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A B S T R A C T   

The coronavirus disease 2019 pandemic has highlighted the need for efficient antiviral drug screening tech
nologies, particularly for targeting RNA-dependent RNA polymerase (RdRp). Here, we present a novel RdRp 
activity assay using the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated 
protein 13a (Cas13a) enzyme (RACE) for screening of severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2) inhibitors. This is the first application of the CRISPR/Cas complex for RdRp activity-based drug 
screening. The RACE system combines RdRp, RNA template, target inhibitor, CRISPR/Cas13a, and reporter 
probe, enabling accurate detection of the inhibitory effect on RdRp activity. This is demonstrated by the system’s 
ability to provide half-maximal inhibitory concentration values of 7.5 ± 0.5 and 8.9 ± 0.6 μM for remdesivir 
triphosphate and C646, respectively. In addition, the RACE system requires a detection time of 5 min, making it 
more efficient than traditional endpoint assays. The real-time fluorometric output of the RACE system allows 
monitoring of reactions, providing insight into the kinetics of RdRp activity. Furthermore, the versatility of the 
RACE system extends to lateral flow assay formats, improving convenience. We anticipate that the RACE system 
has the potential to identify antiviral compounds that target RdRp, thereby accelerating the development of 
effective antiviral therapies.   

1. Introduction 

Coronavirus disease 2019 (COVID-19) is a respiratory illness caused 
by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [1]. 
Since its first report in December 2019, COVID-19 has become a global 
pandemic, with more than 686 million infections and 6.9 million deaths 
worldwide as of July 2023 [2–4]. Compared to previous coronaviruses 
such as SARS-CoV and Middle East respiratory syndrome coronavirus 
(MERS-CoV), SARS-CoV-2 has posed unprecedented public health, 
economic, and societal challenges [4,5]. In response to the pandemic, 
governments and health organizations have collaborated on a global 
scale to combat the spread of COVID-19 and mitigate its impact [6]. 

To date, several antiviral drugs have been approved for clinical use in 

various countries for the treatment of COVID-19 [7]. These include 
remdesivir (RDV), favipiravir, and lopinavir/ritonavir (also known as 
Kaletra). RDV, in particular, was the first drug to be approved by the U.S. 
Food and Drug Administration (FDA) for the treatment of COVID-19. 
Clinical trials have also been conducted to evaluate the efficacy of 
other nucleoside analogues such as molnupiravir, AT-527, ribavirin, and 
sofosbuvir [8]. Despite these advances, a definitive cure for COVID-19 
remains elusive. In addition, the emergence of new variants of the 
virus continues to pose challenges, underscoring the ongoing need for 
research and development of new and more effective drugs and treat
ments [8,9]. It is critical to continue the search for drugs that can 
effectively control the spread of the virus and manage its associated 
symptoms. 
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SARS-CoV-2, a positive-sense single-stranded RNA (ssRNA) virus, 
belongs to the genus Betacoronavirus. Its genome is approximately 30 
kilobases (kb) in size and encodes 16 non-structural proteins [10]. The 
SARS-CoV-2 RNA-dependent RNA polymerase (RdRp) complex, con
sisting of the core catalytic unit of nsp12 and cofactors of nsp7 and nsp8, 
is responsible for viral genome replication and transcription [11,12]. 
Targeting nsp12 has been a focus of antiviral drug development due to 
the conservation of its sequence and structure, as well as the lack of a 
human equivalent. Promising drug candidates have demonstrated the 
ability to inhibit SARS-CoV-2 RdRp activity and disrupt viral replication 
and transcription [13]. 

