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The CRISPR-Cas13 system exhibits potent RNA cleavage ac-
tivity and has been widely utilized for RNA-targeting applica-
tions. However, its collateral cleavage of bystander RNAs 
limits in vivo therapeutic applications. In this study, we gener-
ated a series of LwaCas13a mutants through structure-based 
design and site-directed mutagenesis strategies. A triple 
mutant enCas13a (Q521R/E796A/E810A) was obtained with 
significantly enhanced target RNA cleavage activity along 
with only slightly increased collateral activity. To reduce the 
collateral activity, we optimized crRNA terminal extensions 
and obtained M1crRNA and M3crRNA variants that, in com-
bination with enCas13a, maintained or reduced collateral ac-
tivity while preserving enhanced targeted cleavage activity. 
Thus, by optimizing the Cas protein and crRNA, we have 
created an improved CRISPR-Cas13a system with enhanced 
target RNA cleavage activity and reduced collateral activity. 
This system demonstrated superior performance in targeting 
endogenous genes and antiviral applications. Mechanistic 
studies revealed that enhanced protein-crRNA interactions 
and altered complex conformations underlie the improved 
cleavage activity. This engineering approach provides a gener-
alizable strategy for developing CRISPR-Cas systems with 
enhanced therapeutic potential.

INTRODUCTION

CRISPR (clustered regularly interspaced short palindromic repeat) 
systems, composed of RNA-guided endonucleases and CRISPR 
RNA (crRNA), participate in bacterial and archaeal adaptive immu-
nity. 1,2 Currently, the CRISPR-Cas systems can be categorized into 
two major classes based on the composition of the effector proteins. 
Class 1 includes types I, III, and IV, and class 2 includes types II, 
V, and VI. 3,4 Class 2 systems are preferred for biotechnological appli-
cations because they are simpler than class 1 systems. Among the 
class 2 systems, Cas12a (type V) and Cas13a (type VI) exhibit pro-
miscuous DNase and RNase activity upon target recognition to 
cleave non-target single-stranded DNA and RNA (trans-cleavage ac-
tivity), respectively. 5–7 The Cas13 protein family has been shown to 
have high efficiency and specificity in programmable RNA targeting

and has been widely used for the cleavage and subsequent degrada-
tion of RNAs in yeast, plants, flies, zebrafish, mammals, and vi-
ruses. 8–15 Cas13 nucleases contain a separate RNase activity that is 
used to process precursor crRNA into mature crRNA. The conserved 
higher eukaryotes and prokaryotes nucleotide-binding (HEPN) do-
mains of Cas13 form a composite RNase active center responsible 
for catalyzing target RNA cleavage. Once the target RNA cleavage ac-
tivity is activated, the trans-cleavage activity of Cas13 nucleases is 
also activated. 5,8,16 To date, collateral RNA degradation induced by 
Cas13 has been found in flies, mammalian cells, and mammals. 17–20 

Therefore, comprehensive analysis of collateral RNA degradation 
and its elimination are required for in vivo applications of Cas13 
systems.

Cas13a, the VI-A subtype of the Cas13 family, has now been employed 
in RNA editing, nucleic acid detection, viral diagnostics, antiviral ther-
apies, gene regulation, RNA imaging, and biosensing. 12,14,21–26 East 
et al. first detected the bacteriophage λ gene by harnessing the RNA-
guided trans-cleavage activity of LbuCas13a. 27 Subsequently, Gooten-
berg et al. designed the SHERLOCK nucleic acid detector by utilizing 
the powerful collateral cleavage activity (also known as trans-cleavage) 
of LwaCas13a. 22 In 2018, Gootenberg JS et al. further improved Sher-
lock’s detection limit, specificity, and portability by optimizing nucleic 
acid amplification, signal amplification, crRNA design, and reagent 
formulation to make Sherlock more practical. 23 With the good comes 
the bad; the strong collateral cleavage activity also poses significant 
challenges for therapeutic use in vivo. Many studies have shown that 
the collateral activity of CRISPR-Cas13a degrades bacterial RNA, 
which in turn restricts host bacterial growth and leads to bacterial 
dormancy. 5,28
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Methods for optimizing Cas proteins currently include structure-
guided engineering, size adjustment of Cas proteins, directed evolu-
tion, and integration of nuclease domains. 29–32 Alterations to the 
crRNA also affect the activity of Cas proteins. Gene editing of the 
AsCpf1 RNP can be improved by extending the 5’ end of the crRNA, 
whereas TA extension at the 3’ end of the LbCas12a crRNA improves 
the collateral cleavage activity of LbCas12a and FnCas12a. 33,34 

