
The FASEB Journal. 2021;35:e21774.	﻿	     |   1 of 15
https://doi.org/10.1096/fj.202100994

wileyonlinelibrary.com/journal/fsb2

Received: 16 June 2021  |  Accepted: 16 June 2021

DOI: 10.1096/fj.202100994  

M E T H O D S

Dimethyl sulfoxide reduces the stability but enhances catalytic 
activity of the main SARS-CoV-2 protease 3CLpro

Juliana C. Ferreira1  |   Samar Fadl1  |   Metehan Ilter2  |   Hanife Pekel3,4  |   Rachid Rezgui5  |   
Ozge Sensoy4,6  |   Wael M. Rabeh1

This is an open access article under the terms of the Creat​ive Commo​ns Attri​bution-NonCo​mmercial License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited and is not used for commercial purposes.
© 2021 The Authors. The FASEB Journal published by Wiley Periodicals LLC on behalf of Federation of American Societies for Experimental Biology

This article was fast-tracked under a recently instituted interim policy in which editors may, at their discretion, accept coronavirus-related manuscripts 
submitted for the Methods, Review, Perspective, and Hypothesis categories without additional review.  

Abbreviations: 3CLpro, 3-chymotrypsin-like protease; COVID-19, coronavirus disease 2019; DMSO, dimethyl sulfoxide; DSC, differential scanning 
calorimetry; DSF, differential scanning fluorimetry; FRET, fluorescence resonance energy transfer; kcat, turnover number; Km, Michaelis constant; kU, rate of 
unfolding; MD, molecular dynamics; nsp, nonstructural protein; PEDV, porcine epidemic diarrhea virus; RdRp, RNA-dependent RNA polymerase; RMSD, 
root-mean-square deviation; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; Tm, melting temperature; TOpt, temperature of catalysis; WT, 
wild type; ΔHcal, calorimetric enthalpy; ΔH‡, enthalpy of activation; ΔT1/2, half-peak height.

1Science Division, New York University Abu 
Dhabi, Abu Dhabi, United Arab Emirates
2Graduate School of Engineering and Natural 
Sciences, Istanbul Medipol University, 
Istanbul, Turkey
3Department of Pharmacy Services, 
Vocational School of Health Services, 
Istanbul Medipol University, Istanbul, Turkey
4Regenerative and Restorative Medicine 
Research Center (REMER), Research 
Institute for Health Sciences and 
Technologies (SABITA), Istanbul Medipol 
University, Istanbul, Turkey
5Core Technology Platforms, New York 
University Abu Dhabi, Abu Dhabi, United 
Arab Emirates
6Department of Computer Engineering, 
School of Engineering and Natural Sciences, 
Istanbul Medipol University, Istanbul, Turkey

Correspondence
Wael M. Rabeh, Science Division, 
New York University Abu Dhabi, Saadiyat 
Island, PO Box 129188, Abu Dhabi, United 
Arab Emirates.
Email: wael.rabeh@nyu.edu

Funding information
New York University Abu Dhabi, Grant/
Award Number: COVID-19 Facilitator 
Research Fund (grant number: ADC05)

Abstract
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible for 
coronavirus disease 2019 (COVID-19), one of the most challenging global pandem-
ics of the modern era. Potential treatment strategies against COVID-19 are yet to be 
devised. It is crucial that antivirals that interfere with the SARS-CoV-2 life cycle 
be identified and developed. 3-Chymotrypsin-like protease (3CLpro) is an attrac-
tive antiviral drug target against SARS-CoV-2, and coronaviruses in general, be-
cause of its role in the processing of viral polyproteins. Inhibitors of 3CLpro activity 
are screened in enzyme assays before further development of the most promising 
leads. Dimethyl sulfoxide (DMSO) is a common additive used in such assays and 
enhances the solubility of assay components. However, it may also potentially affect 
the stability and efficiency of 3CLpro but, to date, this effect had not been analyzed 
in detail. Here, we investigated the effect of DMSO on 3CLpro-catalyzed reaction. 
While DMSO (5%-20%) decreased the optimum temperature of catalysis and ther-
modynamic stability of 3CLpro, it only marginally affected the kinetic stability of the 
enzyme. Increasing the DMSO concentration up to 20% improved the catalytic ef-
ficiency and peptide-binding affinity of 3CLpro. At such high DMSO concentration, 
the solubility and stability of peptide substrate were improved because of reduced ag-
gregation. In conclusion, we recommend 20% DMSO as the minimum concentration 
to be used in screens of 3CLpro inhibitors as lead compounds for the development of 
antiviral drugs against COVID-19.
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1  |   INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) belongs to a diverse group of coronaviruses that 
infect animals, and cause mild to severe upper and lower 
respiratory infections in human.1-5 In addition to the novel 
coronavirus disease 2019 (COVID-19), which emerged in 
Wuhan (China) in 2019, coronaviruses have been responsible 
for other pandemics, including severe acute respiratory syn-
drome (SARS) and Middle East respiratory syndrome, which 
emerged in 2002 and 2012, respectively. This renders corona-
viruses a worldwide health concern.6-8

Discovered in the 1960s, coronaviruses are enveloped 
viruses containing a single-stranded, positive-sense RNA 
genome.9-12 Upon entry into the cell, viral RNA-dependent 
RNA polymerase (RdRp) replicates the viral genomic RNA. 
Then, the protein synthesis machinery of the host cell trans-
lates the viral RNA to produce two polyproteins, pp1a and 
pp1ab.13 Next, pp1a and pp1ab are processed by two corona-
virus proteases, 3-chymotrypsin-like protease (3CLpro) and 
papain-like protease, into 4 structural proteins and 16 non-
structural proteins (nsps). The latter assemble into the rep-
lication and transcription complex for viral replication and 
transcription.14-18 3CLpro (Nsp5) acts on 11 cleavage sites 
to generate 13 nsps (Nsp4-Nsp16), including RdRp, which is 
critical for viral replication and maturation. The two SARS-
CoV-2 proteases have been proposed as important targets for 
the development of antiviral therapies to prevent the process-
ing and maturation of new viral particles.14,16,17,19,20

3CLpro from different coronaviruses share high structural 
fold similarity.14-17,19,21-25 3CLpro is catalytically active in a 
dimeric state. The monomer contains three domains: I (res-
idues 10-96), II (residues 102-180), and III (residues 200-
303).16,19 The active site of 3CLpro is highly conserved and 
located at the interface between domains I and II. The Cys-
His catalytic dyad is required for catalysis. SARS-CoV-2 
3CLpro cleaves the viral polypeptides at N-Leu Gln↓Ser 
Ala Gly-C sites, where ↓ marks the cleavage site.14-16,19,26,27 
Cys145 is the catalytic residue of SARS-CoV-2 3CLpro and 
interacts with the backbone carbonyl carbon of glutamine at 
P1 site of the peptide substrate.16,19,21,28,29 His41 of the cata-
lytic dyad of SARS-CoV-2 3CLpro is required for catalysis, 
specifically, for the deprotonation of the thiol side chain of 
Cys145, enabling its nucleophilic attack on the carbonyl car-
bon of the P1 glutamine on the polyprotein backbone.16,21,28

