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Abstract: With the current state of COVID-19 changing from a pandemic to being more endemic,
the priorities of diagnostics will likely vary from rapid detection to stratification for the treatment of
the most vulnerable patients. Such patient stratification can be facilitated using multiple markers,
including SARS-CoV-2-specific viral enzymes, like the 3CL protease, and viral-life-cycle-associated
host proteins, such as ACE2. To enable future explorations, we have developed a fluorescent and
Raman spectroscopic SARS-CoV-2 3CL protease assay that can be run sequentially with a fluorescent
ACE2 activity measurement within the same sample. Our prototype assay functions well in saliva,
enabling non-invasive sampling. ACE2 and 3CL protease activity can be run with minimal sample
volumes in 30 min. To test the prototype, a small initial cohort of eight clinical samples was used to
check if the assay could differentiate COVID-19-positive and -negative samples. Though these small
clinical cohort samples did not reach statistical significance, results trended as expected. The high
sensitivity of the assay also allowed the detection of a low-activity 3CL protease mutant.

Keywords: COVID-19; proteases; enzymatic assays

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic was the largest global health
emergency in the past century. In 2022, total confirmed cases reached over half a billion
worldwide, of which nearly 7 million deaths have been recorded [1]. These numbers
of cases are likely to be skewed because of incomplete reporting. Estimations based on
population statistics and excess mortality indicate more than 18 million deaths [2]. The true
magnitude of the loss of life during the pandemic is likely much greater [3]. Diagnostics
will continue to play an important role in the management of such large pandemic and
endemic disease scenarios [4].

The advantages of each diagnostic modality present unique opportunities for clinical
decision-making. Nucleic acid tests, most often detecting amplified viral RNA, are highly
sensitive and can discriminate virus-positive and virus-negative patients in less than
20 minutes using isothermal amplification methods [5]. During the COVID-19 pandemic,
testing aimed to limit the spread of the disease. While sometimes generating false positive
results because of high cycle numbers, these nucleic acid tests completely avoided false
negative results and were thus most useful for limiting the spread of the virus [6,7].

As COVID-19 becomes endemic in current times, the role of diagnostics redirects to
(1) correctly understanding vaccine response and the prior epidemiology of the disease and
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(2) decisions for patients” treatment options [3,8-10]. These applications require avoidance
of both false positive and false negative results in order to (1) accurately understand
infection rates and protection because of immunity and (2) prevent unneeded treatment of
non-infected patients [11-13]. Serological tests detect antibodies produced against the SARS-
CoV-2 nucleocapsid protein and 3CL protease [14]. The United States Centers for Disease
Control (CDC) has adopted a serological surveillance program aimed at understanding
the previous infection in patients. These studies will provide a basis for assessing true
infection and re-infection rates, informing successes in protective immunity after infection
or vaccination.

Enzyme assays offer an alternative approach to potentially stratify patients most
in need of treatment [15,16]. Measurement of angiotensin-converting enzyme 2 (ACE2)
activities in saliva have been related to the natural resistance of patients against COVID-19
symptoms [17]. A corollary is that ACE2 activity shows potential use to assess disease
severity in infected patients [18]. Nevertheless, ACE2 levels fluctuate for many reasons not
related to COVID-19 [19-21]. A hypothesis under consideration is that pairing severity-
or resistance-associated enzyme activity measurements, such as ACE2, with virus-specific
biomarkers, such as 3CL protease activity, could inform medical practice. Based on the
life cycle of the virus, the presence of active 3CL protease is associated with an ongoing
and active infection [22]. This is a significant differentiating feature of enzyme assays from
serological testing, which can read positive because of the long tenure of antibodies in
the body because of past infections. By combining multiple enzyme assays, we suspect it
is possible to (1) assess whether a patient is actively infected, (2) determine how severe
symptoms will be as the infection progresses, and (3) direct treatment to the most at-
risk patients.

Various assays have been developed to measure the activity of the SARS-CoV-2 3CL
protease in patient samples, though none are specifically developed for multiplexing with
other enzymes such as ACE2 [23-26]. However, the majority of 3CL protease assays have
been designed for inhibitor discovery and not clinical samples of bodily fluids [27-31].

