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Abstract

Alongside vaccines and antiviral therapeutics, diagnostic tools are a crucial aid

in combating the COVID-19 pandemic caused by the etiological agent SARS-

CoV-2. All common assays for infection rely on the detection of viral sub-

components, including structural proteins of the virion or fragments of the

viral genome. Selective pressure imposed by human intervention of COVID-19

can, however, induce viral mutations that decrease the sensitivity of diagnostic

assays based on biomolecular structure, leading to an increase in false-negative

results. In comparison, mutations are unlikely to alter the function of viral pro-

teins, and viral machinery is under less selective pressure from vaccines and

therapeutics. Accordingly, diagnostic assays that rely on biomolecular function

can be more robust than ones that rely on biopolymer structure. Toward this

end, we used a split intein to create a circular ribonuclease zymogen that is

activated by the SARS-CoV-2 main protease, 3CLpro. Zymogen activation by

3CLpro leads to a >300-fold increase in ribonucleolytic activity, which can be

detected with a highly sensitive fluorogenic substrate. This coupled assay can

detect low nanomolar concentrations of 3CLpro within a timeframe compara-

ble to that of common antigen-detection protocols. More generally, the concept

of detecting a protease by activating a ribonuclease could be the basis of diag-

nostic tools for other indications.
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1 | INTRODUCTION

The COVID-19 pandemic caused by the betacoronavirus
SARS-CoV-2 has been a public health crisis of extraordi-
nary proportions. Success in combatting SARS-CoV-2 has
been achieved by the development of preventive vaccines,
therapeutic interventions, and diagnostic tools (Yuan
et al., 2023). Still, the landscape has shifted continually.
Several chemotherapeutic agents employed in the treat-
ment of COVID-19, including the neutralizing monoclo-
nal antibodies produced by Lilly, Regeneron,

GlaxoSmithKline, and others, the adenosine nucleoside
analog Remdesivir, and the combination protease inhibi-
tor formulation Paxlovid, have exhibited reduced efficacy
as a consequence of mutations in the SARS-CoV-2
genome (Gandhi et al., 2022; Planas et al., 2022; Rockett
et al., 2022; Service, 2022). Similarly, rapid antigen detec-
tion testing (RADT), which often targets the SARS-CoV-2
spike and nucleocapsid proteins and serves as an indis-
pensable front-line tool to mitigate viral transmission,
has suffered from reduced sensitivity (de Michelena
et al., 2022; Mahmoudinobar et al., 2021). For example,
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the appearance of the Omicron SARS-CoV-2 variant led
to a days-long lag between the detection of viral infection
by RADT versus PCR (Adamson et al., 2022). Even
PCR-based testing, which is the gold standard, has lost
sensitivity due to “gene dropout” in the spike and nucleo-
capsid proteins (Ippoliti et al., 2022; Isabel et al., 2022;
Robles-Escajeda et al., 2023).

RADT, PCR, and other diagnostic tools rely on the
structure of a viral molecule. We sought to develop a
diagnostic strategy that relies instead on molecular func-
tion. Such a function-based approach would mitigate the
risk of mutation-based sensitivity loss because viral evo-
lution to evade detection is likely to impair its replisome.

An obvious basis for a diagnostic assay relying on
function is the catalytic cleavage of a fluorogenic sub-
strate by a viral enzyme (Chyan & Raines, 2018; Singh
et al., 2019; Wu et al., 2022). Such an assay is likely, how-
ever, to lack sensitivity because each turnover yields only
one fluorescent molecule. We reasoned that the sensitiv-
ity could be amplified if the viral enzyme instead acti-
vated a zymogen that then catalyzed the cleavage of a
fluorogenic substrate (Figure 1). Moreover, we suspected
that using two different types of enzymes (e.g., a protease
and a nuclease) would avoid complications from cross-
talk between the enzymes and their substrates and
products.

