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Abstract: Introduction/Objectives: The 3-chymotrypsin-like protease (3CLpro) of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) is essential for viral replication and is
catalytically active only in its dimeric form. Elucidating the molecular determinants that stabilize
this dimer may uncover novel antiviral drug targets. This study aimed to characterize the
oligomerization behavior of wild-type 3CLpro and to elucidate the functional role of an alanine—
valine zipper motif in dimer stability and enzymatic activity.

Methods: Wild-type 3CLpro (3CLpro-WT) was heterologously expressed in Escherichia coli
BL21(DE3) and purified by nickel-affinity chromatography. Oligomerization behavior was
examined using Size-Exclusion Chromatography (SEC) under varying protein concentrations, pH
conditions, and ionic strengths. An alanine—valine zipper mutant (A7G/V125G; 3CLpro-ZM) was
generated by site-directed mutagenesis, overexpressed, purified using the same protocol, and
analyzed for changes in folding, oligomerization, and enzymatic activity.

Results: 3CLpro-WT predominantly existed as a stable dimer, independent of protein concentration
and ionic strength, but was destabilized under extreme pH conditions. In contrast, 3CLpro-ZM
exhibited a perturbed dimerization equilibrium, altered secondary structure, and a pronounced
reduction in both protease and esterase activities compared with the wild-type enzyme.

Discussion: These findings demonstrate that hydrophobic interactions are the primary force
stabilizing the 3CLpro dimer, while ionic interactions provide pH-sensitive modulation. Disruption
of the alanine—valine zipper compromises dimer integrity and allosterically impairs catalytic
activity, despite the mutation being distant from the active site.

Conclusion: The Ala7-Vall25 interface contributes to 3CLpro stability and activity and may be a

promising site for future allosteric inhibitor design.
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1. INTRODUCTION

In late December 2019, the emergence of a pneumonia-
like disease was reported in Wuhan, China, marking the
beginning of a global health crisis [1, 2]. Since then, this
infectious disease, caused by Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2), has rapidly
escalated into a pandemic, prompting the World Health
Organization (WHO) to declare a Public Health Emergency
of International Concern (PHEIC) on January 30, 2020,
followed by a pandemic declaration on March 11, 2020 [3].
Although the WHO officially declared an end to the
COVID-19 PHEIC on May 5, 2023, it is imperative that
global awareness continues to recognize COVID-19 as an

*Address correspondence to this author at the Biotechnology Research
Institute, Universiti Malaysia Sabah, 88400 Kota Kinabalu, Sabah,
Malaysia; E-mail: cahyo@ums.edu.my

0929-8665/26 $65.00+.00

ongoing global health threat, with numerous severe cases
and fatalities still occurring around the world [4]. Therefore,
the development of effective antiviral drugs remains crucial
to address this ongoing need.

The SARS-CoV-2 genome encodes two large
polyproteins, ppla and pplab, which are cleaved by viral
proteases into functional non-structural proteins essential for
viral replication and assembly [5]. Among these proteases,
the 3-chymotrypsin-like protease (3CLpro), also known as
the Main protease (Mpro), plays an important role in
cleaving these polyproteins at multiple sites [5]. The
functional significance of 3CLpro in the viral life cycle,
coupled with the absence of closely related homologs in
humans, identifies 3CLpro as an attractive target for the
design of antiviral drugs [1, 6, 7]. Furthermore, the highly
conserved three-dimensional structure across various
Coronavirus (CoV) strains, including SARS-CoV-1 and
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MERS-CoV, makes it an appealing target for the
development of broad-spectrum therapeutic agents [8]. This
high level of conservation is particularly advantageous as
mutations in such critical viral proteins are often lethal to the
virus, suggesting that drugs specifically targeting conserved
3CLpro regions have the potential to inhibit viral replication
and proliferation effectively, thereby helping to mitigate the
risk of drug resistance [9].

A fundamental aspect of SARS-CoV-2 3CLpro's function
is its enzymatic activity, which is observed in its dimeric
form. The catalytic dyad, comprising His41 and Cys145,
becomes fully functional only upon dimerization [10, 11].
This dimerization is structurally critical, as the N-finger of
each monomer interacts with Glul66 of the opposing
monomer, facilitating the correct orientation of the S1 pocket
within the substrate-binding site [10]. Previous structural
analyses, particularly X-ray crystallography studies, have
indicated that the dimerization of 3CLpro is primarily
mediated by a combination of hydrogen bonding and
hydrophobic interactions at the dimer interface [12].