Recent studies have shown that adding a U7 extension to the 5’ 
end of crRNA in the 24nt spacer region can enhance the trans-cleav-
age activity of LbuCas13a. 35

In this study, we constructed a fast and sensitive dual fluorescent 
reporter system for detecting targeted and collateral cleavage activity. 
Through structure-based design and site-directed mutagenesis, 
we generated a series of variants with mutations at the putative 
protein-crRNA interaction sites and the HEPN1-II domains. We 
identified a triple mutant (enCas13a: Q521R/E796A/E810A) that 
improved targeted cleavage with modest collateral increase. To 
compensate, crRNA variants (M1crRNA and M3crRNA) were de-
signed to suppress collateral activity while retaining or enhancing 
targeted efficacy. Our results demonstrate that cooperative engineer-
ing of both protein and RNA components can yield a more precise 
and efficient CRISPR-Cas13a system, opening avenues for therapeu-
tic and diagnostic applications.

RESULTS

Engineered LwaCas13a enhances the targeted cleavage 

efficiency of CRISPR-Cas13a system

To enhance the targeted cleavage activity of LwaCas13a, we aimed to 
strengthen its interactions with RNA substrates. Protein sequence 
comparison and homology modeling analysis showed high similarity 
between LwaCas13a and LbuCas13a (Figures S1A and S1B). Based on 
this, we hypothesized that key contact sites in the LbuCas13a-crRNA-
target complex would also exist in the LwaCas13a-crRNA-target 
complex. 7 We screened four LbuCas13a residues (Q519, E773, 
Y938, and K998), whose mutation to alanine impairs cleavage effi-
ciency; these correspond to Q521, E771, Y936, and S996 in 
LwaCas13a, respectively (Figure 1B). It has been shown that the intro-
duction of basic residues such as lysine (K) or arginine (R) into Cas 
proteins may increase their affinity to nucleic acids, resulting in 
boosted cleavage activity. 29,36 We therefore mutated these four resi-
dues to generate 12 LwaCas13a mutants. We established a dual fluo-
rescence reporting system to assess the targeted (cis-) and collateral 
(trans-) RNA cleavage efficiency of Cas13a. HEK293T cells were 
co-transfected with Cas13a-mCherry plasmid (encoding Cas13a 
and mCherry protein) and crRNA-EGFP plasmid (encoding crRNA 
and EGFP protein). The mCherry signal indicates the expression of

Cas13a and its collateral cleavage activity. The crRNA targets the 
EGFP mRNA, and the EGFP signal indicates the targeting activity 
of Cas13a. EGFP and mCherry expressions were measured 48 h later 
by flow cytometry; a decrease in mean fluorescence intensity (MFI) 
represents the cleavage efficiency of Cas13a (Figure 1A). Fluorescence 
analysis showed that substitution of Q521 with lysine or arginine 
significantly increased target RNA cleavage. In contrast, mutation 
at S996 slightly decreased both targeted and collateral cleavage activ-
ities (Figure 1C). Further analysis showed that most regions in 
the Cas13a active cavity are positively charged. 37 We hypothesized 
that negatively charged residues in the active cavity might hinder nu-
cleic acid binding, thus affecting the cleavage efficiency. Through 
studies of the LbuCas13a-crRNA structure and other publications, 
we have discovered that the HEPN1-II region primarily interacts 
with the 28-bp guide-target RNA duplex. 7,37 Therefore, excluding 
the residues in the putative HEPN1-II domain that have already 
been shown to affect Cas13a cleavage activity through mutation, we 
screened for several other acidic amino acid residues and mutated 
them to alanine. 7 It was shown that mutation of residues E796 
and E810 to alanine enhanced the cleavage efficiency of Cas13a 
(Figure 1D).

To obtain a mutant with maximized targeted activity and minimized 
collateral activity, we combined beneficial single mutations (muta-
tions with high targeted cleavage activity or low collateral cleavage 
activity) into double (Figure 2A) and triple (Figure 2B) mutants. 
We found that the double mutants Q521K/E796A, Q521R/E796A, 
Q521K/E810A, and Q521R/E810A increased the targeted cleavage 
activity by 14.36%, 13.47%, 12.06%, and 10.12%, respectively, relative 
to wild-type (WT) Cas13a. However, all these four double mutants 
showed some increase in collateral cleavage activity (Figure 2A). 
All triple-mutant results showed a similar pattern. When all effective 
mutants were pooled, the Q521R/E796A/E810A mutant exhibited 
the highest targeted cleavage enhancement with the smallest increase 
in collateral cleavage (Figure 2C). Thus, Q521R/E796A/E810A 
mutant, hereafter named enhanced Cas13a (enCas13a), was used 
in subsequent experiments.