As a viral analyte, we choose the main protease
3CLpro. SARS-CoV-2 relies on this protease to process its
two polyproteins at 11 cleavage sites, each flanked by a
glutamine (P1 = Gln in the Schechter–Berger nomencla-
ture) and a small, uncharged amino acid (P10 = Gly, Ala,
or Ser) (Grum-Tokars et al., 2008; Ramos-Guzm�an
et al., 2020). Recently, we showed that 3CLpro cleaves the
consensus substrate sequence ATLQ#SGNA (#, cleavage
site) with a high value of kcat/KM = (4.3 ± 0.7) �
104 M�1 s�1 (Wralstad et al., 2023).

As a zymogen, we choose one engineered from
human ribonuclease 1 (RNase 1). The N and C termini of
RNase 1 and its homologues flank its active site. Accord-
ingly, connecting the native termini with a peptidic
linker occludes the active site (Johnson et al., 2006;
Plainkum et al., 2003; Turcotte & Raines, 2008; Windsor
et al., 2019). The linker of our zymogen contains the
sequence: ATLQSGNA, as its cleavage by 3CLpro would
uncover the active site. Zymogen activation could be
detected with a hypersensitive assay that is based on a
fluorogenic ribonuclease substrate (Kelemen et al., 1999;
Park et al., 2001).

Here, we design and prepare a cyclic ribonuclease
zymogen, and we demonstrate its specific cleavage by
3CLpro within its inactivating linker. Specifically, we
flank an RNase 1 variant with the NpuN and NpuC split
intein fragments and rely on spontaneous

posttranslational intein splicing to excise the fragments
and ligate the termini, thereby cyclizing the protein and
forming the zymogen (Shah & Muir, 2014; Windsor
et al., 2019). By monitoring the ensuing ribonucleolytic
activity upon zymogen linker cleavage by 3CLpro, we can
detect low nanomolar concentrations of 3CLpro within a
time frame comparable to current RADT. The detection
of 3CLpro at higher concentrations occurs more quickly.
Our strategy could inspire next-generation diagnostics
that mitigate the sensitivity losses that can result from
viral evolution.

2 | RESULTS

2.1 | Modeling the zymogen and its
interaction with 3CLpro

We predicted the structure of our 3CLpro-directed, RNase
1-based zymogen with the AlphaFold2-based algorithm
ColabFold and in silico permutations of the zymogen
sequence. We designed those permutations to accommo-
date ColabFold by installing false termini (Mirdita
et al., 2022). We assessed the predictions based on their
structural similarity to native RNase 1 as well as the prox-
imity of their false termini; four permuted sequences gen-
erated sensible zymogen models and are shown in
Figure 2a. The permuted sequences, individual model
structures, and AlphaFold2 quality metrics are shown in
Figure S1. The backbone alignment of the models to
wild-type RNase 1 reveals a high degree of structural
identity with RMSD ≤2.5 Å. The permutant-dependent
false termini are 4.1–20.4 Å apart (C-terminal carbonyl
carbon to N-terminal amino nitrogen). The

FIGURE 1 Standard and amplified assays for a protease

analyte. In a standard assay, a protease cleaves a fluorogenic

substrate. In an amplified assay (as in this work), a protease cleaves

a peptide bond in the linker of a ribonuclease zymogen (Z),
producing a cleaved zymogen (C) with an uncovered active site.

Zymogen cleavage is detected by assaying ribonucleolytic activity

with a fluorogenic substrate.
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Q37jR38-permuted sequence yielded the shortest termi-
nal distance and was thus a model most reminiscent of
the circular zymogen, which has a peptide bond between
the false termini.

Catalysis of RNA cleavage by RNase 1 and its homo-
logues relies primarily on the side chains of three resi-
dues: His 12, Lys41, and His119 (Figure S2)
(Raines, 1998). Based on the AlphaFold2-generated
models, we predict that His12 and Lys41 are not signifi-
cantly perturbed in the zymogen relative to RNase 1, but
His119 is dislocated (Figure 2b). This dislocation consis-
tently appears between models: across four permuted
zymogen sequences and five ranked models per
sequence, the imidazole ring of His119 is rotated
123 ± 2� (mean ± SD) out of alignment from its native
position (Figure 3). Docking the tetranucleotide substrate
analog d(ATAA) to the zymogen also reveals a significant
steric clash between the zymogen linker and nucleotides
on the 30 side of the scissile phosphodiester bond
(Figure 2c). We predict that active-site distortion and ste-
ric hindrance can work in tandem to diminish the cata-
lytic activity of our engineered zymogen, as occurs in
natural zymogens (Khan & James, 1998).