To enable an investigation of the value of enzyme assays in COVID-19 diagnosis, a
first iteration of a novel 3CL protease activity assay in combination with an ACE2 assay
has been developed [18]. This duplex assay is designed to run on saliva samples, though it
will likely tolerate a variety of other biofluids [32]. A magnetic bead platform with a novel
labeled peptide substrate, capable of both fluorescence and surface-enhanced resonance
Raman spectroscopy (SERS) readouts, is reported [33-35]. This new 3CL protease assay can
be run on the same sample immediately after ACE2 assay with readouts of both enzymes
in 30 min using minimal sample volumes at concentrations below the dimer dissociation
constant. The sensitivity of the assay is demonstrated here using a 3CL protease mutant
with an impaired dimerization interface.

2. Materials and Methods
2.1. Materials

Synthetic procedures for the dimeric rhodamine 6G dye used in the present study
have been reported previously [34,35]. This dye was coupled to the N-terminus of resin-
bound biotinylated peptides, prepared using a liberty blue synthesizer (CEM, Matthews, NC,
USA). All Fmoc-amino acids, including Fmoc-Lys(Biotin)-OH and ethyl-(hydroxyamino)-
cyanoacetate (Oxyma, 26426), were purchased from Chem Impex. Di-isopropyl carbodiimide
(DIC, AC446181000), 2-(6-Chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexaflu-
orophosphate (HCTU, NC0576737), dichloromethane (DCM, MK-4879-4), trifluoroacetic acid
(TFA, AC139720025), zinc chloride (ZnCl,, 208086), sodium ethylenediamine tetraacetate
(EDTA, E5391), hydrochloric acid (HCI, A142-212), dithiothreitol (DTT, D9760), diethyl ether
(AC12399-0050), acetonitrile for HPLC (A998), and water for HPLC (600-30-13) were all
purchased from Fisher Scientific (Pittsburgh, PA, USA). N,N'-diisopropylethylamine (DIEA,
D125806), N,N’-dimethylformamide (DMF, 319937), tris hydrochloride (10812846801), and
sodium chloride (NaCl, S9625-1KG) were purchased from Sigma Aldrich (St. Louis, MO,
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USA). Triisopropylsilane (TIPS, A187865) was purchased from Ambeed (Arlington Heights,
IL, USA). Tween® 20 (97062-332) was purchased from VWR (Radnor, PA, USA). Recombinant
SARS-CoV-2 3CL protease (E-720), recombinant angiotensin-converting enzyme 2 (933-ZN-
10), and Mca-YVADAPK(Dnp)-OH fluorogenic peptide substrate (ES007) were purchased
from R&D Systems (Minneapolis, MN, USA). Artificial saliva was purchased from Biochema-
zone (Edmonton, AB, Canada). Pooled human saliva IRHUSL5ML) was purchased from
Innovative Research. Streptavidin-blocked sera-mag speed beads (21152104011150) were
manufactured by Cytiva (Marlborough, MA, USA). Pepstatin A (57381) was purchased from
Selleckchem (Houston, TX, USA). Lysozyme (Aldrich, L6876), trypsin (Research Products In-
ternational, Mount Prospect, IL, USA, cat. no. T70010-1.0), soybean trypsin inhibitor (Aldrich,
T6522), pepsin (R&D Systems, 6186-AS-010), and bovine serum albumin (Sigma Aldrich,
A7906-50G) were purchased from their manufacturers. In addition, 50 nm citrate-capped
silver nanoparticles (1 mg/mL, AGCB50-5M) were purchased from nanoComposix (San
Diego, CA, USA). A 384-shallow-well, black, flat bottom plate (Thomas Scientific, Swedesboro,
NJ, USA, cat. no. 1230M76) and 0.5 mL sterile centrifuge tubes (MTC Bio, Sayreville, NJ,
USA, cat. no. C2007) were used. Alpha-cyano-4-hydroxy-cinnamic acid (145505-5G) was
purchased from Sigma Aldrich. All assay samples were heated on an incubator (VWR,
75838-270) equipped with a 30-tube block (VWR, 13259-000) and a temperature control
probe (VWR, 11301-112). All fluorescence readings were measured on a Biotek Synergy
H1 Plate Reader. SERS spectra were obtained using a probe-based Raman spectrometer
(Wasatch Photonics Inc., Logan, UT, USA model WP-532-SR-IC) with a 532 nm laser source,
50 mW laser power, 25 um slit width, and standard lenses at a 11 mm working distance
using 20-30 ms integration time. Procedures for peptide synthesis and protein production
are given in the supplementary information.

