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Engineered LwaCas13a with enhanced collateral
activity for nucleic acid detection
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Clustered regularly interspaced short palindromic repeats (CRISPR)-CRISPR-associated protein 13 (Cas13) has been rapidly
developed for nucleic-acid-based diagnostics by using its characteristic collateral activity. Despite the recent progress in opti-
mizing the Cas13 system for the detection of nucleic acids, engineering Cas13 protein with enhanced collateral activity has been
challenging, mostly because of its complex structural dynamics. Here we successfully employed a novel strategy to engineer
the Leptotrichia wadei (Lwa)Cas13a by inserting different RNA-binding domains into a unique active-site-proximal loop within
its higher eukaryotes and prokaryotes nucleotide-binding domain. Two LwaCas13a variants showed enhanced collateral activ-
ity and improved sensitivity over the wild type in various buffer conditions. By combining with an electrochemical method,
our variants detected the SARS-CoV-2 genome at attomolar concentrations from both inactive viral and unextracted clinical
samples, without target preamplification. Our engineered LwaCas13a enzymes with enhanced collateral activity are ready to be

integrated into other Cas13a-based platforms for ultrasensitive detection of nucleic acids.

clustered regularly interspaced short palindromic repeats

(CRISPR)-CRISPR-associated protein (Cas) systems, are
RNA-guided ribonucleases'. The CRISPR RNAs (crRNAs) of this
family contain a direct repeat stem loop that interacts with the
Casl3 protein to form an RNase-inactive binary complex and a
spacer sequence that base pairs with the target RNA’. The result-
ing Cas13-crRNA-target ternary complex undergoes a large-scale
conformational change in which two higher eukaryotes and pro-
karyotes nucleotide-binding (HEPN) domains move toward each
other to form a single catalytic pocket to cleave the target RNA.
Intriguingly, this catalytic pocket localized on the outer surface of
the target-activated Cas13 complex can non-specifically cleave any
surrounding RNA molecules in a characteristic ‘collateral effect™.
This target-triggered collateral activity, originally an immune
defense mechanism intended to induce host dormancy and prevent
the propagation of invading phages, has been rapidly developed for
in vitro detection of nucleic acids’. For example, the Cas13-crRNA
surveillance complex is activated upon target recognition and per-
forms collateral cleavage of nearby dye-quencher pairs linked by
single-stranded RNA (ssRNA)>* to rapidly generate measurable
fluorescent or colorimetric signals®=.

The Leptotrichia wadei (Lwa)Casl3a has been widely used in
nucleic-acid-based diagnostics. Coupling LwaCasl3a collateral
activity to target preamplification, the specific high-sensitivity
enzymatic reporter unlocking (SHERLOCK) platform has detected
attomolar levels of viral RNA and other endogenous RNA tar-
gets’. Combining LwaCas13a with auxiliary Csmé6 endoribonucle-
ase, SHERLOCKv2 shortened the detection time for a Dengue

( : as13 orthologs, the single effectors of the Class 2 type VI

RNA target’. Integrating SHERLOCK detection with colorimet-
ric barcoding technology, the CARMEN system achieved mul-
tiplexed detection of thousands of human virus samples’. A
LwaCasl3a-based COVID-19 diagnostic test has undergone clini-
cal validation’” and received U.S. Food and Drug Administration
Emergency Use Authorization during the pandemic®. Although
target preamplification can provide high-concentration samples
for CRISPR-based detection of nucleic acids, this procedure nor-
mally requires multiple liquid-transfer steps and takes 2h for
column-based isolation of nucleic acids and isothermal amplifica-
tion of nucleic acid®’, leading to possible cross-contamination and
RNA degradation. Moreover, non-specific isothermal amplifica-
tion was reported to occur at a high frequency", increasing the
risk of false-positive testing®'?. Without target preamplification,
LwaCasl3a can detect short microRNA targets at concentrations
as low as 2pM by integrating electrochemical microfluidic chips"®
and can also detect SARS-CoV-2 targets at low femtomolar levels
when coupled with a photolithography-fabricated microchamber
array and three crRNAs'. However, amplification-free detection
of nucleic acids at the attomolar level is necessary for accurate and
field-deployable diagnosis to ensure timely identification of patho-
gens and prevent infection transmission, as well as broader appli-
cations in biological assessments and environmental surveillance'.
Although Leptotrichia buccalis (Lbu)Casl3a was reported to have
higher sensitivity for detection of nucleic acids'®", it was promiscu-
ous in the presence or absence of the target RNA in a spacer- and
reporter-sequence-dependent manner”.

Despite the recent efforts to improve Casl3a-based detection of
nucleic acids***'*1* engineering Cas13a protein with enhanced
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collateral activity has been challenging and it has not yet been suc-
cessful, possibly because of the dynamic nature and the structural
complexity of the RNase-active Cas13a enzymes. Here we employed
a structural analysis of LwaCas13a to guide a novel protein engineer-
ing strategy designed to improve its collateral activity. We fused dif-
ferent types of RNA-binding domains (RBDs) to the tip of a unique
B-hairpin loop proximal to the LwaCas13a active site to increase
its RNA substrate binding affinity. We found that four of the seven
RBD-LwaCasl3a loop fusions enhanced the collateral activity and
two of them (RBD#3L and RBD#4L) greatly improved the detec-
tion sensitivity for different targets, including SARS-CoV-2, Zika,
Dengue, and Ebola virus RNA, as well as microRNAs. By coupling
our collateral-activity-enhanced LwaCasl3a to an electrochemi-
cal sensor, we successfully achieved ~1attomolar (aM) sensitivity
and amplification-free detection for heat-inactivated SARS-CoV-2
genomic RNA and accurately detected clinical positive SARS-CoV-2
samples with a viral load as low as 12 copies per microliter (20aM)
in the reaction, without RNA extraction and preamplification steps.
Our results show the potential of this approach for ultrasensitive
detection of a wide range of RNA targets with clinical, biological,
and environmental importance.

Results

Tether RBDs to the N or C terminus of LwaCas13a. To enhance
the collateral activity of LwaCas13a, we first aimed to strengthen the
interactions with its RNA substrates. We hypothesized that fusing
an RBD to Casl3a protein could facilitate the capture of adjacent
target and reporter RNAs. We thus chose seven RBDs with different
topologies'** as candidates, including the adenosine deaminases
acting on RNA 1 (ADAR1) double-stranded RNA (dsRNA)-binding
motif 3 (DRBM3, RBD#1)*', heterogeneous nuclear ribonucleopro-
tein (hnRNP) A1 RNA-recognition motif 1 (RRM1, RBD#2), RRM2
(RBD#3)*, hnRNP C RRM (RBD#4)”, methyltransferase-like 3
(METTLS3) zinc-finger domain (ZnF, RBD#5)*, ADAR1 Z-DNA/
RNA-binding domain o (Za, RBD#6), and p (Zp, RBD#7)>*
(Fig. 1a and Supplementary Table 1).

RBDs were tethered either to the N or C terminus of LwaCas13a
via a 32-residue XTEN linker to allow the mobility of the RBD
(Fig. 1a). We expressed and purified the resulting 14 RBD fusions,
and tested their collateral activities in the presence of a synthetic
SARS-CoV-2 N gene fragment (Fig. 1b,c and Extended Data
Fig. 1). A comparison of the 30-min-endpoint fluorescence signals
produced by the wild-type (WT) and RBD fusions showed that
RBD#4N and RBD#6N slightly increased the endpoint fluorescent
signal by 75.8% and 32.5%, respectively, while fluorescence signals
produced by all other RBD fusions were similar to or less than that
of the WT (Fig. 1b,c and Extended Data Fig. 1). We then employed
RoseTTAFold” to generate a LwaCas13a structure model (Fig. 2a,b)
on the basis of the crystal structure of LbuCasl3a’ (Protein Data
Bank (PDB) ID: 5XWP; 80% identity). This model indicated that the
N terminus of LwaCas13a may be buried within the crRNA-binding
cleft, while the C terminus may be very close to the catalytic center
of the protein. Thus, linking RBDs to the N or C terminus could
disrupt Cas13a folding or active-site configuration, providing a pos-
sible explanation as to why 9 of the 14 RBD fusions led to decreased
activity (Fig. 1b,c).

Identify Casl3a active-site-proximal loops for RBD inser-
tions. By carefully examining the LwaCasl3a structure model, we
identified a unique f-hairpin loop G410-G425 (Loop 1) within
the HEPN1 domain located above the active-site cleft (Fig. 2b,c).
We envisioned that Loop 1 could be an optimal insertion site for
the proper orientation of RBDs to enhance RNA binding to the pro-
tein. We thus fused the seven selected RBDs between residues N415
and N416 at the tip of Loop 1 (Fig. 2¢) without linkers (owing to the
high flexibility of Loop 1), and tested the collateral activity of the

purified fusion proteins using the same conditions as in Fig. 1b,c.
Five of the Loop 1 RBD fusions (RBD#1L, #2L, #3L, #4L, and #6L)
had 59%, 216%, 468%, 518%, and 174% higher endpoint fluores-
cence signals than the WT after 30 min exposure to the synthetic
SARS-CoV-2 N gene RNA target (Fig. 2d). We also observed simi-
lar collateral activity improvement with two other synthetic RNA
targets, where RBD#2L, #3L, #4L, and #6L revealed 164%, 264%,
241%, and 171% increased activity relative to WT with a synthetic
SARS-CoV-2 RdRp gene target and 59%, 102%, 91%, and 38%
enhanced activity with a ssRNA1 target’ (Extended Data Fig. 2a-c).
The 99-amino-acid hnRNP A1 RRM2 (Fig. 2¢) and 105-amino-acid
hnRNP C RRM (Fig. 2f) Loop 1 fusions (named RBD#3L and #4L)
showed the highest collateral activities for all three tested synthetic
RNA targets.

