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Abstract

The main protease of SARS-CoV-2, 3CLpro, is a dimeric enzyme that is indispensable to 

viral replication and presents an attractive opportunity for therapeutic intervention. Previous 

reports regarding the key properties of 3CLpro and its highly similar SARS-CoV homologue 

conflict dramatically. Values of the dimeric Kd and enzymic kcat/KM differ by 106- and 103-fold, 

respectively. Establishing a confident benchmark of the intrinsic capabilities of this enzyme is 

essential for combating the current pandemic as well as potential future outbreaks. Here, we 

use enzymatic methods to characterize the dimerization and catalytic efficiency of the authentic 

protease from SARS-CoV-2. Specifically, we use the rigor of Bayesian inference in a Markov 

Chain Monte Carlo analysis of progress curves to circumvent the limitations of traditional 

Michaelis–Menten initial rate analysis. We report that SARS-CoV-2 3CLpro forms a dimer at pH 

7.5 that has Kd = 16 ± 4 nM and is capable of catalysis with kcat = 9.9 ± 1.5 s−1, KM = 0.23 ± 0.01 mM, 

and kcat/KM = 4.3 ± 0.7 × 104M−1 s−1. We also find that enzymatic activity decreases substantially 

in solutions of high ionic strength, largely as a consequence of impaired dimerization. We 

conclude that 3CLpro is a more capable catalyst than appreciated previously, which has important 

implications for the design of antiviral therapeutic agents that target 3CLpro.
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INTRODUCTION

The COVID-19 pandemic, caused by the novel severe acute respiratory syndrome 

coronavirus-2 (SARS-CoV-2), first emerged in Wuhan, China in December 2019.1,2 In 

addition to causing 770 million infections and 7.0 million deaths,3 this public health crisis 

has disrupted the global economy and significantly impaired the physical and mental health 

of billions of people worldwide. Significant progress in mitigating the perpetuation of the 

pandemic has been achieved through the development of vaccines, neutralizing antibody 

treatments, and other antiviral therapeutics to stunt viral transmission and improve the 

prognosis of infected individuals.4–8

The trimeric spike glycoprotein (S protein) present on the surface of the coronavirus 

virion, which is responsible for docking to the ACE2 receptor of host cells and facilitating 

membrane fusion with the host cell as the causative mechanism of infection, has been 

an attractive target in the development of these therapeutics.9 Although vaccines and 

therapeutics targeting the S protein have been developed, selective pressure exerted on the 

virus can result in S protein mutations that alter epitopes that are targeted by antibodies, 

dampening therapeutic efficacy.10,11 This problem is exemplified by the emergence of 

SARS-CoV-2 variants with reduced inhibition by vaccine-stimulated neutralizing antibodies 

and/or therapeutic antibody treatment.12,13 It is evident that complementary strategies are 

necessary to combat SARS-CoV-2.

An alternative target for therapeutic intervention is the chymotrypsin-like SARS-CoV-2 

3C-like main protease 3CLpro.7,14 Following viral attachment to the host cell ACE2 receptor 

and membrane fusion, injected viral RNA is rapidly translated to produce polyproteins pp1a 

and pp1ab. These polyproteins yield 16 nonstructural proteins (NSPs) that are necessary for 

virion maturation, and the main protease (contained within pp1a) is principally responsible 

for 11 of the cleavage events to liberate the NSPs.15,16 Thus, interference with 3CLpro

proteolysis can significantly impede viral replication. Notably, SARS-CoV-2 3CLpro has 

96% sequence identity with the cognate main protease of SARS-CoV, the etiological agent 

of the 2003 SARS epidemic, and the majority of the 12 nonidentical residues either consist 

of conservative mutations or occur in nonstructured regions of the two proteins (Figure 

Wralstad et al. Page 2

Anal Chem. Author manuscript; available in PMC 2023 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1A). This strict conservation supports the extrapolation of many observations made for 

SARS-CoV 3CLpro to the homologous SARS-CoV-2 3CLpro.17

SARS-CoV and SARS-CoV-2 3CLpro are each a homodimer of 306-residue subunits 

arranged perpendicular to one another (Figure 1B). Each subunit consists of three domains. 