2.2. Preparation of Assay Buffers I and II

For the first screening with additives, an initial Buffer I was prepared to contain 20 mM
Tris, 150 mM NaCl, and 0.05 v/v% Tween 20. The pH was adjusted to 7.4 using HCl. After
screening, 1 mM EDTA and 1 mg/mL soybean trypsin inhibitor were added freshly to
Buffer I prior to each experiment to produce a completed Buffer II. Buffer II was used or
mixed with artificial or pooled human saliva when mimicking patient samples.

2.3. Preparation of Protease Standards

Recombinant 3CL protease versions were prepared using modified procedures de-
scribed in Supporting Information [36,37]. The purified proteases, ACE2, and other proteins
were diluted with Buffer II or saliva/Buffer II mixtures to produce 2x protease standards.
When needed, these 2 x samples were frozen and thawed or otherwise processed prior to
activity assays.

2.4. Preparation of Magnetic Beads

Streptavidin-coated magnetic beads were loaded with 3CL substrate in bulk. Generally,
0.05mL aliquots of bead stock (10 mg/mL) were twice washed with water and separated via
magnetic separation with a magnetic rack. The washed beads were then resuspended in and
incubated with a 0.1 mL volume of 0.05 mM 3CL substrate at room temperature for 20 min.
After incubation, the beads were washed 6 times with Buffer I using double the original
bead aliquot volume and again isolated via magnetic separation. After the final wash,
loaded beads were resuspended in Buffer I at double the original bead aliquot volume.

2.5. Preparation of ACE2 Fluorescent Substrate

ACE2 substrate peptide, as a DMSO stock (2 mM), was diluted to a 2x working
concentration of 40 uM in Buffer I with 20 uM ZnCl,. This stock was used in ACE2 and
duplex assays.
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2.6. 3CL Protease Assay

Equal volumes of samples containing 3CL protease and loaded magnetic bead stocks
were added into PCR tubes. These samples were heated in an incubator at 37 °C for
either 3 h (to establish standard curves) or 20 min (duplex protocol). The beads were then
sedimented using a magnetic rack, and liquid supernatants (8 pL each) were pipetted into
a black 384-well shallow plate. A Biotek H1 plate reader was used to analyze fluorescence
(Ex: 516 nm; Em: 557 nm; gain: 80).

2.7. ACE2 Assay

Equal volumes of ACE2-containing samples and fluorescent substrate solution were
added into wells of 384-well black plates to initiate reactions. The reactions were carried
out at room temperature. For the kinetic assays, solution fluorescence (Ex: 320 nm; Em:
405 nm; gain: 80) was read every 20 s for 5 min. Fluorescence endpoints at 10 min were
recorded for all other experiments.

2.8. 30-Minute Sequential ACE2-3CL Assay

For saliva samples containing both ACE2 and 3CL protease, the ACE2 reaction was
carried out using 10 pL of sample and 10 uL of fluorescent ACE2 substrate solution. After
collecting fluorescent endpoints after 10 min, 5 uL of the reaction solution was mixed with
5 uL of Buffer II, containing 2 mM EDTA and 2 mg/mL soybean trypsin inhibitor, to quench
any other proteases aside from 3CL protease. Next, 5 uL of this newly quenched sample
was mixed with 5 uL of loaded magnetic bead reagent. This reaction mixture was incubated
at 37 °C for 20 min. The supernatant was collected, and fluorescence was measured as
described above.