We reasoned that RBD insertion position might affect its ori-
entation and RNA substrate capture, so we varied its insertions
between amino acids N415, N416, and K417 near the tip of Loop
1 and beyond its B-sheet secondary structure (Fig. 2c). As other
RBD#3 and #4 Loop 1 fusions also demonstrated significantly
increased collateral activity over the WT, insertion between amino
acid residue N415 and N416 (RBD#3L and #4L) exhibited compa-
rable or higher collateral activities among all tested insertion sites
(Fig. 2g and Extended Data Fig. 2d-f). Additionally, inserting
tandem RBDs, that is, RBD#3-linker-RBD#4 or RBD#4-linker—
RBD#3 into the same position did not further improve collateral
activity (Extended Data Fig. 2g,h). By contrast, RBD #3 and #4
insertions at another active-site-proximal loop within the HEPN2
domain of LwaCas13a (Loop 2, N992-G1004; Fig. 2a—c) led to a
complete loss of collateral activity, even after the addition of flexible
GSSG or (GGGGS); linkers (Fig. 2g). Collectively, inserting RBDs
to the optimal site in Loop 1 resulted in two LwaCasl3a variants,
RBD#3L and #4L, with the highest collateral activity improvement.

Reporter length requirement for optimal collateral cleavage.
Further analyzing the structure model, we estimated the distance
between the tip of Loop 1 (N415) and the LwaCas13a catalytic resi-
dues to be approximately 35 A. Although this distance might vary
owing to the flexibility of Loop 1, an RNA reporter with a length
over ten nucleotides would effectively span the distance between
the RBD-binding site and the HEPN active site. Additionally, the
hnRNP A1 RRM2 (RBD#3; Fig. 2e) binds at least four nucleotides
with a minimal sequence preference”, while the hnRNP C RRM
(RBD#4; Fig. 2f) preferably binds tracts of four uridines®. Thus,
the seven-nucleotide RNaseAlert substrate used in our above assays
could be suboptimal owing to its insufficient length. Moreover,
LwaCasl3a has a U-U preference for collateral cleavage’, and
replacement of the RNaseAlert with a PolyU-linked fluorophore-
quencher pair improves WT collateral activity™.

With this knowledge, we tested the collateral activ-
ity of target-bound RBD#3L, RBD#4L, and WT with
5'-6-carboxyfluorescein (6-FAM)-labeled-PolyU reporters of four
different lengths: 5, 11, 15, and 20 nucleotides. Reactions were ini-
tiated by incubation with the synthetic SARS-CoV-2 N gene frag-
ment. Aliquots were collected at 0, 5, 10, 15, and 30 min and resolved
on a denaturing gel to visualize the time course of collateral cleavage
activity (Extended Data Fig. 3). RBD#3L, RBD#4L, and the WT all
showed increased reporter cleavage in a reporter-length-dependent
manner. Densitometry analysis of the cleaved products exhibited
more efficient collateral cleavage by RBD#3L and RBD#4L than WT
in reactions using U}, Uy;, or U,, but not U; reporters (Fig. 3a,b
and Extended Data Fig. 3). We further quantified the cleavage activ-
ity of RBD#3L, #4L, and the WT by using the self-quenched Ui,
RNaseAlert (N;), and U, reporters (Fig. 3c,d). The overall fluo-
rescence intensity and initial collateral cleavage rates of all three
proteins were the lowest when RNaseAlert (N,) was used, pos-
sibly owing to the U-U preference of LwaCasl3a. By using the
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Fig. 1| Design of N- and C-terminal RBD fusions to LwaCas13a. a, Seven RBDs were selected and fused to LwaCas13a at the N or C terminus with a
flexible XTEN linker (32 amino acids). b,¢, Background-subtracted fluorescence comparing the collateral activity between WT and RBD#1N-#7N (b), and
between WT and RBD#1C-#7C (c). For b,c, 10 pM of synthetic SARS-CoV-2 N gene fragment targets (T1) were detected by WT and its N or C fusion
variants. The background-subtracted fluorescence (arbitrary units, AU) was calculated by taking the raw fluorescence signal of the testing sample and
subtracting that of the corresponding non-target control, in which the target RNA was replaced by nuclease-free water. Each bar was plotted from four
technical replicates with standard error of means (s.e.m.) at an assay time of 30 min. Two-tailed P values were calculated using unpaired t-tests: *P=0.04;
**P=0.0022; ***P=0.0008 for RBD#7C, P=0.0002 for both RBD#4 C and #5C; and ****P < 0.0001; compared to WT (see Source Data for P values).

NS, not significant.

U,, reporter, WT, RBD#3L and #4L initial collateral cleavage rates
were 1.5-,4.7-,and 5.8-fold higher than those of the U reporter, show-
ing a reporter length requirement for the optimal collateral activity
of RBD fusions higher than that of the WT (Fig. 3c,d). Further opti-
mizing reaction buffer compositions (Supplementary Figs 1 and 2)
improved the analytical limit-of-detection (LoD) of the WT to
~0.3pM (final concentration in the reaction), while RBD#3L and
RBD#4L reached the LoDs of 9 and 13fM, respectively (Extended
Data Fig. 4, Supplementary Fig. 3 and Supplementary Table 2).
Collectively, combining with reporters with extended length
(=11 nucleotides), RBD#3L and #4L exhibited a constantly enhanced
collateral activity relative to the WT under all tested conditions.

Characterization of RBD#3L and RBD#4L. To systematically eval-
uate the collateral activity of RBD#3L and #4L, we performed an
unbiased test using 11 crRNAs tiled along the length of a ssRNA1
target’ (Fig. 4a,b and Supplementary Fig. 4a). RBD#3L and #4L
demonstrated enhanced collateral activity at all sites over 120 min,
regardless of the spacer sequence (Fig. 4a). Fluorescence signals
produced by the two RBD fusions at an early point (30 min) ranged
from 2.6- to 13.4-fold higher than the WT signal, with an aver-
age of 5.3-fold increase (Fig. 4b), indicating an accelerated reac-
tion rate with all tested spacers. These results demonstrated that
RBD#3L and #4L have enhanced collateral activity while retaining
programmability.

To test if the target recognition specificity could be affected by the
enhanced collateral activity of RBD#3L and #4L, we introduced sin-
gle mutations (MMs) at every two nucleotides, or consecutive double
mutations (DMs) at every four nucleotides across a 28-nucleotide
synthetic SARS-CoV-2 N gene target (Supplementary Fig. 4b).
Comparison of the relative fold change in background-subtracted
fluorescence produced upon incubation with each mismatched tar-
get versus that of the perfect-match (PM) target revealed no sig-
nificant difference in the normalized fluorescence signal, indicating
that RBD#3L and #4L maintain the specificity of the WT LwaCas13a
(Fig. 4¢). Collectively, our data demonstrated that RBD#3L and #4L
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enhance collateral activity in a spacer-independent manner without
compromising the intrinsic programmability and targeting specific-
ity of LwaCas13a, suggesting that these two fusion proteins can be
widely used for RNA detection.

To further characterize RBD#3L and #4L, we measured their RNA
binding affinity (K},) and catalytic efficiency (k. /K},) in comparison
with the WT. Electrophoretic mobility shift assays showed K, val-
ues of 23, 18, and 46nM using a 36-nucleotide target RNA bind-
ing with the complex of the catalytically inactive HEPN2 domain
mutants (R1046A/H1051A), that is, ARBD#3L, dRBD#4L and dW'T,
and the crRNA (Extended Data Fig. 5a,b). By using a longer target
(105 nucleotides), K}, values were measured as 12, 11, and 16 nM for
dRBD#3L, dRBD#4L, and dWT RNPs, respectively (Extended Data
Fig. 5¢,d), again showing a higher target RNA binding affinity of the
RBD fusions than the WT. In addition to the enhanced target bind-
ing, the reporter binding affinity was also improved by RBD fusions.
The estimated K, values were ~0.23, 0.15, and 0.47 pM for U,
reporter binding with dRBD#3L, dRBD#4L, and dWT, respectively
(Extended Data Fig. 5e-g and Supplementary Table 3). In agreement
with the Kj, of reporter—protein binding, the Michaelis—Menten col-
lateral cleavage kinetics using U, as the substrate showing K, val-
ues were 1.9, 0.48, and 7puM and the catalytic efficiency (k. /Ky)
of reporter cleavage was 1.7x107, 1.5x 107, and 3.9x10°M™'s™!
for RBD#3L, RBD#4L, and the WT, respectively (Extended Data
Fig. 6 and Supplementary Table 4). The catalytic efficiency of
RBD#3L and RBD#4L remained two- to threefold higher than that
of the WT in reactions using reaction buffer supplemented with
0.01% bovine serum albumin and Triton X-100 (Supplementary
Fig. 5). Taken together, RBD#3L and #4L exhibited increased bind-
ing affinities to both target and reporter RNAs, as well as improved
collateral cleavage efficiency.