Several methods have been developed to identify inhibitors of the 
SARS-CoV-2 RdRp enzyme for use as potential antiviral agents [14]. 
Conventional methods used to study the activity of SARS-CoV-2 RdRp, 
such as gel electrophoresis and radioisotope labeling, have drawbacks, 
including labor-intensive procedures, low throughput, high cost, and the 
need for specialized equipment and facilities [15]. These methods are 
also difficult to scale up, which limits their practicality in drug devel
opment [14]. Another commonly used technique is reverse 
transcription-quantitative polymerase chain reaction (RT-qPCR), which 
requires multiple purification steps before quantifying the transcriptome 
[16]. This method adds complexity to the process and may not be suit
able for high-throughput screening [16]. Recently, fluorescence-based 
techniques using nucleic acid insertion dyes have been developed 
[17–19]. These dyes can distinguish between double-stranded RNA 
(dsRNA) and ssRNA by assaying for RdRp activity [17–19]. While this 
method appears to be simple and user-friendly, further research is 
needed to validate its accuracy, reproducibility, and reliability [20]. 
There is also concern that other substances present in the reaction, such 
as enzymes and cofactor metal ions, may interfere with the dye and lead 
to false signals [20]. In addition, a Förster resonance energy transfer 
(FRET) based RdRp activity assay using fluorescently labeled nucleo
tides and quencher strands has been reported [21]. In this assay, fluo
rescence is generated when the quencher strand is displaced by the 
RdRp-synthesizing RNA product [21]. However, denaturation of the 
quencher strand can negatively affect the assay, potentially leading to 
false signals and inaccurate results [20]. Given the limitations and 
challenges associated with current methods, there is a critical need for 
more efficient, reliable, and scalable techniques to identify SARS-CoV-2 
RdRp inhibitors. These methods should be cost-effective, user-friendly, 
and compatible with high-throughput screening. 

The clustered regularly interspaced short palindromic repeats 
(CRISPR)/CRISPR-associated protein (Cas) system has emerged as a 
versatile and powerful tool in biotechnology, with applications in gene 
editing, diagnostics, and various other fields [22–24]. Its high speci
ficity, ease of customization, and rapid response time have revolution
ized related research [22]. Herein, we present a novel approach for 
screening inhibitors of SARS-CoV-2 RdRp activity using CRISPR/Cas 
technology. The RdRp activity assay using the CRISPR/Cas13a enzyme 
(RACE) system combines key components, including RdRp, RNA tem
plate, target inhibitor, CRISPR/Cas13a, and reporter probe, to enable 
accurate detection of the inhibitory effect on RdRp activity and viral 
replication. We evaluated the efficacy of the RACE system by identifying 
mock antiviral drug candidates. As a result, the ability of the RACE 
system was demonstrated to determine the half-maximal inhibitory 
concentration (IC50) values for remdesivir triphosphate (RDV-TP) and 
C646 as 7.5 ± 0.5 μM and 8.9 ± 0.6 μM, respectively. Remarkably, the 
RACE system achieves this detection within 5 min, surpassing the 
time-consuming nature of traditional endpoint assays. The primary 
objective of this study was to establish a highly user-friendly approach to 
drug screening and analysis. To this end, the RACE system provides the 
flexibility to obtain results through real-time fluorescence measure
ments and a simple lateral flow readout. The ease of use and potential for 
high-throughput applications could make the RACE system an invalu
able tool in the search for effective antiviral drugs. The introduction of 
the CRISPR/Cas system into the RdRp activity assay represents a 

significant advancement in drug screening technologies for SARS-CoV-2. 
This innovation promises to accelerate the development of effective 
antiviral therapies to address the ongoing challenges of the COVID-19 
pandemic. 

2. RESULTS 

2.1. Principle of RACE system 

The RACE system is designed to detect and analyze RdRp activity in 
the context of SARS-CoV-2 replication (Fig. 1). The system harnesses the 
power of the CRISPR/Cas13a enzyme, known for its RNA-guided RNA 
targeting and trans-cleavage capabilities [25], to enable efficient and 
accurate measurement of RdRp activity. Note that the RACE system 
works by integrating several components into a single reaction tube. 
These components include the RdRp complex, composed of the subunits 
nsp12, nsp7, and nsp8, which catalyzes the replication of viral RNA. In 
addition, a primer-annealed RNA template serves as a substrate for the 
RdRp complex, allowing the synthesis of complementary RNA strands by 
reverse transcription. The critical element of the RACE system is the 
integration of the CRISPR/Cas13a complex. This complex recognizes the 
newly synthesized ssRNA because the crRNA is designed to be comple
mentary to the ssRNA sequence. Once the CRISPR/Cas13a complex 
encounters the target RNA sequence, it cleaves the target RNA and is 
further activated a remarkable property known as collateral cleavage. 
This means that in addition to cleaving the target RNA, Cas13a can also 
cleave nearby non-target ssRNA molecules. In the case of the RACE 
system, this includes the reporter probe. The reporter probe consists of a 
fluorophore and a quencher-labeled poly-U RNA sequence 
(FAM-U5-BHQ1). When the probe is intact, the quencher quenches the 
fluorescence of the fluorophore. When Cas13a trans-cleaves the reporter 
probe as part of its collateral cleavage activity, it physically separates 
the fluorophore from the quencher. As a result, the quenching effect is 
relieved and the fluorophore emits fluorescence. In the presence of a 
SARS-CoV-2 inhibitor, the synthesized RNA products are reduced. As a 
result, the reporter probe remains intact, resulting in minimal fluores
cence. In the absence of the inhibitor, the RdRp complex generates 
ssRNA products. The CRISPR/Cas13a enzyme recognizes the RNA 
products and further cleaves the reporter probe, resulting in the sepa
ration of fluorophore and quencher. This separation allows real-time 
monitoring of fluorescence, providing a continuous assessment of 
RdRp activity levels over time. In addition, the versatility of the RACE 
system extends beyond fluorescence measurements. It can be adapted 
for use in an LFA format by incorporating the RACE components onto a 
test strip. The LFA format allows for easy visualization of test results, 
making it suitable for a variety of settings, including point-of-care 
testing and general research laboratories [26]. Therefore, the RACE 
system can provide a rapid and convenient means of detecting and 
analyzing RdRp activity. 