To model interactions between the zymogen and
3CLpro, we submitted the optimal zymogen model
(Q37jR38: 1.08-Å RMSD to RNase 1, 4.8-Å terminal gap)
and the structure of SARS-CoV 3CLpro to the ClusPro
protein–protein docking server (Kozakov et al., 2017). We
decided to use the 3CLpro homologue structure in lieu of
a structure from SARS-CoV-2 because the former cap-
tures the physiologically relevant protease dimer within
the crystallographic asymmetric unit rather than generat-
ing a dimer by symmetry operations; the two active sites
of dimeric 3CLpro are reported to be conformationally
nonidentical, and an accurate representation of the two
component protomers is necessary for relevant zymogen
docking (Chen et al., 2006; Durdagi et al., 2021; Yang
et al., 2003). Because SARS-CoV and SARS-CoV-2 3CLpro

share 96% sequence identity, our docking results are
likely to be valid for SARS-CoV-2 3CLpro.

Surface modeling with ClusPro revealed significant
topological complementarity between the zymogen and
3CLpro (Video S1). Specifically, ClusPro yields a high-
ranking model (3 of 30) in which the zymogen linker is
inserted into one of the 3CLpro active sites (Figure 4a). In
the zymogen linker, the main-chain C of GlnZ is the
intended electrophile. In the high-ranking model, C of
GlnZ is within 7 Å of Sγ of Cys145, which is the active-site
nucleophile (Figure 4b). Notably, 6 of 30 ClusPro docked
structures have the scissile bond of the zymogen near the
active site of 3CLpro, with an average Sγ� � �C distance of
12.3 Å and a range of 7.0–18.5 Å (Figure S3).

FIGURE 2 AlphaFold2-generated zymogen models.

(a) Q37jR38, G68jQ69, N88jR89, and R89jR90 permuted models

(in color) aligned to wild-type RNase 1 (in gray), cartoon form with

active site residues in ball-and-stick form. (b) Active sites of the

zymogen models compared to that of wild-type RNase

1. (c) Docking of the ribonuclease substrate analog dAdT(dA)2 with

the zymogen models. Substrate is in ball-and-stick form/CPK color

scheme and is derived from PDB ID 1rcn.
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2.2 | Characterizing the nature of
zymogen cleavage by 3CLpro

We used mass spectrometry to observe zymogen cleavage
by 3CLpro because of the characteristic +18 Da shift upon
amide bond hydrolysis. The waterfall plot in Figure 5a
shows that over 50% of the zymogen is cleaved within
5 min and that cleavage is virtually complete within 1 h.
Heat denaturation experiments revealed that the zymo-
gen is considerably more thermostable upon linker cleav-
age (ΔTm = 21.0 ± 0.1�C) (Figure 5b), as expected from
the release of the conformational strain incurred by cycli-
zation (Windsor et al., 2019). The zymogen also appears
to be resistant to off-target proteolysis by 3CLpro; even
after incubating the zymogen with 3CLpro for 3 h, proteo-
lytic degradation products are not visible by SDS–PAGE
(Figure 5c), and mass spectrometry reveals only the
+18 Da adduct corresponding to one proteolytic event.
Using the tetranucleotide 6-FAM–dArU(dA)2–6-TAMRA
as a fluorogenic ribonuclease substrate, we determined
that the uncleaved zymogen has a kcat/KM value of (9.0
± 0.1) � 103 M�1 s�1, which is 0.04% that of wild-type

RNase 1. Meanwhile, the fully cleaved zymogen has a
kcat/KM value of (2.9 ± 0.1) � 106 M�1 s�1; thus, the
release of cyclic strain restores activity to 14% that of
the wild-type enzyme and leads to a 321-fold increase in
activity relative to the cyclized protein.

