via SHERLOCK
(Specific High-sensitivity Enzymatic Reporter unLOCK-
ing).”'~** To bypass the need for nucleic acid purification,
HUDSON (Heating Unextracted Diagnostic Samples to
Obliterate Nucleases) was developed and coupled with
SHERLOCK.”*

The World Health Organization requires that any POC
diagnostic meets the ASSURED criteria: accuracy, sensitivity,
specificity, user-friendliness, rapidity, and deliverability to end-
users.”

To work toward meeting these criteria, a robust POC testing
system for SARS-CoV-2 should include the following features:
(1) no nucleic acid extraction, (2) fast turnaround time (<30
min from sample to results), (3) single-tube reactions, (4)
scalability, and (5) low cost. Single-step diagnostics and single-
tube reactions would simplify testing and limit cross-
contamination in a testing facility. Modalities that do not
require amplification of the virus genome are useful for POC
testing kits. Recently, Liu et al.”® and Fozouni et al.”’ rapidly
detected and quantified SARS-CoV-2 using CRISPR-Casl13
without the preamplification step by combining CRISPR
RNAs (crRNAs) targeting different regions of the virus
genome, which enhances sensitivity. This method is promising,
but sophisticated signal detection devices are necessary.””*’

CRISPR/Cas systems possess great potential for various
applications, so researchers continuously search for, identify,
and characterize new Cas effectors to increase utility and
develop new tools for in vivo and in vitro applications.”**’
Recently, substantial efforts using computational approaches
for metagenomic mining resulted in the discovery of novel
CRISPR/Cas systems, including class II/type VI Cas proteins
that exclusively target ssRNA substrates.”’>* In addition to
repurposing these RNA targeting CRISPR/Casl13s for in vivo
applications,”*™* Cas13s are used in diagnostics that exhibit
unprecedented sensitivity, specificity, and speed.””**”***7
Different Cas13 variants are used for nucleic acid detection.
For example, Cas13a,>'?? Cas13b,*® and Cas13d*' exhibit
collateral cleavage activities and work for nucleic acid
detection. Here, we sought to expand the Cas13-based toolbox
for diagnostic applications by identifying and characterizing
novel CRISPR/Casl3 effectors. In this work, we identified,
characterized, and demonstrated the utility of the mCasl3
variant for SARS-CoV-2 detection. Our work illustrates the

untapped potential of mCasl3 enzymes in diagnostics and
other in vivo RNA applications.

B RESULTS AND DISCUSSION

Identification, Design, Construction, and Expression
of a Novel Miniature Cas13 System. To control the
pandemic of COVID-19, rapid, accurate, reliable, and portable
diagnostics for SARS-CoV-2 are essential.’ However, increas-
ing sensitivity and specificity has remained a common
challenge for recently developed diagnostics. Amplification
can increase the sensitivity of assays, and isothermal
amplification techniques like RT-LAMP and RT-RPA are
good alternatives for RT-qPCR. Both are highly sensitive,
provide rapid and more accessible platforms for viral nucleic
acid detection, and are suitable for POC uses.””~** Despite
many advantages of isothermal amplification in relation to
other traditional amplification methods, their application is
limited by the high rate of nonspecific amplification and cross-
contamination.*>*® Therefore, isothermal amplification meth-
ods are coupled with CRISPR systems to enhance specificity
and LoD, 16214748

A recent study by Xu et al.*’ describes the discovery of novel
compact Casl3 effectors that are classified as CRISPR/Cas
type VI-X and VI-Y. These novel compact Cas13s are used for
in vivo applications, including endogenous RNA interference
and RNA editing, and, interestingly, as an anti-coronavirus
approach that targets and combats SARS-CoV-2 and other
viruses in vivo.