Domains I and II each possess a β-barrel structure and collectively form the active site 

cleft, whereas domain III is a globular, α-helix rich region implicated in dimerization.4 

Unlike the canonical chymotrypsin catalytic triad Ser/Cys–His–Asp/Glu possessed by 

many coronavirus proteases, 3CLpro possesses a catalytic dyad of Cys145 and His41.16,18 

In addition, a bound water molecule hydrogen bonds to His41 and could be the third 

member of a pseudo catalytic triad.19 Dimerization is strictly necessary to establish catalytic 

competency; empirical and computational evidence shows that the N-terminal residues of 

one protomer (the “N-finger”) weave between domains I and II of the other protomer, 

completing the active site of the latter and properly orienting cleft residues to prevent 

steric clash with polypeptide substrates.19,20 In particular, the N terminus of one protomer 

hydrogen bonds with Glu166 of the other protomer to prevent the latter from blocking 

access to the active site, and the main chain of Ser1′ hydrogen bonds with the main chain 

of Phe140A to properly orient the oxyanion loop of which Phe140 is a part.19 This loop 

is responsible for stabilizing the tetrahedral transition state of the nascent acyl-enzyme 

intermediate, and a collapsed active site has been observed in monomeric 3CLpro as a result 

of missing interprotomer interactions.19,21 Intriguingly, data suggest that the two active sites 

of dimeric 3CLpro are asymmetric and that only one is active at any given moment (i.e., 
half-site reactivity).18,20,22

As a result of the strict conservation between SARS-CoV and SARS-CoV-2 3CLpro, as well 

as the greater body of research available for the former protease, it is tempting to rely 

on enzymological values reported for SARS-CoV 3CLpro when studying the SARS-CoV-2 

homologue. Unfortunately, studies of each enzyme report key parameters that differ by 

many orders of magnitude. For example, reported values of the catalytic efficiency kcat/KM

range from ~102 to nearly 105 M−1 s−1, even within a series of similar substrates; likewise, 

reported values of the dimer dissociation constant, Kd, vary from low nanomolar to high 

micromolar. These studies are confounded by the use of enzymic constructs bearing artificial 

affinity tags (which could inhibit the association of 3CLpro subunits), suboptimal substrates 

unable to occupy the enzymic binding pocket C-terminal to the scissile bond, assay 

conditions that impair 3CLpro activity, and enzymatic activity assays that lack sensitivity. 

The design and assessment of 3CLpro inhibitors rely on the robust characterization of SARS-

CoV-2 3CLpro catalysis.

Here, we circumvent these many experimental limitations and employ a novel Bayesian 

analytical technique to facilitate the interpretation of 3CLpro enzymology from data obtained 

during the full time course of the reaction, that is, a “progress curve”. We report that SARS-

CoV-2 3CLpro is an undervalued catalyst. The dimer has a Kd value in the low-nanomolar 

regime. The authentic enzyme is highly active with a measured catalytic efficiency that is 

Wralstad et al. Page 3

Anal Chem. Author manuscript; available in PMC 2023 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



larger than reported previously. We also find that SARS-CoV-2 3CLpro activity is attenuated 

by increased ionic strength, likely due to the disruption of dimerization. We hypothesize that 

the use of artificial enzymic constructs and the inclusion of high NaCl concentrations in 

assay buffers led to the preponderance of low kcat/KM  and high Kd values in the literature. 

Our findings provide a foundation for applied research, including the design of anti-SARS-

CoV-2 therapeutics that disrupt the activity of a key viral enzyme.

EXPERIMENTAL SECTION

Reagents.

The preparation and analysis of 3CLpro and its substrate are described in the Supporting 

Information.

3CLpro Kinetics Assay.

Standard assays of 3CLpro were performed in 50 mM HEPES–NaOH buffer, pH 7.5, 

containing DTT (1 mM) at 25 °C. The concentration of FRET substrate varied from 5 to 

200 μM, and the concentration of 3CLpro varied from 25 to 500 nM, as indicated. Substrate 

cleavage was initiated by the addition of an equal volume of 2× enzyme to 2× substrate. 

Fluorescence was monitored at λex = 336 ± 5 nm and λem = 494 ± 10 nm over 15–60 min, as 

indicated. Nonlinear regression analyses to eqs S12 and S14 were performed with Prism 

v6.0 software (GraphPad Software).

Michaelis–Menten Analysis of Kinetic Data.

Progress curves were analyzed for initial rate Michaelis–Menten plots using the ICEKAT 

software of Smith and co-workers.23 Fluorescence raw data were converted into product 

concentration by equating the asymptotic end point fluorescence intensity of each progress 

curve to the initial substrate peptide concentration. Then, ICEKAT software was used 

with the default setting “maximize slope magnitude” to process the data (n = 6 substrate 

concentrations × 3 technical replicates) independently at each concentration of 3CLpro ET, x .