2.3 | Detecting 3CLpro by the signal
amplification of zymogen activation

After demonstrating that the zymogen is cleaved specifi-
cally in its linker, we characterized whether the zymogen
can be used to detect 3CLpro and distinguish samples har-
boring low levels of protease from samples that are
protease-free. As expected, ribonucleolytic activity is not
observed in the 15-min observation period at any of the
employed zymogen concentrations if 3CLpro is not pre-
sent (Figure 6). With as little as 50 pM zymogen, we can
detect the presence of ≥10 nM 3CLpro by its activation of
the zymogen and the subsequent turnover of our ribonu-
clease substrate (Figure 6a) (the method for evaluating
whether 3CLpro was detected with statistical significance

FIGURE 3 Dislocation angle of His119 in the AlphaFold2-generated zymogen structure predictions relative to wild-type RNase

1. Arrows represent the vector normal to the plane of the His119 imidazole ring in the wild-type protein (WT) and in the zymogen (Z).

Panels represent the top-ranked model prediction generated with protein sequences circularly permuted around (a) Q37jR38, (b) G68jQ69,
(c) N88jR89, and (d) R89jR90.
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is described in Section 4). Increasing the zymogen con-
centration to 500 pM increases the detection sensitivity to
≥5 nM 3CLpro (Figure 6b). The twofold increase in
3CLpro detection sensitivity with a tenfold increase
in zymogen concentration suggests that the intrinsic pro-
teolytic activity of 3CLpro on the zymogen linker, rather
than the rate of substrate turnover by activated zymogen,
limits detection. A further increase in zymogen concen-
tration to 5 nM enabled expeditious detection of 3CLpro.
At protease concentrations ≥250 nM, over half of the
ribonuclease substrate was turned over within the obser-
vation period, with quantitative turnover of the substrate
achieved at the two highest 3CLpro concentrations
(Figure 6c; note the plateau in fluorescence intensity).

Indeed, over half of the ribonuclease substrate was
turned over within 5 min at 1.0 μM 3CLpro (Figure 6c).
All time-course data are shown in Figure S4.

FIGURE 4 ClusPro model of the zymogen interacting with

3CLpro. (a) Interaction of the 3CLpro protomers (cartoon, distinct

shades of gray) and the zymogen (cartoon, teal with linker in

magenta) with atoms relevant to linker cleavage in ball-and-stick

form (CPK color scheme). (b) Location of the scissile amide bond of

the zymogen linker (GlnZ # SerZ) in relation to the 3CLpro catalytic

residue Cys145.

FIGURE 5 Conversion of the zymogen (Z) to cleaved zymogen

(C) by 3CLpro. (a) Waterfall plot of deconvoluted mass spectrometry data

for zymogen treatment with 3CLpro; peak area is proportional to the

percent of total species.+O indicates a+16 Da peak frequently seen in

RNase 1 samples due to methionine oxidation. (b) Thermal denaturation

curves (n = 4 per sample) with wild-type RNase 1 (WT) are shown for

comparison. (c) SDS–PAGE of the zymogen before and after 3CLpro

treatment for 3 h. MW, molecular weight standards (masses in kDa).
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Using the time-course data for 500 pM and 5 nM
zymogen at [3CLpro] ≥ 100 nM, we modeled the rate of
substrate turnover in our coupled reaction detection sys-
tem and determined that the kcat/KM value for the cleavage
of the zymogen linker by 3CLpro was (1.2 ± 0.1) �
103 M�1 s�1 (mean ± SE). (See Supporting Information
for a complete derivation of the equations governing the
reaction kinetics and Figure S5 for fits to the time-course
data.) For comparison, we recently reported that the same
protease substrate sequence installed in the fluorogenic

dodecapeptide R–E(EDANS)–ATLQSGNA–K(DABCYL)–
R is cleaved by 3CLpro with a kcat/KM value of (4.3
± 0.7) � 104 M�1 s�1 (Wralstad et al., 2023).

