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Abstract 

An increasingly pressing need for clinical diagnostics has required the de v elopment of no v el nucleic acid-based detection technologies that are 
sensitiv e, f ast, and ine xpensiv e, and that can be deplo y ed at point-of-care. R ecently, the RNA-guided ribonuclease CRISPR-Cas13 has been 
successfully harnessed for such purposes. However, developing assays for detection of genetic variability, for example single-nucleotide poly- 
morphisms, is still challenging and previously described design strategies are not always generalizable. Here, we expanded our characterization 
of LbuCas13a RNA-detection speciocity by performing a combination of experimental RNA mismatch tolerance prooling, molecular dynamics 
simulations, protein, and crRNA engineering. We found certain positions in the crRNA-target–RNA duplex that are particularly sensitive to mis- 
matches and establish the effect of RNA concentration in mismatch tolerance. A dditionally, w e determined that shortening the crRNA spacer or 
modifying the direct repeat of the crRNA leads to stricter speciocities. Furthermore, we harnessed our understanding of LbuCas13a allosteric 
activ ation pathw a y s through molecular dynamics and str uct ure-guided engineering to de v elop no v el Cas13a v ariants that displa y increased sen- 
sitivities to single-nucleotide mismatches. We deplo y ed these Cas13a variants and crRNA design strategies to achie v e superior discrimination 
of SARS-CoV-2 strains compared to wild-type LbuCas13a. Together, our work provides new design criteria and Cas13a variants to use in future 
easier-to-implement Cas13-based RNA detection applications. 
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Introduction 

RNA-guided nucleases use base-pair complementarity be- 
tween small guide RNAs and target DNA or RNA for specioc 
gene regulation and / or defense against foreign nucleic acids 
across different organisms. In particular, CRISPR ( Clustered 
Regularly Interspaced Short Palindromic Repeats ) and their 
associated ( Cas ) protein effectors have evolved as powerful 
immune systems that protect prokaryotes against mobile ge- 
netic elements ( 1 ) . CRISPR-Cas systems are incredibly diverse 
and are classioed in various types ( I–VI ) ( 1–4 ) and a select 
group of them can target and degrade RNA ( 2 ) . Of interest 
here, Type VI CRISPR-Cas systems contain a single effector ri- 
bonuclease, Cas13, that binds and processes a CRISPR-RNA 

( crRNA ) , forming an RNA-guided RNA-targeting complex. 
This effector complex, upon onding sufocient base-pair com- 
plementarity with a target RNA, is able to engage in single 
stranded RNA ( ssRNA ) cleavage activity mediated by its two 
Higher Eukaryotes and Prokaryotes Nucleotide ( HEPN ) do- 
mains ( reviewed in ( 5 ) ) . Once active, Cas13 degrades not only 
its bound target RNA ( cis -cleavage ) but also other ssRNAs 
present, in a non-specioc manner. This trans - or collateral- 
cleavage activity has been harnessed for the development of 
ultrasensitive RNA detection tools. Detection occurs when 
Cas13 and a programmed crRNA recognizes the RNA of in- 
terest and cleaves an RNA reporter which can be measured 
by nuorescence ( 6 ,7 ) , lateral now detection or other modali- 
ties such electrochemical biosensors, depending on the design 
of the reporter ( 8–12 ) . The same principle of detecting cleaved 
reporters has been harnessed for other CRISPR and / or RNA- 
guided nucleases such as CRISPR-Cas12 or prokaryotic Arg- 
onaute proteins ( 8 ,13–22 ) . 

For Cas13, multiple efforts in recent years have focused 
on establishing platforms that couple nucleic acid amplioca- 
tion to Cas13-detection for higher sensitivity ( SHERLOCK, 
CREST ) , streamline single-step protocols ( SHINE ) , perform 

multiplex testing ( CARMEN ) or use different Cas13 or- 
thologs ( SENSR ) ( 8 , 9 , 23–27 ) . These robust platforms are 
promising options for deployment at point-of-care locations 
making testing accessible, scalable, faster, low-cost, and nex- 
ible, which is particularly relevant in the context of fast- 
developing outbreaks. As a result, Cas13 has been shown to 
be a robust option to detect S AR S-CoV-2 in patient samples 
and currently some Cas13-based assays have received FDA 

Emergency Use Authorization ( 28 ,29 ) . 
However, exploration of the principles for crRNA design 

in the context of Cas13-based diagnostics has been limited, 
requiring a case-by-case design process to identify crRNAs 
that provide high activity with low off-target activation of 
Cas13. This is particularly relevant when trying to distin- 
guish genetic variation within a sample potentially containing 
a pathogen or disease variant of interest. For example, previ- 
ous studies with SHERLOCK and SAT ORI ( CRISPR -based 
ampliocation-free digital RNA detection ) ( 8 , 9 , 30 ) showed 
that in most cases LwaCas13a is resistant to single nucleotide 
mismatches, which could be advantageous to detect rapidly 
changing pathogens but also poses a challenge when discrimi- 
nation of single-nucleotide polymorphisms ( SNP ) is desirable. 
One successful strategy has been to introduce one or more 
additional 8synthetic mismatches9 to achieve discrimination at 
a critical position ( 8 , 9 , 20 , 31 ) . However, where to place the 
discriminatory and / or synthetic mismatches is not intuitive, 
needs to be determined empirically for each crRNA-target set 

and does not always yield robust discrimination ( 21 , 24 , 32 ) . 
Recent work has exploited machine learning principles to dis- 
cern nucleotide-preferences, mismatch tolerance and design 
crRNAs for viral detection that are efocient when testing or 
discriminating genetic variation between samples ( ADAPT ) 
( 33 ) , but these designs still require thorough validation. There- 
fore, more work in generating prediction tools that can de- 
sign crRNAs with maximal single nucleotide polymorphism 

( SNP ) discrimination, and / or new crRNA design strategies or 
highly specioc CRISPR enzymes that can differentiate closely 
related sequences is required to overcome this challenge. Fur- 
ther progress in the diagnostic oeld will require a deeper un- 
derstanding of the biophysical parameters that underlie Cas13 
RNA-recognition and activation, which in turn will guide the 
rational design of more specioc Cas13 RNA-diagnostics. 

Previous work suggests that Cas13, like other RNA-guided 
enzymes and CRISPR-Cas effectors, has a differential sen- 
sitivity to mismatches depending where the mismatch oc- 
curs in the crRNA-spacer: target region ( 34–38 ) . Addition- 
ally, there is precedent that the length of the spacer plays 
a role in activity and speciocity of Cas13 ( 34 , 36 , 38 , 39 ) . 
To further ascertain the contributions of each of these fea- 
tures, we selected one Cas13 ortholog that has been exten- 
sively used for a number of applications, LbuCas13a. Tambe 
et al. had previously established fundamental regions in the 
crRNA-target duplex that gate binding and nuclease activa- 
tion in LbuCas13a ( 40 ) . Here we expand upon these foun- 
dational studies by further exploring how new target se- 
quence contexts ( e.g. GC content ) , the contributions of cr- 
RNA length and changes in the crRNA architecture affect 
LbuCas139s sequence speciocity, and speciocally tolerance to 
mismatches. Additionally, we recently we used molecular dy- 
namic simulations to understand allostery and as a result 
identioed several mutations that alter allosteric communica- 
tion pathways in LbuCas13a ( 41 ) . Here, we further explored 
these variants, and show they possess highly specioc discrim- 
ination of RNA-targets down to single-nucleotide polymor- 
phisms ( SNP ) . We deployed this novel platform for the de- 
tection of single-nucleotide polymorphisms in S AR S-CoV-2 
variants of concern and showed their potential for disease 
diagnostics. 

Materials and methods 

Cas13a protein expression and puriocation 

For expression of wild-type LbuCas13a we used a plasmid 
that contains a codon-optimized Cas13a sequence which is 
N-terminally tagged with a His6-MBP-TEV-protease cleavage 
site sequence. ( Addgene Plasmid #83482, East-Seletsky et al. 
( 7 ) ) . LbuCas13a variants were generated from the wild-type 
vector via site-directed mutagenesis using the primers indi- 
cated in Supplementary Table S1 . 

Puriocation of all constructs was carried out as previously 
described, with some modiocations ( 6 ,7 ). Brieny, expression 
vectors were transformed into Rosetta2 DE3 grown in LB me- 
dia supplemented with 0.5% w / v glucose at 37 ◦C. Protein ex- 
pression was induced at mid-log phase (OD 600 ∼0.6) with 0.5 
mM IPTG, followed by incubation at 16 ◦C overnight. Cell 
pellets were resuspended in lysis buffer (50 mM HEPES [pH 

7.0], 1 M NaCl, 5 mM imidazole, 5% (v / v) glycerol, 1 mM 

D TT, 0.5 mM PMSF, ED TA-free protease inhibitor [Roche]), 
lysed by sonication, and clarioed by centrifugation at 15 000g. 
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Soluble His 6 -MBP-TEV-Cas13a was isolated over metal ion 
afonity chromatography, and in order to cleave off the His 6 - 
MBP tag, the protein-containing eluate was incubated with 
TEV protease at 4 ◦C overnight while dialyzing into ion ex- 
change buffer (50 mM HEPES [pH 7.0], 250 mM NaCl, 5% 

(v / v) glycerol, 1 mM DTT). Cleaved protein was loaded onto 
a HiTrap SP column (GE Healthcare) and eluted over a lin- 
ear KCl (0.25–1 M) gradient. LbuCas13a containing frac- 
tions were pooled, concentrated, and further purioed via size- 
exclusion chromatography on a S200 increase column (GE 

Healthcare) in gel oltration buffer (20 mM HEPES [pH 7.0], 
200 mM KCl, 5% glycerol (v / v), 1 mM DTT), snap-frozen in 
liquid N 2 and were subsequently stored at −80 ◦C. 