EKMCMC Analysis of Kinetic Data.

Full progress curves were also analyzed with the EKMCMC R algorithm of Kim and co-

workers.24,25 Fluorescence raw data were converted into product concentrations by equating 

the asymptotic endpoint fluorescence intensity of each progress curve to the initial substrate 

peptide concentration. EKMCMC algorithm was used to process the dataset (n = 6 substrate 

concentrations × 3 technical replicates) independently at each concentration of 3CLpro ET, x . 

For the enz_data field within EKMCMC, the concentration of catalytically competent dimer 

at each ET, x was estimated by using the previously determined Kd value. The EKMCMC 

algorithm was run using the total QSSA model with an initial KM guess of 1000 μM 

(K_M_init = 1000, K_M_m = 1000), a burn-in period of 1000 samples (burn = 1000), a 

thinning rate of 1/30 (jump = 30), and an effective 3000 MCMC iterations (nrepeat = 3000).
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RESULTS

Production, Purification, and Characterization of 3CLpro.

We used heterologous expression in Escherichia coli to produce a SARS-CoV-2 3CLpro

fusion construct composed of protease with an N-terminal GST tag and C-terminal 6×-His 

tag, as described by Hilgenfeld and co-workers;26 semimature 3CLpro with an autolyzed 

GST tag was apparent after 5 h of induction with IPTG (Figure S1A). Protein of >98% 

purity and with a molecular mass approximately corresponding to that of authentic 3CLpro

was obtained following affinity chromatography, proteolytic removal of the His tag, and 

anion-exchange chromatography (Figure S1B).

To confirm the purity and accuracy of our produced 3CLpro, we used Q–TOF mass 

spectrometry (Figure S2A,B). We observed only one protein species with an observed 

mass of 33,796.8 Da. This mass corresponds to that of authentic 3CLpro (UniProt accession 

ID: P0DTD1, positions 3264–3569) bearing no purification tags (Δm = 5.6 ppm). We 

assayed the thermostability of our recombinant 3CLpro using DSF. We observed a single 

thermal denaturation event at Tm = 55.2 ± 0.1 °C (mean ± SE, n = 4) (Figure S2C). Our Tm

values generally agree with previous reports of 54.2 and 55.0 °C, which were reported for 

SARS-CoV-2 3CLpro with a C-terminal His tag.16,27 3CLpro appears to be a stable protein 

at ambient and physiological temperatures, and our results suggest that a C-terminal His tag 

does not impair the inherent thermostability of 3CLpro.

Design, Synthesis, and Characterization of a 3CLpro Substrate.

Due to the large influence of substrate sequence on protease catalytic efficiency, we sought 

to choose an optimal consensus sequence for our 3CLpro substrate. Following a literature 

review of known and putative SARS-CoV and SARS-CoV-2 3CLpro peptide substrates, we 

chose the candidate sequence ATLQ↓SGNA, where the cleavage site is indicated by “↓”. 

Residues preceding the scissile bond in our candidate substrate integrate those that 3CLpro

recognizes in its in vivo auto-cleavage from the pp1a polyprotein: AVLQ at the NSP4–

3CLpro interface, VTFQ at the 3CLpro–NSP6 interface. Likewise, residues P1′ and P2′ in 

our candidate substrate recapitulate the N-terminal residues of 3CLpro, again mimicking 

the NSP4–3CLpro interface. Our candidate substrate accommodates many of the structural 

features observed in SARS-CoV and SARS-CoV-2 substrate-binding subsites: the strict 

requirement for a P1 Gln; the hydrophobic S2 and S4 subsites corresponding to a P2 Leu 

and P4 Ala; the shallow, solvent-exposed S3 subsite corresponding to a P3 Thr; access 

of the S1′ subsite occupant (corresponding to a P1′ Ser) to form a hydrogen bond with 

the Cys145–His41 catalytic dyad and thereby stabilize a reactive Cys145 thiolate; and the 

broad binding pocket of the S3′ subsite that accommodates a P3′ Asn.28–33 To enable 

the detection of substrate cleavage, we appended EDANS-conjugated Glu and DABCYL-

conjugated Lys to the N- and C-terminal ends of the peptide as a FRET pair; we also 

appended an N- and C-terminal Arg to increase aqueous solubility. The structure of our 

substrate R–E(EDANS)–ATLQSGNA–K(DABCYL)–R is shown in Figure S3A.
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The synthesis of the 3CLpro substrate by solid-phase peptide synthesis was successful, as 

judged by analytical HPLC and MALDI–TOF mass spectrometry. A single major peak was 

observed by HPLC with coincident absorbance at the peptide bond, EDANS FRET donor, 

and DABCYL FRET acceptor wavelengths (Figure S3B). The mass of the synthesized 

peptide was as expected (Figure S3C,D).