Detect various targets using Casl3a variants. To evaluate the
broader application of these LwaCasl3a variants, we used both
RBD#3L and #4L to detect a variety of clinically relevant RNA
targets, including RNA targets from SARS-CoV-2, Zika, Dengue,
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Fig. 2 | Structure-guided design of RBD-LwaCas13a fusion proteins with enhanced collateral activity. a, Domain organization of LwaCas13a by alignment
to LbuCas13a (PDB ID: 5XWP). N- and C-terminal ends are labeled cyan and green, respectively. Catalytic motifs, R474-H479 in HEPN1 and R1046-H1051
in HEPN2 are labeled red. Loop regions for RBD insertion, G410-G425 (denoted as Loop 1) and N992-G1004 (denoted as Loop 2), are labeled orange.
NTD, N-terminal domain. b, Ribbon representation of the predicted structure of LwaCas13a (gray)-crRNA (blue)-target RNA (purple) ternary complex.
The N terminus is labeled cyan and the C terminus is labeled green. The four catalytic residues, R474, H479, R1046, and H1051 are labeled red. Loop 1and
Loop 2 are labeled orange. ¢, An expanded view of the catalytic residues and two active-site-proximal loops. Loop-fusion proteins were constructed by
inserting RBDs between indicated residues, including N415, N416, K417, and G418, or S996 and K997. d, Background-subtracted fluorescence comparing
the collateral activity between WT and seven Loop 1 fusions (RBD#1L-#7L, in which RBDs were inserted between N415 and N416 in Loop 1). e f, Surface
views of RBD#3 (e), that is, hnRNP ATRRM2 (PDB ID: 5MPL), and RBD#4 (f), that is, hnRNP C RRM (PDB ID: 2MXY). N and C termini, and RNA-binding
regions for both RBDs are labeled. g, Background-subtracted fluorescence showing the collateral activity of WT, RBD#3, and RBD#4 loop-fusion variants.
Six constructs for each RBD were tested, including three Loop 1 variants with RBD directly inserted between N415 and N416, between N416 and K417,

or between N417 and G418, and three Loop 2 variants with RBD inserted between S996 and K997, including direct insertion with no linker, with flanking
GSSG linker, or (GGGGS);, linker, respectively. For d,g, 10 pM of synthetic RNA (T1) was detected by WT and loop-fusion variants. The bar plot represented
the 30-min background-subtracted fluorescence expressed as mean +s.e.m. from four technical replicates. Two-tailed P values were calculated using
unpaired t-tests: *P=0.0177; **P=0.0037, ***P=0.0006, ****P < 0.0001 (see Source Data for P values).
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Fig. 3 | Optimizing reporter length for enhanced collateral activity. a, Representative gel of the cleavage of 5’-FAM-labeled U., U;;, U, and U, reporters
by the WT LwaCas13a, RBD #3L, and RBD#4L after a 10-min incubation. nt, nucleotides b, Quantified percentage of cleaved products as shown in

a, represented by mean +s.e.m. of six replicates from two independent experiments each with three technical replicates for WT and RBD#3L, and of three
technical replicates for RBD#4L. Gels were analyzed by Imagel. The percentage of cleaved products was calculated by the intensity of product bands
divided by the summed intensity of the product and substrate bands within one lane and normalized to the reporter-only control. Two-tailed P values were
calculated using unpaired t-tests with Welch's correction: *P=0.0116; ***P=0.0004; ****P < 0.0001; compared to WT (see Source Data for P values).

¢, Time course of raw fluorescence generated by cleavage of RNaseAlert (IDT),

fluorophore-quencher pairs connected by U; or U;,. Reporters were

incubated with WT, RBD#3L, or #4L with the presence or absence of 10 pM of the T1 targets. Controls were reactions in the absence of a target
(con-RBD#3L, con-RBD#4L, and con-WT). Data are represented as mean +s.e.m. The error bar is shown from four technical replicates. d, Mean

slope +95% confidence interval (95% Cl) was calculated from ¢; fluorescence signal over 30 min for U; and RNaseAlert (RA), and over 10 min for U;, by
simple linear regression. Adjusted P values were calculated using two-way ANOVA with Dunnett's test: **P=0.011; ****P < 0.0001; compared to WT

(see Source Data for adjusted P value).

Ebola viruses, and two short microRNA (miR) targets, miR-19b
as a predictive biomarker for cardiovascular death”” and miR-2392
as a diagnostic marker for COVID-19 severity”. The matrices and
contaminants from biofluids usually reduce the sensitivity of a
CRISPR-based detection®**. To mimic a direct detection of RNA
targets from the complex composition of their diagnostic sam-
ples”**, we spiked these synthetic RNA targets into the correspond-
ing biological specimen types containing background RNAs. Before
the fluorescence plate reader assay, biofluid samples were treated
with the HUDSON methods**~* to simulate the release of RNA
from viral particles or exosomes and eliminate the nuclease activity
from the samples.

In detecting the SARS-CoV-2 N gene target, with the addition of
8% viral transportation medium (VIM) or 8% saliva to the reaction
buffer alone, the WT showed 40% decreased activity, while RBD#3L
demonstrated comparable or slightly increased activity and RBD#4L
exhibited 2.6- or 2.2-fold increased activity (Fig. 5a and Extended
Data Fig. 7a,b). Detecting the same target in reactions containing
16% VTM, RBD#3L retained 78% of the signal, however, only 30%
signal remained in WT, compared to reactions with buffer alone
(Extended Data Fig. 8a). Using similar approaches, Zika, Dengue,
and Ebola virus RNA targets were detected in reactions containing
8% urine, 2.5% serum, or 2.5% plasma, respectively. The WT showed
as much as 68% reduced signal in the presence of those complex
matrices (Fig. 5b—d and Extended Data Fig. 7c—e), while RBD#3L
and #4L retained good activity and showed 2.5- to 6.7-fold signals
relative to the WT. When higher concentrations of these matri-
ces were used (that is, 16% urine, 4.8% serum, and 4.8% plasma),
RBD#3L still retained 43%, 78%, and 93% of the signal compared to
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those reactions in buffer-only conditions (Extended Data Fig. 8b-d).
Likewise, RBD#3L and RBD#4L collateral activity in response to a
23-nucleotide miR-19b target were 4.7- and 7.3-fold relative to WT
in reactions containing 2.5% serum or 2.5% plasma (Fig. 5e and
Extended Data Fig. 7f,g). Finally, RBD#4L showed 28- and 14-fold
activities relative to WT in detecting a 20-nucleotide miR-2392 (dis-
covered only in serum and urine™) from samples containing 2.5%
serumand8%urine, respectively (Fig. 5fand Extended DataFig.7h-j).
Collectively, RBD#3L and #4L showed enhanced collateral cleav-
age over the WT in various buffer conditions (Fig. 5, Extended
Data Figs 7 and 8, and Supplementary Figs 1 and 2). In complex
reaction conditions, such as the biofluid-containing samples, we
observed RBD#4L maintained more robust collateral activity than
RBD#3L (Fig. 5 and Extended Data Figs 7 and 8), suggesting that
the intrinsic RBD#4-PolyU binding affinity* facilitates effective
collateral cleavage (Supplementary Fig. 6). Our results showed that
RBD#3L and #4L exhibited superior robustness in detecting target
RNAs from biofluid-containing samples, holding great potential for
field-deployable detection of various RNAs for diagnostic purposes.

Ultrasensitive and amplification-free RNA detection. To dem-
onstrate RBD#3L and #4L could be employed for on-site diagno-
sis of virus infection, we integrated their target-activated collateral
cleavage reaction into a screen-printed electrode (SPE) device
(Supplementary Fig. 7). The working electrode (WE) of this device
was first functionalized with the U,, tagged with methylene blue
(MB), a redox-active electrochemical reporter, the surface den-
sity of which was estimated to be ~25pmolmm™ (Supplementary
Fig. 8). The electron transfer between the WE and redox-active MB
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P values were calculated using Holm-Sidak multiple t-tests. Unless indicated, no significant difference was observed from each point mutation, that is,
RBD#3L versus WT and RBD#4L versus WT. *P=0.03498, compared to WT LwaCas13a (see Source Data for adjusted P value).

was acquired by square wave voltammetry (SWV)¥. Cleavage of
MB-tagged U,, reporters from the WE by Cas13a collateral activ-
ity is triggered by recognition of an RNA target and results in a
decrease in the peak electrochemical current expressed by Al%
(Supplementary Fig. 7). Evaluation of the analytical performance
of the endpoint Casl3-electrochemical assay using serial dilutions
of a synthetic SARS-CoV-2 N gene target (1aM to 100pM in the
reaction) revealed an estimated LoD of 1 pM (two-tailed P=0.0109,
unpaired t-test with Welch’s correction) for WT LwaCasl3a
(Fig. 6a and Extended Data Fig. 9a). By using RBD#3L and RBD#4L,
the LoD of this system was dramatically improved to 10aM
(Fig. 6b,c and Extended Data Fig. 9b,c). Further measurement of
the time-course electrochemical signals every 30s by repeated
SWYV scans (Methods; Supplementary Fig. 8) and demonstrated
clear discrimination of the reactions containing 10aM targets from
the non-target control by using RBD#3L and #4L, while the WT
showed only background-level signal (Supplementary Fig. 9). The
best-fit pseudo-first-order rate constants (that is, observed rate
constant, k) at a target concentration of 10aM were 0.007356s7",
0.003639s7!, and 1.213x107¥s™" for RBD#3L, #4L, and the WT,
respectively, showing over 10°-fold improvement of the k,, upon
RBD fusion.

To test the efficacy of this system for detection of genomic RNA,
the heat-inactivated SARS-CoV-2 samples from infected Vero E6
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cells were treated with a 5-min extraction-free procedure’ and
analyzed. The WT-based system could not distinguish between
the virus stock sample with the highest viral RNA concentration
(16.2fM in the reaction) and the blank (non-target control with
water input undergone the same treatment as the samples) (Fig. 6d).
Notably, an RBD#3L-based system detected a significant difference
(P=0.0343) between the blank and 1aM (final concentration in the
reaction) viral RNA (Fig. 6e). Similar results were observed when
the RBD#4L was used in place of RBD#3L in this system, with a
significant difference (P=0.0274) observed between the blank and
1aM target reactions (Fig. 6f).