3 | DISCUSSION

Our zymogen design follows a strategy that we used pre-
viously to generate ribonuclease zymogens activated by
other viral proteases: terminal truncation of RNase 1 in
conjunction with protein cyclization with a peptidic
linker to induce conformational strain and steric occlu-
sion (Windsor et al., 2019). Our computational modeling
corroborates the efficacy of this approach to diminish
ribonucleolytic activity. As shown in Figures 2b and 3,
AlphaFold2 predicts that a key active-site residue,
His119, is dislocated significantly upon cyclization, which
should deter catalysis of RNA cleavage (Figure S2). The
linker also introduces significant steric bulk in the vicin-
ity of the active site; Figure 2c suggests that even a sub-
strate with just two nucleotides on the 30 side of the
scissile phosphodiester bond clashes with the linker.
Thus, conformational distortion and steric occlusion
appear to work in tandem to achieve the >300-fold inac-
tivation of ribonucleolytic activity and provide a kcat/KM

value that is comparable to that of other RNase 1 zymo-
gens (Johnson et al., 2006; Plainkum et al., 2003; Windsor
et al., 2019). Given that the thermostability of the zymo-
gen returns nearly to that of wild-type RNase 1 upon
cleavage (Figure 5b), we hypothesize that structural
relaxation is responsible for the ability of the cleaved
zymogen to achieve nearly wild-type ribonucleolytic
activity and is a testament to the remarkable conforma-
tional stability of ribonucleases (Khan & James, 1998;
Vilà et al., 2009). The newly unconstrained residues of
the cleaved linker could partially occlude the active site
and lead to a ribonucleolytic activity that is slightly less
than that of wild-type RNase 1.

The activation of the zymogen is both expeditious and
specific to the linker (Figure 5a,c), as desired for our con-
text. 3CLpro cleaves a peptide bond following a glutamine
residue (Koudelka et al., 2021). Although seven endoge-
nous glutamine residues exist in our zymogen as possible
off-target 3CLpro proteolysis sites, each is in a context that
is incompatible with the substrate specificity of 3CLpro

(Table S1). We believe that the high degree of topological
complementarity between the zymogen and 3CLpro

(Video S1), along with the relative flexibility of the zymo-
gen linker and its ability to weave into the active site of
3CLpro (Figures 4 and S3), explain the appreciable rate
of 3CLpro cleavage of the zymogen linker (which is �3%
that for cleaving the same eight-residue sequence in an
untethered peptide).

FIGURE 6 Detection of 3CLpro by zymogen activation with the

coupled enzyme activity assay. Fluorescence intensity is shown for

turnover of the RNA substrate upon 3CLpro-mediated cleavage of

(a) 50 pM, (b) 500 pM, and (c) 5 nM zymogen. 3CLpro

concentration (n = 3 replicates) is indicated by line color.
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Our coupled system (Figure 1) enables the detection
of even low concentrations of 3CLpro within a timeframe
comparable to RADT (Figure 6). It is estimated that an
infected individual harbors up to 109–1011 SARS-CoV-2
virion particles in total and that patient samples contain
>106 viral copies per mL, even during early infection
(Pan et al., 2020; Puhach et al., 2023; Sender
et al., 2021). Though the number of 3CLpro copies pro-
duced per virion has not been reported, we anticipate
that the importance of 3CLpro to the SARS-CoV-2 repli-
some complex means that infected patient samples har-
bor zymogen-detectable concentrations of 3CLpro. In
support of this hypothesis, immunofluorescence and
immunoblotting assays have detected 3CLpro within
infected cells as soon as 6 h post-infection (O'Brien
et al., 2021; Shi et al., 2022). Although nanomolar con-
centrations of 3CLpro can be detected directly with an
assay for proteolytic activity (e.g., with a fluorogenic
peptide substrate), we recently reported that the detec-
tion of 25 nM 3CLpro requires high micromolar concen-
trations of the peptide substrate and assay times
>30 min (Wralstad et al., 2023). By contrast, all reagents
in our zymogen amplified assay are nanomolar or lower,
and we easily detect 3CLpro within 15 min.

Critically, because the linker sequence in our zymo-
gen is similar to endogenous 3CLpro polyprotein recogni-
tion sequences, we believe that our detection strategy is
resistant to viral mutation-based sensitivity loss. In addi-
tion, 3CLpro is not under the same magnitude of selective
pressure as other diagnostic targets, such as the spike and
nucleocapsid proteins. These attributes are intrinsic
advantages of a function-based diagnostic strategy and
should mitigate the retooling that has been required of
other SARS-CoV-2 diagnostics upon the emergence
of variants (Alquraan et al., 2023; Ascoli, 2021).