A highly sensitive enzymatic assay based on fluorescence 
resonance energy transfer (FRET) is the most common assay 
used for monitoring the catalytic activity of 3CLpro. In the 
assay, the proteolytic rate is determined based on the cleav-
age of a fluorescent peptide substrate.14-16,19,26,27,30-32 As a ca-
veat, the peptide substrate used in the assay is hydrophobic, 
with low water solubility. Consequently, the peptide substrate 
for 3CLpro activity determinations is usually dissolved in 

Dimethyl sulfoxide (DMSO). Different DMSO concentra-
tions are used in the activity assays of 3CLpro from different 
coronaviruses, ranging from 0.1% to 10%.25,32-38 The latter 
is one of the highest reported concentrations of DMSO used 
in a SARS-CoV 3CLpro assay, and was shown to not sig-
nificantly affect the enzymatic activity.35 In addition to the 
requirement for DMSO in the 3CLpro reaction, to enhance 
the solubility of the peptide substrate, DMSO is also incor-
porated in high-throughput screens of 3CLpro inhibitors. 
For example, libraries of small molecules used in such high-
throughput screens are solubilized in DMSO, which necessi-
tates the presence of DMSO in the 3CLpro reaction mixture.

It is well documented that DMSO induces major struc-
tural perturbations and thermodynamic destabilization 
of proteins, leading to a completely unfolded state at high 
DMSO concentrations.39 The binding of DMSO to hydro-
phobic and aromatic amino acids facilitates conformational 
changes of the protein and an exposure of protein core seg-
ments.40 However, at low DMSO concentrations, most pro-
teins are relatively stable, with a reduced thermal stability 
and only a minimal change in the gross secondary protein 
structure.39 Considering these observations, determining the 
effect of DMSO on SARS-CoV-2 3CLpro stability and en-
zymatic activity is of critical importance, not only in terms 
of the development of an optimal enzymatic assay but also 
for a reliable identification of prospective 3CLpro inhibi-
tors. Accordingly, we here performed a detailed biochemical 
and kinetic characterization of the effects of DMSO on the 
stability and catalytic efficiency of SARS-CoV-2 3CLpro. 
We show that increased DMSO concentrations decreased 
the thermodynamic stability and optimum temperature for 
3CLpro catalysis. Surprisingly, increased DMSO concen-
tration enhanced the enzymatic efficiency even though the 
protein thermodynamic stability was reduced. Fluorescence 
microscopy and molecular dynamic (MD) simulations re-
vealed that the enhanced catalytic efficiency of 3CLpro was a 
consequence of an increased stability of the peptide substrate, 
whose rate of aggregation was reduced and optimum binding 
to the active site enhanced by DMSO. Furthermore, the ki-
netic stability of 3CLpro was not compromised even in the 
presence of 20% DMSO. We conclude that 20% DMSO is re-
quired for the optimum catalytic efficiency of SARS-CoV-2 
3CLpro, to facilitate the identification and characterization of 
3CLpro inhibitors to be used as anti-COVID-19 drugs.

2  |   MATERIALS AND METHODS

2.1  |  Expression and purification of 
recombinant 3CLpro

Gene encoding recombinant 3CLpro from SARS-CoV-2 
was introduced into pET28b(+) bacterial expression vector 
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by GenScript Inc (Piscataway, NJ), and the His × 6-tagged 
3CLpro protein was expressed and purified as described pre-
viously.41 Briefly, recombinant 3CLpro was expressed in 
Escherichia coli BL21(DE3)CodonPlus-RIL cells (Agilent 
Technologies, Santa Clara, CA) grown in terrific broth. The 
cell lysate was loaded onto a ProBond nickel-chelating resin 
(Thermo Fisher Scientific), followed by a HiLoad Superdex 
200 size-exclusion column (GE Healthcare), using an AKTA 
purifier core system (GE Healthcare). The final protein sam-
ple was purified in a buffer containing 20 mM Hepes, pH 7.5, 
150  mM NaCl, and 0.5  mM tris(2-chloroethyl) phosphate 
(TCEP). The final protein sample was collected and concen-
trated to approximately 150 µM, as determined by Bradford 
assay (Bio-Rad Laboratories). The sample purity was as-
sessed by SDS-PAGE.

2.2  |  Thermodynamic stability of 3CLpro at 
different DMSO concentrations

Differential scanning fluorimetry measurements were per-
formed using qPCR instrument (Mx3005P QPCR system, 
Agilent Technologies, La Jolla, CA). Tm of 3CLpro was de-
termined in the presence of SYPRO Orange, the fluorescent 
reporter dye, using a 96-well thin-walled PCR microplate 
(Bio-Rad, Cat. No. 223 94444), with excitation and emission 
at 492 and 610 nm, respectively. 3CLpro concentration was 
7.5 µM and 3× SYPRO Orange dye was used under all condi-
tions tested. Protein unfolding signals were acquired from 25 
to 85°C at 1°C/min temperature ramp rate. The qPCR instru-
ment was equipped with a Peltier-based thermal system for 
uniform temperature ramping and thermal accuracy to ensure 
reproducibility of the data. The data were fitted to Boltzmann 
sigmoidal function using the Excel add-on package XLfit 
(IDBS limited, Bridgewater, NJ), and the Tm was calculated 
at the middle of the denaturation transition as described pre-
viously.42 The Tm value of 3CLpro was measured at different 
DMSO concentrations to determine its effect on the stability 
of the protease in a buffer containing 20 mM Hepes, pH 7.0, 
150 mM NaCl, 1 mM EDTA, and 1 mM TCEP.

The thermodynamic stability of 3CLpro was measured 
using Nano-differential scanning calorimetry (DSC) (TA 
Instruments) that had been calibrated using chicken egg white 
lysozyme as an external standard. The DSC thermograms 
were acquired in solutions containing 30  µM 3CLpro and 
different DMSO concentrations. The reference and 3CLpro 
sample cells contained the same buffer (20 mM Hepes, pH 
7.0, 150 mM NaCl, 1 mM EDTA, and 1 mM TCEP). The 
samples were scanned from 15 to 75°C at a temperature 
ramp rate of 1°C/min at 3  atm pressure. Each sample was 
ramped two times to acquire two thermograms, and the sec-
ond scan was used as the buffer background scan for each 
sample. The melting transitions of 3CLpro samples were 

irreversible, as indicated by a lack of signal from the second 
ramp temperature scan. The DSC scans were normalized for 
protein concentration, baseline-corrected by subtracting the 
corresponding buffer baseline, and then converted to plots of 
excess heat capacity (Cp) as a function of temperature. Tm of 
3CLpro was equal to the temperature at the apex of the ther-
mal transition. Calorimetric enthalpy (ΔHcal) of the transi-
tions was estimated from the area under the thermal transition 
using NanoAnalyze Software v3.11.0 from TA instruments.