The robust and efficient activities of these novel compact
Cas13s motivated us to explore the potential utility of other
novel compact Casl3 effectors for diagnostic purposes.
Therefore, we used some of the novel compact Cas13 protein
sequences from Xu et al. as queries in the Basic Local
Alignment Search Tool (BLAST) to find sequences similar to
potentially uncharacterized compact Casl3 proteins. The
alignment identified various proteins, including a few
uncharacterized putative Casl3 sequences with two predicted
RuxoxxxxH motifs of the conserved Cas13 Higher Eukaryotes and
Prokarzrotes Nucleotide-binding (HEPN) ribonuclease do-
mains.”>*’ One small (837 amino acids) candidate, which we
named as mCasl3, showed high similarity (>95% query
coverage) to the most efficient Cas13 identified by Xu et al,,
namely, Cas13X.1.* Further analysis of the metagenomic
contigs showed that the putative mCasl3 protein has an
associated CRISPR array in its immediate vicinity. In silico
analysis of the associated CRISPR array predicted that the
mCasl3-associated crRNAs share high similarity with the
length and architecture of the compact Cas13X.1 crRNA (a
30-nt-long spacer sequence at the 5’ end of the crRNA
followed by a 36-nt-long direct repeat (DR) sequence at the 3’
end) and of previously reported crRNAs of the Casl3b
family®® (a summary sketch of the computational strategy is
shown in Figure S1A). Furthermore, multiple sequence
alignment analysis showed high similarity and the two
predicted HEPN domains conserved among our putative
mCasl3 protein, Cas13X.1, and the other compact proteins,
Cas13X and Cas13Y (Figure S1B). Based on these predictions,
we hypothesized that the putative mCasl3 is functionally
active. Next, we codon-optimized and synthesized the
corresponding gene sequence and designed and constructed
the mCas13 sequence in a bacterial expression plasmid for
heterologous expression in BL21 Escherichia coli. Subsequently,
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Figure 1. Characterization of mCas13-based nucleic acid detection. (A) Schematic of specific Cas13-based detection. Specific target recognition by
Cas13 RNP triggers nonspecific, collateral activity that cleaves the reporters, resulting in a detectable fluorescent signal. (B) Representative
denaturing gel showing the targeted in vitro RNase cleavage activity of the mCas13 protein when incubated with the ssRNA target (404 nt) and
different crRNAs. RNA cleavage activity is most evident with crRNA 4 relative to other crRNAs and nonspecific (NS) ctrRNA control. (C)
Screening and selection of the optimal reporter and crRNA sequences. Reactions containing mCasl3 and four different crRNAs targeting the
SARS-CoV-2 N gene or nonspecific crRNA (NS) control were performed in the presence of one of five reporters. -NNNNN-Q represents the
RNaseAlert v2 reporter (Thermofisher). NS: nonspecific (not targeting SARS-CoV-2) crRNA. Values shown as mean + SD (n = 3). (D)
Evaluating the effect of mismatches between mCas13 crRNA and target RNA on mCasl13 activity. (Left) crRNA nucleotide sequence with the
positions of mismatches (red) on the crRNA. (Right) The fluorescence intensity, relative to the no-template control (NTC, gray) or crRNA with

no mismatches (purple), resulting from mCas13 collateral cleavage activity on each tested crRNA.

we produced the protein and tested its activity in vitro for
diagnostic applications (Figure S2).

Characterization of CRISPR-mCas13 In-cis and Trans
Catalytic Activities. When Cas13/crRNA ribonucleoproteins
(RNP) recognize and cleave their target sequence, they also
exhibit nonspecific, collateral cleavage activity that degrades
ssRNAs nearby.””>" Such collateral activity is used in nucleic
acid detection applications, where a ssSRNA probe (reporter)
molecule provided in the Casl3 reaction is cleaved by target-
dependent Cas13 collateral activity.”' The ssRNA reporter can
contain a fluorophore linked by a short ssRNA sequence to a
quencher, which emits fluorescence after the ssRNA sequence
is cleaved, indicating the presence, and therefore the detection,
of the target sequence (Figure 1A).

To test the mCas13 in-cis and trans activities in vitro and to
determine the most effective crRNAs to use in the mCasl3
SARS-CoV-2-based detection assays, we designed and
screened 10 different crRNAs targeting two different regions
in the SARS-CoV-2 nucleocapsid gene (N). We first evaluated
the in vitro cleavage activity of mCasl13 with four different
crRNAs targeting single-stranded RNA substrates harboring
target sequences complementary to the crRNA spacers.
mCasl13 exhibited different cleavage efficiencies with different
crRNAs, with crRNA 4 mediating the highest efficiency relative
to other crRNAs and controls (Figure 1B and Figure S3A).

Next, because different Casl3 proteins exhibit different
cleavage preferences depending on ssRNA sequences,” we
wanted to identify the best ssRNA reporter for the mCas13
SARS-CoV-2-based detection module. Therefore, we screened

five different ssRNA probes, each conjugated to a §’
fluorescent molecule (FAM) and a 3’ fluorescence quencher
(FQ). We used the four targeting crRNAs and nonspecific
(NS) crRNA used in Figure 1B by incubating mCas13 with
each of the crRNAs and reporters in the presence of the
synthetic (N gene) ssRNA target. Our screening consistently
identified crRNA 4 with a significantly higher fluorescence
signal relative to the NS crRNA control, indicating the cleavage
preference of mCas13 for poly(U) reporter sequences (Figure
1C). Using the poly(U) reporter molecule (UUAUU) to
screen six more crRNAs targeting different N gene region
indicated that different crRNAs exhibited overall different
signal levels (Figure S3B).