3.1 | Conclusions

We have demonstrated that an engineered ribonuclease
zymogen can be used for the sensitive detection of a viral
protease. Our computational analyses and biophysical
experiments support the hypothesis that conformational
strain impairs ribonucleolytic activity in a manner that is
reversible upon linker cleavage. The signal amplification
that results from this coupled enzyme assay enables us to
detect even low nanomolar concentrations of 3CLpro in a
timeframe comparable to rapid antigen detection testing.
Future efforts will focus on adapting this proof-
of-concept to a point-of-care or at-home diagnostic tool,
including immobilizing the zymogen for lateral flow
assays, ensuring discrimination between the ribonucleo-
lytic activity of the activated zymogen and patient-

derived ribonucleases, and developing alternative ribonu-
clease substrates that would enable facile detection of
zymogen activation without fluorimetry.

4 | EXPERIMENTAL PROCEDURES

4.1 | Modeling the zymogen and its
interactions

AlphaFold2 does not accept circular proteins as an input.
Accordingly, the sequence of the circular zymogen was
cleaved in four locations (Figure S1), and each of these
sequences was submitted to AlphaFold2 for structural
modeling (Mirdita et al., 2022). The suitability of each
permutant model was evaluated based on its plDDT
scores and structural backbone alignment to the progeni-
tor RNase 1 structure (PDB ID: 1z7x) (Johnson
et al., 2007).

To model the steric clash between the zymogen and
an RNA substrate, PyMOL was used to structurally align
the zymogen models and the empirical RNase 1 structure
to the structure of bovine RNase A that had been co-
crystallized with a substrate analog, d(ApTpApApG)
(PDB ID: 1rcn) (Fontecilla-Camps et al., 1994).

The ClusPro protein–protein docking server (Desta
et al., 2020; Kozakov et al., 2013; Kozakov et al., 2017;
Vajda et al., 2017) was used to predict the interactions of
the Q37jR38 permutant with SARS-CoV 3CLpro (PDB ID:
1uj1) (Yang et al., 2003).

4.2 | Preparing the zymogen and
protease

The 3CLpro-directed ribonuclease zymogen was prepared
by methods similar to those described previously
(Windsor et al., 2019). Briefly, Gibson assembly was used
to construct an expression plasmid that combined five
gene fragments 50 to 30 along the sense strand: (1) the
NpuC fragment of the split intein from Nostoc puncti-
forme PCC73102, (2) residues 58–122 of mature Homo
sapiens RNase 1, (3) residues ATLQSGNA to serve as a
cyclizing linker for RNase 1 with recognition by 3CLpro,
(4) residues 5–57 of RNase 1, and (5) the NpuN fragment
of the split intein (Shah & Muir, 2014; Zettler
et al., 2009).

Electrocompetent BL21(DE3) E. coli were trans-
formed with the assembled plasmid and positive selec-
tion by using 200 μg mL�1 ampicillin. Cultures were
grown to OD600 = 1.80 in Terrific Broth at 37�C with
shaking at 250 RPM, and zymogen expression was
induced by the addition of isopropyl β-D-
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1-thiogalactopyranoside (to 1 mM) and growth for 4 h.
Cultures were pelleted by centrifugation, and the pellets
were stored at �70�C.

Pelleted E. coli cells were thawed and resuspended in
20 mM Tris–HCl buffer, pH 7.6, containing EDTA
(10 mM) at room temperature. The cells were lysed by
sonication with 15 rounds of 10-s sonication at 30%
amplitude, followed by ≥60 s on ice. The lysate was sub-
jected to centrifugation, and inclusion bodies were dena-
tured in 20 mM Tris–HCl buffer, pH 8.0, containing
guanidinium–HCl (7 M), EDTA (10 mM), and DTT
(100 mM) at room temperature. The solubilized protein
was diluted 10-fold with 20 mM acetic acid, and the
resulting suspension was clarified by centrifugation.
The supernatant was added dropwise to a refolding buffer
of 100 mM Tris–HCl buffer, pH 7.8, containing EDTA
(10 mM), L-arginine (0.5 M), reduced glutathione
(1.0 mM), and oxidized glutathione (0.2 mM). The zymo-
gen was allowed to fold at 4�C without agitation for
5 days. The folded zymogen was purified by gel-filtration
and cation-exchange fast protein liquid chromatography.
All chromatography buffers were treated with DEPC
prior to use, except for Tris, which was added from
ribonuclease-free stocks. Purified protein was buffer-
exchanged into 50 mM sodium acetate buffer, pH 5.0,
flash-frozen in liquid nitrogen, quantified by BCA assay,
and stored at �70�C. Protein purity was verified by SDS–
PAGE, and protein identity was confirmed by mass spec-
trometry (vide infra).