In-vitro RNA transcription 

Mature crRNAs were synthetically made by IDT. All 
RNA targets were transcribed in vitro using previously 
described methods ( 7 ,42 ). Brieny, all targets were tran- 
scribed off a single-stranded DNA oligonucleotide template 
(IDT) using T7 polymerase. In vitro transcription templates 
were annealed to a 1.5-fold molar excess of an oligonu- 
cleotide corresponding to the T7 promoter sequence (5 ′ - 
GGCGT AA T A CGA CTCA CT A T AGG-3 ′ ). Transcription reac- 
tions were incubated at 37 ◦C for 3 h and contained 1 µM 

template DNA, 100 µg / ml T7 polymerase, 1 µg / ml pyrophos- 
phatase (Roche), 5 mM NTPs, 30 mM Tris–Cl (pH RT 8.1), 
25 mM MgCl 2 , 10 mM dithiothreitol (DTT), 2 mM spermi- 
dine, and 0.01% Triton X-100. Reactions were then treated 
with 5 units of DNase (Promega) and incubated for an addi- 
tional 30 min at 37 ◦C before being loaded on a 15% urea–
polyacrylamide gel. Transcribed RNAs were purioed using 
15% urea–PAGE. RNAs were excised from the gel and eluted 
into DEPC water overnight at 4 ◦C followed by ethanol pre- 
cipitation. RNAs were resuspended in DEPC water and stored 
at −80 ◦C. All sequences can be found in Supplementary 
Table S2 . 

Fluorescent ssRNA nuclease assays 

Cas13 trans-cleavage nuclease activity assays were performed 
as previously described with some modiocations ( 7 ). Brieny, 
100 nM LbuCas13a:crRNA complexes were assembled in 
cleavage buffer (20 mM HEPES-Na pH 6.8, 50 mM KCl, 
5 mM MgCl 2 , 10 µg / ml BSA, 100 µg / ml tRNA, 0.01% 

Igepal CA-630 and 5% glycerol), for 30 min 37 ◦C. 100 nM 

of RNase Alert reporter (IDT) and various onal concentra- 
tions of ssRNA-target were added to initiate the reaction. 
These reactions were performed in triplicate and incubated 
in a nuorescence plate reader (Tecan Spark) for up to 120 min 
at 37 ◦C with nuorescence measurements taken every 5 min 
( λex : 485 nm; λem : 535 nm). Time-course and end-point val- 
ues at 1 h were averaged, background-subtracted, normalized, 
and analyzed with their associated standard error of mean 
(s.e.m) using Prism9 (GraphPad) and R version 4.1.1. Tar- 
get RNAs and crRNAs used in the study can be found in 
Supplementary Table S3 . 

For lateral-now-based detection, we generated the reaction 
mix as described above, except we used a biotinylated FAM re- 
porter at a onal concentration of 1 µM rather than the RNAse 
Alert substrate. After 30 minutes of incubation at 37 ◦C, the 
detection reaction was diluted 1:4 in Milenia HybriDetect As- 
say Buffer, and the Milenia HybriDetect 1 (TwistDx) lateral 

now strip was added. Sample images were collected 5 min fol- 
lowing incubation of the strip. 

Molecular dynamics simulations 

Molecular dynamics (MD) simulations were based on the 
structure of the Leptotrichia buccalis (Lbu) Cas13a bound 
to a crRNA and a tgRNA (PDB: 5XWP), obtained by single- 
wavelength anomalous diffraction at 3.08 Å resolution ( 43 ). 
Four Cas13a: crRNA: target–RNA complexes were consid- 
ered, including either a perfectly matched crRNA: target–
RNA duplex, or crRNA: target–RNA duplexes that contain a 
single mismatch at either spacer nucleotide position 4, 7 or 11. 
In each system, the single mismatches were introduced by re- 
building the nucleobases at the RNA target strand while keep- 
ing the ribose sugar from the crystal structure. This has been 
done using the tLEAP code implemented in the AmberTools 
20 package ( 44 ). The sequences of spacer crRNA and target 
RNAs (tgRNA) that are used for the complexes are the same 
as used for their corresponding cleavage assays. In all systems, 
we reinstated the catalytic H1053 and R1048 in the HEPN 

domains, which were mutated in alanine in the experimental 
structures ( 43 ). The systems were solvated, leading to simu- 
lation cells of ∼146 × 95 × 142 Å3 , and neutralized by the 
addition of an adequate number of Na + ions. 

MD simulations were performed by employing a simula- 
tion protocol tailored for protein / nucleic acid complexes, pre- 
viously employed for CRISPR-Cas systems ( 45–49 ), and also 
used in our companion paper. We employed the Amber ff19SB 

force oeld ( 50 ) with the χOL3 corrections for RNA ( 51 ,52 ). 
The TIP3P model was used for explicit water molecules ( 53 ). 
As a orst step, all systems were subjected to energy minimiza- 
tion to overcome the potential inter- and intra-molecular steric 
clashes. Then, the systems were heated from 0 to 100 K in 
two consecutive NVT simulations (representing the canoni- 
cal ensemble) of 5 ps each, imposing positional restraints of 
100 kcal / mol Å2 on the protein ×RNA complex. The tem- 
perature was further increased up to 200 K in a subsequent 
∼100 ps MD run in the isothermal-isobaric ensemble (NPT), 
in which the restraint was reduced to 25 kcal / mol Å2 . Finally, 
all restraints were released, and the systems were heated up 
to 300 K in a single NPT simulation of 500 ps. These simu- 
lations were performed using a 1 fs time step. The simulation 
time step was subsequently increased to 2 fs for further equili- 
bration and production simulations. All bond lengths involv- 
ing hydrogen atoms were constrained using the SHAKE algo- 
rithm. After ∼600 ps of equilibration, ∼10 ns of NPT simula- 
tion were carried out, allowing the systems9 density to stabilize 
around 1.01 g / cm 

−3 . The temperature was kept constant at 
300 K via Langevin dynamics ( 54 ), with a collision frequency 
γ = 1 ps −1 . The pressure was controlled in the NPT simula- 
tions by coupling the system to a Berendsen barostat ( 55 ) at 
a reference pressure of 1 atm and with a relaxation time of 
2 ps. Finally, each of the systems was simulated in the NVT 

ensemble in three replicates, reaching ∼1 µs for each replica, 
accumulating ∼12 µs of total sampling. All simulations were 
performed using the GPU-empowered version of the AMBER 

20 simulation package ( 44 ). Analyses were performed over the 
aggregated multi- µs sampling collected for each of the studied 
complexes, offering a robust solid ensemble for the purposes 
of our analysis (detailed below and in Supplementary Text 
S1 ). Enhanced sampling simulations were also performed to 
compute the free energy prooles associated with the nipping 
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of single nucleotide mismatches in the tgRNA (full details are 
reported in Supplementary Text S1 ). 

Dynamic network analysis and signal-to-noise ratio 

Graph-theory based network analysis was applied to charac- 
terize the allosteric pathways of communication ( 56 ). This 
analysis is well-suited for the characterization of allosteric 
mechanisms and for the identiocation of the most relevant 
communication routes between distal sites, as shown in a 
number of studies ( 56–59 ), including those performed by our 
research group ( 45–49 ). In dynamical networks, C α atoms of 
protein residues and backbone P atoms of nucleotides, as well 
as N1 in purines, and N9 in pyrimidines, are represented as 
nodes, connected by edges weighted by the generalized cor- 
relations GC i j (details in Supplementary Text S1 ) according 
to: 

w i j = − log 
(

GC i j 

)

. (1) 

From the dynamical network, we estimated the efociency of 
crosstalk between the crRNA spacer regions (i.e. nucleotides 
nt 1–4, nt 5–8, nt 9–14 and nt 15–18) and the catalytic 
residues (R472, H477, R1048, H1053) through a Signal-to- 
Noise Ratio ( SNR ) measure, introduced in our companion 
paper ( 41 ). SNR measures the preference of communication 
between predeoned distant sites—i.e. the signal—over the re- 
maining pathways in the network—i.e. the noise, estimating 
how allosteric pathways stand out (i.e. are favourable) over 
the entire communication network. 

For the SNR calculation, we orst computed the optimal (i.e. 
the shortest) and top ove sub-optimal pathways (with longer 
lengths, ranked in comparison to the optimal path length) be- 
tween all crRNA bases and the Cas13a residues, using well- 
established algorithms (details in the Supplementary Text S1 ). 
Then, the betweenness of edges was calculated for the net- 
work, where edge betweennesses signioes the frequency at 
which an edge lies in the shortest path between pairs of nodes 
in the network. The greater the betweenness, the more signif- 
icant the edge is in terms of information transfer in the net- 
work. Finally, the cumulative betweennesses of each pathway 
( S k ) was calculated as the sum of the betweennesses of all the 
edges in that specioc pathway: 

S k = 

n −1 
∑ 

i =1 

b i (2) 

where b i is the edge betweenness between node i and i + 1 , 
and n is the number of edges in the k th pathway. The distribu- 
tion of S k between the crRNA bases and all protein residues 
was deoned as the noise, whereas the distributions of S k be- 
tween the crRNA nucleotide regions of interest (e.g. nt 1–4) 
and the HEPN1-2 catalytic residues were considered as sig- 
nals. Finally, the SNR corresponding to signals from each cr- 
RNA region to the HEPN1-2 catalytic core residues was com- 
puted as: 

SN R = 
E [ S ] /Var ( S ) 
E [ N ] /Var ( N ) 

(3) 

where E(S ) and Var (S ) correspond to the expectation 
and variance of the signal distribution respectively; and 
E( N) / Var ( N) are the expectation / variance of the noise dis- 
tribution. Notably, since SNR calculations are sensitive to 
the length of the communication pathways, the SNR was 

computed along shorter (edge count: 6–8), medium (edge 
count: 9–11), and longer (edge count: 12–14) path lengths 
(see Supplementary Text S1 ). The signiocance of the signal 
over the noise was estimated using Z -score statistics with a 
two-tailed hypothesis. Finally, we also computed the ratio be- 
tween the maximal SNR in the mismatched systems and in the 
system including perfectly matched (PM) crRNA: target–RNA 

duplex ( SNR ratio = SNR max −mm / SNR max −pm ). This compari- 
son indicates whether single mismatches impact the strength 
of the communication with respect to the perfectly matched 
duplex. Full details on SNR calculations are reported in 
Supplementary Text S1 . All networks were built using the 
Dynetan Python library ( 56 ). Path-based analyses were per- 
formed using NetworkX Python library ( 60 ). 