Dimerization of 3CLpro.

The 3CLpro dimerization dissociation constant Kd was assessed from enzymological data. 

Because only dimeric 3CLpro is catalytically competent with one functional active site per 

dimer,20 the maximal reaction velocity is a function of the 3CLpro dimer concentration D x:

V max = kcat D x (1)

with

D x = 1
8 4ET, x + Kd − Kd

2 + 8ET, xKd (2)

where ET, x is the molar concentration of total 3CLpro protomer. Eq 2 results from the 

definition of the dissociation constant and mass balance for ET, x.34 Enzymological assay of 

3CLpro dimerization was necessary prior to the determination of the catalytic parameters kcat

and KM in order to calculate the latter set of parameters with a known concentration of dimer.

We first confirmed that our substrate is suitable for assays of 3CLpro activity with observable 

turn-on of fluorescence in 50 mM HEPES–NaOH buffer, pH 7.5, containing DTT (1 mM) 

at 25 °C (Figure 2A). With sufficient enzyme, all reactions approached completion within 

the observed timeframes. (For all progress curves, see Figure S5.) We noticed that the 

asymptotic end point fluorescence was directly proportional to substrate concentration at 

low concentrations, but this linear relationship broke down at higher peptide concentrations. 

This dichotomy is indicative of the inner filter effect, a well-documented phenomenon in 

FRET assays.15,35,36 We characterized the extent of the inner filter effect in our assay by 

measuring the fluorescence of a fixed concentration of the R–E(EDANS)–ATLQ product 

in the presence of varied substrate concentrations (Figures S4 and S6). We found that 

the fluorescence of the product significantly attenuates due to the inner filter effect when 

[substrate] > 50 μM. As such, we transformed progress curve fluorescence intensity values 

to product concentration by equating the asymptotic end point fluorescence intensity of 

each progress curve to the initial substrate peptide concentration. The extent of the inner 

filter effect is constant over the course of a single enzymatic reaction, as the concentration 

of FRET donor and acceptor does not change regardless of whether they are parts of one 

substrate peptide or two separate product peptides.35,36

We assayed substrate cleavage with 25–500 nM ET, x. For the Michaelis–Menten regime 

where [substrate] << KM, the decrease in substrate concentration over time approximately 

Wralstad et al. Page 6

Anal Chem. Author manuscript; available in PMC 2023 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



follows an exponential decay with a pseudo first-order rate constant rx (for further details, 

see: eqs S7–S13):

rx = kcat

KM
D x (3)

This rate constant is a parameter of an approximate expression for product fluorescence over 

time (see: eq S12), enabling its estimation by nonlinear regression of the progress curves 

in Figures 2A and S5. For a given ET, x, rx should be constant with respect to substrate 

concentration; a decrease in the fitted rx with an increase in substrate concentration indicates 

that the assumption [substrate] << KM has become invalid and allows for a qualitative 

estimate of KM. A representative plot of fitted rx values is shown in Figure 2B. (All plots are 

shown in Figure S7.)

For each substrate concentration, rx values were normalized to the pseudo first-order rate 

constant r1 corresponding to the largest 3CLpro concentration, ET,l. From eq 2 and 3, this ratio 

is

rx

rl
= 4ET, x + Kd − Kd

2 + 8ET, xKd

4ET, l + Kd − Kd
2 + 8ET, lKd

(4)

and is a function of ET, x with one fittable constant, Kd. Data for each substrate concentration 

were fitted to eq 4 to derive the value of Kd (Figures 2C and S8). Within the substrate range 

10–100 μM, where the pseudo first-order approximation appears valid and raw fluorescence 

intensities were adequately sensitive (Figures S5 and S7), the fitted Kd values were highly 

consistent and resulted in Kd = 15.9 ± 3.8 nM, which is the mean ± SE (n = 4). Successful 

fitting to eq 4 indicates that 3CLpro is catalytically competent only in the dimeric state.

Catalysis by 3CLpro.