crRNA end extensions affect CRISPR-Cas cleavage efficiency

crRNA is an integral part of the CRISPR-Cas system. To further 
improve the cleavage ability of the CRISPR-Cas system, we also 
modified the crRNA. First, we tried to optimize the length of the 
spacer and found that the spacer length should be at least 24 nt to 
achieve the full activity of CRISPR-Cas13a, which is consistent 
with previous studies (Figure 3B). 7 We selected a wild-type crRNA 
(wt crRNA) consisting of a 36 nt direct repeat region and a 28 nt 
spacer region for crRNA engineering. We predicted the structure

Figure 1. Engineering LwaCas13a to enhance RNA knockdown efficiency

(A) Schematic diagram of the mammalian dual-fluorescence reporter system. (B) Sequence alignment of LwaCas13a and its homologous proteins. Candidate mutagenic 

regions are marked in the red box. (C) Comparison of the cleavage effect of LwaCas13a mutant and WT in HEK293T cells. The fluorescence intensity level of EGFP represents 

the targeted cleavage effect of Cas13a (left); the fluorescence intensity level of mCherry represents the collateral cleavage effect of Cas13a (right). (D) Structure-guided 

mutation and corresponding activity assessment. Mutation candidates in the HEPN1-II domain are marked in red lines. Data were compared using a two-tailed unpaired 

Mann-Whitney U test. Data are presented as median ± IQR (n = 4). *p < 0.05; ***p < 0.001; ns, not significant.
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Figure 2. Activity profiling of Cas13a mutations

(A) The targeted (EGFP) and collateral (mCherry) cleavage activities of Cas13a double mutants. (B) The targeted (EGFP) and collateral (mCherry) cleavage activities of Cas13a 

triple mutants. (C) The targeted (EGFP) and collateral (mCherry) cleavage activities of all the Cas13a beneficial mutants. Data were compared using a two-tailed unpaired 

Mann-Whitney U test. Data are presented as median ± IQR (n = 4). ***p < 0.001.
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of this crRNA using RNAfold and performed RNA modification 
based on the structure (Figure 3A).

We modified the 3’ end of the crRNA with A 3 , G 3 , or C 3 extensions 
and found that the C 3 extension reduced collateral cleavage activity 
without compromising targeted activity (Figure S2A). We expanded 
the C 3 extension with an additional base and found that the C 3 H 

(A/U/C) modification further suppressed collateral cleavage activity 
while improving on-target cleavage activity (Figure 4A). We also 
modified the 3’ end of the crRNA with U 3 or U 4 extensions. Since 
the transcription of crRNA is regulated by the U6 promoter (recog-
nized by Pol III), to avoid the U 3 or U 4 extensions at the 3’ end being 
recognized as the transcription terminator, 38 we added an extra base 
A, C, or G after these extensions. Results showed that the U 3 A and 
U 4 A extensions exhibiting good cleavage activity, which is consistent 
with previous studies (Figure 4B). 39 Doubling these extensions at the 
3’ end of the crRNA, however, did not further increase the cleavage 
activity (Figure S2B).

We next investigated the 5’ end modifications of the crRNA. Among 
all mutants, U 3 A, U 3 C, U 3 G, and AU 3 (hereafter referred to as 
M1crRNA) increased targeted cleavage activity by at least 24% 

with little changes in the collateral cleavage activity (Figure 4C). 
We then investigated the effects of the combination of 3’ and 5’ 
end beneficial modifications and found that the 5’-U 3 A plus 
U 4 A-3’ (hereafter referred to as M2crRNA) modification signifi-
cantly enhanced both the targeted cleavage activity and collateral 
cleavage activity. In contrast, the 5’-U 3 C plus C 4 -3’ (hereafter 
referred to as M3crRNA) modification enhanced targeted cleavage 
activity and reduced the collateral cleavage activity (Figure 4D). 
We compared all the beneficial modifications (the 3’, 5’, and 3’ 
plus 5’ end modifications) and found that the M3crRNA mutants 
performed best (Figure 4E). Cell viability assays confirmed these 
findings: M1crRNA and M3crRNA showed minimal cytotoxicity, 
whereas M2crRNA showed reduced viability (Figure 5). In summary, 
we finally obtained M3crRNA that met our expectations (high tar-
geted cleavage activity, low collateral cleavage activity) by modifying 
the ends of the crRNA.