2.3  |  Thermal kinetic stability of 3CLpro at 
different DMSO concentrations

The thermal kinetic stability of 3CLpro was determined by 
monitoring the rate of thermal unfolding after incubating 
3CLpro (30 µM) at varying temperatures, from 42 to 55°C, 
in a buffer containing 20 mM Hepes, pH 7.0, 150 mM NaCl, 
1  mM EDTA, and 1  mM TCEP. The unfolding rate was 
measured at different concentrations of DMSO; however, 
Circular dichroism (CD) scanning of 3CLpro reactions was 
not feasible because of the high absorbance background asso-
ciated with the presence of DMSO, as described previously.41 
As an alternative to CD measurements, DSF was used for 
measuring the kinetic stability of 3CLpro in the presence of 
DMSO, where the unfolding of 3CLpro was continuously 
monitoring (for 8 minutes) by measuring the increase in fluo-
rescence signal upon binding of the SYPRO Orange reporter 
dye to hydrophobic patches on 3CLpro. The fluorescence 
signal was then normalized and the unfolded protein fraction 
(FU) size was calculated from the fluorescence intensity data 
using the equation:

where y is the fluorescence intensity signal of SYPRO Orange 
dye observed at a specific time point; and yN and yD are the flu-
orescence intensities of native and denatured states of 3CLpro, 
respectively, where they were obtained at low and high incu-
bation temperatures of 3CLpro, respectively. The rate of pro-
tein unfolding (kU) was determined from the slope of the linear 
region of the unfolding time course after fitting the data to a 
straight line using the Excel add-on package XLfit (IDBS lim-
ited, Bridgewater, NJ).

2.4  |  Initial velocity studies of 3CLpro at 
different DMSO concentrations

The catalytic activity of 3CLpro was determined using a 
FRET cleavage continuous assay, with (DABCYL)KTSA​
VLQ↓SGFRKME(EDANS)-NH2 (GL Biochem; Shanghai, 
China) as the fluorogenic peptide substrate, as described 
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previously.14,15,26,30,31 The enzymatic rate of 3CLpro was deter-
mined by monitoring the cleavage of the fluorogenic substrate, 
with an increase in the fluorescence signal upon the release of 
the EDANS group monitored using a Cytation 5 multi-mode 
microplate reader (Biotek Instruments, Winooski, VT) in a 96-
well plate assay format. The reaction was initiated upon addition 
of 3CLpro enzyme to the peptide substrate in 20 mM Hepes, 
pH 7.0, 150 mM NaCl, 1 mM EDTA, and 1 mM TCEP. The 
enzyme concentration was fixed at 3 μM and the reaction rate 
was measured in the presence of different amounts of DMSO 
for 5  minutes at 30°C, in a thermostatically controlled cell 
compartment. The concentration of the peptide substrate was 
varied from 20 to 500 μM to determine the initial velocity pat-
tern of 3CLpro. The cleavage rate data were fitted to Michaelis-
Menten equation using the global fitting analysis function in the 
kinetics module of SigmaPlot (Systat Software, Inc San Jose, 
CA). The kinetic parameters of 3CLpro in the presence of dif-
ferent concentrations of DMSO were determined from the ini-
tial velocity pattern of 3CLpro. Error bars were calculated from 
triplicate measurements of each reaction, and are presented as 
the mean ± standard deviation (SD).

The inner filter effect of FRET enzymatic assay was 
also considered. The effect depends on the path length, the 
concentration of the quencher (DABCYL), and the type 
of instrument and its configuration used for the measure-
ment of the emission signal. The excitation coefficient of 
free EDANS was determined in the absence of the peptide 
substrate by varying the concentrations of free EDANS, 
f 0 (EDANS), at λex 360 nm and λem 500 nm as the excitation 
and emission wavelengths, respectively. As shown previ-
ously, the correction factor (Corr%) of the inner filter effect 
is important for correcting the decrease in the emission signal 
of the fluorogenic substrate in the presence of the quencher 
(DABCYL).26,31,43,44 The fluorescence measurements with 
various concentrations (from 20 to 500 µM) of the peptide 
substrate were performed in the absence, f (S), and pres-
ence, f (S + EDANS), of a fixed concentration (50  µM) of 
free EDANS. Then, the fluorescence signal of free EDANS, 
f s (EDANS), at a specific substrate concentration was deter-
mined from the equation:

Corr% was determined from the emission reduction of free 
EDANS at a specific substrate concentration, f s (EDANS), 
compared with that of EDANS in the absence of peptide sub-
strate, f 0 (EDANS).

The calculated Corr% varied depending on the concentra-
tion of the peptide substrate. This was taken into consideration 

when measuring the cleavage rate of 3CLpro, with the corre-
sponding Corr% applied at specific substrate concentrations.

2.5  |  Optimum temperature of 
catalysis of the 3CLpro reaction

To investigate the effect of DMSO on TOpt, the proteo-
lytic activity of 3CLpro was continuously monitored using 
FRET-based enzymatic assay, as described above. The 
assay reaction contained fixed concentrations of 3CLpro 
(3 μM) and peptide substrate (60 μM) in an assay buffer of 
20 mM Hepes, pH 7.0, 150 mM NaCl, 1 mM EDTA, and 
1 mM TCEP. TOpt was determined in the presence of dif-
ferent concentrations of DMSO, based on the 3CLpro en-
zymatic activity over a temperature range from 23 to 65°C. 
The reaction mixture was incubated for 5 minutes at the de-
sired temperature before initiating the reaction by the addi-
tion of the enzyme. The proteolytic activity was monitored 
for 5 minutes and the rate was determined from the linear fit 
of the initial time course. Error bars were calculated from 
triplicate measurements of each reaction, and are presented 
as the mean ± SD.

2.6  |  Fluorescence microscopy 
measurements of the aggregation rate of the 
peptide substrate of 3CLpro

The aggregation of 3CLpro peptide substrate was followed 
by injecting 100 µL of 250 µM peptide into a 6-channel mi-
crofluidic chamber, μ-Slide VI 0.5 (Ibidi, Munich, Germany; 
0.54  mm channel height), and imaged using an Olympus 
FluoView FV1000 confocal microscope (Olympus, Tokyo, 
Japan), in transmission mode, at 10× magnification. A time-
lapse series was acquired at 2-minutes intervals. Images 
acquired after 15, 45 minutes, 1, and 3 hours are shown in 
Figure 5A. The total transmission signal at 488 nm was nor-
malized and fitted to sigmoidal function.