Overall, the RACE system integrates the components including the 
RdRp complex, RNA template, target inhibitor, CRISPR/Cas13a enzyme, 
and a reporter probe to provide accurate measurements of RdRp activity 
during viral replication. This innovative system has significant potential 
as a valuable tool for studying and monitoring RdRp activity. By 
enabling precise assessment of RdRp activity, the RACE system can 
contribute to the development of effective antiviral strategies and 
facilitate the identification of promising antiviral compounds. Its 
versatility and reliability make it a promising approach for advancing 
the understanding of viral replication and combating viral infections. 

2.2. Evaluation of RACE system 

The nsp12 protein, a key component of the RdRp complex, was 
expressed in a eukaryotic expression system using Spodoptera frugiperda 
insect cells and a baculovirus vector. To obtain the nsp7 and nsp8 pro
teins, the corresponding genes were inserted into a pET28a vector and 
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Fig. 1. Schematic representation of the RACE system. To measure RdRp activity, the RACE system works by integrating RdRp complex, RNA template, target in
hibitor, CRISPR/Cas13a, and reporter probe into a single tube. In the presence of SARS-CoV-2 inhibitor, the synthesized RNA products are reduced, the reporter 
probe remains intact, and minimal fluorescence is observed. In the absence of inhibitor, the RdRp complex generates RNA products, CRISPR/Cas13a cleaves the 
reporter probe, and strong fluorescence is observed. The RACE system allows real-time monitoring of RdRp activity by fluorescence and can be adapted to LFA format 
for rapid and convenient detection. 

Fig. 2. (a) SDS-PAGE result of the purified RdRp complex. The nsp12, nsp7, and nsp8 were successfully assembled into the RdRp complex. (b) Urea-PAGE result after 
in vitro RNA expansion using different RdRp protein components. The purified RdRp complex could synthesize RNA only in the presence of all three proteins (nsp12, 
nsp7, and nsp8). (c) Real-time monitoring of RdRp activity using the RACE system. RdRp activity could be detected as early as 5 min (d) Plot of ΔFL after 30 min 
RACE reaction in the presence or absence of RdRp (n = 3, error bar = standard deviation). Inset is the corresponding fluorescence image of the RACE reaction wells. 
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expressed in Escherichia coli using a prokaryotic expression system. The 
expression system gave a production level of 3 mg/L culture. The puri
fied nsp12, nsp7, and nsp8 proteins were verified by sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. S1a). In 
addition, western blot analysis was performed using the nsp12, nsp7, 
and, nsp8 proteins with their respective antibodies. Fig. S1b provides 
visual evidence of the successful recognition of the proteins by their 
specific antibodies, indicating that they are correctly folded and in their 
native conformation. To form the RdRp complex, the nsp12, nsp7, and 
nsp8 proteins were mixed in a 1:2:2 ratio and subjected to purification 
[12,27,28]. The successful formation of the RdRp complex was 
confirmed by SDS-PAGE analysis under reducing conditions, as shown in  
Fig. 2a. 