S ARS-CoV-2 propag ation 

The following reagents were deposited by the Centers for Dis- 
ease Control and Prevention and obtained through BEI Re- 
sources, NIAID, NIH: S AR S-Related Coronavirus 2, isolate 
Hong Kong / VM20001061 / 2020, NR-52282; Isolate South 
Africa / KRISP-EC-K005321 / 2020 (B.1.351 lineage), NR- 
54008; isolate South Africa / KRISP-K005325 / 2020 (B.1.351 
lineage), NR-54009; isolate USA / PHC658 / 2021 (Lineage 
B.1.617.2; Delta variant, NR-55611; and isolate USA / MD- 
HP20874 / 2021 (Lineage B.1.1.529; Omicron variant), NR- 
56461. S AR S-CoV-2 was propagated (MOI of 0.1) and titered 
using 80% connuent African green monkey kidney epithelial 
Vero E6 cells (American Type Culture Collection, CRL-1586) 
or Vero-hACE2-TMPRSS2 cells (Vero AT) (BEI NR-54970) in 
Eagle9s Minimum Essential Medium (Lonza, 12-125Q) sup- 
plemented with 2% (v / v) fetal bovine serum (FBS) (Atlanta 
Biologicals), 2 mM l -glutamine (Lonza, BE17-605E) and 
1% penicillin (100 U / ml) and streptomycin (100 µg / ml) or 
puromycin (10 µg / ml) (Thermo Fisher, A11138-03). All iso- 
lates except Omicron were propagated and titered in Vero 
EG cells and using penicillin and streptomycin. The Omi- 
cron variant was propagated and titered in Vero AT cells 
using puromycin. Virus stock was stored at −80 ◦C. All 
work involving infectious S AR S-CoV-2 was performed in the 
Biosafety Level 3 (BSL-3) core facility of the University of 
Rochester, with institutional biosafety committee (IBC) over- 
sight. Viral strain and sequence information can be found in 
Supplementary Table S5 . 

Tissue culture infectious dose assay, viral 
inactivation, and RNA extraction 

Viral titers were determined using the tissue culture infectious 
dose (TCID) assay on triplicate wells of an 80% connuent 
monolayer of Vero E6 cells in a 96-well microtiter plate for- 
mat using a 1:3 dilution factor; virus infection was assessed 
following 3–5 days of incubation at 37 ◦C in a CO 2 incuba- 
tor by microscopic examination of cytopathic effects (CPE). 
The infectious dose (log 10 TCID 50 / ml) was calculated using 
the Spearman-Kärber method ( 61 ,62 ). TCID 50 of approxi- 
mately seven logarithms per milliliter were used for RNA ex- 
tractions. Infectious viral stocks were inactivated by a 1:3 
dilution with TRI Reagent® (Zymo, R2050-1-200) immedi- 
ately prior to RNA extraction. RNA was extracted using the 
Direct-zol RNA Miniprep Plus (Zymo, R2073) according to 
the manufacturer9s protocol, including on-column Dnase 1 
treatment. 
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Patient samples and ethics statement 

Use of de-identioed clinical excess of human specimens (ex- 
tracted RNA) from patients with S AR S-CoV-2 from the Uni- 
versity of Rochester Medical Center9s Department of Pathol- 
ogy and Laboratory Medicine was approved by the Univer- 
sity of Rochester9s institutional review board (IRB) protocol 
ID STUDY00008040. S AR S-CoV-2 sequence information of 
these specimens is available under the GISAID initiative ( 63 ), 
and their accession numbers and strain information can be 
found in Supplementary Table S7 . 

Viral and extracted sample preparation and 

RT-qPCR testing 

To assess quality and relative quantity of viral RNA, RT-qPCR 

was performed using the Luna® S AR S-CoV-2 R T-qPCR Mul- 
tiplex Assay Kit (NEB) with the CDC-derived primers for N1 
and N2 gene targets and the reaction was performed using 
the QuantStudio™ 5 System (ThermoFisher). Ct values for 
each viral strain used are renected in Supplementary Tables S6 
and S7 . 

For Cas13-cleavage assays, viral RNA was reversed tran- 
scribed using the High-Capacity cDNA Reverse Transcription 
Kit (Applied Biosystems). cDNA was amplioed for the regions 
of interest using the primers listed in Supplementary Table S4 . 
The forward primers introduced a T7 RNAP promoter. PCR 

ampliocation was carried out using Q5® High-Fidelity DNA 

Polymerase (NEB) for at least 35 cycles, and annealing tem- 
perature of 60ºC. Reaction products were visualized on a 2% 

agarose gel with 0.05% (v / v) Ethidium Bromide and visual- 
ized with a Gel Doc XR+ imager (Bio-Rad Laboratories). PCR 

amplicons were column purioed with the Monarch® PCR & 

DNA Cleanup Kit and eluted in 25 µl of Monarch® DNA 

Elution Buffer. 
For the detection step, 1 µl of purioed ampliocation prod- 

uct was added to 19 µl detection master mix (100 nM Lbu- 
Cas13a:crRNA in cleavage buffer (20 mM HEPES-Na pH 6.8, 
50 mM KCl, 5 mM MgCl 2 , 10 µg / ml BSA, 100 µg / ml tRNA, 
0.01% Igepal CA-630 and 5% glycerol) with 1 U / µl murine 
RNase inhibitor (NEB), 0.1 µg / µl T7 RNA polymerase (pu- 
rioed in-house) and 1 mM of rNTP mix. Detection reactions 
were performed in triplicate and reported with their standard 
errors. 

Results 

LbuCas13a exhibits differential sensitivity to 

mismatches in a position- and crRNA-length 

dependent manner 

To study Cas139s position and crRNA-length dependent sen- 
sitivities to mismatches, we harnessed Cas139s collateral- 
cleavage activity as a readout of Cas13 RNA-mediated 
HEPN-nuclease activation ( 7 ). Upon activation with a 
sufociently complementary target RNA, Cas13 can non- 
speciocally cleave quenched nuorescent reporters, resulting in 
increased nuorescent signal over time (Figure 1 A). We orst 
designed crRNAs targeting the same target–RNA with 16, 
20 or 28 nucleotide (nt) crRNA-spacer lengths (Figure 1 B) 
and showed that Cas13a exhibits robust activation with these 
three crRNAs, albeit we observe a decrease in activity with a 
16-nt crRNA-spacer (Figure 1 C). 

Given that LbuCas13a nuclease activity was maintained 
across all crRNA-spacer lengths tested, we then probed for 
sensitivity to mismatches at different regions of the crRNA- 
spacer:RNA-target region by introducing four consecutive 
mismatches across the complementarity region (Figure 1 D) 
and assessed the amount of cleavage product generated af- 
ter one hour incubation with different RNA target concentra- 
tions. While this experiment appears to be identical to previ- 
ous experiments carried out by Tambe et al., we noticed that 
this previous study incorporated an additional adenosine nu- 
cleotide at the 3 ′ end of the direct repeat (DR) in the crRNA, 
which inadvertently introduces an additional mismatch be- 
tween the spacer and the target RNA ( Supplementary Figure 
S1A, B ), and thus we decided to revisit these experiments 
using the canonical LbuCas13a DR ( 64 ) that does not in- 
clude this additional adenosine. Of note, the mismatches in 
the target RNA were generated by replacing the nucleotide(s) 
in the target–RNA with the same nucleotide one present in 
the crRNA-spacer sequence, such that mismatch pair is made 
up of two of the same nucleotide. At 100 pM, RNA target 
and targeting with a 28-nt crRNA-spacer, ribonuclease activ- 
ity was substantially impeded when mismatches between re- 
gions +5 to +16 relative the crRNA-spacer were present (Fig- 
ure 1 E, S2A ). Interestingly, with shorter 16 or 20-nt crRNA- 
spacer only a perfectly matched target–RNA was able to max- 
imally activate LbuCas13a (Figure 1 E, S2B, C ). We tested 
the same panel of mismatched target–RNAs using higher 
target–RNA concentration (10 nM) and observed that most 
of these cleavage defects were rescued at this high concentra- 
tion when using a 28-nt crRNA-spacer, with only a slightly 
decreased activity in region 5–8 ( Supplementary Figure S2D ). 
The 20-nt crRNA-spacer maintained RNase activity when 
there were mismatches in the 1–4 or 17–20 regions (Figures 
1 F, S2E ), and the 16-nt crRNA-spacer still required a per- 
fect match for RNase activity (Figures 1 F, S2F ). However, as 
we saw in Figures 1 C and S2E , using a crRNA with a 16- 
nt spacer comes at a cost of total nuorescence magnitude 
and time to reach plateau, which could undermine sensitiv- 
ity and assay times for diagnostic applications. As a result, 
we decided not to further pursue 16-nt spacer design in this 
study. 

Taken together, as expected, LbuCas13a displayed differen- 
tial sensitivities to mismatches between the crRNA-spacer and 
its target–RNA in a position-dependent manner, and impor- 
tantly, this sensitivity proole changes depending on the length 
of the crRNA-spacer used, with shorter crRNA-spacers being 
more sensitive to mismatches, and thus yielding higher speci- 
ocity Cas13-crRNA complexes. It also cannot be overstated 
that higher concentrations of partially matched target RNA 

can in some cases still elicit nuclease activity, and this activity 
needs be considered when designing diagnostic assays, espe- 
cially in context of pre-ampliocation of the RNA target, where 
one control of the onal concentration of target is difocult and 
can vary from sample to sample. 