2.7  |  MD simulation of the apo- and peptide-
bound 3CLpro in DMSO

For the modeling, monomeric-state 3CLpro in complex 
with the peptide substrate was prepared using the crystal 
structure of the apo enzyme (PDB ID: 6Y2E) aligned with 
the crystal structure of porcine epidemic diarrhea virus 
(PEDV) 3CLpro (PDB ID: 4ZUH) containing the peptide 
substrate.16,29 The homodimeric state of 3CLpro in com-
plex with the peptide substrate was established using the 
BIOMT data in the PDB file of the monomer system using 
the Visual Molecular Dynamics (VMD) software.45 The 

f s (EDANS) = f (S + EDANS) − f (S)

Corr =
f s (EDANS)

f 0 (EDANS)
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protonation states of amino acid residues were set at pH 7.0 
via the ProteinPrep tool in Schrödinger Maestro software.46 
Subsequently, a coarse-grained model of the homodimer of 
peptide-bound 3CLpro was generated according to the elastic 
network model of Martini using the Martini Solution Maker 
of CHARMM-GUI.47,48 The model was solvated and neutral-
ized with a 15 Å water layer and 0.15 M NaCl, respectively. 
In addition to the MD simulation in water, 3CLpro was mod-
eled in 20% DMSO using the “gmx insert-molecules” mod-
ule of the GROningen MAchine for Chemical Simulations 
(GROMACS) package.49 The coarse-grained representa-
tion of DMSO was generated using Auto_MARTINI, with 
the DMSO molecules inserted into the generated water box, 
with 20% of the total box consisting of DMSO molecules.50 
The coarse-grained simulations of peptide-bound 3CLpro 
systems in water and 20% DMSO were performed using the 
GROMACS package.49 The systems were minimized via the 
steepest descent algorithm and equilibrated in the NPT en-
semble. Subsequently, the systems were simulated in 10-ps 
time-steps, with the temperature of 303.15  K and pressure 
of 1 atm controlled by V-rescale and Parrinello-Rahman ba-
rostat respectively.51,52 LINCS algorithm was exploited to 
constrain the stiff bonds.53 3CLpro in 20% DMSO was simu-
lated for 2 μs in duplicate, whereas the coarse-grained simu-
lations in the absence of DMSO were performed for 3 μs in 
triplicate.

2.8  |  Coarse-grained simulations of the 
aggregation of free peptide substrate

The effect of DMSO on the aggregation of peptide substrate 
was modeled using the peptide substrate of PEDV 3CLpro 
(PDB ID: 4ZUH).29 Thereafter, the peptide substrate was 
duplicated using the “gmx insert-molecules” command of 
GROMACS.49 The simulation model of the peptide substrate 
was prepared as described above for the 3CLpro system, in 
water and in the presence of 20% DMSO. The coarse-grained 
simulations of peptide substrate systems were performed 
for 1.2 μs under the same conditions as those used for the 
apo- and peptide-bound 3CLpro systems. Analyses of the 
obtained trajectories were concatenated using the VMD soft-
ware to demonstrate the impact of DMSO on the dynamic 
and structural properties of 3CLpro and its peptide substrate, 
as well as the effect of DMSO on the aggregation of free pep-
tide substrate.45 root-mean-square deviation (RMSD) of pep-
tide substrate in the 3CLpro active site was calculated over 
the simulated time by the “gmx rms” module of GROMACS 
using the following formula49:

where dn(t) and dref

n
 correspond to the current coordinate at 

time t and reference coordinates, respectively. The probabil-
ity distribution of distances was measured over the simula-
tion time using the “gmx distance” module of GROMACS, 
where the calculated timeline data were converted into prob-
ability plots.49 The minimum and maximum distance values 
within the systems were determined. The data were sampled 
at 2 Å from the minimum to the maximum distance values, 
and the frequencies of each interval were calculated to deter-
mine the probability of each sampled distance. Energy values 
for the binding interactions between the peptide substrate and 
3CLpro active site were calculated using the “gmx energy” 
module of GROMACS.49

3  |   RESULTS

3.1  |  Experimental overview

SARS-CoV-2 3CLpro was expressed in E coli as a recom-
binant His-tagged protein and purified using Ni-NTA af-
finity column, followed by size-exclusion gel filtration 
chromatography, as described previously.41 A highly sensi-
tive FRET-based assay was used to monitor the proteolytic 
activity of 3CLpro over time. Fluorescent peptide substrate 
labeled with a fluorophore and a quencher, (DABCYL)
KTSAVLQ↓SGFRKME(EDANS)-NH2, was utilized to 
monitor the cleavage rate of 3CLpro (↓ marks the cleavage 
site).14-16,19,26,27,30-32 The above peptide substrate is hydro-
phobic because of the large number of hydrophobic amino 
acid residues, rendering it water-insoluble. Consequently, the 
3CLpro enzymatic assay was conducted in the presence of 
DMSO to enhance the solubility of the peptide substrate.

3.2  |  Effect of DMSO on the thermodynamic 
stability of 3CLpro

The thermodynamic stability of 3CLpro in the presence of 
different concentrations of DMSO was explored using two 
thermoanalytical techniques: differential scanning fluorime-
try (DSF) and DSC. The melting temperature (Tm) of 3CLpro 
was determined by DSF in the presence of SYPRO Orange 
reporter dye at pH 7.0, at a temperature ramping rate of 1°C/
min. An increase in the florescence signal was observed upon 
binding of the SYPRO Orange reporter dye to the hydropho-
bic surfaces of protein upon its unfolding and exposure of its 
hydrophobic core (Figure 1A). Tm was calculated at the mid-
point of the DSF thermal transition, as increasing the DMSO 
concentration reduced the stability of 3CLpro. It decreased 
from 52.5 ± 0.1°C in the absence of DMSO to 51.4 ± 0.1°C, 
50.5 ± 0.1°C, and 47.7 ± 0.1°C at 5%, 10%, and 20% (v/v) 
DMSO, respectively (Figure 1B). All DMSO concentrations 
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indicated in the manuscript are v/v. The addition of 20% 
DMSO decreased Tm of 3CLpro by approximately 5°C, 
which was expected since DMSO destabilizes the structural 
fold of proteins by interacting with them and exposing their 
hydrophobic core.39,40

DSC confirmed the decrease in the thermodynamic 
stability of 3CLpro in the presence of DMSO. DSC ther-
mograms of 3CLpro were acquired at 0%-20% DMSO at 
pH 7.0, and exhibited single transitions, with the Tm val-
ues calculated at the apex of the melting peak (Figure 1C). 
The Tm values determined by DSC were in close agree-
ment with those determined by DSF, with the 3CLpro 
stability decreasing with an increasing DMSO concen-
tration. Tm dropped from 52.8 ± 0.2°C in the absence of 

DMSO to 52.0 ± 0.2°C, 50.7 ± 0.3°C, and 46.8 ± 0.1°C 
in the presence of 5%, 10%, and 20% DMSO, respectively 
(Figure 1E). It decreased by approximately 5°C in the pres-
ence of 20%  DMSO, which was in close agreement with 
what was observed using DSF.

Calorimetric enthalpy (ΔHcal) of unfolding was next 
determined from the area under the thermographic peak 
in 3CLpro DSC scans. The value notably decreased, from 
218 ± 19 kJ/mol in the absence of DMSO to 133 ± 4 kJ/mol 
in the presence of 5% DMSO (Figure  1F). In comparison 
with the DSC scan data at 5% DMSO, the amplitude of DSC 
thermographic transitions (and the calculated ΔHcal) slightly 
decreased to 107 ± 3 and 104 ± 4 kJ/mol at 10% and 20% 
DMSO, respectively.