For the development of antiviral drugs, researchers have
employed two primary strategies for inhibiting 3CLpro: (i)
the design of molecules that directly target the substrate-
binding pocket to block catalytic activity, and (ii) the
development of inhibitors that specifically disrupt the
enzyme's dimerization. While numerous studies have
focused on inhibitors that can block the active site, with
several compounds showing promise and advancing to
clinical trials, studies exploring inhibitors that target
3CLpro's dimerization remain comparatively limited. This
disparity highlights a significant knowledge gap, as a deeper
understanding of 3CLpro dimerization is crucial for the
development of therapeutic approaches. Targeting the
dimerization interface offers distinct advantages over active-
site inhibition. Active-site inhibitors, despite targeting
conserved regions, can still face challenges with viral
evolution, leading to resistance mutations or off-target
effects. In contrast, dimerization inhibitors often function
through an allosteric mechanism, which can provide a
broader spectrum of activity and potentially reduce the
likelihood of resistance development, as the binding site is
not directly involved in catalysis. Research on the successful
development of specific compounds that disrupt 3CLpro
dimerization is currently ongoing; however, the dimerization
inhibitors are effective in preventing the disease progression
in pathological contexts [13].

The 3CLpro dimer interface contains an intriguing
structural feature known as an Alanine-Valine knot, in which
Ala7 and Vall25 from one monomer interact reciprocally
with Vall25 and Ala7 from the opposing monomer, forming
a zipper-like arrangement that contributes to stabilization of
the dimer interface [10]. This motif is particularly
noteworthy given that hydrophobic zippers are well-
documented in protein dimerization, typically involving
residues like Leucine or Valine, with aliphatic hydrophobic
residues such as Alanine and Valine playing an important
role in promoting protein association [14, 15]. However,
despite its structural prominence, the precise functional role
of this Ala7-Vall25 zipper in the 3CLpro dimerization
process has remained underexplored. Addressing this
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underexplored aspect is essential for understanding the
complexities of the function of 3CLpro and identifying new
therapeutic pathways. Notably, previous studies on 3CLpro
of SARS-CoV and SARS-CoV-2 have primarily focused on
mutagenesis of residues surrounding the catalytic site or key
interfacial residues involved in substrate binding and N-
finger stabilization, such as Glul66 and residues shaping the
S1 pocket. Although these studies demonstrated the
significance of dimerization for enzymatic activity, they did
not specifically investigate the functional role of small
aliphatic residues that create hydrophobic zipper-like motifs
at the dimer interface. However, to evaluate its role in dimer
stability and allosteric regulation of catalytic activity, the
present study particularly focuses on the Ala7/Vall25
interface, a structurally conserved yet underexplored
alanine—valine zipper.

Therefore, this study aims to comprehensively explore
the oligomerization behavior of recombinant SARS-CoV-2
3CLpro. Utilizing size-exclusion chromatography, the
research investigates the effects of critical environmental
variables, including ionic strength, pH, and protein
concentration, on the oligomeric state of the wild-type
enzyme. Furthermore, the study analyses the impact of
specific mutations within the dimeric interface, focusing on
the Ala7-Vall25 zipper residues. The main objective is to
obtain valuable insight into the dimerization mechanism of
SARS-CoV-2 3CLpro, which can directly contribute to the
rational design and development of novel antiviral drugs
specifically targeting its dimeric interface.

2. MATERIALS AND METHODS
2.1. Expression of 3CLpro Wild Type

The expression system for 3CLpro wild type (3CLpro-
WT) was generously provided by Dr. Andrey Kovalevsky
(Oak Ridge National Laboratory, Tennessee, U.S.A.), with
the protocol for its use detailed by Kneller et al. (2020) [16].
In this system, the gene encoding 3CLpro-WT was
integrated into the pD451-SR plasmid, resulting in the
pD451-3CLpro expression system. Under this system, the
target protein (3CLpro-WT) is intended to be expressed as
an N-terminal Maltose-Binding Protein (MBP) fusion with a
C-terminal 6xHis tag, resulting in a theoretical molecular
mass of approximately 79 kDa before processing. A linker
sequence (LINGDGAGLEVLSAVLQ), positioned between
MBP and 3CLpro-WT, functions as an autocleavage site
recognized by 3CLpro itself. This expression system plasmid
was subsequently transformed into Escherichia coli strain
BL21(DE3) (Sigma-Aldrich, MA, USA) using the heat-
shock method [17]. Positive transformants were selected and
cultured in Luria Bertani (LB) (BD Difco, Sparks, MD,
USA) medium supplemented with 35 pg/mL kanamycin
(Merck KGaA, Darmstadt, Germany) at 37°C, with agitation
at 180 rpm, overnight [18]. A 2% inoculum from these
bacterial suspensions was then transferred to a larger culture
volume of LB medium containing the antibiotic and
incubated at 37°C with agitation at 180 rpm. Protein
expression was induced by the addition of 1 mM isopropyl-
D-1-thiogalactosidase (IPTG) (Merck KGaA, Darmstadt,
Germany) once the optical density at 600nm (OD600nm)
reached 0.8, followed by overnight incubation at 18°C with
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agitation at 180 rpm. The OD600nm was measured using a
PerkinElmer Lambda 25 UV/Vis Spectrometer (Waltham,
MA, USA). All incubations were conducted using a floor-
model refrigerated incubated shaker (IS-971R; JeioTech Co.,
Ltd., Daejeon, South Korea).