We analyzed the 3CLpro progress curves using both a traditional Michaelis–Menten (MM) 

strategy and a Bayesian Markov Chain Monte Carlo (MCMC) approach.24 We note that 

traditional MM analysis requires a range of substrate concentrations of up to ~10 ×KM. 

Although we do not know the value of KM a priori, the pseudo first-order approximation 

used to determine the dimerization Kd enabled us to estimate the concentration regime in 

which KM exists. Based on our observation that the pseudo first-order approximation begins 

breaking down as substrate concentrations exceed 100 μM, we predicted that 10 × KM is 

near millimolar concentration and cannot be feasibly assayed due to the magnitude of the 

inner filter effect at these concentrations along with limited substrate solubility at these 

concentrations (cf: Figure S6). The Bayesian MCMC method (vide infra) analyzes data 

from progress curves and thus does not require high substrate concentrations; we used MM 

analyses, when possible, to corroborate our MCMC results.

We determined Michaelis–Menten initial reaction rates from 3CLpro progress curves in a 

semiautomated manner using ICEKAT in order to minimize the introduction of bias.23 
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We restricted initial rate analyses to ET, x ≤ 200 nM, as the faster reactions at higher 

3CLpro concentrations resulted in insufficient data to accurately determine initial rates (e.g., 
compare the linear region of the progress curves for high and low ET, x in Figure S5). A 

representative MM plot for 100 nM 3CLpro is shown in Figure 3 (plots for all ET, x are shown 

in Figure S9), and best-fit kinetic parameters are listed in Table 1. Our MM initial rate 

analysis estimates that the catalytic efficiency of 3CLpro with our FRET substrate is kcat/KM = 

(2.6 ± 0.6) × 104 M−1 s−1 (mean ± SE, n = 4).

Due to the limitations of traditional Michaelis–Menten analysis (e.g., the lack of a clear 

plateau in the hyperbolic MM curves in Figure S9), we chose to employ the alternate 

analytical strategy of direct Bayesian inference from progress curves. This strategy does 

not necessitate that substrate concentrations greatly exceed the value of KM and can be 

executed using the public-domain R computational package EKMCMC.24–25 This strategy 

also maximizes the experimental efficiency and analytical rigor by utilizing full progress 

curves in lieu of initial rate plots derived therefrom. We independently performed a Bayesian 

analysis of the progress curves for each concentration of assayed 3CLpro (i.e., each plot in 

Figure S5). A representative plot of the Bayesian posterior sample distributions for kcat and 

KM at 100 nM 3CLpro is shown in Figure 3, and posterior sample plots are shown for all 

enzyme concentrations in Figure S10. All posterior samples of kcat and KM (n = 3000 per 

3CLpro concentration) were confirmed to exhibit convergence, possess low autocorrelation 

between iterative estimates, and yield unimodal, bell-shaped sample distributions, as advised 

by the developers of the algorithm (Figures S11 and S12).24,25 The sample mean values at 

each concentration of 3CLpro are listed in Table 1; because the Bayesian analytical strategy 

is not limited to initial reaction rates, we were able to analyze the progress curves at all 

3CLpro concentrations. The Bayesian-estimated catalytic efficiency of 3CLpro with our FRET 

substrate is kcat/KM = (4.3 ± 0.7) ×104 M−1 s−1 (mean ± SE, n = 7).

Given that the Bayesian analytical strategy is not subject to the requirements of the 

Michaelis–Menten initial rate strategy, as well as the fact that the MM initial rate plots only 

just began to approach hyperbolic asymptotes within the substrate concentrations used, we 

believe that the Bayesian-determined catalytic parameters are a more reliable representation 

of the catalytic efficiency of SARS-CoV-2 3CLpro. Comparing the results of the Michaelis–

Menten strategy and the Bayesian inference one, it is evident that the use of a more limited 

analytical technique alone induces a 2-fold underestimate of the catalytic efficiency of 

3CLpro.

Effect of Ionic Strength on 3CLpro.

Motivated by reports that catalysis by SARS-CoV 3CLpro is highly sensitive to solution ionic 

strength,15,37,38 we investigated the impact of NaCl concentration on enzymatic activity. 

Initially, we assayed the cleavage of 100 μM substrate by 50 nM 3CLpro in 50 mM 

HEPES–NaOH buffer, pH 7.5, containing DTT (1 mM) and NaCl (0–1000 mM). All buffers 

were adjusted to constant pH after salt dissolution. We chose these enzyme and substrate 
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concentrations because of the extended period of linear catalytic activity (see: Figure S5), 

which facilitates the determination of the initial enzymatic reaction rate. As shown in Figure 

4, we observed attenuation of the 3CLpro initial reaction rate with increased ionic strength, 

with a nearly 40% loss of enzymatic activity at 200 mM NaCl.