F I G U R E  1   Effect of DMSO on 
the thermodynamic stability of 3CLpro. 
A, DSF thermal scans of 3CLpro in the 
presence of SYPRO Orange reporter dye. 
The scans were acquired at 0-hour (solid 
line) and after 24-hours incubation (dotted 
line) in the absence or presence of different 
concentrations of DMSO. B, Bar plot of 
Tm calculated from the midpoint of DSF 
thermal scans of 3CLpro at 0-hour (solid 
bars) and after 24-hours (checkered bars) 
incubation in the presence of DMSO. 
C and D, DSC thermograms of WT 
3CLpro at 0-hour (C) and after 24-hours 
(D) incubation in the presence of different 
amounts of DMSO. The sample was heated 
at a rate of 1.0 °C/min. E and F, Bar plots 
of Tm and ΔHcal calculated from the DSC 
thermal scans of 3CLpro at 0-hour and after 
24-hours incubation with DMSO. Symbols 
and colors are as in panel B. Data presented 
in bar plots are shown as the mean + SD 
from triplicate experiments
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Another parameter that can be extracted from the DSC 
scan is the width at half-peak height (ΔT1/2) of the calori-
metric transition. For 3CLpro, this parameter decreased in 
the presence of DMSO. Next, the ΔT1/2 values were used to 
determine the cooperativity of the phase transition of DSC 
thermograms. The transition was narrower in the presence 
of DMSO, and ΔT1/2 decreased from 2.3°C in the absence 
of DMSO to 1.5°C in the presence of 20% DMSO. On the 
other hand, 5% and 10% DMSO did not significantly affect 
the ΔT1/2 value. The phase property of 3CLpro is dependent 
on DMSO, indicating less cooperativity of the phase transi-
tion in the absence of DMSO. Therefore, DMSO enhances 
the cooperativity of transition of 3CLpro.

We next investigated the effect of prolonged DMSO expo-
sure, which was reflective of the timeframe of typical enzymatic 
rate measurements for kinetic characterization, and the screen-
ing and identification of inhibitors of 3CLpro. Accordingly, the 
enzyme's thermodynamic stability was assessed after its 24-
hours incubation in the presence of different concentrations of 
DMSO. Based on DSF analysis, Tm of 3CLpro did not change 
significantly during that time; however, it slightly increased (by 
1°C) in the absence of DMSO after 24 hours (Figure 1A,B). 
Similarly, the DSC thermographic scans of 3CLpro were not 
significantly affected by 24-hours incubation with different 
DMSO concentrations, with similar Tm values noted as those 
for 0-hours incubation (Figure 1D,E). As for DSF analysis, the 
DSC scans revealed a small increase (1.7°C) in the Tm value 
of 3CLpro after 24-hours incubation in the absence of DMSO. 
The ΔHcal was also slightly altered, by less than 19  kJ/mol, 
upon 24-hours incubation with DMSO (Figure 1F). However, 
24-hours incubation in the absence of DMSO resulted in the 
largest change of ΔHcal (a drop by 93 ± 21 kJ/mol). Overall, the 
DSF and DSC analyses revealed that the presence of DMSO 
decreased the thermodynamic stability of 3CLpro. However, 
24-hours incubation with DMSO did not further destabilize the 
protein's thermodynamic stability, with similar DSF and DSC 
scans at 0-hour and after 24-hours incubation with 5%-20% 
DMSO.

3.3  |  Effect of DMSO on the optimum 
temperature for 3CLpro catalysis

The effect of temperature on the catalytic activity of 3CLpro 
was next assessed at different DMSO concentrations, to de-
termine the effect of DMSO on the optimum temperature for 
3CLpro catalysis (TOpt). Accordingly, 3CLpro activity at dif-
ferent temperatures (23-  65°C) and DMSO concentrations 
[5%-20% (v/v)] was followed using a FRET-based enzymatic 
assay. Because of the poor aqueous solubility of the peptide 
substrate, the proteolytic rate of 3CLpro could not be deter-
mined in the absence of DMSO. The TOpt plots of 3Clpro at 
different DMSO concentrations displayed classic bell-shaped 

curves, with the cleavage activity recorded as a function of 
temperature (Figure  2A). TOpt was determined at the apex 
of the 3Clpro temperature profile, which corresponded to 
the highest proteolytic rate at a given DMSO concentra-
tion. Compared with 5% DMSO, the TOpt value of 43 °C for 
3Clpro did not change at 10% DMSO; however, it decreased 
to 32 °C at 20% DMSO (Figure 2B). Similar to the thermody-
namic stability analysis, increasing the DMSO concentration 
resulted in a decrease in the TOpt of 3Clpro. Interestingly, the 
cleavage rate of 3Clpro increased with an increasing DMSO 
concentration. At TOpt, the cleavage rate of 3Clpro increased 
from 64 ± 6 s−1 at 5% DMSO to 93 ± 6 s−1 and 186 ± 4 s−1 
at 10% and 20% DMSO, respectively. The enhanced catalytic 
rate of 3Clpro at the higher DMSO concentrations tested was 
unexpected since the enzyme was thermodynamically less 
stable at these concentrations. We proceeded to investigate 
this phenomenon in more detail to reveal the absolute effect 
of DMSO on the kinetic properties and catalytic efficiency of 
3Clpro reaction.

3.4  |  Effect of DMSO on the kinetic 
parameters of 3Clpro

To investigate the effect of DMSO on the kinetic parameters of 
SARS-CoV-2 3Clpro, initial velocity studies were conducted, 

F I G U R E  2   Effect of DMSO on the optimum temperature 
for 3CLpro catalysis. A, The optimum temperature for catalysis 
at different DMSO concentrations was determined by measuring 
the proteolytic cleavage rate of 3CLpro at different temperatures. 
Concentrations of the enzyme and its peptide substrate were fixed at 
3 and 60 μM, respectively, for all measurements and the reactions 
were monitored in the same reaction buffer at pH 7.0. The bell-shaped 
temperature profiles shifted to a lower temperature upon increasing the 
DMSO concentration to 20%. Despite this, the 3CLpro cleavage rate 
increased at higher DMSO concentrations. B, Bar plot of the optimum 
temperature for 3CLpro catalysis. TOpt was the same in the presence 
of 5% and 10% DMSO; however, it dropped from 43 to 32°C in the 
presence of 20% DMSO. Data in all panels are shown as the mean ± 
SD from triplicate experiments
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by measuring the 3Clpro cleavage rate at different concen-
trations of the peptide substrate, with fixed enzyme concen-
tration, in the presence of 5%-20% (v/v) DMSO (Figure 3A). 
Similar to the rate enhancement indicated by the Topt measure-
ments, the turnover number (kcat) of 3Clpro increased by 1.5- 
and 2.5-fold upon increasing the DMSO concentration from 
5% to 10% and 20%, respectively (Figure 3C and Table 1). 
The affinity of 3Clpro for the peptide substrate also increased 
after increasing the DMSO concentration from 5% to 20%, 
as illustrated by an approximately twofold decrease in the 
Michaelis constant (Km) (Figure 3D and Table 1). The pep-
tide affinity and Km value for 3Clpro at 5% and 10% DMSO 
were the same. Similarly, the catalytic efficiency (kcat/Km) in-
creased by 1.5- and 4.7-fold upon increasing the DMSO con-
centration from 5% to 10% and 20%, respectively (Figure 3E 
and Table 1). These observations confirm the enhancement of 
3Clpro catalytic activity at increased DMSO concentrations 
despite its decreased thermodynamic stability.