Engineered CRISPR-Cas13a system exhibits superior cleavage 

activity in mammalian cells

We evaluated the performance of engineered CRISPR-Cas13a sys-
tem (enCas13a combined with different crRNA mutants) with the 
dual fluorescence assay. As shown in Figure 6A, enCas13a outper-
formed wild-type Cas13a in targeted cleavage activity across all 
crRNA types, while maintaining or reducing the collateral cleavage 
activity. Comparative analysis with the Cas13X.1 system further 
demonstrated that enCas13a exhibited superior on-target activity

and significantly lower collateral effects (Figure S2C). Given that 
the dual fluorescent system is exogenous, we next determined the 
RNA interference efficiency of the engineered CRISPR-Cas13a sys-
tem on endogenous genes by quantitative PCR (qPCR). We targeted 
RPL4, RPS5, PPIA, EZH2, EGFR, and PPARG, whose expression 
levels range from high to low in HEK293T cells, with a single crRNA 
for each gene. 15 As shown in Figure 6B, all enCas13a groups exhibit 
at least 10% higher knockdown efficiency compared to Cas13a (WT 
group) when targeting high-abundance gene RPL4. For low-abun-
dance genes (e.g., EZH2 and PPARG), enCas13a paring with crRNA 
mutants significantly increased knockdown efficiency. Taken 
together, these results indicate that the engineered CRISPR-Cas13a 
system can effectively knock down endogenous genes.

Given previous reports of CRISPR-Cas-system-mediated antiviral 
effects, 12,14,26 we investigated the inhibitory efficiency of our de-
signed CRISPR-Cas13a system on the replication of mumps virus 
(MuV), a common respiratory virus that causes epidemic parotitis 
and damages the human reproductive and nervous systems. 40,41 

Conserved target sites in the HN and P genes were selected via mul-
tiple sequences alignment and RNA structure prediction. Finally, 
two crRNAs were designed for each gene based on those sites. 
Vero-E6 cells infected with MuV were introduced with our designed 
CRISPR-Cas13a system, and the viral load in the supernatants was 
measured by qPCR. When targeting HN, the inhibitory efficiency 
of enCas13a with wt crRNA, M1crRNA, or M3crRNA was increased 
by at least 20%, 10%, and 3%, respectively, compared to the WT 
group (Figure 6C). Similarly, P gene-targeting crRNAs significantly 
reduced viral titers in the supernatant of infected cultures 
(Figure 6D), confirming the antiviral capacity of our designed 
CRISPR-Cas13a system.

Mechanism exploration of engineered CRISPR-Cas13a systems

To examine the molecular foundation of the enhanced knockdown 
efficacy of our engineered CRISPR-Cas13a system, we purified 
Cas13a(wt), enCas13a, wt crRNA, M1crRNA, and M3crRNA, fol-
lowed by biolayer interferometry (BLI) to assess binding kinetics. 
BLI analysis revealed that both enCas13a and the modified crRNAs 
independently increased binding affinity within the RNP complex 
(Figures 7A and 7B). Interestingly, the enhancement in binding af-
finity was less pronounced when enCas13a was combined with 
modified crRNAs than when wild-type Cas13a was paired with the 
same crRNAs. The plateau effect may indicate a saturation point 
in binding enhancement, implying that the modified Cas13a and 
crRNA components collectively reach the maximum turnover effi-
ciency. Overall, these results indicate that enCas13a strengthens 
crRNA binding, with the highest affinity observed in combination 
with M3crRNA.

Figure 3. Schematic diagram of crRNA optimization

(A) Secondary structure and terminal extension strategies of crRNA. Red characters represent repeat regions, blue characters spacer regions, and purple characters terminal 

extensions. (B) Exploration of the optimal crRNA spacer length. Data were analyzed using the Kruskal-Wallis test followed by Dunn’s multiple comparisons test, comparing 

each group to the non-targeting (NT) crRNA control. Data are presented as median ± IQR (n = 4). ***p < 0.001; ****p < 0.0001; ns, not significant.
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To further assess if the improved knockdown efficacy is structurally 
influenced by modified protein-RNA interactions, we performed 
structural modeling using AlphaFold to predict the structure 
of Cas13a(wt)-wt crRNA, enCas13a-wt crRNA, and enCas13a-
M3crRNA binary complexes. Molecular visualizations were gener-
ated with PyMOL, and nucleotide positions in wt crRNA and 
M3crRNA were annotated (Figure S3). Focusing on residues Q521, 
E796, and E810, the mutated sites in enCas13a, we analyzed local pro-
tein-RNA interactions within the predicted complex structures. In the 
Cas13a(wt)-wt crRNA complex, nucleotides A(35), A(38), C(39), 
and G(41) interacted with residues Tyr597, Asn660, Asn802, and 
Arg1133, respectively. In contrast, the enCas13a-wt crRNA complex 
exhibited expanded contact points: nucleotides A(34), C(36), C(37),