2.9. Raman Spectroscopy

One microliter of sample was diluted into 99 pL of 50 mM acetate buffer at pH 4.5
supplemented with 100 mM NaCl and 0.1% Tween to promote aggregation and SERS
enhancement; 5 pL of the newly diluted sample or a sample containing only acetate buffer
was placed into a well of 384-shallow-well plates prior to addition of 10 uL of a 1 mg/mL
suspension of 50 nm Ag nanoparticles [38]. The suspension was mixed by pipetting the
sample up and down and then was allowed to approach equilibrium for 5 min. After
this time, the sample was subjected to Raman spectroscopy to obtain the SERS spectra.
The sample containing only buffer was used for background subtraction by the Enlighten
software package used to obtain spectra. Spectral data were processed for peak areas using
the OPUS 8.2.28 software package. Graphs of the data were prepared using GraphPad
Prism, and the error bars represent the standard deviation from replicate measurements.

2.10. Matrix-Assisted Laser Desorption/lonization Time-of-Flight Mass Spectrometry
(MALDI-TOF MS)

All data collection was performed using a Voyager DE mass spectrometer. Alpha-
cyano-4-hydroxycinnamic acid (CHCA), as a saturated solution in 1:1 acetonitrile:water
with 0.1% trifluoroacetic acid, was used as the matrix. Samples taken from 3CL protease
wild-type and mutant enzymatic reactions were prepared using a modified three-layer
method [39]. Briefly, 1 uL of matrix was allowed to dry at marked spots on a stainless-steel
plate. On top of the dried matrix spot, 0.5 puL of analyte solution was placed and air dried
further. Finally, a second 1 uL droplet of matrix was added and air dried. The resulting
spots were analyzed using the mass spectrometer.

2.11. Collection of Clinical Samples (IRB, etc.)

Residual saliva specimens were collected from patients presenting for diagnostic
COVID-19 RT-PCR testing. After adequate samples had been aliquoted for routine care,
they were de-identified and frozen at —80 °C until the time of testing. Informed consent was
obtained from all subjects. The study was conducted in accordance with the Declaration
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of Helsinki and approved by the Heartland Institutional Review Board (HIRB Project No.
(092222-416, approved 22 September 2022).

3. Results

In this work, a salivary SARS-CoV-2 3CL protease assay is demonstrated, which
can be run sequentially after an ACE2 assay, without any sensor-reagent interferences
in either assay. The assay design is described in Scheme 1. The peptide substrate is
adapted from a previously identified 3CL protease cleavage sequence before NSP7 in the
polyprotein (ATLQAIAS), an N-terminal dimeric dye to enable assay readout, and a C-
terminal biotinylated lysine for immobilization to magnetic beads [33,36]. The lysine-biotin
residue is separated from the rest of the peptide by serine-diethylene glycol spacer to
preserve the biotin-streptavidin complex [35,40]. After immobilization on streptavidin-
conjugated blocked magnetic beads, the unbound substrate is washed away using an
excess Buffer I. The suspension of loaded beads is mixed in equal volumes with Buffer II
or saliva samples containing 3CL protease. Protease cleavage of the substrate liberates a
dye-tagged product into solution, which can be measured using fluorescence or Raman
instrumentation. An advantage of this assay format is that y-axes can be easily normalized
to product concentrations using a standard curve of dye product. This normalization
allows for a readout in micromoles of product, which directly relates to enzyme turnover
as opposed to arbitrary fluorescence, which indirectly correlates.
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Scheme 1. Design of a selective substrate and its usage in a sequential dual-protease assay allowing
measurement of ACE2 and 3CL protease activity in the same sample.