To find the optimal concentration of mCasl3 and crRNA
for maximal detection signal, we performed the reaction with
titrated mCas13 and crRNA concentrations. We found that the
optimal concentration of Casl3/crRNA RNP for a true
positive signal with no significant signal in NS crRNA control
was 500 nM (Figure S3C). In addition, to determine the
optimal temperature for mCasl13 catalytic activity, we tested
different cleavage temperature conditions ranging from 16 to
62 °C. We observed maximal activity in the 20—37 °C range,
which is similar to the optimal temperature of other known
Cas13 enzymes used for nucleic acid detection (Figure S3D).

Using optimized conditions and the most effective crRNA 4,
we tested the effect of single mismatches between crRNA and
target RNA on mCas13 RNA detection activity. We designed
10 crRNAs (based on crRNA 4) to contain a single nucleotide
mismatch at different sites, with one mismatch for every three
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Figure 2. Detection of SARS-CoV-2 using the CRISPR-mCas13 system. (A) Schematic of assay workflow of mCas13-based detection. Following
sample collection and RNA extraction, pathogen RNA is reverse transcribed and amplified via RT-LAMP isothermal reaction. RT-LAMP primer
sets (in which the FIP contains a T7 promoter sequence) are used, resulting in amplicons containing the T7 promoter sequence, which serve as
templates for in vitro transcription of target RNA. Upon target recognition, mCasl3 cleaves specially designed reporters in trans, leading to
fluorescent signal output. (B) Visualization of RT-LAMP amplicons targeting the N gene, produced with FIP and BIP primers containing the T7
promoter on 2% agarose gel. NTC: no template control; SC: STOPCovid; DT: DETECTR. (C) Measurement of real-time fluorescence output of
T7-mediated in vitro transcription and mCasl13-based detection. Synthetic SARS-CoV-2 RNA was reverse transcribed and LAMP-amplified with
STOPCovid (SC) and DETECTR (DT) primer sets. crRNA 4: targeting crRNA #4 identified in Figure 1; NS: nonspecific crRNA. Values shown
as mean (n = 3). (D) Limit of detection (LoD) of the mCas13-based detection assay. LoD was determined using synthetic SARS-CoV-2 RNA,
which was reverse transcribed and LAMP-amplified with STOPCovid and DETECTR primer sets. The LAMP product was subsequently used for
T7 in vitro transcription and concurrent mCas13 detection. Values shown as mean + SD (n = 3). (E) Specificity of the mCas13-based detection
assay. Detection of nonspecific viral targets including SARS-CoV-1, MERS-CoV, HIN1, HCoV-NL63, HCoV-OC43, and HCoV-229E, as well as
two plant viruses, tobacco mosaic virus (TMV) and turnip mosaic virus (TuMV), was attempted using the STOPCovid primer set (n = 3).

nucleotides on the spacer sequence. A low mismatch tolerance advantages over other amplification methods, including high
should cause a much lower detection signal than the positive sensitivity, rapid turnaround time, simple operation, and low
control (which is a perfect match). Our analysis revealed cost.”” To initiate the RT-LAMP reaction, we used primer sets
different mismatch tolerances for different regions of the spacer well-established in previous reports to target and amplify
sequence, where mismatches at the extreme 5’ or 3’ ends of conserved regions in the SARS-CoV-2 N gene, named here as
the crRNA were not well tolerated. In contrast, mismatches at STOPCovid'® and DETECTR'” primer sets. Because mCas13
other regions were tolerated better (Figure 1D and Figure S4). targets RNA, we modified these primers by appending a T7
The observed different tolerances for mismatches could be promoter sequence to the 5’ end of the first half of either the
advantageous to designing crRNAs useful for detecting variants forward inner primer (FIP) or the backward inner primer
that harbor different SNPs. Altogether, these data indicated (BIP). During LAMP amplification, the T7 promoter sequence
that the identified mCas13 is catalytically active with a robust integrates into the amplified DNA products, providing a
trans cleavage activity and thus is suitable for developing suitable template for the T7 RNA polymerase to transcribe the
nucleic acid detection platforms. amplified LAMP product in vitro and generate RNA targets for
RT-LAMP Coupled with CRISPR-mCas13 for SARS- mCas13 detection (Figure 2A). We tested the performance of
CoV-2 Detection. To ensure sensitive detection, preamplify- these modified primers using a synthetic SARS-CoV-2 viral
ing the RNA target of interest is necessary.”’ We chose RT- genome at 500 copies/uL. Gel electrophoresis indicated that
LAMP isothermal amplification because it possesses several these modified primers successfully amplified the target RNA
D https://doi.org/10.1021/acssynbio.1c00181
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Figure 3. mCas13-based detection of SARS-CoV-2 in clinical samples. (A) Validation of mCas13-based detection assay on RT-qPCR-validated
SARS-CoV-2 clinical samples with different Ct values. Pink bars represent the mCas13-based detection fluorescence output. FAM: RNA reporter
labeled with FAM fluorophore used in mCas13 detection assays. Blue dots represent N gene Ct values (Table S7). (B). Schematic representation of
mCas13-based visual detection with a handheld fluorescence visualizer. (C) Limit of detection (LoD) of the mCas13-based detection assay with
visual readouts. LoD was determined using synthetic SARS-CoV-2 RNA, which was reverse transcribed and LAMP-amplified with the STOPCovid
primer set. The LAMP product was used for T7 in vitro transcription and concurrent mCas13 detection. (D) Validation of mCas13-based visual
detection on RT-qPCR-validated SARS-CoV-2 clinical samples with different Ct values from panel (A). (E) Heat map displaying the validation of
the mCasl3-based visual detection assay of 24 SARS-CoV-2 RT-qPCR positive samples. RFU: random fluorescence units showing the signal
intensity that was obtained by the TECAN plate reader for the mCas13 reactions shown in Figure S6. (F) Concordance between mCas13 detection
results and RT-qPCR detection on 41 patient samples used in panels (A—E).