Finally, we compared the performance of the WT, RBD#3L,
and RBD#4L systems in detecting clinical SARS-CoV-2 samples
(Fig. 6g-i). The VIM leftovers for storage of the nasopharyn-
geal swab biospecimens were all heat-inactivated and labeled as
SARS-CoV-2 positive or negative on the basis of the PCR or iso-
thermal nucleic acid amplification tests used at UConn Health
for diagnostic purposes. We first quantified the specific viral
loads by performing quantitative PCR with reverse transcrip-
tion (RT-qPCR) using purified RNA from these clinical samples
(Supplementary Fig. 10). Eleven samples were confirmed posi-
tive with C, values ranging from 34 to 22, equivalent to a viral
load from 1.9 to 32,066 copies per microliter (3aM to 53fM) in
electrochemical assay (Supplementary Table 5) and ten samples
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background-subtracted fluorescence mean +s.e.m. from four technical replicates. Two-tailed P values were calculated using unpaired t-tests: *P < 0.05;
**P<0.01; ***P<0.001; and ****P < 0.0001; compared to the corresponding WT under the same testing conditions. More specifically: a, ***P=0.0001;
b, ***P=0.0002 for RBD#3L and 0.0005 for RBD#4L; e, *P=0.0140; f, ***P=0.001, **P=0.0045 (see Source Data for P values).

were determined to be negative. The raw samples were subjected
to 5-min quick treatment at 95°C to eliminate nuclease activity
and facilitate viral RNA release and tested using an electrochemi-
cal sensor coupled with the WT, RBD#3L, and RBD#4L, respec-
tively (Fig. 6g-i). A detection threshold was set to two standard
deviations above the mean of blank samples'” (non-target con-
trol reactions with empty VIM in place of clinical samples),
allowing distribution of more than ~95% of the clinical negative
samples below the detection criteria. Following this standard,
RBD#3L detected nine and RBD#4L detected ten positive samples
within 30 min (Fig. 6h,i and Supplementary Table 5). One posi-
tive sample (P11) with a C_ value of 34 (1.9 copies per microli-
ter in the electrochemical assay) could not be detected by both
RBD#3L and #4L, while P9 with a C, value of 32 (12 copies per
microliter) could be successfully detected by RBD#4L. When ten
negative samples were tested by using either RBD#3L or #4L, no
false-positive data was shown in our analysis, showing the high
accuracy of our method. Notably, the WT LwaCasl3a cannot
detect the positive samples with the highest available concentra-
tions (P2, P4, and P8 with C, values of 22, 22, and 26, respectively;
Fig. 6g and Supplementary Table 5). We attribute the remarkably
improved sensitivity of RBD#3L and #4L compared to WT on the
electrochemical biosensor to a synergistic effect of several fac-
tors, including the enhanced reporter RNA binding with the RBD
proximal to the active site of LwaCas13a and the surface chemistry
at the reaction interface. On the basis of these findings we believe
that RBD-LwaCasl13a proteins engineered with improved collat-
eral activity can be integrated into diverse detection platforms to
detect pathogen- or host-derived RNA targets in the clinical labo-
ratory or point-of-care settings.

Discussion

In this study, we demonstrated that the collateral activity of WT
LwaCasl3a can be improved by structure-guided protein engineer-
ing. We generated LwaCas13avariants with enhanced collateral activ-
ity by inserting selected RBDs to the tip of an active-site-proximal
loop. Two of the most potent variants, RBD#3L and #4L, increased
the collateral cleavage rates in various buffer conditions. When fur-
ther integrated with an electrochemical device, these two variants
detected attomolar levels of viral RNA targets without preamplifica-
tion. Our engineered protein with increased collateral activity also
showed high accuracy in analyzing clinical SARS-CoV-2 samples
and can detect positive samples with a concentration as low as 12
copies per microliter (final concentration in the electrochemical
assay). Our technology utilizes an engineered LwaCasl3a enzyme
to increase the collateral activity and therefore can be readily inte-
grated into a variety of previously established Cas13a-based detec-
tion platforms*®!>!42,

Since the emergence of CRISPR-based technologies for the
detection of nucleic acids, many attempts have improved reaction
sensitivity for fast on-site detection of nucleic acids using a vari-
ety of approaches including target preamplification®, auxiliary
proteins with corresponding activator RNA additions**, multiple
crRNA combinations'®, reaction optimization®, field-deployable
sample treatment™, and versatile sensing devices'*'*"'**. However,
it has been challenging to engineer the Casl3a protein owing to its
structural complexity and catalytic dynamics as an active RNase.
Reported studies on Casl3 protein engineering were exclusively
for in vivo editing or targeting of RNAs*~*. Among those studies,
the design of a Cas13 fusion protein has followed the established
strategy of tethering functional proteins or domains to the N and/
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nasopharyngeal swab storage, and the viral load was quantified by RT-gPCR with standard curve analysis using purified RNA. WT (g) was tested with
three positive samples (P2, P4, and P8); RBD#3L (h) was tested with five negative samples (N1-N5) and 11 positive samples (P1-P11); and RBD#4L (i) was
tested with five negative samples (N6-N10) and 11 positive samples (P1-P11). Clinical samples were subjected to extraction-free 5-min quick treatment
before adding to the reactions. Blank samples were tested in parallel with clinical samples and used VTM as input. h,i, Box plots with the 25th and the 75th
percentile boundaries and the whiskers indicating the minimum, maximum, and mean values of electrochemical signal change (Al%) of clinical samples
each from three technical replicates. Dotted lines indicate the threshold for electrochemical sensor detection and were set to mean + 2 x s.d. of the blank.
Concordance tables between RBD#3L/RBD#4L-sensor and RT-qPCR for clinical samples are shown. For a-g, bar plots represented mean =+ s.d. of the
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0.0002 and 0.0009 for 104, 10°, and 10¢aM target samples; e, *P=0.0343, **P=0.0053, ***P=0.0002 for both 10" and 10*aM target samples;

f, *P=0.0274, **P=0.0073, ***P=0.0004 (see Source Data for P values).

or C terminus of a Cas effector’”**. We found, however, that the -hairpin loop proximal to its active site that served as a hotspot
LwaCasl13a terminus can be buried (Fig. 2b), and linking additional ~ for Cas13 engineering, since fusing selected RBDs into this loop
functional domains/motifs to these termini can lead to a detrimental ~ enhanced RNA binding and cleavage, as well as enzyme stability.
effect on Casl3a collateral activity. Intriguingly, we identified a A few studies have employed a domain-insertional strategy to add
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new functionalities to Cas9, such as inserting a ligand-binding
domain for the allosteric regulation® or a deaminase to broaden
the activity window of base editors’’; however, these studies did
not show enhancement of activity or substrate binding affinity of
Cas9**. Our strategy exploited the RNA binding affinity of selected
RRMs and structure-guided domain insertion to dramatically
enhance collateral activity while maintaining the programmability
and specificity for the target RNA.

There are a large number of known RBDs, including
RRMs, DRBMs, and zinc-finger RNA domains, which interact
with RNA in a non-sequence-specific manner, especially under
physiological conditions where interacting RNAs are present at
low abundance®*”*%. Further exploration of the RBD repertoire
may lead to the discovery of more active and robust Casl3a vari-
ants. In addition to diagnostic context, these engineered Casl3a
proteins could potentially be used for the detection of agricul-
tural pathogens and sensing of proteins and small molecules when
in combination with other biotechnologies. Our case study on
LwaCasl3a points to a new direction for future engineering stud-
ies on other Cas enzymes, which are usually large and may con-
tain other potential structural loops proximal to their active sites
for fusing other regulatory/functional domains for both in vitro and
in vivo applications.

Notably, the inclusion of our engineered RBD-LwaCasl3a
fusion proteins into a U,, RNA redox-reporter-functionalized
SPE device enabled the detection of heat-inactivated SARS-CoV-2
viral genome at attomolar sensitivity and successfully identified
the unextracted clinical SARS-CoV-2 positive samples, without
target preamplification. Our engineered CRISPR-Cas system is
among one of the most sensitive CRISPR-based amplification-free
technologies for the detection of nucleic acid developed to date in
detecting the SARS-CoV-2 genome (LoD 0.6 copies per microli-
ter in the reaction, within 30 min). It shows comparable sensitiv-
ity to the droplet-based Casl3a kinetic barcoding (below 1 copy
per microliter), which contained a total of 26 crRNAs in one single
assay”; it is one order of magnitude more sensitive than that of
the Cas13a-Csmé6 tandem assay (31 copies per microliter), which
required eight different crRNAs and a Csm6 protein with its chemi-
cally modified activator RNA"; two orders of magnitude more sen-
sitive than the Casl3a-mobile phone microscopy (200 copies per
microliter), which utilized three different crRNAs'®; three orders of
magnitude more sensitive than the Casl3-microchamber array",
and six orders of magnitude more sensitive than the CRISPR-elec-
trochemical biosensor that depends on the WT Casl3a protein'®.
As opposed to the aforementioned amplification-free detection
technologies that are exclusively based on extracted RNA materi-
als, our RBD-LwaCasl3a-electrochemistry platform showed great
detection sensitivity and accuracy and does not need the addi-
tional RNA extraction steps, which holds great potential for ultra-
sensitive detection of various RNAs of clinical and environmental
importance.
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Methods

Plasmid construct design and molecular cloning. Sequences encoding seven
candidate RBDs (Supplementary Table 1) were amplified from HEK293T ¢cDNA.
First, total RNA was extracted by Trizol (Invitrogen, 15596026) reagent per the
manufacturer’s protocols, treated with RNase-free DNase I (New England Biolabs
(NEB), M0303S) at 37 °C for 30 min to remove genomic DNA, and heated at

70°C for 5min to inactivate DNase activity. To generate cDNA from the RNA
extracts, RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, K1622)
was used per the manufacturer’s protocols. The RBD-encoding sequences were
amplified with Q5 High-Fidelity DNA polymerase (NEB, M0491L) in a 20-pl

PCR reaction, comprising 2 ul template cDNA, and 0.5 uM forward and reverse
primers (Integrated DNA Technologies (IDT)) with designed 5’ flanking bases
and a Bsal restriction site. PCR products were electrophoresed on 1.5% agarose gel
with 0.01% (v/v) ethidium bromide in 1X TAE buffer, visualized under a blue-light
transilluminator (Accuris) to excise the bands and gel purified (Qiagen, 28076).
Cloning primers are listed in Supplementary Note 6.