To ensure selectivity under assay conditions, the peptide substrate was exposed to a
variety of additives: a metal-chelator, a reducing agent, proteases, common proteins, and
relevant matrices—artificial and pooled human saliva (Figure 1A). The substrate showed
an enzyme-concentration-dependent signal generation with recombinant SARS-CoV-2
3CL protease as expected (Figure 1B). However, a trypsin-catalyzed reaction was also
observed. While the assay did not generate any signal in saliva matrices (in the absence
of 3CL protease) in our initial tests, trypsin-like proteases do exist in saliva and present
the possibility of false positives in larger cohorts of saliva samples [41]. To circumvent any
potential false positives, soybean trypsin inhibitor was used as an additive to completely
inhibit trypsin in the saliva-based assay, consistent with a previous report [42]. Consistent
with a previous report, we found that a reducing agent was not required to get activity in
our assay [28].
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Figure 1. (A). Selectivity of the assay for a panel of additives; soybean trypsin inhibitor used at
1 mg/mL; all other proteins were used at 1 uM; EDTA and DTT were used at 1 mM; saliva matrices
were used at 1:3 ratio with Buffer I; (B). 3CL protease concentration dependence of the assay; Y—axes
normalized to concentration of product generated in the reaction using a pre-generated standard curve
of the substrate dye (Figure S2); (C). fluorescent assays showing enzyme concentration dependence
under final conditions in Buffer II (150 mM NaCl, 1 mM EDTA, 1 mg/mL soybean trypsin inhibitor),
or 1:3 mixtures of saliva matrices and Buffer II.

Based on the initial screen of compatible additives, standard assay conditions were
developed using fully modeled matrix effects that can occur in clinical samples by incorpo-
rating ethylenediaminetetraacetate (EDTA) and soybean trypsin inhibitor. Because metal
ions are known to inhibit 3CL protease, the addition of EDTA was essential to prevent
loss of activity and variation between samples [43]. Using these conditions, fluorescence
assay responses were nearly identical regardless of whether 3CL protease was formulated
in Buffer II, artificial saliva, or pooled human saliva (Figure 1C). Using standard curves of
dye-peptide conjugates prepared separately (Figure S2), the assays can be normalized for
product production. By calculating three standard deviations above the signals generated
in samples lacking the enzyme, the limits of detection are between 16 nM and 32 nM of
3CL protease. Using nine standard deviations above the samples lacking enzyme, the limit
of quantitation is between 32 nM and 64 nM enzyme, and the assay is linear up to 500 nM.
The lack of difference between artificial and pooled saliva samples indicates that this assay
is fully robust against other enzymes found in human saliva.

A procedure was developed for the measurement of ACE2 and 3CL protease in the
same sample. ACE2 assays using a quenched substrate for fluorescence-resonance energy
transfer (FRET) analysis were obtained with saliva samples spiked with both enzymes.
These assays are run with the addition of zinc salts to support enzymatic activity by ACE2.
Using the fluorescent solutions generated by the ACE2 assay, 3CL protease assays were run
with the addition of EDTA, trypsin inhibitor, and substrate-loaded magnetic beads. The
successful observation of 3CL protease activity indicates that the catalytic activity can be
recovered after treatment with enzyme-inhibiting zinc (Figure 2) [43,44]. The comparison
of assays run in ACE2-spiked and non-spiked human saliva also shows that background
interference from fluorescent ACE2 products did not significantly affect the assay responses
through the entire linear range of 3CL protease previously determined.
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Figure 2. (A). Assay schematic in which ACE2 activity is first measured followed by 3CL protease
immediately after in the same sample; (B). fluorescence background generated by ACE2 reaction in
different matrices; (C). 3CL protease fluorescence readout standardized for product formation in the
presence of the background generated in the ACE2 assay prior.

A more time-efficient 3CL protease assay procedure was next demonstrated to allow
for practical use in clinical diagnostics. Clinically relevant assays could benefit from rapid
turnaround times when simple confirmations of 3CL-protease samples are sufficient. Using
20-min reaction times, assays clearly differentiated 3CL-spiked and non-spiked saliva
samples (Figure 3). Importantly, enzyme activity was still detected after one freeze-thaw
cycle. This feature enables the analysis of samples shipped frozen to central diagnostic
laboratories. Even in the background of fluorescent product generated in the ACE2 assay,
this 20-min procedure was still performed as intended. The fluorescence, dual-enzyme
assay could not distinguish between 3CL-spiked and non-spiked samples at the two lowest
tested 3CL protease concentrations (15.6 nM and 31.3 nM). This limitation is perhaps due
to the fluorescence background signal arising from the dye product generated in the ACE2
assay. Nevertheless, SERS detection distinguished these samples, indicative of the expected
advantages of this ultrasensitive technique. These studies prototype a clinically relevant
30-minute duplex assay for measuring both enzymes in the same sample. The limit of
detection in the time-efficient fluorescence assay is approximately 62 nM of 3CL protease
and is a factor of 2—4 lower when SERS is utilized for detection.