Probing single nucleotide positions uncovers 
mismatch-sensitive hotspots in cas13 that become 

more apparent with shorter crRNA-lengths 

To further assess the effect of crRNA-spacer length on mis- 
match tolerance, we explored the effect that single nucleotide 
mismatches in the crRNA-target duplex have on Cas13 
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Figure 1 . Cas1 3 exhibits differential sensitivity to mismatc hes in a position-dependent manner and it is modulated by crRNA spacer length. ( A ) 

Schematic of a Cas13 RNA detection approach that harnesses the enzyme9s trans -ssRNA (collateral) clea v age activity for the cleavage of quenched 

nuorescent RNA reporters. ( B ) Three different crRNA spacer lengths were used in the study of LbuCas13a nuclease activation: 16, 20 and 28 

nucleotides. ( C ) LbuCas13a reporter clea v age time-course with different spacer lengths against the same target RNA with 100 pM target concentration. 

( D ) Experimental design of the regions for which four consecutive mismatches (MM) were introduced between the crRNA and the target RNA. A perfect 

matched RNA is also used for reference (PM) ( E ) LbuCas13a relative reporter cleavage efociency after 1 h using different crRNA spacer lengths and 

mismatched target–RNAs at 100 pM (4 consecutive mismatches) ( F ) LbuCas13a relative reporter cleavage efociency after 1 h using different crRNA 

spacer lengths and mismatched target–RNAs at 10 nM (4 consecutive mismatches). Data is shown as mean ± s.e.m for n = 3 replicates. 

activation. We generated RNAs that contained a single nu- 
cleotide mismatch at each one of the orst 20 nt positions of 
the spacer (using the canonical LbuCas13a DR), performed 
trans-RNA cleavage assays and assessed the relative cleavage 
efociencies compared to a perfectly complementary RNA tar- 
get. For crRNA-spacer lengths of 28 and 20 nucleotides, single 
nucleotide mismatches across the length of the spacer did not 
impact Cas13 RNase activity at high target concentrations (10 
nM) (Figure 2 A and B). 

When we lowered target–RNA concentrations to 100 pM, 
28-nt still yielded high Cas13a activity regardless of the pres- 
ence of single-nucleotide mismatches in the target RNA (Fig- 
ure 2 C). On the other hand, when using a 20-nt crRNA- 
spacer, single mismatches result in diminished RNase activa- 
tion at several positions in the middle of the spacer (+7, +8, 
+9), and these mismatches resulted in up to a 70% reduction 
in activity, compared to a perfect-matched target–RNA un- 
der the same conditions (Figure 2 D). It should be noted that 
compared to Tambe et al., the location of mismatch-sensitive 

and tolerant regions was slightly different. In particular, this 
single mismatch prooling seems to indicate a subtle shift of 
one nucleotide in mismatch sensitivity, consistent with the dif- 
ferent crRNA design ( Supplementary Figure S3 ). In addition 
to these observations, we see also a similar phenomenon to 
Tambe et al., where in some cases mismatches result in a higher 
end-point cleavage amount compared to a perfectly matched 
target–RNA (Figures 2 A–D; S3 ). Currently, we hypothesize 
this result is a combination of experimental limitations and the 
enzymatic quirks of Cas13 proteins as well as other nucleic- 
acid guided nucleases (e.g. argonautes ( 65 )) that remain to be 
completely understood. 

Taken together, probing each base pair in the spacer: target–
RNA duplex via mismatch analysis uncovers potentially use- 
ful mismatch sensitivities at specioc regions of the spacer, how- 
ever this is highly dependent on the length of the spacer as well 
as the target RNA concentration. In addition, 28-nt spacers 
yield no single mismatch discriminatory capacity at the target–
RNA concentrations tested. 
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Figure 2. Probing single nucleotide positions uncovers mismatch-sensitive hotspots in Cas13. End-point (1 h) LbuCas13a clea v age efociencies of 

mismatched target–RNAs tiling at single nucleotide resolution across the target RNA compared to a perfect-matched (PM) ssRNA at two different 

target–RNA concentrations (10 nM and 100 pM) as f ollo ws: ( A ) a 28 nucleotide spacer and 10 nM target; ( B ) a 20 nucleotide spacer and 10 nM target; 

( C ) a 28 nucleotide spacer and 100 pM target; ( D ) a 20 nucleotide spacer and 100 pM target. Data is shown as mean ± s.e.m for n = 3 replicates. ( E ) 

Ov ervie w of the Cas13a protein bound to a crRNA-tgRNA duplex (black). The protein is shown as cartoons, highlighting the HEPN1 (pink) and HEPN2 

(green) catalytic domains. The positions of single base-pair mismatches (11,7,4) are also indicated; ( F ) representative conformations from molecular 

dynamics simulations of the base-pairs at positions 11, 7, 4 in a perfectly matched (PM, left) and in the mismatched systems (right). Nucleic acids are 

shown in grey, with the exception of the bases at mismatched sites, shown as sticks (pink); ( G ) ratio between the maximal signal-to-noise ratio ( SNR) in 

the Cas13a:crRNA:target–RNA systems containing a PM target RNA and single mismatches at positions 4, 7 or 11; computed for spacer nt 1–4 and nt 

5–8. Dashed lines indicate the ±20% change with respect to the PM system. 
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In vestig ating allosteric coupling associated with 

mismatch sensitivity using molecular dynamics 
simulations 

We recently determined that certain regions of the crRNA- 
spacer: target–RNA duplex are most important for gating 
HEPN nuclease activation ( 40 ), and further explored this po- 
tential allosteric coupling using computational approaches 
( 41 ). Our companion paper showed that target–RNA bind- 
ing acts as an allosteric activator of the HEPN nuclease do- 
mains and identioed critical regions of LbuCas13a responsi- 
ble for this information transfer ( 41 ). With this in mind, we 
wondered whether the differential, position-dependent mis- 
match sensitivity observed with 20-nt length crRNA-spacers 
is also associated with perturbed allosteric coupling between 
the spacer nucleotides and catalytic residues of LbuCas13a, 
we conducted similar molecular dynamics (MD) simulations 
of the LbuCas13a complexes with single mismatches intro- 
duced at different locations within a 20-nt spacer (Figure 
2 E), as in our companion paper. MD simulations were car- 
ried out on four Cas13a: crRNA: target–RNA complexes con- 
taining either a perfectly matched crRNA:target–RNA du- 
plex, or crRNA:target–RNA duplexes that contain a sin- 
gle mismatch at either spacer nucleotide position 4, 7 or 
11 (Figure 2 F). These positions were chosen either because 
they displayed a large loss of cleavage activity when mis- 
matched (position +7) or no noticeable loss of cleavage 
activity (positions +4 and +11), as a negative control for 
our downstream analyses. Each system was simulated for 
∼1 µs and in three replicates, collecting a multi- µs en- 
semble necessary for the analysis of the allosteric signaling 
( 45–47 ). 

Our simulations of the Cas13a complexes revealed that sin- 
gle base pair mismatches have minor conformational effects 
on the protein dynamics, compared to the perfectly matched 
system ( Supplementary Figure S4 and Supplementary Text 
S1 ). We then conducted graph-theory based network analysis 
to characterize the allosteric pathways of communication in 
the presence of single mismatches and compared these with 
the system with a perfectly matched crRNA-target RNA du- 
plex. To estimate the communication efociency between the cr- 
RNA spacer and the catalytic residues (R472, H477, R1048, 
H1053), we employed a Signal-to-Noise Ratio (SNR) mea- 
sure, also used in our companion paper ( 41 ). The SNR mea- 
sures the preference of communication between predeoned 
distant sites – i.e. the signal—over the remaining pathways 
of comparable length in the network—i.e. the noise. The SNR 

thereby estimates how allosteric pathways stand out (i.e. are 
favourable) over the remaining noisy routes, with high SNR 

values indicating the preference for the network to communi- 
cate through the signal (see Materials and methods). 

To detect crRNA-spacer regions with preferred communi- 
cation with catalytic residues, we performed SNR calcula- 
tions considering signals sourcing from specioc crRNA-spacer 
regions (i.e. nucleotides 1–4, 5–8, 9–14, 15–18 and 19–20) 
and sinking to the catalytic residues (R472, H477, R1048, 
H1053). The communication between all crRNA spacer nu- 
cleotides and all residues of the LbuCas13a protein was con- 
sidered as the noise for all SNR calculations. As SNR calcu- 
lation is sensitive to the pathlength of communication, which 
refers to the number of edges involved in the pathways con- 
necting the spacer nucleotides with the catalytic residues, we 
evaluated SNR across different pathlengths. Speciocally, we 
characterized the SNR for shorter (edge count: 6–8), medium 

(edge count: 9–11), and longer paths (edge count: 12–14) (see 
Materials and Methods) ( Supplementary Figure S5 ). The ob- 
tained SNR along any of the paths assesses the prevalence 
of the signal over the noise by determining the extent to 
which the signal distribution differs from the noise distribu- 
tion. As shown in Supplementary Figure S6 , in the perfectly 
matched (PM) system, we observe the high SNR for nt 1–4 
(i.e. SNR > 3) along shorter and medium-length pathways, 
whereas nt 5–8 display improved signaling across longer path- 
ways (i.e. SNR > 3). Other regions show a relative drop of the 
SNR, compared to nt 1–4 and 5–8. 