To evaluate the activity of the newly formed RdRp complex, an RNA 
primer extension assay was performed. The assay involved incubation of 
purified RdRp complex with RNA template and rNTPs at 37 ◦C for 1 h. 
The RNA template used in the assay was a 40mer RNA sequence rep
resenting the 3′ end of the viral genome, and the assay was initiated by a 
20mer primer strand labeled with FAM at its 5′ end. As expected, the 
urea-PAGE denatured gel results showed that the purified RdRp complex 
was active and able to elongate RNA only in the presence of all three 
proteins (nsp12, nsp7, and nsp8) (Fig. 2b). Furthermore, the comparison 
of polymerization activities between freshly formed and freeze-thawed 
RdRp complexes showed similar results, indicating that the activity of 
RdRp was not affected by the freezing process (data not shown). This 
experimental approach ensures the availability of highly purified and 
functionally active RdRp complex for further studies and assays related 
to SARS-CoV-2 replication and drug screening. 

Cas13a protein was purified from BL21 (DE3) cells transformed with 
the Lwcas13a-Spytag expression vector using a multi-step purification 
process (Fig. S1c). Throughout the experiments, Cas13a was added at a 
1:3 ratio to the concentration of crRNA (Fig. S1d). The trans-cleavage 
activity of the Cas13a/crRNA complex was also verified (Fig. S1e). We 
tested previously established reaction conditions to optimize the RACE 
system [29,30]. The composition of the optimal RACE buffer was 
determined to be 20 mM HEPES (pH 7.4), 50 mM KCl, 5 mM MgCl2, and 
1% glycerol, which allowed the simultaneous function of Cas13a and 
RdRp without interference (Fig. S2a). To increase the sensitivity of the 
assay, we further fine-tuned the reaction components. It was found that 
the most effective concentrations for the RACE system were 0.4 μM RNA 
template, 0.2 μM RdRp complex, and 100 μM rNTP (Fig. S2b-d). In 
addition, to facilitate the solubility of most chemical compounds, 
including antiviral drugs, we investigated the RACE reaction with 
dimethyl sulfoxide (DMSO). Notably, it was confirmed that a final 
concentration of 5% DMSO had no detrimental effect on the expression 
of fluorescent signals within the RACE assay (Fig. S2e). These optimi
zations ensure reliable and sensitive detection of RdRp activity and 
inhibitory effects of compounds in the RACE system. The established 
reaction conditions and buffer composition provide a robust platform for 
studying viral replication and screening potential antiviral agents. 

The optimized RACE system successfully demonstrated its ability to 
detect RdRp activity in a one-pot reaction. The inclusion of both the 
RdRp complex and CRISPR/Cas13a resulted in the generation of a clear 
and distinguishable fluorescent signal, providing evidence of RNA syn
thesis by the RdRp complex (Fig. 2c). To ensure comprehensive visual
ization, the fluorescence signals obtained from each experiment were 
determined using equation (1) in Supporting Information. Importantly, 
the results showed that RdRp activity could be detected as early as 
5 min, underscoring the rapid and efficient performance of the RACE 
system compared to traditional end-point detection assays. The real- 
time monitoring capability of the RACE system provides valuable in
sights into the kinetics of RdRp activity, allowing for a better under
standing of its dynamics. Fig. 2d shows the fluorescence image of the 
RACE reaction wells over 30 min in the presence and absence of RdRp, 
along with the corresponding ΔFL plot. The use of a biomolecule imager 
facilitated easy visualization of the fluorescence signal, suggesting the 

potential scalability of the RACE system using a large well plate format. 