Utilizing the time-efficient highly sensitive SARS-CoV-2 3CLPro assay protocol, clinical
saliva samples were evaluated without a pre-analytical concentration step. The sample
cohort included four COVID-19-positive (PCR-confirmed) and four negative patients, and
each was assayed for ACE2 and 3CL protease (Figures S3-55). While these data trended
toward a difference between the two groups, it did not reach statistical significance. Samples
from the COVID-19 positive tended very weakly toward a higher fluorescence value in both
the ACE2 assay and 3CL protease assays. Interestingly, the ratio of fluorescence between
3CL protease and ACE2 assays showed a larger difference between COVID-19-positive
and -negative samples, though this also did not reach significance (Figure S5). When SERS
was utilized, no signal was detected in any samples. These results are consistent with the
concentrations of SARS-CoV-2 3CLPro in human saliva not reaching the levels needed for
active dimers. Based upon the limit of detection for this assay, it is anticipated that the
enzyme would be <30 nM in a human saliva concentration.

Prior reports attempting to detect 3CL protease in saliva suggest a need for a pre-
analytical step to concentrate protein. SARS-CoV-2 3CL protease has been shown to be
catalytically active as a dimer with a dissociation constant in the range of 1.0-2.5 uM [45-47].
In saliva, the concentration of the protease is likely lower than the dimerization dissociation
constant. Differentiation of COVID-19-positive and -negative samples was not directly
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demonstrated using other 3CL protease assays [23-25]. However, one recent study did
show a clear differentiation between COVID-19-positive and -negative patients using an
antibody-functionalized carbon paper electrode and an associated cyclic voltammetry
assay [26]. By concentrating the protease on a test strip surface, the protease would be able
to form a catalytically active dimer that can more easily be detected using an electrochemical
method. Antibody-functionalized carbon paper was used to capture as low as 1 pg/mL
(~30 nM) 3CL-protease, and the resulting clinical assay could detect as low as 6.6 ug/mL
(~200 nM). While these concentrations are much higher than our own assay’s detection
limits in Figure 3 (~15 nM), our failure to discriminate COVID-19-positive and -negative
clinical samples suggests that the success of the electrochemical method is due to the
protein concentration step.
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Figure 3. (A). Twenty-minute 3CL protease assays differentiate blank and low —concentration samples
even after a pre—measurement freeze-thaw cycle; (B). at 62 nM or above, 3CL protease samples can
be differentiated by fluorescence from blank samples after ACE2 measurement; (C). SERS allows
more sensitive detection down to 15.6 nM 3CL protease, even after ACE2 reaction; (D). SERS spectra
associated with these samples. * p < 0.05, ** p < 0.01, *** p < 0.001 according to two-tailed paired
heteroscedastic t-tests between samples containing 3CL protease and ones that do not.