Authentic SARS-CoV-2 3CLpro was prepared as we
reported recently (Wralstad et al., 2023).

4.3 | Monitoring the time course of
zymogen activation by 3CLpro

Zymogen (25 μM) and 3CLpro (1 μM) were mixed in
50 mM HEPES–NaOH buffer, pH 7.5, and the resulting
solution was incubated at 20�C without agitation. At each
time point, an aliquot of the reaction mixture was acidi-
fied to �0.1% v/v formic acid to halt proteolysis, as
3CLpro has negligible activity at pH <5 (Huang
et al., 2004; Solowiej et al., 2008). High-resolution mass
spectrometry of an 8 pmol sample was performed with
ESI mass spectrometry on an Agilent 6530C Accurate-
Mass Q–TOF mass spectrometer equipped with a PLRP-S
column (1000 Å, 5-μm, 50 mm � 2.1 mm) from Agilent
Technologies. A gradient of 5–95% v/v acetonitrile (0.1%
v/v formic acid) in water (0.1% v/v formic acid) over
7 min was used for all samples. Before Q–TOF LC–MS
analysis, all samples were passed through a Spin-X Cen-
trifugal Tube Filter (0.22-μm, cellulose acetate mem-
brane) from R&D Systems (Minneapolis, MN).

4.4 | Measuring the thermostability of
the zymogen

Differential scanning fluorimetry (DSF) was used to
determine the thermostability of the zymogen before and
after activation. Zymogen was cleaved as in the time-
course monitoring (vide supra), apart from using higher
protein concentrations (94.1 μM zymogen, 3.76 μM
3CLpro) to achieve final concentrations amenable to DSF.
After 1 h, SYPRO Orange protein gel stain (Supelco) was
added to achieve 1 mg mL�1 protein and 50� SYPRO
Orange (vendor stock: 5000� in DMSO) in 50 mM
HEPES–NaOH buffer, pH 7.5. Aliquots of the uncleaved
zymogen, wild-type RNase 1, and 3CLpro were similarly
prepared with SYPRO Orange. The resulting samples
were heated from 15 to 95�C at 1�C/min with a Quant-
Studio 7 Flex Real-Time PCR system (Applied Biosys-
tems); fluorescence was monitored in real-time with
λex = 470 ± 15 nm and λem = 586 ± 10 nm. Data were
processed with Protein Thermal Shift software (Applied
Biosystems) using the Boltzmann fitting method. Values
of Tm represent the temperature at which the fluores-
cence reached 50% of its maximum.

To characterize the potential for off-target proteolytic
degradation, the zymogen was incubated with 3CLpro in
50 mM HEPES–NaOH buffer, pH 7.5, for 3 h (94.1 μM
zymogen, 3.76 μM 3CLpro). Aliquots of cleaved and
uncleaved zymogen were diluted to 0.4 mg mL�1 with
50 mM HEPES–NaOH buffer, pH 7.5, mixed 1:1 with 2�
Laemmli sample buffer (Bio-Rad) containing
2-mercaptoethanol (Sigma–Aldrich), incubated at 98�C
for 5 min, cooled, and subjected to electrophoresis (2 μg
load) at 4�C on a precast polyacrylamide/Tris-glycine
SDS–PAGE gel (Bio-Rad) alongside a molecular weight
standard (Thermo Fisher Scientific). The gel was stained
with Bio-Safe Coomassie G-250 (Bio-Rad), destained in
ultrapure water, and imaged with an Amersham 600 gel
imager (Cytiva). Image editing with ImageJ software
(Schroeder et al., 2021) consisted only of cropping and
brightness/contrast adjustment to maximize band
sensitivity.