2.3. Screening of RdRp inhibitors using RACE system 

To evaluate the antiviral screening capability of the RACE system, a 
comprehensive screening of RdRp inhibitors was performed. Mock 
antiviral drug candidates, including RDV-TP, RDV, ribavirin, ribavirin 
triphosphate (RTP), cefsulodine, favipiravir, sofosbuvir, galidesivir, 
tenofovir, tenoforvir disoproxil (tenofovir-DP), acyclovir, chloram
phenicol, and C646, were added to the RACE reaction mixture, followed 
by 30 min of incubation. As controls, RACE reactions were performed in 
the presence or absence of RdRp without the inhibitors. The observed 
high fluorescence in the presence of RdRp means that the CRISPR/ 
Cas13a complex is activated by the presence of RdRp-generated RNA, 
leading to cleavage of the reporter probe and release of fluorescence. 
Conversely, in the absence of RdRp and the corresponding RNA prod
ucts, there is no activation of Cas13a and the reporter probe remains 
intact, resulting in fluorescence quenching. Notably, the screening 
process was performed in a high-throughput format using a well plate, 
allowing for efficient evaluation of multiple compounds. Among the 
analogs tested, RDV-TP and C646 showed significant inhibitory effects 
on RdRp activity in the RACE system (Fig. 3a). It is worth noting that 
RDV itself does not exhibit inhibitory activity against viral RdRp without 
undergoing intracellular conversion to the active 5′-triphosphate form 
(RDV-TP) [31]. C646 was previously identified as an inhibitor of 
SARS-CoV-2 RdRp [17,21]. The successful screening of these analogs 
using the RACE system underscores its effectiveness in identifying po
tential inhibitors of RdRp activity. These results provide valuable in
sights for the development of antiviral strategies against COVID-19 and 
highlight the potential of the RACE system to facilitate drug discovery 
efforts. 

The performance of the RACE system was further evaluated to 
determine the efficacy of inhibitors on SARS-CoV-2 RdRp activity in 
real-time. As shown in Fig. 3b, the inhibitory effects of RDV-TP and 
C646 were observed within 5 min of reaction initiation. Fig. 3c shows 
that RDV-TP exhibited the highest inhibition rate of 80%, followed by 
C646 with an inhibition rate of 76%. Cefsulodine and RTP showed lower 
inhibition rates of 28% and 18%, respectively. Tenofovir-DP and 
chloramphenicol showed lower inhibition than RTP. The inhibition rate 
was calculated using equation (2) in Supporting Information. These re
sults highlight the capability of the RACE system for real-time drug 
screening and its potential in the development of therapeutics targeting 
SARS-CoV-2 RdRp. 

2.4. Evaluation of inhibitory effect of RDV-TP and C646 on RdRp using 
RACE system 

Based on the screening results of the RACE system, we evaluated the 
inhibitory effects of RDV-TP, C646, and RTP on SARS-CoV-2 RdRp ac
tivity in detail. The activity was evaluated by fluorescence observation 
during a 30 min incubation period, using concentrations ranging from 
1 µM to 100 µM for RDV-TP, C646, and RTP. The results showed that 
RDV-TP effectively blocked 80% of RdRp activity at concentrations 
above 9 μM. However, concentrations below 3 μM resulted in less than 
3% inhibition of RdRp activity (Fig. 4a). Similarly, C646 showed a 75% 
inhibitory effect at 12 μM, while concentrations below 3 μM resulted in 
less than 5% inhibition (Fig. 4b). In contrast, RTP only achieved 
approximately 50% inhibition of RdRp activity even at 100 µM (Fig. S3). 
Figs. 4c and 4d illustrate the dose-response relationship between in
hibitor concentrations and the inhibition rate of SARS-CoV-2 RdRp ac
tivity. The results show that both RDV-TP and C646 significantly 
inhibited RdRp activity with IC50 values of 7.5 ± 0.5 μM and 8.9 
± 0.6 μM, respectively. These IC50 values are in line with those reported 
in other in vitro studies [17,32], reinforcing the potential of the RACE 
system as a valuable tool for determining optimal inhibitor concentra
tions for targeting SARS-CoV-2 RdRp activity. 
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Fig. 3. (a) Fluorescence image of RACE reaction wells for SARS-CoV-2 inhibitor screening. Among the analogs tested, RDV-TP and C646 showed significant 
inhibitory effects on RdRp activity in the RACE system. (b) Real-time monitoring of RdRp activity using the RACE system for screening SARS-CoV-2 inhibitors. 
Inhibitory effects of RDV-TP and C646 were observed within 5 min (c) Plot of inhibition rate after 5 min RACE reaction with different inhibitors (n = 3, error bar =
standard deviation). RDV-TP and C646 showed the inhibition rate of 80% and 76%, respectively. 