An important concern during the measurements of 3Clpro 
enzymatic activity is the need for prolonged exposure to 
DMSO. To evaluate the effect of prolonged DMSO expo-
sure on 3Clpro kinetic parameters, the enzyme was incubated 
for 24 hours with DMSO, and the kinetic parameters were 

then determined (Figure  3B). The 24-hours incubation of 
3Clpro with DMSO slightly altered the kcat value, by approx-
imately 1.2-fold, at the different DMSO concentrations tested 
(Figure 3C and Table 1). Interestingly, 24-hours incubation 
of 3Clpro with 5% and 10% DMSO increased the Km value 
by approximately twofold, but with no change was observed 
at 20% DMSO (Figure 3D and Table 1). Therefore, prolonged 
incubation of 3Clpro with 5% and 10% DMSO reduced its 
affinity for the peptide substrate. The kcat/Km parameter 
slightly decreased by approximately 1.6-fold after 24-hours 
incubation with 5% and 10% DMSO, with no significant 
changes observed at 20% DMSO (Figure 3E and Table 1). 
Consequently, the prolonged 3Clpro exposure to 20% DMSO 
did not greatly affect the enzyme’s catalytic parameters. This 
confirms the importance of assaying 3Clpro activity at 20% 
DMSO, to ensure high enzymatic efficiency.

3.5  |  Effect of DMSO on the thermal kinetic 
stability of 3Clpro catalysis

Next, to determine the thermal kinetics of 3Clpro unfolding at 
different DMSO concentrations, the rate of isothermal protein 

F I G U R E  3   Effect of DMSO on the kinetic parameters of 3CLpro. A and B, Lineweaver-Burk plots of the initial velocity of 3CLpro at 
different concentrations of DMSO. The cleavage rate was measured at 30°C and pH 7.0 at 0-hour and after 24-hours enzyme incubation with the 
indicated DMSO concentrations. The rate was measured at fixed 3CLpro concentration (3 μM), while varying the peptide substrate concentration 
(from 20 to 500 μM). C and E, Bar plots of kcat and Km, and the catalytic efficiency kcat/Km as a function of DMSO concentration at 0-hour and after 
24-hours incubation with DMSO. Data in all panels are shown as the mean ± SD from triplicate experiments
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denaturation was monitored by DSF using SYPRO Orange as 
the reporter dye. CD spectroscopy is often the preferred method 
for determining the thermal unfolding rates of protein; however, 
it was not possible to use CD here to monitor the 3Clpro unfold-
ing signal in the presence of DMSO concentrations above 0.5% 
because of the high signal-to-noise ratio. Previously, CD was 
used to monitor the rate of unfolding of 3Clpro and determine its 
kinetic stability at different pH values.41 Instead, DSF was used 
here to monitor the rate of 3Clpro thermal unfolding at different 
incubation temperatures (42- 55°C) and in the presence of dif-
ferent concentrations of DMSO (0%-20% [(v/v]) (Figure 4A-
D). The thermal unfolding rate (kU) of 3Clpro was calculated 
from the linear slope of the denaturation signal monitored by 
the increase in the fluorescence of SYPRO Orange reporter dye 
upon its binding to the exposed hydrophobic surfaces on the 
protein. The native (folded) and fully unfolded states of 3Clpro 
were then used to calculate the unfolded fraction size at differ-
ent time points for up to 8 minutes.

The kU of 3Clpro increased with increasing the incubation 
temperature from 42 to 55°C at the different DMSO concen-
trations tested here (Figure 4E). Temperature dependence of 
the unfolding rate constant was represented by Eyring plot, 
with ln(kU/T) plotted against 1/T (Figure 4F). The slope of the 
resultant lines was used to calculate the enthalpy of activation 
(ΔH‡). The temperature dependence of the second-order rate 
constants of 3Clpro unfolding was fitted to Eyring equation, 
shown below, for the calculation of ΔH‡:

where kB is Boltzmann’s constant; h is Planck’s constant; R 
is the gas constant; T is the absolute temperature; and ΔS‡ is 

the entropy of activation. As determined, ΔH‡ of 3Clpro did 
not change significantly upon the addition of DMSO, with 
a relatively small drop in ΔH‡, from 513  kJ/mol in the ab-
sence of DMSO to 406 kJ/mol in the presence of 20% DMSO 
(Figure  4G). In addition, ΔH‡ slightly changed, from 488 to 
441 kJ/mol, upon increasing the DMSO concentration from 5% 
to 10%, respectively. Overall, the kinetic stability of 3Clpro was 
relatively similar in the absence or presence of DMSO.

3.6  |  Effect of DMSO on the aggregation of 
3Clpro peptide substrate

As demonstrated above, with an increasing DMSO concentra-
tion, the thermodynamic stability of 3Clpro decreased with 
a slight change on its kinetic stability. However, the cata-
lytic efficiency of 3Clpro increased with DMSO, where 20% 
DMSO represented the best concentration tested here. We 
asked whether this effect was associated with the behavior of 
the peptide substrate in the presence of DMSO: the 13 residue 
peptide substrate (KTSAVLQSGFRKM) contains six hydro-
phobic amino acids that contribute to its insolubility in water 
and might also reduce its stability in aqueous solutions. Since 
DMSO compromised the thermodynamic stability of 3Clpro, 
the higher rate of 3Clpro catalysis in the presence of increasing 
DMSO concentrations could be related to an enhanced stabil-
ity of the peptide substrate. Accordingly, to determine the sta-
bility of the peptide substrate in solution, its aggregation rate 
was monitored using a confocal fluorescence microscope in 
the presence of 5%-20% (v/v) DMSO (Figure 5A). The aggre-
gation kinetics were assessed based on the total transmission 
signal curves fitted to a sigmoidal function (Figure 5B). At 
DMSO concentrations below 10%, an initial slow aggregation 
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DMSO (%)
kcat (s

−1) Fold 
change

Km (mM) Fold 
change

kcat/Km 
(s−1 mM−1) 
Fold change

0-hour incubation 5 0.23 ± 0.03 0.13 ± 0.02 1.86 ± 0.24

10 0.36 ± 0.04 0.13 ± 0.01 2.84 ± 0.29

(+1.5)a  (1.0)a  (+1.5)a 

20 0.57 ± 0.05 0.066 ± 0.007 8.67 ± 0.80

(+2.5)a  (−1.9)a  (+4.7)a 

24-hours incubation 5 0.28 ± 0.06 0.26 ± 0.04 1.1 ± 0.2

(+1.2)b  (+2.0)b  (−1.7)b 

10 0.44 ± 0.02 0.22 ± 0.02 2.0 ± 0.2

(+1.2)b  (+1.8)b  (−1.5)b 

20 0.49 ± 0.01 0.062 ± 0.003 7.9 ± 0.5

(−1.2)b  (−1.1)b  (−1.1)b 

Bold indicats discussion of the data.
aCompared with the value at 5% DMSO after 0-hour incubation. 
bCompared with the value at the same DMSO concentration after 0-hour incubation. 