with no observed amplification in the no-template control
(NTC) (Figure 2B). In addition, we found no substantial
differences between the amplifications using primer sets with
the T7-containing FIP primer (T7-FIP) or T7-containing BIP
primer (T7-BIP). Therefore, we chose T7-FIP primers to
establish the RT-LAMP mCasl13 detection platform. These
results indicate that the modification in the RT-LAMP primers
did not interfere with the RT-LAMP reaction and resulted in
the robust amplification of the target sequences, which allows
subsequent coupling with mCas13 for virus detection.

Since mCas13 showed a high activity at 37 °C (Figure S3D),
a temperature also optimal for T7 RNA polymerase, we
attempted to couple the T7-mediated transcription of the RT-
LAMP product with the Casl3-based detection of the

transcribed RNA in a single tube. Therefore, after RT-LAMP
preamplification of the SARS-CoV-2 synthetic RNA using
STOPCovid or DETECTR T7-FIP modified primers, we
added the RT-LAMP products to the T7 transcription and
mCasl3 detection reaction. Real-time measurement of the T7-
coupled mCas13-based detection indicated robust detection of
the RT-LAMP product only when using targeting crRNA
(crRNA 4 was used for all SARS-CoV-2 detection assays) and
T7 RNA polymerase, confirming that the amplification of the
synthetic SARS-CoV-2 genome was specific and that T7
promoters were successfully integrated into the amplified
products (Figure 2C). These results indicate that we
successfully created a mCasl3-based two-pot SARS-CoV-2
detection platform.
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Next, we sought to determine the limit of detection (LoD)
of our two-pot SARS-CoV-2 detection assay. When establish-
ing the two-pot assay, we verified that both STOPCovid and
DETECTR primer sets could be used to effectively detect
SARS-CoV-2 RNA (Figure 2C). Therefore, we assayed the
performance and the LoD of both STOPCovid and
DETECTR primer sets to determine the primer set that is
most suitable for our mCas13 SARS-CoV-2 detection platform.
We used serial dilutions of the synthetic SARS-CoV-2 viral
genome as an input for the preamplification RT-LAMP
reaction. We found that both primer sets enable the sensitive
detection of the synthetic RNA, but the STOPCovid primers
reproducibly detected as few as 4 copies/uL viral RNA
compared with 8 copies/uL for DETECTR primers (Figure
2D). Although extending the RT-LAMP amplification time
could enhance its sensitivity, we limited the RT-LAMP
preamplification step to 35 min and the mCasl3 detection
reaction to 20—30 min, limiting the total detection time to ~1
h or less. Due to its outstanding LoD, we chose the
STOPCovid primer set for our mCas13 detection platform.

To test our assay’s specificity and ensure no cross-reactivity
with other common viruses, we challenged our system with
other SARS-CoV-2-related or nonrelated viruses, including
severe acute respiratory syndrome coronavirus 1 (SARS-CoV-
1), Middle East respiratory syndrome (MERS), human
coronavirus NL63 (HCoV-NL63), human coronavirus OC43
(HCoV-OC43), human coronavirus 229E (HCoV-229E),
HIN1 influenza, tobacco mosaic virus (TMV), and turnip
mosaic virus (TuMV), together with SARS-CoV-2. All tested
viruses (other than SARS-CoV-2) showed only near-back-
ground signals, indicating that the developed assay was highly
specific (Figure 2E). Collectively, these results indicated that
our developed mCasl3-based detection platform enables
reliable, highly sensitive, and highly specific detection of
SARS-CoV-2 with a turnaround time of 1 h from extracted
RNA to results.