Purified DNA pieces, RBD alone or RBD with linkers, were
Golden-Gate-cloned into an expression vector of LwaCas13a (pC01
3-Twinstrep-SUMO-huLwCas13a; Addgene plasmid #90097), a gift from F.
Zhang. A silent mutation was introduced to the vector to eliminate the Bsal
restriction site for cloning. N-terminal His-tagged SUMO protease expression
plasmid was constructed by amplifying the gene sequence encoding yeast
Ulp1*%-%2! from 1 pl Saccharomyces cerevisiae strain BY4741 competent cells
and Golden Gate cloning into the expression vector of LwaCas13a to replace
the twin-strep tag, SUMO tag, and LwaCas13a sequences. The assembled
plasmids were transformed to One-Shot Stbl3 Chemically Competent E. coli
cells (Thermo Scientific, C737303) and grown overnight on a Luria Broth (LB)
agar plate containing 100 ug ml~" ampicillin. Colonies containing the correct
plasmids, as confirmed by Sanger sequencing (Genewiz), were grown in an
ampicillin-supplement LB medium. The plasmids were purified (Qiagen,
27106) and the concentration and purity were measured by a NanoDrop One
microvolume Spectrophotometer (Thermo Scientific).

Protein purification. Expression and purification of the WT LwaCas13a and

RBD fusion proteins were performed as described in ref. ° with modifications.

In brief, the protein expression vector was transformed into E. coli BL21(DE3)
competent cells and grown on LB agar plate overnight. A single colony was picked
and inoculated in a 5-ml starter culture, grown overnight, and transferred to a
flask containing 11 LB medium. The cultures were grown at 37°C and 220 r.p.m.
until optical density at 600 nm reached 0.4. The cells were cooled on ice for 30 min,
induced with 250 uM isopropyl p-p-1-thiogalactopyranoside, and grown for 16 h
at 16°C and 160 r.p.m. Cell pellets were collected by centrifugation at 5,200g for

20 min and stored at —80 °C before purification.

All protein purification steps were performed at 4 °C or on ice. The cell
pellet was resuspended in lysis buffer (50 mM Tris-HCI, pH 8.0, 1 M NaCl,

10 mM imidazole, 1 mM Tris(2-carboxyethyl) phosphine (TCEP)) supplemented
with EDTA-free protease inhibitor tablets (Thermo Scientific, A32965) and
mixed by rotation until homogeneous. The cells were then disrupted by
sonication (Branson) and the cell lysate was centrifuged at 13,000¢ for 30 min.
The supernatant was incubated with Ni-NTA Agarose resin (UBPBio, P3020)
and rotated for 30 min. The protein-bound resin was applied to a gravity-flow
column for washing and elution. Most of the non-specifically bound proteins
were removed by washing buffer 1 (50 mM Tris-HCI, 1 M NaCl, 20 mM
Imidazole, 1 mM TCEP, pH 8.0) and 0.5-1 volume of washing buffer 2 (50 mM
Tris-HCI, 1 M NaCl, 50 mM Imidazole, 1 mM TCEP, pH 8.0). The protein was
eluted using elution buffer (50 mM Tris-HCI, 0.6 M NaCl, 150 mM Imidazole,

1 mM TCEP, pH 8.0). Notably, the TCEP and protease inhibitor was added
freshly before use. The SUMO tag was removed by mixing the elute with
lab-purified SUMO protease and dialyzed overnight against dialysis buffer

(50 mM Tris-HCI, 0.6 M NaCl, 2 mM dithiothreitol (DTT), pH 7.5). The cleaved
products were applied to Ni-NTA resins to remove the uncleaved protein and
the His-tagged SUMO protease. The collected elute was buffer exchanged to
storage buffer (50 mM Tris-HCI, 600 mM NaCl, 5% glycerol, and 2mM DTT, pH
7.5) and concentrated to ~1.5 mgml~' using an Amicon Ultra centrifugal filter
unit with 100 kDa cutoff (Millipore, UFC910024). The resulting proteins were
aliquoted and stored at —80 °C before use. The His-tagged SUMO protease was
purified similarly, except washing buffers 1 and 2 contained 10 mM and 20 mM
imidazole, respectively.

Cation exchange chromatography was performed for further purification of
RBD#3L, RBD#4L, WT, and their HEPN2 domain mutants (R1046A/H1051A).
After overnight dialysis, proteins were loaded onto a MonoS$ cation exchange
column (Cytiva) via fast protein liquid chromatography (AKTA PURE, GE
Healthcare) and eluted over a salt gradient from 300 mM to 1 M NaCl in buffer
containing 20 mM Tris-HCI (pH 8.0) and 2mM DTT. Fractions were collected and
visualized by SDS-PAGE with Coomassie blue staining for the presence of desired
proteins. Pooled fractions were buffer exchanged and concentrated to ~15pM.
Proteins were stored in buffer containing 20 mM Tris-HCI pH 7.5, 600 mM NaCl,
2mM DTT, and 35% glycerol, aliquoted, flash-frozen in liquid nitrogen, and stored
at —80°C before use (Supplementary Fig. 11).
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RNA target and crRNA preparation. Non-labeled RNA targets (T1-T29) and
crRNAs (cr4-crl9; Supplementary Notes 2 and 3) were obtained by in vitro
transcription (IVT) using the HiScribe T7 Quick High Yield RNA Synthesis Kit
(NEB, E2050S). IVT templates for T1-T3 and T27-T29 were PCR amplified
from gBlock (IDT) containing a T7 promoter sequence, and templates for
crRNAs were PCR amplified using a universal forward primer (Pr01) and a
reverse primer (Pr02-Pr17; Supplementary Note 5). PCR products were gel
purified and eluted with nuclease-free water. The concentration and purity of
the templates were measured by Nanodrop. At least 1 pmol of DNA was added to
each IVT reaction.

IVT templates for T4-T26 were obtained by annealing the top primer Pr18
with the bottom primer Pr38, annealing top primer Pr22 with bottom primer
Pr23-Pr37 or Pr39-Pr44, or annealing the top primer Pr45 with bottom primer
Pr46 (Supplementary Note 5). In brief, a final concentration of 10 pM top and
bottom primers were added to a 10-pl reaction containing 1 pul 10X Standard
Taq buffer (NEB, B9014S). Annealing was performed in a thermocycler
by heating the oligonucleotides to 95°C and cooling them down to room
temperature at 1 °Cmin~". The 10-pl annealing reactions were directly used as
IVT templates.

A 40-pl IVT reaction was performed by mixing DNA template with 2.5 mM
nucleoside triphosphates, 2 pl T7 polymerase, and 1 U pl~' Murine RNase Inhibitor
(NEB, M0314L), followed by incubation at 37 °C for 4h. The IVT products were
treated with DNase I and purified with either RNAClean XP beads (Beckman
Coulter, A63987)° (for T4-T25), or by urea-PAGE gel electrophoresis followed
by acid phenol-chloroform extraction. In brief, bands were excised, crushed, and
suspended in five volumes of 0.3 M NaOAc (pH 5.2, Thermo Scientific, R1181),
and subjected to four repeated cycles of 15-min freezing at —80°C and quick
thawing at room temperature. The elute was filtered and mixed with an equal
volume of phenol:chloroform:iso-amyl alcohol (125:24:1, pH 4.5; Sigma- Aldrich,
P1944), then centrifuged at 13,000g and 4 °C for 10 min. The upper aqueous
phase was re-extracted by an equal volume of chloroform:iso-amyl alcohol
(24:1; Sigma-Aldrich, C0549) twice. For every 400 pl of washed upper phase, 1l
RNA-grade glycogen (Thermo Scientific, R0551) was added as an inert carrier of
RNAs, then mixed thoroughly with 400 pl of isopropanol to precipitate at —20°C
for 1h. The resulting RNA pellet was washed with 70% ice-cold ethanol twice,
air-dried, and redissolved in nuclease-free H,0. The RNA concentration and purity
were measured with Nanodrop and the identity was confirmed by denaturing gel
electrophoresis.

The body-radiolabeled target RNAs were in vitro transcribed in each 20-pl
reaction containing 50 ng pl~! DNA template, 2mM each nucleoside triphosphate,
and 5U pl™! T7 polymerases in reaction buffer (100 mM HEPES-KOH, pH 7.5,
30mM DTT, and 2 mM spermidine supplemented with 0.34 pM «-[**P]-ATP
(3,000 Ci mmol~'; PerkinElmer, BLU003H250UC)), with 20 mM or 8 mM MgCl1,
for target RNA T1 or T26, respectively. Reactions were incubated at 37°C for 3h
and subsequently purified with Illustra MicroSpin G-50 columns (GE Healthcare,
27-5330-02), and eluted with 20 pl TE buffer (20 mM Tris-HCI, pH 8.0, and
1 mM EDTA). The concentration of body-radiolabeled target RNAs was measured
with Nanodrop. The eluted RNA was aliquoted and stored at —20°C if not
immediately used.