Fig. 4. (a, b) Fluorescence heat maps of the RACE system during 30 min with (a) RDV-TP and (b) C646. Inhibitor concentrations ranged from 1 µM to 100 µM. RDV- 
TP blocked 80% of RdRp activity at a concentration of 9 µM. C646 blocked 75% of RdRp activity at 12 µM. Bottom panels are fluorescence images of RACE reaction 
wells after 30 min (c, d) Dose-response relationship between (c) RDV-TP and (d) C646 concentrations and the inhibition rate of RdRp activity (n = 3, error bar =
standard deviation). Both RDV-TP and C646 inhibited RdRp activity with IC50 values of 7.5 ± 0.5 μM and 8.9 ± 0.6 μM, respectively. 
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2.5. Detection of RdRp inhibitors using RACE-LFA 

We have developed a point-of-care testing system based on the 
optimized RACE response. The practicality and convenience of the RACE 
system can be enhanced by implementing a visual, simple, and rapid 
readout method of LFA [26,33]. To improve the detection capability of 
the LFA system, we carefully calibrated the RACE-LFA system by 
determining the optimal concentrations of key components, including 
NeutrAvidin (2 mg/mL), goat anti-mouse immunoglobulin G (IgG) sec
ondary antibody (1 mg/mL), and FAM-biotin RNA reporter (1 nM). The 
LFA strip was designed with a NeutrAvidin-immobilized test (T) line, 
anti-mouse IgG-immobilized control (C) line, and Au nanoparticles 
(NPs) coated with anti-FAM IgG served as capture agents (Fig. 5a). In the 
presence of RdRp inhibitors, the RNA target for Cas13a is not produced. 
Consequently, Cas13a remains inactive, resulting in the naked eye 
detection of uncleaved FAM-biotin RNA reporters in both the T and C 
lines of the LFA strip. However, when the RdRp enzyme is active, it 
generates the target RNA product. Upon recognition, the Cas13a/crRNA 
complex is activated and cleaves the RNA reporters, leaving only the C 
line visible on the LFA strip. To evaluate the performance of the 
RACE-LFA system for measuring the efficacy of SARS-CoV-2 RdRp in
hibitors, we tested RDV-TP, C646, cefsulodine, RTP, tenofovir-DP, and 

chloramphenicol (Fig. 5b). The inhibitory effects of RDV-TP and C646 
were clearly observed as visible signals in both the T and C lines. In 
contrast, cefsulodine and RTP showed weaker signals in the T line, 
indicating a lower level of inhibition of SARS-CoV-2 RdRp activity. As 
expected, the negative control drugs (Tenofovir-DP and Chloramphen
icol) show no inhibition of RdRp activity. This RACE-LFA system 
effectively identified RDV-TP and C646 as potential antiviral agents 
against SARS-CoV-2, demonstrating its efficiency and effectiveness as a 
drug screening platform. 

3. Discussion 

The zoonotic transmission of SARS-CoV-2 from animals to humans, 
similar to previous outbreaks of SARS-CoV and MERS-CoV, underscores 
the potential for future coronavirus epidemics and thus the need to 
develop drug screening strategies for coronaviruses [34,35]. One of the 
major challenges in developing effective therapies for coronavirus dis
ease is the rapid evolution and emergence of viral variants [36]. For 
COVID-19, the variants identified in South Africa and the United 
Kingdom (B.1.351, B.1.1.7, and BA.2) and India (XBB.1) carry mutations 
that may increase their transmissibility or confer resistance to current 
therapeutics and vaccines [37]. This entails the development of vaccines 

Fig. 5. (a) Schematic representation of the RACE-LFA system. The LFA strip was designed with T line immobilized with NeutrAvidin, C line immobilized with anti- 
mouse IgG, and Au NPs coated with anti-FAM IgG served as capture agents. In the presence of RdRp inhibitors, Cas13a remains inactive, resulting in naked eye 
detection of uncleaved FAM-biotin RNA reporters in both T and C lines on the LFA strip. When the RdRp enzyme is active, the Cas13a/crRNA complex is activated 
and cleaves the RNA reporters, resulting in only the C line being visible on the LFA strip. (b) RACE-LFA results for the detection of SARS-CoV-2 inhibitors. RDV-TP 
and C646 were clearly observed as visible signals in both T and C lines. 
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and drugs that target multiple critical regions of the virus. RdRp rep
resents a promising target for the development of novel therapeutics 
capable of inhibiting viral replication and disrupting viral phenology 
[38]. However, current methods for studying RdRp activity and identi
fying potential inhibitors suffer from several limitations, including 
complexity, low throughput, limited scalability, high cost, inadequate 
validation, unreliable reproducibility, potential interference from other 
substances, and the need for specialized equipment and facilities [14, 
20]. To overcome these challenges, we developed an efficient assay 
using Cas13a to detect RdRp activity and identify potential inhibitors 
(Table S2). 