To facilitate comparison, we compared the highest SNR 

observed in the no mismatch system with the highest SNR 

observed in the single mismatched systems, speciocally cor- 
responding to 1–4-nt and 5–8-nt across various pathlengths 
(Figure 2 G). This comparison indicates whether the introduc- 
tion of single mismatches has impacted the strength of com- 
munication between the spacer and the catalytic residues com- 
pared to the system without mismatch. The ratio between the 
highest SNRs in the single-mismatched and perfectly-matched 
system reveals that mismatches at positions 4 and 11 still 
result in a similar level of communication as the perfectly- 
matched system, with perturbation within 20% of this sys- 
tem. In contrast, introducing a mismatch at position 7 re- 
sults in a ∼40% reduction in SNR compared to the perfectly- 
matched system, both for 1–4-nt and 5–8-nt. These results 
suggest that mismatches at position 7, which impact Lbu- 
Cas13a nuclease cleavage rate, result in a loss of allosteric 
crosstalk between the spacer and catalytic residues, unlike the 
mismatches at 4 or 11 which do not result in a loss of cleavage 
activity experimentally nor a large loss in allosteric crosstalk 
in these simulations. Finally, to verify the conformation of 
the RNA bases at the mismatched positions in our simula- 
tions, we performed free energy simulations ( Supplementary 
Text S1 ). We observe an excellent overlap between the free 
energy minima and the preferred conformations computed 
from classical MD simulations ( Supplementary Figure S7 ). 
This agreement strengthens the calculation of the SNR pro- 
oles through classical MD simulations since the conforma- 
tions of single mismatches correspond to the preferred base 
conformations. 

Structure-guided engineering of LbuCas13a gives 
rise to cas13 variants with more stringent 
mismatch speciocity prooles 

Several different successful strategies to increase the sequence 
speciocity of CRISPR-Cas enzymes have been employed in the 
past, including weakening the enzyme-target DNA interac- 
tions or slowing cleavage rates ( 66 ). The net effect is that the 
increasing difference between the dissociation and catalytic 
constant rates, allows the dissociation of non-perfect targets 
to be more favorable than cleavage, thus increasing discrim- 
ination. Applying this kinetic rationale, structure-guided en- 
gineering of CRISPR-Cas enzymes has yielded variants with 
high on-target cleavage and minimal off-target effects that im- 
prove their safety proole when used in research or therapeu- 
tic applications ( 67–70 ). Indeed, several studies on Cas13 en- 
zyme kinetics has revealed the innuence of target–RNA bind- 
ing kinetics and HEPN-nuclease catalysis kinetics as impor- 
tant for detection sensitivity ( 71 ), particularly with respect 
to ampliocation-free approaches ( 72–74 ), as well as revealed 
a framework for more sensitive SNP detection by exploiting 
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differences in kinetic parameters ( 75 ). Given these observa- 
tions and our recent computational study disclosing that the 
key R377, N378, and R973 residues gate the RNA-mediated 
allosteric HEPN activation ( 41 ), we hypothesized that by al- 
tering these allosteric communication pathways we could also 
alter the mismatch tolerance proole of LbuCas13a which, in 
turn, could facilitate the development of higher-odelity Cas13 
enzymes. 

Speciocally, we found that variants LbuCas13a R377A , 
LbuCas13a N378A , LbuCas13a R973A have altered allostery 
communication pathways and we sought to explore the 
mismatch tolerance across the crRNA-spacer for each of 
these Cas13a variants. To this end, we overexpressed and 
purioed these proteins as previously described (Methods) 
( Supplementary Figure S8 ) and performed cleavage assays ei- 
ther in the presence of a perfect matched target–RNA to our 
28-nt crRNA-spacer, or ssRNAs with four consecutive mis- 
matches tiling across the crRNA-target RNA duplex (Fig- 
ure 3 A). End-point background-subtracted nuorescence mea- 
surements after one hour showed that each one of these 
Cas13a variants is more sensitive to mismatches compared 
to wild-type Cas13a (Figure 3 A). For example, wild-type 
Cas13a still exhibited robust nuclease activation with mis- 
matches at positions 1–4 or 17–20, where all Cas13a vari- 
ants tested showed a signiocant reduction in nuclease activity 
with these mismatched target–RNAs. No signiocant change 
in apparent cleavage efociency occurred in regions 21–24 
and 25–28 when mismatches were present. These results sug- 
gest that the Cas13a variants have higher sensitivity to mis- 
matches and thus may make suitable candidates for the devel- 
opment of higher-odelity Cas13 enzymes for RNA-detection 
applications. 

Given, we saw no sensitivity to mismatches in regions 
21–28 (Figure 3 A) and our data in Figure 1 E suggest 
that 20-nt spacers are most appropriate with respect to 
generating new more specioc Cas13 variants with single- 
nucleotide discrimination potential we decided to use this 
spacer length moving forward. To this end, we wanted 
to further understand the contributions of each single nu- 
cleotide in cleavage efociency, and we used our previously 
generated RNAs with mismatches at each nucleotide posi- 
tion for every single position in the crRNA–target duplex. 
End-point normalized background-subtracted nuorescent val- 
ues indicate that our LbuCas13a N378A and LbuCas13a R973A 

variants show higher sensitivity to single-nucleotide mis- 
matches from 100 pM ssRNAs with 20 nucleotide spacers 
and display a more pronounced loss of activity proole across 
the crRNA-target compared to the wild-type LbuCas13a 
(Figure 3 B–D). 

Remarkably, LbuCas13a R377A is not able to activate with 
the low 100 pM ssRNA concentration (Figure 3 B) but 
at higher concentrations of ssRNA, activity with perfect- 
matched RNA is comparable to wild-type. Positions 7, 8, 
12, 13, 19 within the crRNA-target RNA duplex are par- 
ticularly sensitive and mismatches in these regions result in 
a substantial reduction of nuclease activity, relative to all 
other positions (Figure 3 E). At this concentration, on the 
other hand, variants LbuCas13a N378A and LbuCas13a R973A 

do not exhibit any signiocant decrease in activity with sin- 
gle mismatches, and on the contrary, single mismatches at 
some positions seem to yield more robust activation (Figure 
3 F and G). We applied the same approach to 28-nt spacers 
and found that regardless of target concentration, 28-nt cr- 

RNAs do not show sufocient discrimination of mismatched 
RNAs ( Supplementary Figure S9A-B ). 

Thus, altering residues that participate in the allosteric com- 
munication involved in HEPN nuclease activation gives rise 
to enzyme variants that display higher sensitivities to single 
nucleotide mismatches, although the degree of discriminatory 
power is position and spacer-length dependent. If using 20- 
nts. Spacers, LbuCas13a N378A and LbuCas13a R973A variants 
are excellent at discriminating single-nucleotide mismatches 
at certain positions (mainly 7 and 19) when RNA target con- 
centrations are low. If concentration of target is expected to 
be high, then LbuCas13a R377A might make a strong candi- 
date to distinguish single-nucleotide differences at those same 
positions. 

Deletion in the crRNA direct repeat contributes to 

the partial inhibition by anti-tag containing RNAs 
and result in better discrimination of mismatch 

containing RNAs 

During our exploration of the literature for LbuCas13a cr- 
RNA architectures for different applications, it did not escape 
to our attention that the crRNA DR sequence used by Meeske 
and Marrafoni for the study of 8anti-tag9 RNA-mediated nu- 
clease inhibition of Cas13a contains a deletion in the orst 
adenine in the DR compared to other crRNA DR sequences 
commonly used for LbuCas13a ( 76 ) (Figure 4 A). They re- 
ported that extended complementarity of approximately 8 nu- 
cleotides of the target RNA (forming an 8anti-tag9) with the 
direct repeat of the crRNA results in inhibition of Cas13a 
activity despite having perfect complementarity in the spacer 
(Figure 4 B), thus providing a potential mechanism to prevent 
self-targeting in the case of anti-sense transcription from the 
CRISPR locus in its native host ( 76 ), and with respect our 
companion paper ( 41 ) provides a useful allosteric inhibitor to 
study Cas13 allosteric activation and inhibition. We wondered 
if this deletion in the DR might contribute at least partially to 
the observed inhibition of Cas13 cleavage in the presence of 
anti-tag containing RNAs. We changed the nanking regions of 
our target RNA with an anti-tag sequence for LbuCas13a cr- 
RNA (atgRNA) and used our original sequence without anti- 
tag (tgRNA). Additionally, we designed the same crRNAs as 
previously used but containing the A -29 deletion (del crRNA) 
and compared its activity relative to the full-length DR con- 
taining crRNA (WT crRNA). We then performed our trans- 
cleavage reporter assay in the presence of these crRNAs and 
targets (with and without anti-tag). The apparent cleavage ef- 
ociencies suggest that performing this deletion makes Lbu- 
Cas13a more sensitive to inhibition by anti-tag containing 
RNAs, especially with low concentrations of target (100 pM) 
where the apparent cleavage activity is greatly reduced (Figure 
4 C). Higher concentrations of target RNA can overcome this 
inhibition. 

Conversely, when using the crRNAs and sequences reported 
by Meeske and Marrafoni , and restoring the DR to full length, 
the nuclease activity in the presence of high anti-tag RNA con- 
centrations is rescued to the same levels as the RNA target 
( Supplementary Figure S10A, B ). Additionally, it appears that 
the deletion results in decreased nuclease activity even with 
targets that do not contain an anti-tag sequence. 