Validation of RT-LAMP Coupled with CRISPR-mCas13
SARS-CoV-2 Detection Platform in a Clinical Setting.
Next, we sought to validate our assay with total RNA extracted
from SARS-CoV-2 patient swab samples. Oropharyngeal or
nasopharyngeal swab samples were collected from suspected
COVID-19 patients. After RNA extraction following the CDC
EUA-approved protocol, we confirmed the samples positive for
SARS-CoV-2 using RT-qgPCR (Table S7). We first tested our
assay with 17 samples with Ct values of 15—39. Using our
mCasl3-based detection assay, we correctly identified all
samples with Ct values of less than 34 within 1 h (Figure 3A).
These results indicated that our system can reliably detect
SARS-CoV-2 in samples with Ct values up to 34.

To enable large-scale screening during the SARS-CoV-2
pandemic, performing diagnostic assays at POC or outside of
laboratory settings is critical. Therefore, we wanted to couple
our assay with a portable device that enables a simple readout
suitable for POC and routine diagnostics. We adapted a
handheld, inexpensive fluorescence visualizer (PS1 Molecular
Fluorescence Viewer) to easily visualize and interpret the
results. This portable device illuminates reaction tubes with
blue light, and fluorescent reactions are visible through a film
used as an optical filter. Using this device, fluorescence is
readily visible to the human eye without the need for
sophisticated instruments like qPCR machines or plate readers
(Figure 3B). Using a modified RNA reporter molecule
conjugated to a 5 HEX fluorescent molecule instead of

FAM, we found that mCasl3 collateral cleavage of this
reporter produced a bright signal visible with the PS1
fluorescence visualizer. We optimized the HEX reporter
concentration for definitive visual detection of true-positive
samples and found that 1 uM of HEX RNA reporters produced
a clear signal with no substantial background in negative
controls (Figure SSA).

Next, to ensure that the sensitivity of our assay was
preserved with the change in fluorescent molecule, we repeated
the LoD assay using the STOPCovid primer set. We found the
same results as obtained previously with the machine-based
readout in Figure 2D, demonstrating that the 5° HEX
modification did not affect assay performance (Figure 3C).
Next, we evaluated this assay’s performance with the same 17
SARS-CoV-2 RNA samples used in Figure 3A. We compared
the results from the visual-based detection assay to the results
in Figure 3A. We found 100% concordance between the two
assays, indicating that the developed mCasl3 visual detection
assay is reliable (Figure 3D and Figure SSB). Finally, to
clinically validate and further test the reliability of our visual
mCasl3 detection assay, we tested the assay’s performance
with an additional 24 qPCR-confirmed positive clinical
samples of total RNA extracted from patient swabs along
with no-template control reactions. The visual-readout
mCasl3-based detection of SARS-CoV-2 from these 24
samples showed 100% concordance with RT-qPCR results.
We detected a clear fluorescence signal relative to the negative
controls in each positive sample (Figure 3E and Figure S6).
Altogether, we validated this system’s effectiveness in 41
clinical samples, enabling viral detection within 1 h with a
simple visual readout and with good concordance with RT-
qPCR results (Figure 3F).

Here, we identified and characterized a novel Casl3 variant
and developed an RT-LAMP coupled with mCas13 assay for
SARS-CoV-2 detection. This mCasl3-based detection plat-
form enables rapid, accurate, simple, cost-effective, and
efficient detection of SARS-CoV-2 and shows potential for
POC applications. This work expands the toolbox and
application of Casl3 enzymes in diagnostics and for potential
in vivo applications.

Although efficient Casl3 variants already exist, including
LwaCas13a, PspCas13b, and LbuCasl13a, among others, their
large size constrains their applications in vivo. However, due to
its miniature size that allows the in vivo delivery via adeno-
associated virus (AAV),>” the mCas13 variant can be used for a
variety of in vivo RNA manipulations, including RNA
knockdown, editing, splicing regulation, RNA imaging, and
localization. Intriguingly, the recently identified compact
Casl3, Casl3X.1, shows efficacy against SAR-CoV-2 and
influenza A virus, indicating that Cas13 may be useful as an
antiviral therapeutic.’® These studies demonstrate that
bacterial defense systems have untapped potential for diverse
synthetic biology applications, diagnostics, and therapeutics as
antiviral agents. While this work was in progress, searching the
growing number of sequenced bacterial genomes recently
deposited in the NCBI database uncovered additional
uncharacterized mCas13s with high sequence similarity to
the mCas13 used here. We found that some of these systems
have associated CRISPR arrays, with crRNA sequences and
architectures similar to those of the mCas13 crRNAs. Based on
the results shown here, we anticipate that such miniature
systems will prove useful for various applications, and mining

https://doi.org/10.1021/acssynbio.1c00181
ACS Synth. Biol. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acssynbio.1c00181/suppl_file/sb1c00181_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.1c00181/suppl_file/sb1c00181_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.1c00181/suppl_file/sb1c00181_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.1c00181/suppl_file/sb1c00181_si_001.pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.1c00181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Synthetic Biology

pubs.acs.org/synthbio

Research Article

natural resources for novel proteins with desired features is
unquestionably invaluable.