The RACE system uses the combined activity of CRISPR/Cas13a and 
RdRp to detect RdRp-mediated ssRNA synthesis. To investigate ssRNA 
production by the RdRp complex, we performed experiments using the 
RACE system with the inclusion of nsp13, a helicase protein known for 
its role in unwinding dsRNA in the 5′ to 3′ direction [39]. The experi
mental results, shown in Fig. S4, demonstrate that the presence of nsp13 
results in an approximately 2-fold increase in fluorescence compared to 
its absence. Notably, the RACE system was able to sufficiently detect 
RdRp activity even in the absence of nsp13. This indicates that both 
dsRNA and ssRNA are produced during the RdRp reaction within the 
RACE system. Meanwhile, in the absence of RdRp itself, a minimal 
fluorescence signal is observed, confirming that the signal from the RNA 
template is negligible. Including nsp13 in the RACE assay can enhance 
the fluorescence signals. However, considering that the inhibitors also 
target nsp13 for their antiviral activity against SARS-CoV-2 [40], we 
deliberately chose to perform the RACE assay without including nsp13. 
By excluding nsp13 from the system, we can simplify the experimental 
procedure and focus on the essential RdRp activity, thus contributing to 
the development of effective therapeutics against SARS-CoV-2. 

The present study focused on the development of the RACE system as 
a robust and efficient tool for the detection of SARS-CoV-2 RdRp activity 
and the identification of potential viral inhibitors. Using the RACE sys
tem, we were able to quantify RdRp activity in real-time and screen 
RdRp inhibitors within 5 min. In addition, the RACE system was suc
cessfully integrated with the LFA, providing a rapid and visual readout 
for point-of-care applications. To validate the utility of the RACE system 
for screening potential inhibitors, we evaluated the inhibitory effects of 
several compounds targeting RdRp activity. As a result, RDV-TP and 
C646 showed potent inhibitory effects with IC50 values consistent with 
previous in vitro studies [16,30]. These results demonstrate the ability 
of the RACE system to identify effective concentrations of inhibitors 
against SARS-CoV-2 RdRp activity. 

While the RACE system offers several advantages for detecting SARS- 
CoV-2 RdRp activity and identifying potential inhibitors, it is important 
to recognize its limitations. First, the RACE system relies on the presence 
and activity of Cas13a and RdRp, which may limit its applicability to 
other viral RNA polymerases. In other words, the RACE system may not 
be suitable for the discovery of entirely new classes of inhibitors or novel 
compounds with unique mechanisms of action. Another limitation is the 
need to optimize reaction conditions and concentration ranges for 
different inhibitors. The effectiveness of the RACE system in detecting 
and quantifying inhibitory effects may vary depending on the specific 
inhibitor and its optimal concentration range. Furthermore, it should be 
noted that inhibitors that directly affect CRISPR/Cas13a may not be 
suitable as inhibitors for SARS-CoV-2, which is a potential limitation of 
the RACE system. Therefore, the inclusion of dose-response curves after 
using the RACE system is crucial for a thorough validation of inhibitor 
efficacy. Overall, the RACE system shows promise as a tool for detecting 
RdRp activity and screening potential inhibitors, but further research is 
essential to address these limitations and validate its utility in different 
settings and with a broader range of inhibitors. 

4. CONCLUSION 

The RACE system offers significant potential for screening antiviral 

drug candidates targeting SARS-CoV-2 RdRp activity. Its implementa
tion can greatly accelerate the development of effective drugs and 
contribute to the clinical management of SARS-CoV-2 infections. 
Notably, this study represents the first application of CRISPR/Cas 
technology in an RdRp assay, demonstrating the innovative nature of the 
RACE system. By leveraging its real-time monitoring capabilities, the 
RACE system enables more efficient and accurate evaluation of the effect 
of inhibitors on the target enzyme. This advanced approach results in 
significant time and resource savings compared to the laborious and 
complex traditional drug screening methods. With its efficiency, 
simplicity and high-throughput capabilities, the RACE system holds 
great promise for facilitating rapid and effective drug discovery and 
development against SARS-CoV-2, ultimately contributing to improved 
patient outcomes and public health. 
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