We attempted to repeat the enzymological determination of the 3CLpro dimerization Kd for 

50 mM HEPES–NaOH buffer, pH 7.5, containing NaCl (150 mM) and DTT (1 mM), as an 

increased Kd would result in a lower concentration of dimer at any given concentration of 

total 3CLpro and would explain our observation of lower initial reaction rates in the presence 

of NaCl (see: eqs 1 and 2). Our analytical strategy was unsuccessful, however, due to the 

emergence of a pronounced lag phase in the time course of the enzymatic reaction (data 

not shown). The length of this lag phase, which increased with lower enzyme or substrate 

concentrations, resulted in overestimated pseudo first-order rate constants (rx). Accordingly, 

we were unable to accurately determine the dimerization Kd by enzymatic means in the 

presence of added NaCl. Importantly, although the length of the lag phase is dependent 

on 3CLpro and substrate concentrations, it does not appear to be as significantly influenced 

by the concentrations of NaCl used for the initial rates reported in Figure 4. We propose 

plausible causes for the emergence of the lag phase below.

DISCUSSION

Reliable data on the enzymology of the 3CLpro protease of SARS-CoV and SARS-CoV-2 

are necessary for our understanding of its catalysis and for therapeutic intervention. To 

catalog the state of extant data, we surveyed the literature and collated published data 

(Tables S1 and S2). Values for both the catalytic efficiency kcat/KM  and dimerization 

dissociation constant Kd  vary substantially, with the latter parameter spanning nearly 6 

orders of magnitude. The variation in Kd values is particularly concerning because the 

analysis of 3CLpro enzymological data relies on knowing the concentration of the dimer, 

which manifests catalysis. Indeed, at least one of the publications in our survey assumed 

that the analytical concentration of enzyme ET, x  was identical to the concentration of active 

catalyst (Dx).29 This assumption is incorrect because Dx differs from ET, x to an extent that 

depends on the value of Kd as described in eq 2, which accounts for the half-site reactivity of 

3CLpro.18,20,22

Some variability in the reported values of kcat/KM is understandable. For example, there is no 

singular substrate that must be used for determining 3CLpro activity. The enzyme processes 

viral polyproteins at multiple, distinct cleavage sites and is thus somewhat promiscuous.33 

Still, nearly all data are for the cleavage of an LQ↓SG peptide bond (Table S1), as in our 

substrate. There is also a slight variability in solution conditions (pH, salt concentration, 

and temperature) that could affect enzymatic catalysis. We note that rather than determining 

the optimal enzyme substrate or constraining ourselves to endogenous 3CLpro substrate 

sequences, we chose a rationally designed substrate sequence to balance catalysis with other 

experimental considerations that have likely limited other studies, such as peptide solubility.
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Of greater concern are assay factors that would impair the dimerization of 3CLpro, which 

would correspondingly decrease the concentration of catalytically competent enzyme and 

lead to erroneous normalization of enzymological data when determining the catalytic 

efficiency.28,17 The use of artificial purification tags is expected to impede dimerization, 

as several key interprotomer interactions occur at terminal residues in 3CLpro. Aside from 

simply assembling the dimeric state, the terminal residues of one protomer structure 

contribute to the active site of its sibling protomer and are critical to catalysis.17,19 Several 

studies have reported that N- and C-terminal truncations of 3CLpro significantly disrupt 

dimerization and/or catalysis,39,40 and at least one study has shown that the introduction 

of exogenous terminal tags as small as two residues leads to a large decrease in catalytic 

activity.41 The alteration of 3CLpro termini likely disrupts key interactions, including the 

Ser1⋯Phe140′ hydrogen bonds and the Arg4⋯Glu290′ salt bridges (where “′” denotes 

the sibling protomer and these interactions occur reciprocally between the two protomers). 