A(38), U(40), G(41), and C(42) interact with residues Ser557, 
Phe558, Lys560, Lys582, Lys593, Tyr597, Asn660, Lys666, Lys770, 
Arg807, Arg855, and Arg961 (Figure 8A). This extended interaction 
network suggests that mutations Q521R, E796A, and E810A lead to 
a more compact and conformationally stabilized binary complex. 
While the enCas13a-M3crRNA complex showed minimal global 
conformational change compared to Cas13a(wt)-wt crRNA complex, 
the M3crRNA itself experienced a significant structural transition 
toward the protein core, increasing its contact area with the Cas13a 
surface (Figure 8B). These observations suggest that enCas13a re-
models the protein-RNA interface to promote tighter binding, while 
M3crRNA’s altered secondary structure further facilitates complex 
formation by broadening the interaction network.

Figure 4. Screening and performance of crRNA mutants

(A) The targeted (EGFP) and collateral (mCherry) cleavage activities of Cas13a combined with crRNA mutants with 3’ end C 3 N extensions. (B) The targeted (EGFP) and 

collateral (mCherry) cleavage activities of Cas13a combined with crRNA mutants with 3’ end U 3 V (A/C/G) or U 4 V (A/C/G) extensions. (C) The targeted (EGFP) and collateral 

(mCherry) cleavage activities of Cas13a combined with crRNA mutants with 5’ end N 4 extensions. (D) The targeted (EGFP) and collateral (mCherry) cleavage activities of 

Cas13a combined with crRNA mutants with both 5’ and 3’ end beneficial extensions. (E) The targeted (EGFP) and collateral (mCherry) cleavage activities of Cas13a 

combined with all the beneficial crRNA mutants. Data were analyzed using the Kruskal-Wallis test followed by Dunn’s multiple comparisons test, comparing each group to the 

non-targeting (NT) crRNA control. Data are presented as median ± IQR (n = 4). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.

Figure 5. Cytotoxicity evaluation of CRISPR-Cas13a system with engineered crRNAs

(A) Cell viability was determined using CCK-8 reagent at 24, 48, 72, and 96 h post-transfection. The line chart is the overall graph. WT, wild-type LwaCas13a; NT-crRNA, 

nontarget crRNA; T-crRNA, target crRNA. (B) Bar charts show specific data for each time point. Data were compared using a two-tailed unpaired Mann-Whitney U test. Data 

are presented as median ± IQR (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.
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DISCUSSION

The CRISPR-Cas system has become an essential tool in gene editing, 
diagnostics, and synthetic biology. Cas13a, as the first RNA-targeting 
CRISPR effector, offers unique advantages over DNA-editing systems 
like Cas9, particularly in safety and reversibility. Recent studies have 
demonstrated that collateral activity is highly dependent on the envi-
ronment, being more pronounced in scenarios with high RNA abun-
dance (e.g., tumor cells) or in the presence of overexpressed exogenous 
genes. While this activity can inhibit tumor cell growth and induce

apoptosis, in mammalian cells undergoing RNA knockdown or anti-
viral experiments, no collateral activities were detected between target 
and non-target cells, with no impact on cellular viability. 8,14,18,42 These 
findings suggest that the intracellular environment and RNA localiza-
tion can influence the threshold and consequences of collateral activ-
ity. Therefore, compared to the wild-type Cas13a system, an engi-
neered Cas13a system with enhanced on-target activity and reduced 
collateral activity should carry a lower risk in vivo, significantly 
improving its potential for therapeutic applications.

Figure 6. Engineered CRISPR-Cas13a system exhibits superior cleavage activity in mammalian cells

(A) Cleavage activity was determined by dual fluorescence system in HEK293T cells. NT, nontarget crRNA; T, target crRNA (n = 4). (B) Knockdown efficiency of six 

endogenous transcripts was determined by qPCR (n = 3). (C and D) Antiviral assays targeting MuV HN (left) and P (right) genes. Viral titers in Vero-E6 cell supernatants were 

determined by qPCR (n = 3). Data were compared using a two-tailed unpaired Mann-Whitney U test. Data are presented as median ± IQR. *p < 0.05; **p < 0.01; ***p < 0.001; 

ns, not significant.