Targets, crRNAs, and IVT primers are listed in Supplementary Notes 2, 3 and 5.

Simulation sample preparation. The VTM (BioVision, M1515-50, Lot
7F14M15150), pooled human saliva (Innovative Research, IRHUSL5ML-34462),
and pooled human urine (Innovative Research, IRHUURE50ML-35650) were
supplemented with 1 M TCEP, 500 mM EDTA, and RNase inhibitor (40 U pl™') at
a volume ratio of 100:11.39:0.23:2.28 with final concentrations of 87% biofluids,
100mM TCEP, 1 mM EDTA, and 0.8 U pl~! inhibitors. The pooled human

serum (Innovative Research, ISER10ML-34238) and pooled human plasma
(Innovative Research, IPLANAC10ML-33897) were diluted with PBS and
supplemented with 1 M TCEP, 500 mM EDTA, and RNase inhibitor (40 U pl™') at
a volume ratio of 100:251.2:40:0.8:8 with final concentrations of 25% serum or
plasma, 100 mM TCEP, 1 mM EDTA, and 0.8 U pl~! inhibitors. Synthetic targets
were spiked into the biofluids and treated with the HUDSON method?*%**~*
(Supplementary Table 6). The heating steps were performed on a thermocycler
(BioRad).

SARS-CoV-2 heat-inactivated and clinical sample treatment. Heat-inactivated
SARS-CoV-2 samples from infected Vero E6 cell lysate and culture supernatant
were purchased from ATCC (VR-1986HK) with a viral load of 3.9 X 10° copies per
microliter (Lot #70042082).

Clinical samples were leftover specimens of nasopharyngeal swabs in VTM
from SARS-CoV-2 infected patients or suspects from the Department of Pathology
Microbiology laboratory at UConn Health. Nasopharyngeal swabs in VTM were
obtained from hospitalized patients at UConn Health or outpatients at the UConn
drive through COVID testing center. After isolation of the viral target, clinical
samples were amplified by Transcription Mediated Amplification (TMA) or RT-
qPCR to detect either the ORFlab (including pplab), E1 (viral envelope), and/or
N2 (nucleocapsid 2) target sequences. Ethical approval of the study was provided
by the UConn Health Institutional Review Board. Positive or negative samples as
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VTM leftovers were inactivated at 60 °C for 30 min before transfer to Zhang Lab at
the Institute of Materials Science at UConn.

The heat-inactive cultivated or clinical virus samples were mixed with Quick
Extract DNA Extraction Solution (Lucigen, QE09050) with a 1:1 volume ratio
and incubated at 95°C for 5min in a water bath to actively lyze viral particles and
inactivate nucleases in samples**. The purchased viral samples were serially
diluted in nuclease-free water at various concentrations before use. The treated
clinical samples were directly used for detection.

Fluorescence plate reader assay. Fluorescence assays were performed as
described® with modifications. The protein stock was diluted to 450 nM using
the storage buffer (50 mM Tris-HCI, 600 mM NacCl, 5% glycerol, and 2mM DTT,
pH 7.5). The crRNA was diluted to 450 nM using nuclease-free water. Then, the
ribonucleoprotein (RNP) was formed by mixing protein and crRNA in a ratio of
2:1 (v:v) at room temperature for 30 min. The 10-pl reactions contained 45nM
WT or RBD-LwaCasl13a fusion protein, 22.5n1M crRNA, 125nM reporter, 1 U pl~!
RNase Inhibitor, 10-50 pM targets, and the reaction buffer (50 mM Tris-HCI,
5mM Mg*, pH 8.0), unless otherwise indicated.

For Figs 1b,c, 2d,g, 3¢,d and 4, Extended Data Figs 1b,c, 2 and 4, and
Supplementary Figs 1-3, the reactions were initiated by adding eight parts of
the master mix containing RNP, RNase Inhibitor, Tris, and Mg** (or buffer as
indicated) to two parts of the mixture containing an equal volume of target and
reporter. The controls were performed in parallel using the same amount of
nuclease-free water to replace the targets.

For Fig. 5 and Extended Data Figs 7 and 8, the reactions were initiated by
adding eight parts of the master mix containing RNP, RNase Inhibitor, reporter,
Tris, and Mg** to two parts of the mixture containing the targets, background
RNA, and biofluid/water. The controls were performed in parallel using the same
amount of nuclease-free water instead of the targets in the presence or absence of
the biofluid.

All reactions were performed in a 384-well microplate (Greiner, 784900) at
37°C, with fluorescence monitored every 2 min over 30-120 min on a TECAN
infinity M200 plate reader (excitation: 490 nm, emission: 520 nm, gain: 100; or
excitation: 485 nm, emission: 528 nM, gain: 150 for reactions in Extended Data
Fig. 4, Supplementary Figs 2 and 3).

Targets, crRNAs, and reporters used in each reaction are listed in
Supplementary Notes 2—4.

Fluorescence gel assay. Reactions were carried out as described above in the
fluorescence plate reader assay, except the fluorophore-quencher reporters were
replaced by 5’-FAM-labeled U;, U}, Uy;, or U,, (12, and r4-6; Supplementary Note
4). Reactions with a total volume of 110 pl was initiated by adding target RNA

(T1) at a final concentration of 10 pM. Aliquots of 20-pl reaction were removed

at 0, 5, 10, 15, and 30 min, quenched by mixing with an equal amount of 2x
loading buffer (93.5% formamide, 0.025% xylene cyanol FE, and 20 mM EDTA,
pH 8.0), incubated at 95°C for 5min, and snap cooled on ice. Quenched reactions
were resolved on 22.5% (v/v) denaturing polyacrylamide gel, then visualized and
captured with a Sapphire Biomolecular Imager (Azure Biosystems). Assays were
performed in three technical replicates, and the band intensity of the substrates
and products was analyzed using Image]. The percent cleavage of each reporter
was determined as the ratio of band intensity of all cleavage products to the

total intensity within the lane, that is, the sum of intensity from the cleaved and
uncleaved reporter, and normalized for the background of each measured reporter.

Electrophoretic mobility shift assay. To quantify the target binding affinity, assays
were carried out in binding buffer (50 mM Tris-HCI, pH 8.0, 60 mM NaCl, 5mM
MgCl,, 1mM DTT and 10% glycerol) with a serial dilution of the protein:crRNA
complex (protein:crRNA = 1:0.95, protein from 5nM to 288 nM). HEPN2 mutants
dRBD#3L, dRBD#4L, and dWT LwaCas13a, were respectively complexed with
crRNA (cr1; Supplementary Note 3) for 30 min at room temperature, then
incubated with 5nM body-radiolabeled RNA targets (T1 or T26; Supplementary
Note 2) for another 30 min at room temperature, and further incubated at 37°C
for 10 min. Each sample was mixed with a loading buffer containing 10% glycerol
and 0.05% bromophenol blue before loading onto a 5% native polyacrylamide gel
containing 0.5X TBE buffer. The gel was pre-run at 4 °C for 45 min at 120V with
0.5x TBE as a running buffer. Gels were dried on filter paper with a HydroTech
Pump Gel Drying Complete System (BioRad), followed by exposure to a
phosphorimager plate for 48 h, and imaged using phosphorimaging by the Sapphire
Biomolecular Imager (Azure Biosystems).

The reporter binding affinity assay was carried out in binding buffer (50 mM
Tris-HCl pH 7.5, 60 mM NaCl, 5mM MgCl,, 1 mM DT, 5% glycerol, and 0.01%
Triton X-100). The RNP complex was formed by incubating the protein and
crRNA at room temperature for 30 min and serially diluted with the binding buffer
(protein:crRNA =2:1, protein from 50 nM to 2 uM). To mimic the target-activated
protein complex and avoid competitive target binding, an equal amount of 50 pM
of the target RNA was added to each of the RNP dilutions and incubated at 37°C
for 30 min. The reactions were further incubated with 100 nM of 5'-FAM-labeled
U,, reporter (r6; Supplementary Note 4) for 10 min at 37 °C. Each sample was
mixed with a loading buffer containing 10% glycerol and 0.05% bromophenol blue

before loading onto a 6% native polyacrylamide gel containing 1X TG buffer at
4°C (25mM Tris base, 250 mM glycine). The gels were pre-run at 4°C for 45 min
at 120V with 1x TG running buffer and visualized with a Sapphire Biomolecular
Imager (Azure Biosystems). All experiments were carried out with two technical
replicates. The bound and unbound fraction of target or reporter RNA was
quantified by using Azure Spot (Azure Biosystem), plotted in GraphPad Prism, and
fitted by non-linear regression with saturation one-site binding.

Michaelis-Menton kinetic study. For Michaelis—Menten analysis, reactions were
prepared by incubating 45 nM protein (WT/RBD#3L/RBD#4L) with 22.5nM
crRNA (crl) to form the RNP in reaction buffer at room temperature for 30 min,
followed by incubating at 37 °C for 10 min with 50 pM RNA targets (T1). Collateral
cleavage was initiated by adding two parts of the substrate (r3; Supplementary
Note 4) at various concentrations, that is, 6400, 3200, 1600, 800, 400, 200, 100,
and 50 nM, to eight parts of the target-activated RNP and incubated at 37°C on an
M200 plate reader with fluorescence taken every 30s for up to 10 min (excitation:
490 nm, emission: 520 nm). Reactions (10 pl) were performed on a 384-well
microplate, with four technical replicates from two independent experiments in
buffer containing 50 mM Tris, pH 8.0, 5mM MgCl,, and 1 U pl~' RNase Inhibitor
(Extended Data Fig. 6); or with four technical replicates in buffer containing
50 mM Tris, pH 8.0, 5mM MgCl,, 1 U pl~! RNase Inhibitor, 100 pgml~' BSA, and
0.01% Triton X-100 (Supplementary Fig. 5).