T A B L E  1   Kinetic parameters of 
3CLpro at different DMSO concentrations, 
determined at 30°C and pH 7.0
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rate was observed, followed by fast aggregate formation. 
The peptide substrate did not aggregate at 20% DMSO, 
and was stable for up to 3 hours, the maximum time tested 
(Figure  5A,B). However, decreasing the DMSO concentra-
tion induced the formation of larger aggregates, with the ag-
gregation halftime of 5, 30, and 62 minutes in the presence of 
5%, 10%, and 20% DMSO, respectively (Figure 5C). The high 
aggregation rate of the peptide substrate at low DMSO con-
centrations was expected, because of its high hydrophobicity 
and low stability in aqueous solutions.

The DMSO-dependent aggregation pattern observed by 
fluorescence microscopy was then investigated by coarse-
grained MD simulations. Free peptide substrate was extracted 
from the structure of PEDV 3CLpro (PDB ID: 4ZUH).29 
Thereafter, the peptide substrate was duplicated, and two sys-
tems were setup to compare peptide stability in the absence 
and presence of 20% DMSO. The DMSO-incorporating 

system was prepared by immersing the peptide in crystal 
water molecules in a solvent box with the dimensions of 
200 Å × 200 Å × 200 Å, and containing 4419 DMSO mol-
ecules. The internal geometry of the DMSO molecules was 
kept rigid during the MD simulations, with a total number of 
76 092 atoms in the simulated system; the calculations were 
performed at 298 K and 1 atm. The impact of DMSO on the 
stability, solubility, and availability of the free peptide sub-
strate was consistent with the fluorescence microscopy anal-
ysis, with low peptide aggregation in the presence of 20% 
DMSO. DMSO decreased the formation of large aggregates 
of the peptide substrate, compared with peptide behavior in 
aqueous solutions. The coarse-grained MD simulations in the 
presence of 20% DMSO revealed the formation of only small 
peptide substrate clusters, which confirms the importance 
of DMSO for the solubility and stability of the peptide sub-
strate, by preventing its aggregation.

F I G U R E  4   Effect of DMSO on the thermal kinetic stability of 3CLpro. A-D, Time course of the thermal unfolding of 3CLpro at various 
temperatures from 42 to 55°C in the presence of 0%-20% (v/v) DMSO, as monitored by DSF. The size of the unfolded fraction of 3CLpro was 
calculated from the increase in fluorescence signal of the SYPRO Orange reporter dye. Points on the graphs represent experimental data, and lines 
are the theoretical fit of the data to a single exponential function. Rate of unfolding (kU) was calculated from the linear portion of the time course. 
E, Plot of kU as a function of temperature at different DSMO concentrations. The fastest unfolding kinetics of 3CLpro were recorded at 20% 
DMSO, and the highest kinetic stability corresponding to the slowest rate of protein unfolding was observed in the absence of DMSO. F, Eyring 
plot of the temperature dependence of kU for 3CLpro at different DMSO concentrations. Points on the graph represent experimental data, and lines 
are the linear least square regressions of the data. A change in the slope is a result of the variation in ΔH‡. G, Bar plot of ΔH‡ at different DMSO 
concentrations with the stability and ΔH‡ value decreasing with an increasing DMSO concentration. Data in all panels are shown as the mean ± SD 
values from triplicate experiments
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3.7  |  MD simulations of the 
impact of DMSO on the peptide substrate-
binding affinity to 3CLpro

Next, MD simulations were performed to investigate the im-
pact of DMSO on the efficiency of peptide binding to the 
3CLpro active site. The binding interaction and affinity of 
the peptide substrate to the 3CLpro active site were exam-
ined in the absence and presence of 20% DMSO. To pre-
pare the peptide-bound state of SARS-CoV-2 3CLpro, the 
crystal structure of the apo-state of SARS-CoV-2 3CLpro 
(PDB ID: 6Y2E) was aligned with that of PEDV 3CLpro 
with a bound peptide substrate (PDB ID: 4ZUH).16,29 The 
peptide-bound state of SARS-CoV-2 3CLpro was then sub-
jected to two separate MD simulations in water and in 20% 
DMSO, as described in the preceding paragraph, for 1.2 μs. 
The RMSD value of the backbone of the peptide substrate in 
the 3CLpro active site was reduced in the presence of 20% 
DMSO, which implied reduced fluctuation of the peptide 
substrate and increased binding stability in the active site of 
3CLpro (Figure 6A). The presence of DMSO also reduced 
the distance between the peptide substrate and Cys145 of 
the catalytic dyad. Shorter distances were sampled between 
glutamine of P1 site in the peptide substrate and Cys145 in 
20% DMSO than in its absence (Figure 6B). Presumably, the 
reduced distance between the backbone of P1 site of the pep-
tide substrate and Cys145 in the presence of DMSO could 
contribute to an increased cleavage activity of 3CLpro. The 
interaction energy between the peptide substrate and 3CLpro 

was also calculated as, on average, −389 and −458 kJ/mol 
in the absence and presence of 20% DMSO, respectively. 
The energy of interaction between the peptide substrate and 
3CLpro was higher in the presence of DMSO than in its ab-
sence, which indicated increased binding affinity. These ob-
servations are consistent with the initial velocity studies, in 
which a decrease in the Km value of the peptide substrate was 
observed in the presence of DMSO. MD simulations and the 
initial velocity studies confirmed that the peptide substrate-
binding affinity to 3CLpro increases in the presence of 20% 
DMSO.

4  |   DISCUSSION

The 2019 SARS-CoV-2 disease outbreak has become one of 
the largest pandemics, with no treatment for coronavirus in-
fections approved by the US Food and Drug Administration 
to date. Development of antiviral agents against SARS-
CoV-2 is essential for the treatment of COVID-19 and any 
future outbreaks of disease caused by novel coronaviruses. 
Coronavirus proteases are vital targets for the development 
of antiviral treatments and drug discovery studies, including 
those against COVID-19. Identification of optimum assay 
conditions for the screening of highly effective SARS-CoV-2 
protease inhibitors that could be developed into antiviral 
treatments against COVID-19 is critical. While DMSO is a 
common additive in 3CLpro activity assays, most studies ei-
ther fail to report the DMSO concentrations used or involve 

F I G U R E  5   Effect of DMSO on the aggregation kinetics of 3CLpro peptide substrate. A, Bright field confocal images of the aggregation 
of 3CLpro peptide substrate 250 µM after incubation with different concentrations of DMSO. The aggregation of the peptide was monitored 
for 90 minutes, with images acquired every 2 minutes at room temperature. The condensed dark areas are peptide aggregates that formed dark-
colored particles. Regions with lesser aggregation remained clear. B, Effect of increasing DMSO concentration on the aggregation kinetics of 
3CLpro peptide substrate. Peptide aggregation curves were determined from the total transmitted signal, where high transmission indicates faster 
aggregation rate of the peptide substrate. Increasing the DMSO concentration reduced peptide aggregation, with no aggregation observed at 20% 
DMSO. C, Bar plot of the halftime of aggregation of the peptide substrate at different concentrations of DMSO. The fastest aggregation rate of 
5 minutes for the 3CLpro peptide substrate was observed at 5% DMSO and the slowest aggregation rate of 62 minutes was measured at 20% DMSO

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=6Y2E
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=4ZUH
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low DMSO concentrations, with 10% being the highest 
DMSO concentration reported for coronaviruses.32,54 Here, 
we showed that 20% DMSO is the optimum concentration for 
assaying the enzymatic activity of 3CLpro, even though the 
3CLpro thermodynamic stability and optimum temperature 
of catalysis are reduced at this concentration.