While there might be sequence dependent effects medi- 
ating Cas13 activation, these assays suggest that truncating 
the direct repeat causes a subtle activation defect in Cas13a 



10 Nucleic Acids Research , 2023 

5’ 3’

crRNA

A

P
M 1 2 3 4 5 6 7 8 9

1
0

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

0.0

0.5

1.0

1.5

2.0WT

R377A

Single mismatch at position X of crRNA:spacer

P
M 1 2 3 4 5 6 7 8 9

1
0

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

0.0

0.5

1.0

1.5

2.0 WT

N378A

Single mismatch at position X of crRNA:spacer

P
M 1 2 3 4 5 6 7 8 9

1
0

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

0.0

0.5

1.0

1.5

2.0 WT

R973A

WT

R973A

Single mismatch at position X of crRNA:spacer

1 20101 2010

B E

F

G

C

D

c
le

a
v
e

d
 p

ro
d

u
c
t 
ra

ti
o

re
la

ti
v
e

 t
o

 P
M

c
le

a
v
e

d
 p

ro
d

u
c
t 
ra

ti
o

re
la

ti
v
e

 t
o

 P
M

c
le

a
v
e

d
 p

ro
d

u
c
t 
ra

ti
o

re
la

ti
v
e

 t
o

 P
M

c
le

a
v
e

d
 p

ro
d

u
c
t 
ra

ti
o

re
la

ti
v
e

 t
o

 P
M

c
le

a
v
e

d
 p

ro
d

u
c
t 
ra

ti
o

re
la

ti
v
e

 t
o

 P
M

c
le

a
v
e

d
 p

ro
d

u
c
t 
ra

ti
o

re
la

ti
v
e

 t
o

 P
M

WT

R377A

PM

M
M

1-
4

M
M

5-
8

M
M

9-
12

M
M

13
-1

6

M
M

17
-2

0

M
M

21
-2

4

M
M

25
-2

8

WT

R377A

N378A

R973A

50%

100%

%
 c

le
a

v
a

g
e

 p
ro

d
u

c
ts

 

g
e

n
e

ra
te

d
 v

s
. 

P
M

 W
T

C
a

s
1

3
a

 v
a

ri
a

n
t

Mismatch at positions X of the crRNA-spacer

M
M

1-
4

M
M

5-
8

M
M

9-
12

M
M

13
-1

6

M
M

17
-2

0

M
M

21
-2

4

M
M

25
-2

8

0.35
0.22

0.52

10 nM target

100 pM target

P
M 1 2 3 4 5 6 7 8 9
1

0
1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

P
M 1 2 3 4 5 6 7 8 9

1
0

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

P
M 1 2 3 4 5 6 7 8 9
1

0
1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

0.0

0.5

1.0

1.5

2.0

0.0

0.5

1.0

1.5

2.0

0.0

0.5

1.0

1.5

2.0

Single mismatch at position X of crRNA:spacer

Single mismatch at position X of crRNA:spacer

Single mismatch at position X of crRNA:spacer

100 pM target

WT

N378A

Figure 3. LbuCas13a variants show higher reporter assay speciocity against mismatches between the crRNA-spacer and the target RNA. ( A ) Heatmap 

of end-point nuorescence signal after 1 h of LbuCas13a wild-type (WT) versus variants using 10 nM of target RNA, either with no mismatches (PM) or 4 

consecutive mismatches in the indicated regions. 28-nt crRNA spacers were used. Results are background subtracted and normalized to values from 
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single-nucleotide mismatched RNA (SM) targets at different positions relative to the crRNA and at 10 nM ( B–D ) or 100 pM ( E–G ) concentration and 20-nt 

crRNA-spacer. Clea v age efociency w as normaliz ed to wild-type (WT) LbuCas13a in the presence of PM RNA f or each of the studied v ariants as f ollo ws: 

(B and E) LbuCas13a R377A ; (C and F) LbuCas13a N378A ; and (D and G) LbuCas13a R973A . Data is shown as mean ± s.e.m. for n = 3 replicates. 
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Figure 4. Deletion in the crRNA direct repeat contributes to the partial 

inhibition by anti-tag containing RNAs and result in better discrimination 

of mismatch-containing RNAs. ( A ) Schematic of LbuCas13a crRNA 

sequence and str uct ure. In red and indicated with an arrow, the adenine 

nucleotide that was deleted in Meeske and Marrafoni (2018) and denoted 

as del crRNA . ( B ) Schematic of LbuCas13a crRNA str uct ure when pairing 

with an anti-tag containing RNA. The extended 5 ′ 8-nucleotide 

complement arit y with the direct repeat results in partial inhibition of 

LbuCas13a nuclease activity. In red and indicated with an arrow, the 

adenine nucleotide that was deleted in Meeske and Marrafoni (2018) and 

denoted as del crRNA . ( C ) LbuCas13a reporter clea v age time-course with 

and makes it more sensitive to inhibition by anti-tag RNAs. 
Given the additional penalty imposed by this crRNA design, 
we hypothesized that using this modioed crRNA architec- 
ture ( Supplementary Figure S11A ) may have an impact on 
the mismatch tolerance proole of LbuCas13a, increasing its 
mismatch discrimination ability. To investigate this idea, we 
performed additional cleavage assays with single-nucleotide 
mismatched target RNAs, for both wild-type LbuCas13a and 
the variants we investigated above, loaded with this crRNA- 
DR variant. For spacer lengths of 20-nt, a single nucleotide 
mismatch had greater impact on WT Cas13a activity at many 
positions across the crRNA-target region when the crRNA 

is modioed, even at high (10nM) target RNA concentrations 
(Figure 4 D–F). At low (100 pM) target concentrations, the rel- 
ative cleavage activity on WT Cas13a with mismatched tar- 
get RNAs is very low, resulting in near complete loss of ac- 
tivity in most cases, particularly in the middle region of the 
spacer, for example, positions 7–9 and 14 ( Supplementary 
Figure S11B ). Combining this crRNA-DR variant with a 20- 
nt spacer and the variant LbuCas13a enzymes, the discrimi- 
nation between a perfectly matched RNA and a mismatched 
one is further improved in some cases (Figures 4 D–F). For 
example, LbuCas13a R377A activity with a perfectly matched 
target–RNA (at 10 nM) is decreased about 50% compared to 
its wild-type counterpart (Figure 4 D). Despite this apparent 
loss in activity, there is close to no activity of LbuCas13a R377A 

in the presence of mismatches at most positions, particularly 
3, 7–9, 12–14, 19 at high target concentrations (Figure 4 D). 
For LbuCas13a N378A and LbuCas13a R973A , robust activation 
with mismatched target–RNAs at high target–RNA concen- 
trations is mostly observed, with the exception of a few po- 
sitions, mainly positions 7 and 19 (Figures 4 E and F). For 
LbuCas13a N378A , the presence of these mismatches in posi- 
tions 7 or 19 resulted in a marked loss of nuorescent signal 
(Figure 4 E), whereas for LbuCas13a R973A only a partial loss 
of activation is observed ( ∼50%) (Figure 4 F). Interestingly, at 
low concentrations of RNA target (100 pM), no nuclease ac- 
tivity is detected in any of the LbuCas13a variants even for 
a perfectly matched RNA ( Supplementary Figure S11B ), sug- 
gesting a decrease in sensitivity across all these variants when 
in combination with this crRNA-DR variant. Together, our 
data suggest that combining a 20-nt spacer and this crRNA- 
DR variant with LbuCas13a N378A could be a promising can- 
didate for the deployment of a markedly more specioc Cas13- 
based diagnostic tool. 

On the other hand, using 28-nt spacers with this crRNA- 
DR variant with WT LbuCas13a does not result in single- 
nucleotide sensitivity, at either 100 pM or 10 nM target RNA 

( Supplementary Figure S11C-D ). If using our LbuCas13a vari- 

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

20-nt spacer of full-length (WT crRNA) or modioed crRNA (del crRNA) 

against the same target that contains an anti-tag (atgRNA) or not (tgRNA) 

with 100 pM or 10 nM onal RNA target concentration as indicated. (D–F) 

R elativ e clea v age efociencies f or eac h LbuCas1 3a variant in the presence 

of a perfect match RNA (PM) or a single-nucleotide mismatched RNA 

(SM) at different positions relative to the crRNA and at 10 nM 

concentration. The crRNA used contain the adenine deletion in the direct 

repeat and the spacer is 20 nucleotides long. Clea v age efociency was 

normalized to wild-type (WT) LbuCas13a in the presence of PM RNA for 

each of the studied variants as follows: ( D ) LbuCas13a R377A ; ( E ) 

LbuCas13a N378A and ( F ) LbuCas13a R973A . Data is shown as 

mean ± s.e.m. for n = 3 replicates. 
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ants, LbuCas13a R377A is inactive at low target concentrations, 
even with a fully complementary RNA ( Supplementary Figure 
S11C ), but at higher concentrations (10 nM), LbuCas13a R377A 

is active and mismatches at positions 7 or 8 result in loss of 
cleavage activity that allows for single-nucleotide discrimina- 
tion ( Supplementary Figure S11D ). For LbuCas13a N378A and 
LbuCas13a R973A , sensitivities at positions 7–10, 14 and 19 can 
be appreciated at 100 pM target RNA ( Supplementary Figure 
S11C ). Raising the concentration of target to 10 nM abolishes 
this discriminatory ability with no signiocant sensitivity at any 
position ( Supplementary Figure S11D ). If using 28-nt crRNAs 
for diagnostic purposes is desired, combining the crRNA dele- 
tion with LbuCas13a R377A would likely be the most sensible 
approach if the RNA concentrations are expected to be high. 

Additionally, we used lateral now readout to validate the 
potential for this discrimination approach to be adapted for 
point-of-care diagnostics. We compared the perfect-matched 
RNA and one with a mismatch at position 7 and com- 
pared the lateral now readout using WT LbuCas13a and 
LbuCas13a R377A ( Supplementary Figure S12A ) with a full- 
length DR. Additionally using the crRNA-DR variant, we 
compared the same target RNAs with WT LbuCas13a, 
LbuCas13a R377A and LbuCas13a N378A ( Supplementary 
Figure S12B ). In all cases, visual readout shows excellent dis- 
crimination using our new variants in all cases, unlike WT 

Cas13, that did not display sensitivity in the presence of mis- 
match 7 target RNA. 