To convert the time-course fluorescence signal (Fy,,;) to the molarity of
cleavage products ([Cleaved U,,]), the reporters were serially diluted using
the reaction buffers mentioned above, in the presence or absence of 50 pg ml~!
RNaseA (NEB, T3018L), to the same concentrations as in the assay. The level of
fluorescence from quenched reporters (no RNaseA, F, ;) and completely cleaved
reporters (RNaseA treated, Fyy,,)) at each concentration was recorded for up to
30min at 37 °C until reaching equilibrium. The molarity of cleavage products at
each time point was calculated using the following equation (1):

F[Uu] — FO:[UH]

[Cleaved Uyy] = x [Uy] (1)

F o) — Fouy
where [U},] = 6400, 3200, 1600, 800, 400, 200, 100, and 50 nM.

Since the cleavage of 1nM reporter produced similar levels of fluorescence
signal with an average ~25-28 AUnM™" at all tested reporter concentrations, the
above equation (1) was then simplified to equation (2):

Fruy) — Fouy)
F“?[Uu] _Fﬂv[Uu] )
O]

1

[Cleaved U] = 2)

Average (

The cleaved product molarity versus time was fitted by linear regression
(GraphPad). The slope as initial velocity (nM s™') was plotted as a function of
substrate concentration [U,,] (nM), and further fitted to the Michaelis—-Menten
model (GraphPad) to determine kinetic parameters k., and Ky;. The enzyme
concentration was constrained to 0.05nM as the concentration of the target served
as the proxy for that of activated enzymes.

Gold screen-printed electrode functionalization. The gold (Au)-SPE (C223BT,
Metrohm) was first sonicated in acetone for 5min to remove the impurity on the
surface, followed by rinsing with deionized water for 30, drying by ultra-high
pure nitrogen gas, and electrochemical cleaning by cycling voltammetry (CV)
between —0.3 to 1.0V in 0.1 M phosphate buffer (0.038 M NaH,PO, and 0.061 M
Na,HPO,, pH 7.4) versus a built-in Ag pseudo-reference electrode. The cleaned
SPE was then rinsed with deionized water and dried by blowing ultra-high pure
nitrogen gas. Thiol-linked U,, reporter with methylene blue (r7; Supplementary
Note 4) was reduced with 10 mM TCEP-HCI for 10 min to break the disulfide
bond before use. A total of 25uL of 2.5 pM reduced U,, reporter was cast on

the 1.6-mm-diameter WE with 2-h incubation at room temperature to form

a close-packed self-assembled monolayer through the thiol-gold interaction.

The SPE was then rinsed with 10 mM Tris buffer (pH 8.0) and subsequently
incubated in 2mM 6-mercapto-1-hexanol (Sigma-Aldrich, 451088) for 30 min.
The alkanethiol layer serves as an insulator to reduce the background current while
spacing U,, molecules. Finally, the SPE was rinsed with 10 mM Tris buffer for 30s
to remove the physically adsorbed U,,. A final amount of approximately 50 pmol
of reporters was attached to the surface of the WE (Supplementary Fig. 8). The
functionalized SPE was stored in 10 mM Tris buffer at 4°C before use.

Endpoint Cas13a-electrochemical measurement. We first prepared the CRISPR-
Cas master mix by adding the following components in a tube with a top-down
order, and two CRISPR reaction conditions were used (Supplementary Table 7).
The prepared CRISPR assay was incubated in the dark at room temperature for
10 min before adding to the WE for collateral cleavage.

Electrochemical measurements were performed using an Autolab N Series
Potentiostat. To measure the voltammetric responses, a volume of 40 pl of
10mM Tris buffer (pH 8.0) containing 100 mM NaCl was dropped on the SPE to
serve as the electrolyte. SWV (with a frequency of 20 Hz and 50 mV amplitude
superimposed on a DC ramp from —0.5V to 0V versus the Ag reference electrode)
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was recorded from the U, reporter functionalized WE. The initial current was
recorded before adding the CRISPR assay. Then the sensor was rinsed with
nuclease-free water to remove the electrolyte and dried with nitrogen. The

20-pl reaction was added onto the WE and incubated at room temperature for

30 min, terminated by Proteinase K (25 ugml™" final; Thermo Scientific, EO0491)
treatment. The sensor was rinsed, dried, and added with the electrolyte for SWV
measurement of the final current. The SWV peak current before (ipc,.q,.) and after
(ipC,qe) the reaction was obtained from the built-in peak search function of the
potentiostat software NOVA2.1. A% was calculated from the SWV peak current
by equation (3)

ipg — ipc
Al% = (p bef'ore P aﬁer) % 100% (3)
1PChefore

The theoretical LoD was determined by equation (4)

LoD =3 x SDblank/m (4)

where m is the slope of the best fitting line (sensor response to different target
concentrations), and SDy,,, is the standard deviation of blank experiments
(non-target control).

Time-course Casl3a-electrochemical measurement. Time-course voltammetric
responses of Cas13 assays were obtained by SWV every 30s over 2min to measure
the initial velocity of reaction, and over 20 min to record the full course. Each SWV
measuring cycle included 5 of deposition at a potential of —0.38 V to entirely reduce
the MB for a maximal electron transfer, 5s of the SWV measurement to obtain the
peak current, followed by 20's of waiting time. Before the reaction, 35 pl electrolyte
was dropped on the WE and the initial peak current (ip,) was obtained after 5-10
cycles of SWV scan for signal stabilization. A volume of 5l pre-assembled Cas13
reaction was then gently dispersed into the electrolyte with final concentrations

of each component of reaction the same as described in Supplementary Table 7
(Tris-buffered) with extra Tris (8.75mM) and NaCl (87.5mM) from the electrolyte.
The peak current from each time point (ip,) was normalized to the corresponding
initial peak current (ip,) and plotted as a function of the time. To eliminate the
background signal for curve fitting, the fold change of the normalized peak current
of the target-containing reactions to that of the non-target controls (equation

(5)) was calculated for each time point and then fitted with one-phase decay to
determine the pseudo-first-order rate constant k,, (GraphPad).

i /' arget
(Background corrected peak current); = w (5)

(ipt/ipo )NTC
where t is the SWV scan time (0, 30, 60, 90s etc.).

Clinical sample RNA extraction and RT-qPCR. RNA for RT-qPCR detection
was purified from 140 pl VTM leftover for the storage of clinical nasopharyngeal
swab and eluted to 80 pl elution buffer using the QIAamp Viral RNA Mini Kit
(Qiagen, 52904) per manufacturer’s protocols. Purified RNAs were aliquoted
and stored at —80 °C. RT-qPCR quantification was performed according to
Centers for Disease Control and Prevention instructions using 2019-nCoV
RUO Kit (IDT, 10006713; N1-Forward: 5'-GACCCCAAAATCAGCGAAAT-3';
N1-Reverse: 5'-TCTGGTTACTGCCAGTTGAATCTG-3'; N1-Probe:
FAM-ACCCCGCATTACGT TTGGTGGACC-BHQ1) and GoTaq Probe 1-Step
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RT-qPCR System (Promega, A6120) on a CFX96 Touch Real-Time PCR Detection
System (BioRad) with the following cycling conditions: hold at 25 °C for 2min,
reverse transcription at 45 °C for 15 min, hold at 95 °C for 2 min, followed by 45
cycles with DNA denaturation at 95°C for 3, and annealing and elongation at
55°C for 30s. Data were analyzed using CFX Maestro Software.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All data generated or analyzed during this study are included in this published
article and its Supplementary Information. The previous structural data that
support the findings of this study are available in the PDB (IDs: 5XWP, 5MPL, and
2MXY). Source data are provided with this paper.
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Extended Data Fig. 1| Time course of N- and C- terminal RBD fusions. a and b, Background-subtracted fluorescence in the detection of 10 pM synthetic
SARS-CoV-2 N gene fragment targets (T1) using N- (a) and C- (b) terminal RBD fusions, expressed as mean + s.e.m. from four technical replicates.
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Extended Data Fig. 2 | Testing of RBD loop-fusion variants. Each of the fusion proteins was assembled with the crRNA as described in Methods. a-c,
Testing of seven candidate RBDs (RBD#1-RBD#7) fused to LwaCas13a. a and b, Raw fluorescence over a course of 120 min in the reactions with or without
10 pM synthetic RNA targets: a, SARS-CoV-2 RdRp gene fragment (T2); b, ssRNAT (T3). NTC, non-target control. ¢, The 120-min background-subtracted
fluorescence from a and b. d-f, Testing of RBD#3 and RBD#4 fused to various positions on Loop 1 of LwaCas13a. The six variants were RBD#3 and #4
inserted after N415, N416, and K417, respectively. d and e, Raw fluorescence data over a course of 120 min in the reactions with or without 10 pM synthetic
RNA targets: d, SARS-CoV-2 RdRp gene fragment (T2); e, ssRNA1(T3). f, The 30-min background-subtracted fluorescence from d and e. g and h, Testing
of tandem RBD insertions. The four variants for comparison were RBD#3, RBD#4, RBD#3-linker-RBD#4, and RBD#4-linker-RBD#3 inserted after