DMSO is a dipolar aprotic solvent that is commonly 
used in various enzymatic and biological assays, and also 
for the preparation of small molecule libraries for drug tar-
get screening. Likewise, DMSO is an important additive in 
the 3CLpro assay because of the low aqueous solubility of 
the 3CLpro peptide substrate. To date, the effect of DMSO 
on the stability and kinetic efficacy of 3CLpro from differ-
ent coronaviruses has not been investigated in details nor 
its optimum concentration determined for 3CLpro activity 
assay. The thermal analytical determinations undertaken in 
the current study revealed that the thermodynamic stabil-
ity of SARS-CoV-2 3CLpro was reduced in the presence of 
DMSO with a drop in the Tm value that was DMSO concen-
tration dependent. A decrease in the ΔHcal value was also 
observed with the decrease of thermodynamic stability of 
3CLpro in the presence of DMSO. In general, the addition 
of DMSO decreases the thermodynamic stability of pro-
teins, as it perturbs their secondary structure and structural 
fold.39 The thermodynamic destabilization of 3CLpro by 

DMSO observed herein can be a result of a partial exposure 
of the enzyme's hydrophobic core upon DMSO binding, and 
its interactions with the hydrophobic and aromatic amino 
acids in the core.40 This explanation is consistent with the 
decrease in ΔHcal of 3CLpro in the presence of DMSO, 
upon increased 3CLpro hydrophobicity. Indeed, protein 
ΔHcal reduction is associated with an increase in protein 
hydrophobicity linked to a partial exposure of the protein 
hydrophobic core.55-58 However, increasing DMSO concen-
tration from 5% to 20% did not alter ΔHcal of 3CLpro, which 
indicates that the enzyme structural fold was not signifi-
cantly affected by the higher DMSO concentrations. DMSO 
also decreased ΔT1/2 of 3CLpro, as determined based on the 
width of the DSC thermogram peak, which was indicative 
of the cooperativity of protein unfolding. Hence, the addi-
tion of DMSO increased the cooperativity of 3CLpro dena-
turation process.

TOpt was another thermal property of 3CLpro that de-
creased with an increasing DMSO concentration. In the 
current study, the lowest TOpt (32°C) was recorded at 20% 
DMSO. Even at 20%, the highest DMSO concentration tested 
here, TOpt of 3CLpro was higher than the room temperature 
(approximately 25°C), and represents the optimal temperature 
to be used in an assay of 3CLpro activity. Consequently, the 
subsequent 3CLpro assays measuring the protease cleavage 

F I G U R E  6   MD simulation of the DMSO effect on the peptide substrate bound to 3CLpro. A, RMSD of the peptide substrate obtained from 
the trajectories of peptide substrate bound to 3CLpro in the absence (black) or presence (red) of 20% DMSO. The peptide substrate demonstrated a 
reduced RMSD value in the presence of DMSO, indicating enhanced binding stability to the 3CLpro active site. B, Probability distribution of the 
distance between the catalytic residue, Cys145, and the backbone carbonyl carbon of glutamine at P1 site of the peptide substrate for the first (left) 
and second (right) protomer of the 3CLpro dimer. In the presence of 20% DMSO (red), the probability distribution of the distance between Cys145 
and the peptide substrate was decreased, which might contribute for the enhanced catalytic activity of 3CLpro. The probability distribution of the 
distance was higher in the absence of DMSO (black) than in 20% DMSO
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rate were performed at 30°C. However, as noted during the 
TOpt measurements, the catalytic rate of 3CLpro increased by 
threefold upon increasing the DMSO concentration from 5% 
to 20% under the same reaction conditions. This was unex-
pected, as the thermodynamic stability and TOpt of 3CLpro 
decreased in the presence of increased DMSO concentra-
tions. Therefore, we investigated the effect of DMSO on the 
catalytic efficiency of 3CLpro in more detail. The initial ve-
locity studies revealed an enhancement of catalytic properties 
of 3CLpro in the presence of 20% DMSO. The catalytic effi-
ciency of 3CLpro increased by approximately fivefold upon 
increasing the DMSO concentration from 5% to 20%, which 
was a result of an increased kcat value and an enhanced affin-
ity of 3CLpro for the peptide substrate.

3CLpro exhibits enhanced catalytic efficiency at high 
DMSO concentrations of 20%, which can be explained by the 
data generated by different analyses in the current study. First, 
fluorescence imaging and MD simulations confirmed that 
increasing the DMSO concentration enhances the solubility 
and availability of the peptide substrate to 3CLpro. The pep-
tide substrate was most stable at 20% DMSO: its stability was 
time-sensitive, with aggregation and precipitation observed 
at low DMSO concentrations. In addition, MD simulations 
confirmed the stabilizing effect of DMSO on the binding in-
teractions between the peptide substrate and residues at the 
3CLpro active site. Another important observation was that 
the kinetic stability of 3CLpro did not change significantly 
upon the addition of up to 20% DMSO, with small variations 
in ΔH‡ of 3CLpro observed. The kinetic stability of an en-
zyme is related to the free energy barrier between the native 
(functional) and unfolded (non-functional) states.59 The en-
ergy barrier is related to the enthalpy of activation, where 
a higher free-energy barrier preserves enzyme activity and 
catalytic function even if the enzyme is thermodynamically 
less stable in that scenario. In the current study, the value 
of ΔH‡ decreased slightly in the presence of DMSO, which 
can explain the ability of 3CLpro to maintain a catalytically 
active state at 20% DMSO.

Overall, DMSO reduced the thermodynamic stability of 
3CLpro and altered its structural fold from one dominated 
by polar hydrophilic bonding interactions to one with a more 
hydrophobic character. However, the kinetic stability was 
maintained in the presence of up to 20% DMSO, which is 
the minimum recommended DMSO concentration to be used 
in SARS-CoV-2 3CLpro activity assay. This DMSO concen-
tration ensures stability of the peptide substrate, preventing 
its aggregation and allowing efficient binding to the 3CLpro 
active site. These conditions are especially important when 
screening small molecule inhibitors of 3CLpro, with the 
enzyme exposed to DMSO for an extended period of time. 
The addition of DMSO reduced the thermodynamic stabil-
ity of 3CLpro; however, the prolonged (24 hours) incubation 
with DMSO did not affect the Tm of 3CLpro and ΔHcal only 

slightly altered. It is clear that the addition of 20% DMSO to 
the catalytic assay of 3CLpro will reduce the stability of the 
enzyme, but it will enhance the catalytic rate measurement 
with a more stable and soluble peptide substrate. In the fight 
against COVID-19, the identification of safe and effective an-
tiviral therapeutics is of great importance, even in light of the 
development of effective SARS-CoV-2 vaccines.
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