In summary, we successfully identified and characterized the
catalytic activities of a novel miniature variant of Cas13 and
harnessed its collateral catalytic activities to develop a system
for SARS-CoV-2 detection. Our modality coupling RT-LAMP
and mCasl3 demonstrates key features, including simplicity,
specificity, sensitivity, and portability. We measured the
readout signal using a low-cost P51 device. The P51 device
can be paired with a cell phone camera that processes and
shares data, facilitating the integration of this modality to large-
scale testing. This work illustrates the usefulness of mCas13
systems for diagnostics as well as other potential in vivo RNA
manipulations for diverse applications.

B MATERIALS AND METHODS

Computational Identification of a Novel CRISPR/
mCas13. Protein sequences of novel miniature Casl3s in a
recent report’ were kindly provided by Dr. Hui Yang
(Chinese Academy of Sciences, Beijing, China). These protein
sequences were used as queries in the Basic Local Alignment
Search Tool (BLAST) against the NCBI nonredundant (nr)
protein database (before January 2021) using default settings.
Only subject sequences with a query coverage (Query cover)
above 90% were considered. Protein sequences of the
miniature Casl3Y variants did not identify any subject
sequences with a query coverage above 90%. However, when
using protein sequences of the miniature Casl13X variants,
especially Cas13X.1 (accession #RKY08123), mCas13 (acces-
sion #HFHS1004) from Proteobacteria bacterium showed up as
the only subject sequence with a query coverage above 90%
(96%).

Protein sequence alignment of mCasl13 and the miniature
Cas13X and Cas13Y variants was performed using Clustalw™*
in MEGAX with default settings, and the alignment was
visualized using ESPript.”> The RxwoxH HEPN motif was
subsequently identified in the mCas13 protein sequence on the
basis of this alignment and was further confirmed by manually
searching for this motif using SnapGene. CRISPRCasFinder*°
was performed on the genomic DNA sequence (GenBank
#DSVK01000191.1) to identify the associated CRISPR array.
CRISPRDetect’” was then used to predict the orientation of
the direct repeat in the mCas13 CRISPR array.

Cas13 Protein Expression and Purification. To produce
the expression plasmid for Cas13 expression and purification,
the E. coli codon-optimized Casl3 coding sequence was
synthesized (GenScript) de novo and subcloned in frame with
His and SUMO tags on the N-terminus into the His6-
TwinStrep-SUMO bacterial expression vector (Addgene
#90097) using BamHI and NotI (Tables SS and S6).
Purification of mCas13 protein was performed following the
protocol of Kellner et al.”* with a few modifications. Briefly, the
mCasl3 expression vector was transformed into BL21 E. coli
cells. Starter cultures were prepared by growing single colonies
in an LB broth supplemented with 100 pg/mL ampicillin for
12 h at 37 °C. Next, 20 mL of the starter culture was used to
inoculate 2 L of the Terrific Broth medium (TB) (IBI
Scientific) supplemented with 100 pg/mL ampicillin for
growth at 37 °C until an ODygy, of 0.5. Cells were incubated
on ice for 30 min, expression was induced with 0.5 mM IPTG,
and cultures were then transferred to 16 °C for overnight
expression. Cells were harvested by centrifugation for 20 min
at 4 °C at 4000 rpm. Cell pellets were resuspended in a lysis

buffer (50 mM Tris—Cl pH 7.5, 500 mM NaCl, 5% glycerol, 1
mM DTT, and EDTA-free protease inhibitor (Roche)) and
supplemented with 1 mg/mL lysozyme (L6876, Sigma). Cells
were lysed by sonication and clarified by centrifugation at
11,000 rpm for 50 min. The soluble 6xHis-SUMO-mCas13 in
cleared lysate was then purified with an affinity chromatog-
raphy column (HisTrap HP, S mL GE Healthcare) (AKTA
PURE, GE Healthcare) followed by concurrent removal of the
6xHis-SUMO tag by SUMO protease and overnight dialysis in
a dialysis buffer (25 mM Tris—Cl pH 7.5, 100 mM NaCl, 5%
glycerol, and 1 mM TCEP). Cleaved protein was concentrated
to 1.5 mL by Amicon Ultra-15 Centrifugal Filter Units (50
kDa NMWL, UFC905024, Millipore) and further purified via
size-exclusion chromatography on an $S200 column (GE
Healthcare) in a gel filtration buffer (50 mM Tris—HCl pH
7.5, 600 mM NaCl, 10% glycerol, and 1 mM DTT). The
protein-containing fractions resulting from the gel filtration
were pooled, and the protein concentration was estimated with
A280 absorbance using NanoDrop (ThermoFisher Scientific
NanoDrop 8000 Spectrophotometer), snap frozen, and stored
at —80 °C. The weight protein concentration was then
converted into molar concentration to facilitate the calculation
of final protein concentrations in reactions.