Since this assay demonstrated an ability to detect catalytic activity at protein concen-
trations far below the dimer dissociation constant, a SARS-CoV-2 3CL protease mutant
was selected for the study of the catalytic activity. This mutant protein contains an extra
serine and asparagine residue at the N-terminus that interferes with the ability of 3CL
protease to dimerize. The protein is primarily in the monomeric form as determined by
SEC during purification (procedures for protein production are provided in the supplemen-
tary information). Unsurprisingly, this mutant did not exhibit observable activity in the
fluorescence-based assay, except at very high enzyme concentrations (25 uM) (Figure 4A).
In the SERS assay, the mutant enzyme did not present a signal that was significantly higher
than the background in these conditions; however, a slight concentration dependence
signal was observed (Figure 4B,C). To confirm that this signal was a product generated by
protease cleavage, we utilized MALDI-TOF MS (Figure 4D,E). Analysis of the wild type 3CL
protease reaction mixtures showed peaks associated with the singly charged dye-labeled
proteolysis product (Pdt-H*), a doubly charged product (PdtH,2*), and a doubly charged
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fragment arising from the product. Both doubly charged peaks were also observed in the
25 uM mutant reaction mixture, though they could not be detected in the 1 uM mutant
reaction mixture likely because of a lack of sensitivity of the mass spectrometry method in
these complex samples.
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Figure 4. (A). Fluorescent assays show the potential activity of a mutant enzyme (termed monomer
here) with a disrupted dimer interface. (B). Quantified SERS activity for the monomer and WT
enzyme. SERS further identified similar enzyme activity at a lower concentration of the mutant
enzyme. (C). SERS spectra are generated by reactions of the monomer enzyme. (D). MALDI-TOF
MS spectra of a reaction of 1 uM wild-type 3CL protease. (E). MALDI-TOF MS spectra of a reaction
of 25 uM mutant monomer 3CL protease. Statistical significance was determined using two—tailed
paired heteroscedastic t-tests between samples containing enzymes and ones that do not.

Taken together, these data suggest that the SERS signals detected are very likely due to
proteolysis catalyzed by the mutant enzyme and are not nonspecific signals. Based on the
calculated product concentrations, the wild-type enzyme generated >12 turnovers, while
the mutant, at both 1 and 25 pM, generated ~0.06 turnovers. The observed activity of the
mutant is thus less than 1% of the wild-type enzyme. We hypothesize that the reactions
catalyzed by the mutant are due to a small concentration of catalytically active dimer,
formed only in highly concentrated solutions. To our knowledge, this is the first time an
assay has had suitable sensitivity to quantify this low number of turnover events for 3CL
protease in a format that can multiplex enzyme activities.

4. Discussion

Based on what is known about virus life cycle, 3CL protease assays have the potential
to distinguish actively and acutely infected COVID-19 patients from those whose infection
has passed [22]. The ACE2 activity biomarker has previously shown potential in stratifying
patients who are severely ill and distinguishing potentially infection-resistant individu-
als [17,18]. The combination of these two approaches could provide an effective diagnostic
tool to direct COVID-19 treatments to patients who need them most.

In this work, we have demonstrated sequential duplex assays of both ACE2 and
3CL protease. These assays use a combination of designed 3CL protease substrate and
optimized assay additives to enable robustness against false positives. The entire procedure
can be conducted in 30 min. This work also demonstrated that SERS measurement can
be more sensitive near limits of detection. Though extremely powerful for detecting low
concentrations of analytes, SERS is an underappreciated technique for bioanalysis. Our
demonstration of SERS’s robustness to a fluorescent background is expected to promote its
usage in clinical diagnostics.

Our assays detected signal from a mutant enzyme was shown to have less than 1%
of the activity of the wild type. By the combination of our assays and MALDI-TOF MS,
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we determined that the observations are most likely due to true enzymatic activity with
sequence specificity cleavage. The use of the protease dimerization mutant provided a
robust test of the role of protein concentration dictating the level of active enzyme. The
work demonstrates product detection below the level of a single turnover. As such, this
assay has utility even when concentrations of catalytically active dimer are low.

Though initial data suggest avenues for further development, this first iteration of the
3CL protease assay was not able to differentiate, with statistical significance, saliva samples
derived from PCR-confirmed COVID-19-positive and -negative patients. Another work has
recently demonstrated that the enzyme is detectable in COVID-19-positive saliva samples,
adding support that our observations may truly be due to 3CL protease and are not just
nonspecific [26]. This method has taken advantage of an antibody-mediated concentration
of the enzyme occurring on the surface of a carbon paper strip. For future applications
with clinical samples, a pre-concentration step will be employed to assess the diagnostic
capabilities of multiplexed enzyme activity measurements.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/bios13070682/s1: Procedures for peptide synthesis. Figure S1. HPLC of 3CL
protease substrate, Figure S2. Fluorescence standard curve of 3CL protease substrate, Figures S3-55.
Clinical samples data. Procedures for mutant protease production.
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