SNP-detection of SARS-CoV-2 variants of concern 

uncovers additional crRNA design considerations 

Given that together certain combinations of crRNA DR se- 
quence variants and Cas13 protein variants are more sensi- 
tive to mismatches compared to WT LbuCas13a, we sought 
to test their performance in single nucleotide polymorphism 

(SNP) detection assays, which in turn could be deployed as 
a powerful, potentially point-of-care diagnostic test. This test 
could include infection diagnosis, genetic testing, detection of 
aberrant gene expression, cancer-related SNP or gene fusion 
detection, or epidemiological surveillance of pathogens. As 
a proof-of-concept, we designed assays against different re- 
gions of the Spike (S) protein transcript from S AR S-CoV-2, 
for which mutations in this gene have resulted in the spread 
of new highly contagious and virulent S AR S-CoV-2 strains. 
Particularly, we looked at the following amino acid muta- 
tional hotspots in the S transcripts that are signature muta- 
tions of some variants-of-concern (VOC): Beta (D80A), Delta 
(L452R) and Omicron (S477N + T478K) strains (Figure 5 A). 
We designed crRNAs that were tailored to the ancestral strain 
or the VOC, such that mismatch(es) between the ancestral 
RNA and a VOC-specioc crRNA (or vice versa) would re- 
sult in discrimination by our Cas13a variants, (Figure 5 B). 
We orst tested these crRNAs by transcribing short RNAs 
with these regions of interest and performing cleavage mea- 
surements using a range of different mismatch combinations, 
Cas13 variants and crRNA DR designs based on the positive 
data above, and arrived at several strategies that can be used in 
some cases to carry out more robust SNP discrimination than 
using WT LbuCas13a protein. ( Supplementary Figures S13- 
14 see Supplementary Text S2 for a detailed discussion of 
these data). 

We then harnessed these crRNA design strategies for the 
viral discrimination from cultured viral extracts. To do this 

assay, we employed a pre-ampliocation and detection strat- 
egy that couples ampliocation and T7 RNA polymerase tran- 
scription with our LbuCas13a cleavage assay and either a nu- 
orescence or lateral now read out to assay extracted RNA 

from S AR S-CoV-2 virus generated via cell culture (Figure 5 C). 
We found that for the detection of the D80A mutation using 
LbuCas13a R973A and a crRNA (full DR) with a synthetic mis- 
match at position 19 and the discriminating mismatch at po- 
sition 7 yielded strong recognition of the appropriate crRNA- 
target pairs but little activation in case the SNP of interest 
is present, unlike WT LbuCas13a that activates robustly in 
all cases (Figure 5 D, S15A, B , S16A ). For the L452R-causing 
SNP, we did not ond a robust strategy as in these conditions 
the assay sensitivity seems to be low, but we observed that us- 
ing WT LbuCas13a and crRNAs with the discriminating mis- 
match at position 19, there is discrimination for an ancestral- 
designed crRNA and a VOC target (Figure 5 E, S15C , S16B ). 
Omicron variant detection (S477N + T478K) variant discrim- 
ination can be achieved by using a crRNA where the dis- 
criminatory position is at nucleotide 19 for LbuCas13a N378A 

compared to WT LbuCas13a (Figure 5 F, S15D, E , S16C ). 
Finally, given our ability to observe robust SNP discrimina- 
tion with purioed Omicron virus and LbuCas13a N378A , we 
sought to determine whether this strategy would also yield 
high SNP discrimination with patient specimens. To this end, 
we obtained purioed RNA from eight patient specimens who 
had tested positive for S AR S-CoV-2 omicron variant infec- 
tion and subjected them to end-point nuorescence SNP de- 
tection assays (see Supplementary Table S7 for sample de- 
tails, and Supplementary Figure S17 for a sequence align- 
ment across SNP detection region of interest). We observed 
robust SNP sensitivity across all eight specimens when using 
LbuCas13a N378A and our omicron-specioc crRNA relative a 
anc.-specioc crRNA, while WT LbuCas13a showed no SNP 
sensitivity with these two crRNAs (Figure 5 G and H). Taken 
together, while our LbuCas13a SNP discrimination strategies 
are not completely generalizable yet, our data underscores that 
the addition of LbuCas13a variants and crRNA variants to the 
CRISPR diagnostics tool box offers a marked improvement in 
SNP discrimination ability compared to WT LbuCas13a and 
offers new opportunities for additional protein and crRNA 

engineering, and that sequence context likely plays a role in 
SNP discrimination power (see the next section for a further 
exploration of this idea) and thus multiple engineering strate- 
gies may be needed to enable easy to implement universal SNP 
discrimination. 

The type of mismatch and local sequence context 
modulates cas13-mismatch tolerance 

We noticed from our S AR S-CoV-2-like discrimination as- 
says using short RNA targets ( Supplementary Text S2 and 
Supplementary Figures S13-14 ) that the degree of mismatch 
tolerance varies between the different RNA sequence targets 
tested in this study. Similar variability has been observed 
in other Cas13-based assays ( 24 ,32 ). Understanding whether 
there are additional crRNA or target RNA features that are 
contributing to these differences will allow researchers to 
make rational decisions about the most suitable crRNA de- 
sign strategy to deploy for an RNA target of interest. We hy- 
pothesized that the base pairs participating in the mismatch 
might be a contributing factor, as well as nucleotide content 
in the crRNA-target duplex (e.g. G–C content). 
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To test the innuence of interacting mismatched nucleotides, 
we choose the hyper-sensitive position 7 and obtained crRNAs 
and target–RNAs with the four possible nucleotides at that 
position and measured the relative cleavage efociency, com- 
pared to a perfectly matched canonical base pair. Surprisingly, 
for either WT LbuCas13a at low target concentrations or Lbu- 
Cas13a variants at high target concentrations, we observed 
that different mismatched pairs elicit different activation pat- 
terns (Figures 6 A and B, S18A- - D ). For example, a C-C mis- 
match precludes Cas13 activation, but a G-G mismatch is very 
well tolerated, whereas G–U, and to a lesser extent G–A or 
C–U pairs have different sensitivities depending on their ori- 
entation in the crRNA–target hybrid. 

Next, we tested whether the G–C content of the target 
RNA contributes to differences in mismatch tolerance. From 

our original target sequence, we derived two sequences: one 
with increased G–C content surrounding the sensitive posi- 
tion 7 but keeping the total original G–C content the same 
(25%) (Figure 6 C), and other sequence where the bases 
around the 7 th position were maintained but the overall G–
C content in the crRNA-target was raised from 25% to 50% 

(Figure 6 D). Performing trans-cleavage assays in the pres- 
ence of a perfect match and a mismatch at position 7 of 
the crRNA:target–RNA duplex, revealed that raising the GC 

composition around the mismatch resulted in robust nuclease 
activation. On the other hand, preserving the sequence context 
but raising the global GC content, mismatch sensitivity is still 
maintained (Figure 6 E). Using higher concentrations of target 
RNA and our LbuCas13a variants yields similar differential 
tolerance based on sequence context and base pairs implicated 
in the mismatch ( Supplementary Figures S18 and S19 ). Taken 
together, our mismatch and sequence-context cleavage analy- 
sis reveal that the nucleotide engaging in a mismatch and the 
local sequence context surrounding the mismatch modulates 
mismatch tolerance and thus, the cleavage speciocity. 

Discussion 

The current COVID-19 pandemic has made apparent that 
scalability , affordability , nexibility , point-of-care (POC) avail- 
ability, and fast-turnaround of diagnostic assays are key con- 
siderations and can innuence policymaking, treatment options 
and public health strategies and alleviate morbidity ( 77 ,78 ). 
CRISPR-Cas systems—mainly Cas13 and Cas12—have great 
potential to fuloll the need for a new generation of molecu- 
lar diagnostic platforms. Efforts in recent years have focused 
on building these Cas13-based platforms for higher sensitiv- 
ity, convenience, and multiplexing, for multiple potential use 
cases including the detection of viral pathogens such as Ebola, 
Zika, and S AR S-CoV-2 (including strain identiocation), bac- 
terial pathogens such as M. tuberculosis , as well as the detec- 
tion of pathogenic SNPs in cancer and other genetic diseases. 
While other nucleic-acid-based diagnostic modalities exist, in- 
cluding the gold standard qPCR (used widely in the clinic) 
and rapidly advancing sequencing technologies (see ( 79 ) for 
a more detailed discussion on the beneots and limitations of 
these technologies), there is a continual need for the develop- 
ment of simple, largely equipment-independent assays, partic- 
ularly due to the signiocant shortages in reagents required for 
qPCR experienced during the prolonged S AR S-CoV-2 global 
health emergency. Public health experts are concerned we may 
face similar shortages during future pandemics and the devel- 

opment of alternative testing modalities is key to minimize the 
same diagnostic backlog in the future. 

In this study, we report a combination of strategies that can 
be used when designing Cas13a assays for SNP detection, as 
well as general considerations for any RNA-detection appli- 
cation with LbuCas13a. These include using shorter crRNA 

lengths, being aware of highly-sensitive (or insensitive) posi- 
tions in the crRNA-target duplex, using specioc LbuCas13a 
variants, employing crRNAs with modioed direct repeats, ac- 
counting for the specioc base-pair interactions or sequence 
contexts, and having an understanding that the concentration 
of target RNA can readily affect SNP detection performance. 