Nucleic Acid Preparation. A short region of the SARS-
CoV-2 N gene sequence was used as a synthetic target in the
preliminary mCas13 characterization and optimization experi-
ments to screen crRNAs and collateral reporters and establish
mCas13-based detection (Figure 1). The N gene target RNA
sequences were prepared by in vitro transcription of PCR
amplicons containing the T7 promoter sequence using the
2019-nCoV_N_Positive Control plasmid as a PCR template
(10006625, IDT). Purified PCR amplicons (QIAquick PCR
Purification Kit, QIAGEN) were transcribed in vitro using a
HiScribe T7 Quick High Yield RNA Synthesis Kit (E2050,
NEB). The transcripts were purified using Direct-zol RNA
Miniprep Kits (R2050, Zymo Research) following the
manufacturer’s instructions, and the purified RNA was stored
at —80 °C.

mCasl3 crRNAs were designed to target the N gene
sequence of the SARS-CoV-2 genome. For crRNA preparation,
templates for in vitro transcription were generated using single-
stranded DNA oligos containing a T7 promoter, scaffold, and
spacer in reverse complement orientation (IDT) and were
then annealed to a T7 forward primer in a Taq DNA
polymerase buffer (Invitrogen). The annealed oligos were then
used as templates for in vitro transcription as described above.
NanoDrop 8000 was used to determine the concentration of
the purified RNA. The weight concentration was then
converted into molar concentration to facilitate the calculation
of final RNA concentrations in reactions.

To establish RT-LAMP coupled with T7-mCasl3-based
detection and LoD range, control synthetic SARS-CoV-2 viral
genomic sequences used in Figure 2 were ordered as synthetic
RNA from Twist Bioscience (cat. #102024), diluted to 10,000
RNA copies/uL, and used at indicated concentrations to create
simulated clinical samples.

For the specificity assay, different synthetic viral genomes
were ordered including MERS-CoV Control (cat. #10006623,
IDT), SARS-CoV Control (SARS-CoV-1) (cat. #10006624,
IDT), HIN1 (cat. #103001, Twist Bioscience), HCoV-NL63
(cat. #103012, Twist Bioscience), HCoV-OC43 (cat. #103013,
Twist Bioscience), and HCoV-229E (cat. #103011, Twist
Bioscience). In addition, DNA plasmids pGTMV (plasmid
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#118755, Addgene) and TuMV clone available in our lab®’
were used. All viral genomes, except TMV and TuMYV, were
diluted into 10,000 copies/uL stocks and 2 uL was used per
reaction. For reactions with TMV and TuMV DNA plasmids,
10 ng/uL final concentrations were used.

For RT-LAMP amplification (described below), previously
published LAMP primers designed to amplify the SARS-CoV-2
N gene (Joung et al.'® and Broughton et al.”) were used, with
modifications. The FIP or BIP primers were each designed
with the appended T7 promoter sequence at the 5’ end of the
first half of the primer. Such modification allows the modified
primer to integrate the T7 promoter sequence in the LAMP-
amplified product for subsequent T7-mediated in vitro
transcription. All oligo sequences and substrates are listed in
Tables S1-S3.

In Vitro Cis Cleavage Assays. mCasl3 cleavage reactions
were performed at 37 °C with synthetic, in vitro-transcribed
RNA targets. Briefly, cleavage reactions were carried out in 20
uL reaction volume with 500 nM mCasl3 protein, 500 nM
crRNAs, and 2 mL of 500 ng/mL target RNA in a 1X cleavage
buffer (20 mM HEPES-Na pH 6.8, 50 mM NaCl, 5§ mM
MgCl, and 1 mM DTT); the reactions were then incubated at
37 °C for 1 h. The samples were then boiled at 70 °C for 3 min
in a 2X RNA Loading Dye (B0363S, NEB) and cooled down
on ice for 3 min before loading onto a 10% polyacrylamide-
urea denaturing gel. Electrophoresis was conducted for 80 min
at 25 W. The gel was stained with the SYBR Gold Nucleic Acid
Gel Stain (S11494, ThermoFisher) for 10 min, briefly washed
with a 1X Tris borate EDTA buffer, and visualized using a Bio-
Rad Molecular Imager Gel Doc system.