N415 on Loop 1 of LwaCas13a, respectively. A 10-aa flexible linker (SGGSGGSGGS) was used to connect two RBDs in tandem. g, Background-subtracted
fluorescence data over a course of 60 min in the reactions with 10 pM SARS-CoV-2 N gene fragment synthetic RNA targets (T1). h, The 30-min and
60-min background-subtracted fluorescence from g. a, b, d, €, and g, Lines and error bars represented mean + s.e.m. from four technical replicates; c, f,
and h, bar plots were expressed as mean + s.e.m. from four technical replicates. Two-tailed p values were calculated using unpaired t-tests with Welch's
correction: ns, not significant, 'p <0.05, “"p<0.01, “'p<0.001, “"p < 0.0001 (see SourceData for p value).
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Extended Data Fig. 3 | Optimizing reporter length for enhanced collateral activity. a and b, Representative gel images of the cleavage of 5'-FAM-labeled
Us, Uy, Uss, and Uy, reporters by WT LwaCas13a, RBD #3L, and RBD#4L over 0-30 min. RBD fusions and WT were tested side-by-side. c-e, Quantified
percentage of cleaved products as shown in a and b, represented by mean +s.e.m. of three technical replicates from two independent experiments. Gels
were analyzed by Imagel. The percentage of cleaved products was calculated by the intensity of product bands divided by the summed intensity of the
product and substrate bands within one lane and normalized to the reporter-only control.
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Extended Data Fig. 4 | LoD analysis of RBD#3L, RBD#4L, and WT LwaCas13a in reactions supplemented with BSA and Triton X-100. a-c, Raw
fluorescence data measured for 120 min, expressed as mean + s.e.m. from four technical replicates. RBD#3L, RBD#4L and WT LwaCas13a were
complexed with crRNA (cr1) and tested with 2.5, 1, 0.25, 0.1, 0.025 pM of the synthetic RNA (T1) in reaction buffer supplemented with 100 pg/mL BSA
and 0.01% Triton X-100 (as in Supplementary Fig. 2b). The O pM target samples were used as non-target control (NTC). d, The bar plot represented

the 120-min background-subtracted fluorescence expressed as mean + s.e.m. from four technical replicates. Adjusted p values were calculated using
two-way ANOVA with Dunnett's test: “p=0.0059, “'p=0.0007, “"p < 0.0001, compared to background signal (non-target control) (see SourceData for
adjusted p value). e, The velocities of each reaction within 60 min were obtained by linear regression from a-c and were plotted as functions of the target
concentration. Outliers were identified by the ROUT method with a Q=5%. Analytical LoD of three proteins was listed in Supplementary Table 2.
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Extended Data Fig. 5 | Quantification of RNA binding with RBD#3L, RBD#4L, and WT LwaCas13a. a and c, Representative EMSA gel images of inactive
HEPN2 mutants (R1046A/H1051A), that is, dRBD#3L, dRBD#4L, and dWT complexed with crRNA binding to 5nM of body-radiolabeled (32P) target RNA.
(a, T26; ¢, T1). The protein:crRNA complex with a molar ratio of 1:0.95 was serially diluted to 288, 192, 128, 86, 57, 38, 25, 17,12, 8 and 5nM. The 0-nM
control was target RNA with reaction buffer. b and d, Calculation of binding affinity between target RNA and RNP. Bound and unbound fractions from

a and c were quantified by densitometry and fitted to standard binding isoforms. Mean from two technical replicates was plotted. e, Representative EMSA
gel images of protein:crRNA:target ternary complex binding with 100 nM of 5'-FAM-labeled U,, reporter. The dRBD#3L, dRBD#4L and dWT complex with
crRNA with a molar ratio of 2:1 was serially diluted to 2, 1.8,1.6,1.4,1.2,1, 0.8, 0.4, 0.2, 0.1 and 0.05 uM. An equal amount of 50 pM non-labeled target
(T1) was added to the RNPs to mimic the target-bound ternary complex. The O-pM control was the reporter with reaction buffer. f, Calculation of binding
affinity between reporter RNA and target-bound RNP. Bound and unbound fractions from e were quantified by densitometry and fitted to standard binding
isoforms. Mean from two technical replicates was plotted. Means of the dissociation constant with 95% Cl are listed in Supplementary Table 3.
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Extended Data Fig. 6 | Kinetic analysis of RBD#3L, RBD#4L and WT LwaCas13a. a-c, Progress curves of cleaved reporters versus time. Data were plotted
as mean + s.e.m. from two independent experiments each with four technical replicates. The RNP complex of RBD#3L, RBD#4L, and WT was incubated
with 50 pM of the targets (T1) for 10 min at 37 °C prior to cleavage reaction using 6400, 3200, 1600, 800, 400, 200, 100 and 50 nM of the U;, substrates.
The initial velocities (within 600 s) of each reaction were obtained by linear regression. d, Initial velocities from two independent experiments each with
four technical replicates obtained from a-c were plotted as mean + s.e.m. versus the U,, reporter concentration and fitted to a Michaelis-Menten curve.
Summary of kinetic parameters are listed in Supplementary Table 4.
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Extended Data Fig. 7 | Testing RBD#3L, #4L, and WT LwaCas13a in the detection of viral RNA and microRNA spiked-in samples. Background-subtracted
fluorescence over 120 min in the detection of a, b, 10 pM of SARS-CoV-2 N gene synthetic targets spiked into 8% VTM, 8% saliva, or reaction buffer; ¢, 10
pM of Zika synthetic targets spiked into 8% urine, or reaction buffer, d, 10 pM of Dengue synthetic targets spiked into 2.5% serum, or reaction buffer; e, 10
pM of Ebola synthetic targets spiked into 2.5% plasma, or reaction buffer; f, g, 10 pM of miR-19b spiked into 2.5% plasma, 2.5% serum, or reaction buffer;
h, i, 200 pM of miR-2392 spiked into 2.5% serum, 8% urine, or reaction buffer; j, 10 pM of miR-2392 in reaction buffer. All reactions were supplemented
with 50 ng total RNA extracted from HEK293T cells but j. Background-subtracted fluorescence data were expressed as mean + s.e.m. from four technical
replicates (a-i), or 2 independent experiments, each with four technical replicates (j).
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Extended Data Fig. 8 | Testing RBD#3L and WT LwaCas13a in the detection of viral RNA spiked-in samples. Background-subtracted fluorescence
over 120 min in the detection of a, 50 pM SARS-CoV-2 N gene synthetic targets (T1) spiked into 16% VTM, 8% VTM, or reaction buffer; b, 50 pM of
Zika synthetic targets (T27) spiked into 16% urine, 8% urine, or reaction buffer, ¢, 50 pM of Dengue synthetic targets (T28) spiked into 4.8% serum,
2.5% serum, or reaction buffer; d, 50 pM of Ebola synthetic targets (T29) spiked into 4.8% plasma, 2.5% plasma, or reaction buffer. All reactions were
supplemented with 50 ng total RNA extracted from HEK293T cells as background. Background-subtracted fluorescence data were expressed as

mean = s.e.m. from four technical replicates.
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Extended Data Fig. 9 | Theoretical LoD of the WT LwaCas13a and RBD#3L coupled to the electrochemical sensor in the detection of synthetic RNA
target. a, Al% (mean +s.d. from three technical replicates) from Fig. 6a was plotted as a function of target concentration (0, 0.01, 0.1, 0.5, and 1 pM) and
fitted by linear regression with replicate y values considered as individual data points. b, Al% (mean +s.d. from three technical replicates) from Fig. 6b was
plotted as a function of target concentration (0, 1,10, 50, and 100 aM) and fitted by linear regression. ¢, Al% measurement from samples with activated
RBD#3L RNP. The sample treatment and assay conditions were in parallel with Fig. 6b except the reaction buffer used was Tris (Supplementary Table 7).
Al% (mean +s.d. from three technical replicates) was plotted as a function of target concentration (0, 1, 5, 10, and 20 aM) and fit by linear regression. LoD
values were 0.79 pM for WT, 19.76 aM for RBD#3L in HEPES buffer, and 3.28 aM for RBD#3L in Tris buffer, respectively.
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support the findings of this study are available in PDB (ID: 5XWP, 5SMPL and 2MXY).
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Sample size No sample size calculation was performed. In case where statistics was derived, three or more replicates were used in each experiments.
Clinical sample size was limited by the availability of leftover specimens in viral transportation media.
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Data exclusions  For the buffer optimization experiments, one of the replicates was removed due to the pipetting error that the reaction mixture was not
enough for the last replicate wells. For the clinical samples, two sets of data were excluded and experiments were repeated because of the
systematic error (the reaction solutions were not well mixed).

Replication All attempts at replication were successful. All fluorescence plate reader experiments were performed with four replicates. Fluorescence gel
experiments, endpoint electrochemical experiments were performed in at least triplicates. Time course electrochemical experiments were
performed with four replicates for the WT and RBD#3L and duplicates for RBD#4L due to the limited availability of the methylene blue labeled
reporters.

Randomization  No randomization was performed. Samples and controls were assembled with the same reagents at the same concentrations and were tested
side-by-side in a plate reader or an electrochemical sensor.

Blinding The engineered Cas13 protein and wild-type Cas13 protein were shipped from Rice University Gao Lab with number (#1 and #2) and
concentrations labeled. 1 pM synthetic RNA target was used to test both proteins. It turns out that the current change percentage for protein
#1 was 34%, and 26.8% for #2. Protein #1 showed higher activity than #2. The result was consistent with the record from Gao Lab. Protein #1
was the engineered protein, and #2 was the wild-type protein.
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