Previous evidence has demonstrated that Cas13 shows dif- 
ferential activity and RNA-binding sensitivity to mismatches 
between the crRNA-target–RNA duplex in a position depen- 
dent manner ( 35 ,40 ). In particular, for LbuCas13a, four con- 
secutive mismatches had different effects depending on their 
position in the spacer-target ( 40 ). By testing Cas13 nuclease 
activation with a canonical DR-spacer crRNA sequence and 
quadruple-mismatch target RNAs tiling across the crRNA- 
target, we were able to recapitulate the main conclusions of 
our previous study ( 40 ), although the location of mismatch- 
sensitive and tolerant regions was slightly different. In any 
instance, the middle region of the crRNA-target remains a 
hypersensitive region to tandem mismatches. The ability of 
Cas13 to occasionally engage in RNA cleavage with tan- 
dem mismatches, especially when those occur at the ends of 
the spacer-target complex and when target RNA concentra- 
tions are high, should be a central consideration when design- 
ing new RNA detection assays for Cas13a. This tolerance to 
mismatches is further exacerbated when using longer spac- 
ers (e.g. 28-nt). While shorter crRNA-spacers display higher 
penalties to mismatches, it starts to come at a cost e.g. 16 
nucleotide spacers show decreased cleavage rates relative to 
longer crRNA-spacers, and this can compromise the overall 
sensitivity of the assay. Taken all together, potential location 
of mismatches and length of the spacers should be orst con- 
siderations for crRNA design and decisions should be made 
to tailor the crRNA design to the desired balance between 
sensitivity and speciocity . Additionally , we performed single 
nucleotide mismatch prooling across the crRNA-target and 
measured the relative RNA cleavage activity compared to a 
non-mismatched target. Our prooling uncovered sensitive po- 
sitions to mismatches, mainly positions 7 and 19. However, 
harnessing these sensitivities for RNA discrimination is chal- 
lenging, as high target RNA concentrations and / or longer 
spacers are able to overcome mismatch-induced cleavage de- 
fects. Similar observations pertaining to target concentrations 
have been made with Cas12a, where it has been observed that 
PCR cycles for target ampliocation needed to be controlled to 
prevent triggering off-target effects ( 21 ). 

To harness and develop new ways of deploying LbuCas13a 
for SNP detection, we sought to obtain new enzyme vari- 
ants with higher speciocities. Our companion investigation 
( 41 ) on structure-guided engineering of Cas13a proteins has 
yielded enzymes that are highly active but display more strin- 
gent mismatch tolerance prooles. Thus, for SNP detection, 
our Cas13a variants are poised to gain higher levels of dis- 
crimination at the single-nucleotide level with more straight- 
forward crRNA design principles. Relatedly, we show here 
that MD experiments coupled with a network analysis ap- 
proach can be harnessed as a powerful tool to understand 
the effects of mismatches on the allosteric coupling between 



Nucleic Acids Research , 2023 15 

3’

3’ 5’

crRNA

5’ GGCC

A
C
C
C
C

A

A
G
G
G
G

AAAAC

A
C

A
A
A A U

G
A

-31

-20

-1

-10

ACAAAUXUAUCUGAAUAAAC

...GACGACACUGUUUAZAUAGACUUAUUUG...

spacer
U

target RNA

PM
 ta

rg
et

M
M

 ta
rg

et

PM
 ta

rg
et

M
M

 ta
rg

et

0

5000

10000

15000

20000

B
a

s
e

lin
e

-c
o
rr

e
c
te

d

F
lu

o
re

s
c
e
n

c
e

(A
.U

.)

high local

GC content

high total

GC content

3’

3’ 5’

crRNA

5’ GGCC

A
C
C
C
C

A

A
G
G
G
G

AAAAC

A
C

A
A
A A U

G
A

-31

-20

-1

-10

AUAAGCCCAUCUAAAUAAAU

...GACGACACUAUUCGGGUAGAUUUAUUUA...

spacer
U

target RNA

3’

3’ 5’

crRNA

5’ GGCC

A
C
C
C
C

A

A
G
G
G
G

AAAAC

A
C

A
A
A A U

G
A

-31

-20

-1

-10

GCAAAUCUAUCCGAGUGAGC

...GACGACACCGUUUAGAUAGGCUCACUCG...

spacer
U

target RNA

A

C

D

E

1.0

0.1

0.3

0.6

0.7

1.0

1.2

0.4

0.1

0.4

1.0

0.4

0.5

0.2

0.3

1.0

      C       G       A       U

          G

          C

          U

          A

0.5

1.0

n
u

c
le

o
ti
d

e
 Z

 i
n

 t
a

rg
e

t 
R

N
A

nucleotide X in crRNA

d
is

c
rim

in
a

tio
n

 ra
tio

 

v
s
. p

e
rfe

c
t m

a
tc

h
B

100 pM target

100 pM target

Figure 6. The type of mismatch and local sequence context modulates Cas1 3-mismatc h tolerance. ( A ) Schematic of crRNAs and target–RNAs used to 

study the speciocity of LbuCas13a activation with all combinations of nucleotide base pairs at position 7 of the crRNA:target–RNA. ( B ) Heatmap 

showing the ratio of cleaved products after one hour incubation with 100 pM of a target with a given nucleotide base pair combination at position 7 

compared to its corresponding canonical base pair. ( C ) Schematic of crRNA and target–RNA derived from our initial study by increasing the GC content 

around position 7 of the crRNA:target–RNA but compensating across the duplex to maintain the original 25% GC o v erall content. ( D ) Schematic of 

crRNA and target–RNA derived from our initial study by increasing the total GC content from 25 to 50% but maintaining the original sequence context 

around position 7 of the crRNA:target–RNA. ( E ) Comparison of one hour end-point nuorescence signal from LbuCas13a with 100 pM target, for the 

derived RNA sequences with different GC content, 8high local GC content9 corresponding to (C) and 8high total GC content9 corresponding to (D). These 

measurements are performed with a perfectly matched RNA target (PM) or containing a C–C mismatch at this position (MM). Data is shown as 

mean ± s.e.m. for n = 3 replicates. 



16 Nucleic Acids Research , 2023 

spacer:target–RNA binding and HEPN-nuclease activation. 
Additionally, much like what has been seen with Cas9 
high speciocity variants, we hypothesize that given their 
concentration-dependent sensitivity to mismatches, our Cas13 
variants might be exploiting interesting differences in RNA- 
binding and cleavage kinetics effects, and future work based of 
recent advances in measuring Cas13 kinetic parameters ( 71–
75 ) is required to further understand this phenomenon, and 
in turn these kinetic effect could be further exploited for addi- 
tional improvements in assay performance and crRNA-design 
for SNP detection ( 75 ). Overall, our future work will continue 
to explore using these approaches to explore new and alterna- 
tive molecular strategies to generate high odelity Cas13 vari- 
ants. 

Furthermore, we have shown that subtle changes in the di- 
rect repeat of the crRNA make Cas13a more sensitive to loss 
of activity with mismatched target RNAs. Speciocally, by re- 
moving one adenine at the 5 ′ end of the crRNA, we report 
that this deletion increases the mismatch sensitivities for both 
WT LbuCas13a and our novel variants, thus making it an ad- 
ditional strategy for sequences that might be resistant to high 
speciocity by other approaches, however this comes at cost of 
reduced activity, which could affect RNA detection sensitivity 
in diagnostic assays. Our future work will include a further 
exploration of crRNA design to determine whether there are 
additional modiocations of the DR that allow for the genera- 
tion of higher odelity Cas13:crRNA complexes. 

As proof-of-concept, we combined the principles we deter- 
mined in this study for the discrimination of SNPs in S AR S- 
CoV-2 VOCs and showed we can use them coupled to nu- 
cleic acid ampliocation for variant discrimination using either 
cultured viral samples or patient specimens. Furthermore, we 
achieved superior discrimination prooles compared to previ- 
ously reported assays using LwaCas13a for these viral regions 
of interest ( 32 ). However, it did not escape our attention that 
there might be sequence-dependent effects that modulate the 
speciocity threshold of Cas13a. We speculate that either the 
global sequence context or local sequence around the mis- 
match impacts the degree of the cleavage activity penalty from 

such mismatch, thus requiring the use of one or more syn- 
thetic mismatches or a combination of the strategies deoned 
in this work if single-nucleotide speciocity is needed. More- 
over, we also noticed that the mismatched base pair type and 
the orientation (in the spacer vs. the target RNA) changed the 
extent of nuclease activation. Similar observations have been 
made where non-canonical base pairs can elicit robust Cas9 
or Cas12 activation ( 21 ,80 ), and recent work with Cas13 
demonstrated that G-U mismatches are the most tolerated 
( 33 ,81 ). Future functional and structural studies of Cas13 en- 
zymes will shed light on non-canonical base pairing tolerance, 
which, in turn, will further guide optimization efforts to select 
for base pairs within the target that can yield the highest dis- 
crimination power. We would also like to emphasize given that 
most Cas13-based RNA detection assays are ampliocation- 
based, special care should be given to make sure the working 
nucleic acid concentration obtained by ampliocation is above 
the limit of detection of the enzyme and assay, but also within 
ranges where the highest speciocity may be achieved. 

This study is limited by the use of a single ortholog, Lbu- 
Cas13a. It is possible that position-specioc mismatch sensi- 
tivities differ depending on the ortholog or that other Cas13 
proteins naturally have higher speciocity, and no further op- 
timization and engineering is required. That said, our work 

provides a platform of guiding principles for RNA detection 
assay design for novel or known Cas13 variants that could be 
used for diagnostic purposes. While some of these strategies 
could lower the limit of detection of LbuCas13a, most Cas13- 
detection platforms require nucleic acid ampliocation, and we 
are conodent that a decrease in ampliocation-free limit of de- 
tection will have little detrimental effect in practice, if at all. 
Currently, there are no user-friendly crRNA design principles 
that guarantee SNP detection, and any potential design must 
be determined using a case-by-case basis, which can compli- 
cate the use of this technology for SNP diagnostics, especially 
when rapid customization is required (e.g. during outbreaks). 
The work presented here will aid in developing more stream- 
lined and accessible crRNA and Cas13 assay rules for various 
RNA detection applications. 

Conclusions 

In sum, this study demonstrates an optimized Cas13a-based 
RNA detection approach for detecting nucleotide variation in 
closely related sequences. We show that various crRNA de- 
sign considerations are important for Cas13 RNA-detection 
development. We also present compelling evidence that the 
Cas13 variants we generated by studying the RNA-mediated 
allosteric activation of Cas13a are excellent candidates for 
highly specioc detection tools, particularly for the detection 
of SNPs. Finally, we deployed all the lessons learned from this 
work for the detection of S AR S-CoV-2 variants and showed 
their potential to fuel a new generation of Cas13a-based di- 
agnostic tools. 
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