Screening of crRNAs and Reporters and Establishing
mCas13 Collateral Detection. Activity and collateral assays
of Cas13 were performed in a 1X cleavage buffer in a 20 mL
final reaction volume. Casl3 and crRNAs RNPs were first
assembled by mixing 500 nM purified Casl3 with 500 nM
crRNA (unless otherwise indicated) in the 1X cleavage buffer
and 20 U of RNaseOUT (Invitrogen) followed by incubation
at 37 °C for 15 min. Next, the assembled RNP was combined
on ice with 2 mL of 500 ng/mL in vitro-transcribed target RNA
and 250 nM RNA reporter, and reactions were incubated for 1
h at 37 °C (unless otherwise indicated). Real-time or end-
point fluorescence measurements were collected on a micro-
plate reader (M1000 PRO, TECAN) at 2 min intervals (for
real-time measurements) using a 384-well, black/optically clear
flat-bottomed plate (ThermoFisher).

RT-LAMP Reactions. Reverse transcription and isothermal
amplification of target nucleic acids were performed using final
concentrations of 1.6 mM FIP/BIP primers (with the T7
promoter sequence fused to either the FIP or BIP primer), 0.2
mM F3/B3 primers, and 0.4 mM LF/LB primers; 1X
Isothermal Amplification Buffer (20 mM Tris—HCI pH 8.8,
50 mM KCl, 10 mM (NH,),SO,, 2 mM MgSO,, and 0.1%
Tween 20) (B0537, NEB); 1.4 mM dNTPs; 8 U of Bst2.0
WarmStart DNA Polymerase (MO0538, NEB); 7.5 U of
WarmStart RTx Reverse Transcriptase (M0380, NEB); and
6 mM MgSO, (B1003, NEB) in 25 pL reactions containing
variable concentrations of SARS-CoV-2 control standards or 4
mL of isolated RNA from clinical samples. LAMP reactions
were performed at 62 °C for 35 min in a PCR (C1000 Touch
thermal cycler, Bio-Rad) machine.

One-Step T7 Transcription and mCas13 Detection.
The two reactions, T7-mediated in vitro transcription and
mCasl3-based detection of the amplified and in vitro-

transcribed target RNA, were carried out in the same tube.
Briefly, 2 mL of the RT-LAMP reaction product was combined
with the 1X cleavage buffer (described above), SO0 nM
mCas13/crRNA assembled RNPs, 25 U of T7 RNA
polymerase (M0251, NEB), 1 mM NTPs, and 250 nM RNA
reporter (UUAUU) in 20 mL reactions. The reactions were
incubated at 37 °C for 20—30 min.

Visual Cas13-Based Detection. For simple visualization
of mCasl3-based detection, RNA reporters labeled with the
HEX fluorophore were used instead of the FAM fluorophore
(Table S4). Collateral cleavage of HEX reporters results in a
bright signal that can be easily visualized upon excitation with
LED light (Ali et al.'®). Cas13-based reactions were carried out
as described above, with modifications. For each reaction, 1
mM of the HEX reporter (unless otherwise indicated) was
used in 20 mL T7-mCas13 detection reactions. Reactions were
incubated at 37 °C for 30 min. Reaction tubes were then
transferred into the P51 Molecular Fluorescence Viewer
(miniPCR), and photos were taken using a smartphone with
default settings.

Clinical Sample Collection and RNA Extraction.
Oropharyngeal and nasopharyngeal swabs were collected
from suspected COVID-19 patients by physicians in Ministry
of Health hospitals in Saudi Arabia and placed in 2 mL screw-
capped cryotubes containing 1 mL of TRIZOL for inactivation
and transport. Each sample tube was sprayed with 70%
ethanol, enveloped with absorbent tissues, and then placed and
sealed in individually labeled biohazard bags. The bags were
then placed in leak-proof boxes and sprayed with 70% ethanol
before placement in a dry ice container for transfer to the King
Abdullah University of Science and Technology (KAUST).
Total RNA was extracted from the samples following
instructions as described in the CDC EUA-approved protocol
and using the Direct-zol kit (Direct-zol RNA Miniprep, Zymo
Research; catalog #R2070) following the manufacturer’s
instructions.

Real-Time Reverse Transcription PCR (RT-PCR) for
Detecting Positive SARS-CoV-2 RNA Samples. RT-PCR
was conducted on extracted RNA samples using the
oligonucleotide primer/probe (Integrated DNA Technologies,
catalog #10006606) and Superscript III one-step RT-PCR
system with Platinum Taq Polymerase (catalog #12574-026)
following the manufacturer’s protocol.
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