Figure 7. Engineered Cas13a mutant and crRNA mutants contribute to enhancing Cas-crRNA interactions

(A) BLI kinetic analysis of the interaction between wild-type/mutant Cas13a and wild-type/mutant crRNAs. Kinetic parameters were from a 1:1 binding model. (B) Comparison 

of the KD values in graph A. Data were compared using a two-tailed unpaired Mann-Whitney U test. Data are presented as median ± IQR (n = 4). *p < 0.05; ns, not significant.
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In this study, we employed structure-guided design and site-directed 
mutagenesis to generate a triple mutant of LwaCas13a (Q521R/ 
E796A/E810A), termed enCas13a. Compared to wild-type Cas13a, 
enCas13a exhibited a 14.67% increase in targeted cleavage efficiency, 
accompanied by a relatively modest 8% rise in collateral cleavage ac-
tivity. Previous studies have shown that TA-rich extensions can 
improve the performance of CRISPR-Cas system. 33–35,43 Based on 
this concept, we designed crRNA variants incorporating 5’ and 3’ 
end modifications. These modifications improved targeted cleavage 
activity, with little effect on collateral cleavage activity (in the case 
of M1crRNA) and even reduced collateral cleavage activity (in the 
case of M3crRNA). This is the first time that dual-end modification 
of crRNA has been achieved within the Cas13a system. When com-
bined with enCas13a, M1crRNA and M3crRNA significantly 
enhanced knockdown efficiency across both exogenous and endog-
enous genes. Notably, this synergy was most pronounced for low-
abundance genes, such as PPARG and EZH2, highlighting the value 
of engineered systems in difficult-to-target transcripts. Moreover, 
the engineered CRISPR-Cas13a system retained its antiviral capabil-
ities and effectively suppressed MuV replication in mammalian cells. 
Our system achieved up to 20% improvement in viral RNA knock-
down, further supporting its potential for therapeutic antiviral 
applications.

Mechanistic analyses suggested that the enhanced cleavage efficiency 
is attributable to two major factors: (1) increased crRNA-Cas13a 
binding affinity, as demonstrated by BLI assays, and (2) altered bi-
nary complex architecture, as predicted by AlphaFold modeling. 
The BLI results conclusively show that the modified crRNA variants 
exhibiting enhanced knockdown efficiency in our cellular assays 
indeed possess a stronger binding affinity (a lower KD value) for en-
Cas13a compared to the wild-type crRNA. Compared to the wild-
type complex, the enCas13a-crRNA binary complex displayed a 
more compact conformation with a wider range of protein-RNA 
contacts, especially around the mutation sites (Q521, E796, and 
E810). Similarly, the M3crRNA conformation shifted toward the 
protein core, increasing structural engagement. This finding is 
consistent with previous studies showing that alteration of the 
crRNA influences cleavage activity and RNP stability. 7,39 Impor-
tantly, M3crRNA not only improved targeted activity but also 
reduced collateral activity, a phenomenon that remains incompletely 
understood. One possibility is that its altered secondary structure oc-
cludes access to the HEPN1/2 domains (the RNase active cavity), 
preventing the entry of non-target RNA. Taken together, this strong 
correlation between the AlphaFold-predicted conformational 
changes, the observed increase in binding affinity (BLI), and the 
improved target knockdown efficiency provides robust, multi-
faceted validation of our model and confirms the reliability of the 
engineered Cas13a system.

This study also presents certain issues and limitations. The perfor-
mance of the enCas13a system has only been validated under 
in vitro conditions. Future research of testing its efficacy in more 
complex physiological environments, such as animal models, is 
needed to comprehensively assess its specificity, durability, and 
safety. Mechanistically, our analyses provide preliminary evidence 
for strengthened Cas protein-crRNA interactions. Subsequently, 
high-resolution structural studies (cryo-EM) together with kinetic 
assays and transcriptome-wide assays will be employed to elucidate 
the fundamental mechanisms underlying this increased activity.

In summary, we report a synergistic strategy that combines Cas13a 
protein engineering with rational crRNA design to achieve improved 
RNA targeting and reduced collateral effects. The optimization ideas 
and modification methods used in this study can also provide in-
sights and direction for other researchers in this field when devel-
oping new CRISPR-Cas tools. The enCas13a-M3crRNA combina-
tion provides a robust, customizable, and safer RNA-targeting 
system for diverse applications ranging from transcript knockdown 
to antiviral defense. Future investigations should focus on eluci-
dating the structural basis for collateral activity suppression and 
adapting this platform to other Cas13 orthologs.