4.5 | Assaying the ribonucleolytic
activity of the zymogen

The tetranucleotide ribonuclease substrate 6-FAM–dArU
(dA)2–6-TAMRA was obtained from Microsynth AG and
had a mass of 2307.5 Da (expected, 2312.7 Da) according
to MALDI–TOF mass spectrometry (Figure S6). Catalysis
of RNA hydrolysis was assessed by mixing the uncleaved
zymogen (12.5 nM) with 6-FAM–dArU(dA)2–6-TAMRA
(0.20 μM) in ribonuclease-free 100 mM Tris–HCl buffer,
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pH 7.5, containing NaCl (10 mM). Ultrapure water was
DEPC-treated before the addition of Tris, due to the reac-
tivity of its primary amino group with DEPC. Substrate
fluorescence was measured at λex = 493 ± 5 nm and
λem = 515 ± 5 nm with a Spark multimode plate reader
(Tecan) before the addition of zymogen to determine the
background fluorescence, I0. After adding zymogen,
the reaction mixture was incubated at 25�C and moni-
tored continuously for 4 min. Wild-type RNase 1 was
then added to a concentration of �25 μM to cleave all of
the substrate and determine Imax. The value of kcat/KM

was calculated with the equation:

kcat
KM

¼ ΔI=Δt

Imax � I0ð Þ E½ � ð1Þ

where ΔI/Δt is the slope of the fluorescence versus time
plot collected during the 4-min observation period, and
[E] is the concentration of enzyme.

Catalysis of RNA cleavage by the activated zymogen
was determined by first treating the zymogen with 3CLpro

as in the DSF assay (vide supra). The ribonucleolytic
activity of the cleaved zymogen was then assayed analo-
gously to the uncleaved zymogen, except for the use of
only 12.5 pM of the activated zymogen.

Real-time detection of 3CLpro by zymogen cleavage
and subsequent turn-on of ribonucleolytic activity was
accomplished by mixing variable zymogen concentrations
(5000, 500, or 50 pM) with variable 3CLpro concentrations
(1000, 500, 250, 100, 25, 10, 5, 1, or 0 nM) and 200 nM sub-
strate as before, now with continuous monitoring for
15 min. All other reaction conditions were consistent with
the assay of the intact and activated zymogen.

To evaluate the detection sensitivity for 3CLpro with
our amplified assay, we determined for each concentra-
tion of zymogen and 3CLpro whether the following
inequality was satisfied within the monitoring period:

IP > IBþ3 sPþ sBð Þ ð2Þ

where IP is the mean fluorescence intensity of a 3CLpro-
containing reaction sample, IB is the mean fluorescence
intensity of a blank reaction sample containing zymogen
but no 3CLpro, sP is the fluorescence intensity sample
standard deviation of a 3CLpro-containing reaction sam-
ple, and sB is the fluorescence intensity sample standard
deviation of a blank reaction sample (Long &
Winefordner, 1983). The factor of 3 enforces a <0.13%
chance that a signal from the 3CLpro-containing sample
results from a random signal fluctuation not related to
zymogen linker cleavage. All statistics were calculated
using the fluorescence intensity values of replicate reac-
tions at each time point. 3CLpro-containing samples that

satisfy Equation (2) are above the limit of detection with
a >99.87% probability of not making either a type I error
(i.e., erroneous confirmation of 3CLpro presence, a “false
positive”) or a type II error (i.e., failure to identify 3CLpro

presence, a “false negative”).
To determine the catalytic efficiency of zymogen

linker cleavage by 3CLpro, time-course data were fitted by
nonlinear regression to eq. S14 of Supporting Information
“Primer: Ribonucleolytic Activity of the Uncleaved and
Cleaved Zymogen.” Nonlinear regression was restricted
to datasets from 500 and 5000 pM zymogen with
[3CLpro] ≥ 100 nM, where the curvature of the time-
course data was sufficient to allow for convergence of the
nonlinear regression algorithm.
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