The loss of these interactions leads to a collapsed oxyanion hole and obviates catalytic 

activity by impeding stabilization of the negatively charged tetrahedral transition state 

during proteolysis.17,19 The C terminus is also important for stabilizing the dimeric 

state, as demonstrated by several C-terminal single-point mutants that exhibited decreased 

catalytic activity and an apparent molecular mass corresponding to monomeric 3CLpro.42 

Studies entailing assays of 3CLpro with unnatural termini report some of the lowest kcat/KM

values (Table S1). Surprisingly, several of the reported constructs most predisposed to 

dimerization include terminal tags (Table S2). This observation could be the result of 

variable analytical techniques used to measure Kd, some of which lack the sensitivity needed 

to detect nanomolar dissociation constants. For a single analytical technique employed 

within one study, the impact of terminal tags on dimerization is apparent. For example, 

Liang, Wang, and co-workers found that the addition of tags led to a ≤50-fold increase in the 

measured value of Kd.43 We believe that the assay of native 3CLpro is indispensable to the 

understanding of its intrinsic catalytic efficiency.

Another, albeit lesser, consideration is the concentration of salt used in the 3CLpro assay 

buffers. As shown in Figure 4, there is a significant decrease in activity upon the addition 

of NaCl to the assay buffer, with a nearly 2-fold decrease in catalytic efficiency with 200 

mM NaCl.44 Similar results were reported by Chang and co-workers for the SARS-CoV 

homologue, where 150 mM NaCl induced partial dissociation of the dimer.37 Mangel and 

co-workers also report that NaCl disrupts SARS-CoV 3CLpro activity, though they observed 

a large activity loss (80%) at only 100 mM NaCl.38 Due to other variable assay parameters, 

relationships between [NaCl] and kcat/KM or Kd are difficult to distinguish in the data listed 

in Tables S1 and S2, respectively, but we do note that for the SARS-CoV-2 homologue, the 

three lowest reported catalytic efficiencies all included NaCl in the assay buffer.

Increases in ionic strength likely diminish the free energy of Coulombic interactions, both 

between protomers of the dimer and between the enzyme and its bound substrate. Mangel 

and co-workers postulated that high ionic strength disrupts the interactions of Glu166 

and a peptidic substrate.38 Similarly, Shi and Song observed that the inclusion of NaCl 

in the assay buffer led to decreased catalytic activity without perturbing dimerization, 
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suggesting that ionic strength disrupts substrate binding or catalysis itself.42 Conversely, 

as previously noted, Chang and co-workers observed that NaCl disrupted the quaternary 

structure of 3CLpro.37 Ferreira and Rabeh reported that SARS-CoV-2 3CLpro exhibits 

reduced thermodynamic stability when [NaCl] ≥ 100 mM without dependency on the precise 

salt concentration, which they attributed to the disruption of salt bridges.16 Velazquez-

Campoy, Abian, and co-workers observed a subtle decrease in the thermostability of 

SARS-CoV-2 3CLpro in the presence of 150 mM NaCl.27 Given the aforementioned salt 

bridges that are responsible for stabilizing the 3CLpro dimer, we believe that increased ionic 

strength would interfere with dimerization as well as catalysis. Because of the likelihood 

that NaCl disrupts catalysis either directly or through its effect on enzyme dimerization, we 

preemptively chose to omit NaCl in our standard 3CLpro activity assay to assess the maximal 

catalytic efficiency.

The dimerization of 3CLpro can be induced by a substrate.45 A key residue in this process 

appears to be Glu166, which has been implicated in providing structure to the oxyanion 

hole. In the monomeric state of 3CLpro, Glu166 blocks access to the critical S1 substrate-

binding subsite; but in the dimeric state, Glu166 interacts instead with Ser1′, revealing the 

S1 subsite and stabilizing the oxyanion hole. Intriguingly, molecular dynamics simulations 

suggest some conformational flexibility of Glu166 in the monomeric state, with the residue 

precluding access to the S1 subsite most of but critically not all of the time.19 The series 

of events for substrate cleavage by 3CLpro are often thought of as being (1) dimerization → 
(2) subsite revelation → (3) substrate binding → (4) catalysis, but Chou and co-workers 

propose that the series is (1) subsite revelation → (2) substrate binding → (3) dimerization 

→ (4) catalysis.45 Moreover, they suggest that Glu166 forms a hydrogen bond with Asn142, 

stabilizing an adjacent 310-helix to maintain a collapsed oxyanion hole. Upon substrate 

binding, Glu166 instead interacts with the substrate P1 glutamine and Ser1′, disrupting the 

Glu166⋯Asn142 hydrogen bond and causing conformational changes that stabilize an intact 

oxyanion hole.45,46 Thus, the binding of substrate to a monomer could stabilize Glu166 in 

a conformation that facilitates dimerization, forms an oxyanion hole, and enables catalysis. 