MATERIALS AND METHODS

Plasmid construction

Human codon-optimized Cas13a expression plasmid was obtained 
from Addgene (#90097). Cas13a variants and crRNA sequences 
were cloned using homologous recombination with ClonExpress II 
One Step Cloning Kit (Vazyme) or 2× Ezmax Universal CloneMix 
(TOLOBIO). PCR amplifications were performed using 2× Phanta 
Flash Master Mix (Vazyme) according to manufacturer’s instruc-
tions. All constructs were verified by Sanger sequencing. Detailed se-
quences are provided in Tables S1 and S2.

Cell culture, transfection, and flow cytometry analysis

HEK293T and Vero-E6 cell lines were cultured in DMEM (Gibco) 
supplemented with 10% FBS (Sijiqing) at 37 ◦ C in 5% CO 2 . For cleav-
age assays, cells were seeded in 48-well plates and transfected with 
Cas13a and crRNA plasmids at a 3:2 molar ratio using polyethylenei-
mine (PEI), while a 1:3 ratio of DNA to PEI was maintained. EGFP 
and mCherry fluorescence were quantified 48 h post-transfection us-
ing a Beckman CytoFLEX S flow cytometer. Data were then pro-
cessed and interpreted with FlowJo software (v.10.8.1).

Viral propagation, titration, and infection

Vero-E6 cells were seeded in 60-mm cell culture dish 1–2 days prior 
to infection and maintained in DMEM with 10% FBS. Viral stocks 
were thawed on ice, and 200 μL was used to inoculate each well. 
Inoculation was performed for 1 h with rocking every 20 min.

Figure 8. Structural modeling of wild-type and engineered CRISPR-Cas13a system

(A) Structural diagram of the binary complex between wild-type/mutant Cas13a and wild-type crRNA, along with a local magnification. (B) Structural diagram of the binary 

complex between mutant Cas13a and M3crRNA, along with a local magnification. Mutant amino acid residues are labeled in rose; amino acid residues in contact with the 

34th to 42nd bases of crRNA are labeled in pink.
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Supernatants were collected after 48 h, filtered through a 0.22 μm 

membrane, aliquoted, and stored at − 80 ◦ C.

Mumps virus (MuV) titer was determined via TCID 50 assay using 
Vero-E6 cells. Cells were seeded in 96-well plates to form a mono-
layer. Virus stocks were diluted in a 10-fold gradient in DMEM, 
and 100 μL of each dilution was added per well. After 1 h of adsorp-
tion, cytopathic effects (CPEs) were monitored over 72 h. Titers were 
calculated by the Reed-Muench method.

For antiviral experiments, Vero-E6 cells were seeded in 96-well 
plates and transfected using Hieff Trans Liposomal Transfection Re-
agent (Yeasen, China) at a 3:2 ratio of Cas13a to crRNA plasmids. A 
1:3 ratio of DNA to transfection reagent was maintained. After 24 h, 
cells were infected with MuV at MOI = 0.1 for 1 h, followed by incu-
bation in DMEM containing 2% FBS at 37 ◦ C for 72 h. Supernatants 
were then collected for viral load quantification.

Total RNA harvest and quantitative PCR

Cells were harvested 48 h after transfection for endogenous gene 
analysis. Total RNA was extracted with total RNA extraction reagent 
(Vazyme). For viral RNA detection, supernatants were collected 72 h 
after viral infection, and total RNA was subsequently extracted using 
a GeneRotex 96 Nucleic Acid Extractor. Reverse transcription was 
performed using PrimeScript RT Master Mix (Takara). qPCR was 
conducted using 2× HQ SYBR qPCR Mix (ZOMANBIO). Endoge-
nous gene expression was analyzed via the 2 ̂  − ΔΔCt method, which 
determines the relative expression level of the target gene by calcu-
lating the average CT value difference between the target gene and 
the reference gene GAPDH across three biological replicates. Each 
experimental group was normalized against its corresponding con-
trol group, while viral RNA levels were quantified using absolute 
quantification. Primer sequences are listed in Table S3.

Cas13a protein expression and purification

The expression plasmid for Cas13a was transformed into Rosetta 
2(DE3) pLysS competent cells (WEIDI). A 40 mL starter culture 
grew overnight in Luria-Bertani growth media (LB), which was 
used to inoculate 4 L of LB. Cells were grown at 37 ◦ C until OD 600 
reached 0.6, then induced with 500 μM IPTG and incubated at 
18 ◦ C for 16 h. Cells were pelleted by centrifugation (8,000 × g, 
15 min, 4 ◦ C) and stored at − 80 ◦ C prior to purification.

All purification steps were consistent with previous studies. 22 Briefly, 
lysis buffer (20 mM Tris-HCl, 500 mM NaCl, 1 mM DTT, pH 8.0) 
was used to resuspend the cell pellet, and the resuspension was sub-
sequently lysed by a low-temperature ultra-high-pressure cell 
crusher (JNBIO). The lysate was centrifuged (25,000 × g, 1 h,
4 ◦ C), and the supernatant was incubated with 3 mL of Strep-
Tactin XT Sepharose (GE Healthcare) and rotated at 4 ◦ C for 
40 min. After elution and ULP1 cleavage, the protein was subjected 
to buffer exchange through a HiPrep 26/10 Desalting column (GE 
Healthcare) and eluted by Buffer A (20 mM Tris-HCl, 1 mM DTT, 
5% glycerol, pH 8.0). Proteins were further purified on a Resource

S column (GE Healthcare) with NaCl gradient (130 mM–2 M), 
then subjected to SDS-PAGE. Fractions containing Cas13a were 
pooled and exchanged into storage buffer (600 mM NaCl, 50 mM 

TrisHCl pH 7.5, 5% glycerol, 2 mM DTT) and stored at − 80 ◦ C.

In vitro transcription and purification of crRNA

The DNA templates used for crRNA transcription were obtained by 
PCR using KOD-Plus-Neo (TOYOBO) and purified by a phenol-
chloroform extraction method followed by ethanol precipitation. 
Biotin-modified crRNAs were prepared by in vitro transcription us-
ing the Biotin RNA Labeling Kit (Beyotime). The procedure was car-
ried out according to the manufacturer’s instructions. The crRNAs 
were then purified by phenol-chloroform extraction and ethanol pre-
cipitation and dissolved in nuclease-free water. Biotin-modified 
crRNAs are listed in Table S2.

Biolayer interferometry binding kinetic assay

The BLI experimental procedure is consistent with our previous 
work. 44 In brief, the binding affinity between the Cas13a protein 
and crRNAs was quantitatively assessed using the Octet RED96 in-
strument (ForteBio) at 30 ◦ C with a shaking speed of 1,000 RPM. 
Streptavidin biosensors were hydrated in BLI buffer (10 mM 

HEPES, pH = 7.0, 150 mM NaCl, 1%BSA [w/v], 0.02%Tween 20 
[v/v]) for a minimum of 15 min, followed by a 120-s equilibration 
with BLI buffer. Subsequently, 100 nM crRNAs were diluted in 
BLI buffer and loaded onto the biosensor surfaces for 400 s. After 
120 s of baseline equilibration, 600 s of association was performed 
using Cas13a proteins at concentrations ranging from 2 to 
300 nM, followed by 900 s of dissociation in the same buffer. Data 
were normalized by subtracting the signals obtained from reference 
samples. A 1:1 binding model with a global fit approach was used to 
calculate the equilibrium dissociation constants (KD). GraphPad 
Prism 9 software was used for statistical analysis.

Cell viability assay

Cell viability was determined using Cell Counting Kit-8 (CCK-8) 
(Beyotime) according to the manufacturer’s protocol. Briefly, cells 
were seeded overnight in 96-well plates at a density of 1,000 cells 
per well. The plasmids of Cas13a protein and crRNA were co-trans-
fected into the cells using PEI. At 24, 48, 72, and 96 h post-transfec-
tion, 10% CCK-8 solution (v/v) was added and incubated for 1.5 h at 
37 ◦ C. Absorbance at 450 nm was measured using a microplate 
reader.

Structural prediction

The full-length amino sequences of wild-type LwaCas13a and its 
variant enCas13a were submitted to the AlphaFold server for struc-
ture predictions using default parameters.

Statistical analysis

All experiments were repeated at least three times unless otherwise 
specified. Statistical analyses were conducted using GraphPad Prism 

9. Two-tailed unpaired Mann-Whitney U test was used for two-
group comparisons, and Kruskal-Wallis test followed by Dunn’s

www.moleculartherapy.org

Molecular Therapy: Nucleic Acids Vol. 37 March 2026 13

http://www.moleculartherapy.org


multiple comparisons test was used for multi-group analyses. Data 
are presented as median ± IQR for non-parametric methods. Phylo-
genetic tree analysis of Cas13a was performed in MEGA11 using 
neighbor-joining method of inference. 45,46 Statistical significance 
was defined as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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