The lag phase that we observed in 3CLpro activity assays with 150 mM NaCl might be a 

consequence of disrupted 3CLpro dimerization, and the length of the lag phase might be 

variable because the extent of substrate-induced dimerization is dependent upon substrate 

concentrations.

CONCLUSIONS

Our analyses of 3CLpro have relied on core principles of enzymology. (1) We characterize 

the authentic enzyme, without exogenous residues (Figure S2). (2) We designed our peptidic 

substrate to accommodate the structural features of the 3CLpro substrate subsites and to 

position the pendant FRET moieties far from the scissile bond so as not to disrupt binding 

or catalysis. (3) We assayed 3CLpro activity in the absence of NaCl, mitigating the disruption 

to dimerization (Figure 4). (4) We characterized the magnitude of the inner filter effect 

(Figure S6) and accounted for its consequences in our analyses. (5) We determined the value 

of Kd through enzymological assays, which are more sensitive than other methods (e.g., 
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analytical gel filtration chromatography or SDS–PAGE). (6) We determined the catalytic 

parameters kcat and KM for our substrate through two means: initial rate (i.e., Michaelis–

Menten) analysis and progress curve (i.e., Bayesian Markov Chain Monte Carlo) analysis. 

The latter strategy maximizes data utility and unshackles enzymology from the empirical 

limitations of Michaelis–Menten techniques.

Our work reveals that 3CLpro is a catalyst that is more capable than reported previously. 

Moreover, 3CLpro is much more predisposed toward dimerization than is appreciated, having 

a Kd value in the nanomolar range. These findings define the landscape for the design 

of protease inhibitors for the prevention and treatment of COVID-19 infection and could 

facilitate efforts to combat the COVID-19 pandemic and potentially assist in the prevention 

of future coronavirus-based outbreaks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

CoV coronavirus

3CLpro 3C-like protease

DABCYL 4-((4-(dimethylamino)phenyl)-azo)-benzoic acid

DSF differential scanning fluorimetry

DTT dithiothreitol

EDANS 5-((2-aminoethyl)amino)-naphthalene-1-sulfonic acid

FRET Förster resonance energy transfer

HPLC high-performance liquid chromatography

ICEKAT Interactive Continuous Enzyme Kinetics Analysis Tool

IPTG isopropyl β-D-1-thiogalactopyranoside

Q–TOF quadrupole–time-of-flight
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MALDI–TOF matrix-assisted laser desorption/ionization–time-of-flight

MCMC Markov Chain Monte Carlo

MM Michaelis–Menten

NSP nonstructural protein

SARS severe acquired respiratory syndrome
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Figure 1. 

SARS-CoV-2 3CLpro sequence and structure. (A) ClustalW sequence alignment of SARS-

CoV-2 3CLpro (UniProt accession ID: P0DTD1, positions 3264–3569) with the SARS-CoV 

homologue (UniProt accession ID: P0C6X7, positions 3241–3546). Conservative mutations 

are identified by green font; nonconservative mutations are identified by red font. (B) 

SARS-CoV-2 3CLpro structure (PDB ID: 6Y2E). Homodimer protomers are distinguished by 

light and dark gray. Catalytic dyad residues at the interface of domains 1 and 2 are depicted 

in ball-and-stick form, and the dyad and domains of one protomer are labeled. The image 

was prepared with PyMOL software.
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Figure 2. 

(A) Representative progress curves for substrate cleavage by 400 nM 3CLpro in 50 mM 

HEPES–NaOH buffer, pH 7.5, containing DTT (1 mM) at 25 °C. (B) Fitted rx values from 

nonlinear regression of the progress curves in panel A to eq S12. (C) Normalized rx values 

for the 100 μM substrate data set as a function of ET, x.
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Figure 3. 

Representative analytical graphs for catalysis by 100 nM 3CLpro in 50 mM HEPES–NaOH 

buffer, pH 7.5, containing DTT (1 mM) at 25 °C. (A) Michaelis–Menten plot, produced 

using ICEKAT.23 (B) Bayesian posterior sample distributions (n = 3000 estimates) for kcat

and KM, predicted using EKMCMC.
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Figure 4. 

Influence of NaCl concentration on catalysis by 3CLpro in 50 mM HEPES–NaOH buffer, pH 

7.5, containing DTT (1 mM) at 25 °C. Reaction rates are normalized to those of assays run 

in the absence of added NaCl.
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