2.2. Cell Harvesting

Cells were harvested by centrifugation at 8,000 x g at 4°C
for 10 minutes, followed by thorough washing to remove
residual medium [19]. The washed cell pellet was then
resuspended in a lysis buffer and subjected to sonication on
ice to disrupt the cells. Cell debris was subsequently
removed by ultracentrifugation at 35,000 x g (Beckman
Optima L-100K, Brea, CA, USA) for 30 minutes at 4°C. The
resulting supernatant, containing the soluble protein fraction,
was collected and used for subsequent purification steps.

2.3. Protein Purification

The expressed soluble 3CLpro-WT was purified using
nickel-affinity chromatography performed on an AKTAT™
Pure liquid chromatography system (GE Healthcare,
Chicago, IL, USA). Purification was carried out under
identical flow-rate conditions for all protein samples. A 5
mL HisTrap™ HP column prepacked with Ni**-charged
resin (GE Healthcare, Chicago, IL, USA) was equilibrated
with lysis buffer consisting of 20 mM Tris-HCl (Sigma-
Aldrich, St. Louis, MO, USA) adjusted to pH 8.0, 40 mM
imidazole (Sigma-Aldrich, St. Louis, MO, USA), 150 mM
sodium chloride (Merck, Darmstadt, Germany), and 1 mM
dithiothreitol (DTT; Thermo Fisher Scientific, Waltham,
MA, USA). Prior to column loading, the clarified soluble
protein fractions were passed through a 0.22 pm syringe
filter (Millipore, Burlington, MA, USA) to remove
particulate contaminants. Filtered samples were then applied
to the column at a flow rate of 1.0 mL/min. Bound proteins
were eluted using a linear imidazole gradient ranging from 0
to 500 mM in elution buffer containing 20 mM Tris-HCI (pH
8.0), 150 mM NaCl, and 1 mM DTT, prepared using the
same reagent sources as described above.

2.4. SDS-PAGE Analysis

The expression, solubility, and purity of the target
proteins were confirmed using 15% Sodium Dodecyl
Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE).
The method followed that described by Laemmli (1970),
with minor modifications [20]. The gels consisted of a 6%
(v/v) stacking gel and a 15% (v/v) resolving gel prepared
using acrylamide/bis-acrylamide solution (30%, Bio-Rad
Laboratories Inc., Hercules, CA, USA). Gel polymerization
was initiated by the addition of ammonium persulfate (APS)
and N,N,N',N'-tetramethylethylenediamine (TEMED)
(Sigma-Aldrich, St. Louis, MO, USA). Electrophoresis was
performed using a Mini-PROTEAN® Tetra Cell system
connected to a PowerPac™ Basic power supply (Bio-Rad
Laboratories Inc., Hercules, CA, USA). Prior to
electrophoresis, protein samples were mixed with Laemmli
sample buffer (Bio-Rad Laboratories Inc., Hercules, CA,
USA) containing SDS and reducing agent, followed by heat
denaturation at 95°C for 5 min. Equal volumes of denatured
samples were loaded into each well together with a low
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molecular weight protein marker (Calibration Kit Low
Molecular Weight, Cytiva, Marlborough, MA, USA),
covering a molecular mass range of 14.4-97.0 kDa.

Electrophoretic separation was carried out at a constant
voltage of 150 V using 1x SDS running buffer (25 mM Tris,
192 mM glycine, and 0.1% SDS) until the dye front reached
the bottom of the gel. Following separation, the gels were
stained with Coomassie Brilliant Blue R-250 staining
solution (Bio-Rad Laboratories Inc., Hercules, CA, USA)
and subsequently destained using a methanol-acetic acid-
based destaining solution until clear protein bands were
observed. The stained gels were finally visualized and
documented using a Gel Doc™ XR+ imaging system (Bio-
Rad Laboratories Inc., Hercules, CA, USA).

2.5. Oligomeric States of 3CLpro-WT (Effect of Ionic
Strength, pH, and Protein Concentration)

The oligomerization profile of 3CLpro-WT was analyzed
by Size-Exclusion Chromatography (SEC) using an AKTA
FPLC purification system (GE Healthcare, Illinois, USA)
equipped with a HiLoad™ 16/600 Superdex™ 200 pg
column (Cytiva, Marlborough, USA). Prior to SEC analysis,
the purified 3CLpro-WT fraction was collected and
concentrated to 2 mg/mL. To evaluate the effect of ionic
strength on oligomerization, the concentrated protein was
dialyzed overnight at 4°C against buffers containing
different NaCl concentrations (20 mM Tris-HCI, pH 8.0,
supplemented with 150, 300, or 500 mM NaCl). To assess
the effect of pH, the protein was dialyzed overnight at 4°C
against buffers of varying pH (20 mM Tris-HCI, pH 5.0, 8.0,
or 10.0, each containing 150 mM NaCl). Following dialysis,
samples were subjected to SEC using the corresponding
dialysis buffer.

To investigate the influence of protein concentration on
the oligomeric state of 3CLpro-WT, the purified protein was
concentrated to final concentrations of 4, 2, 1, and 0.2
mg/mL. Aliquots of 100 pL were injected into the column
and eluted with 20 mM Tris-HCI (pH 8.0) containing 150
mM NaCl [21]. All samples were eluted at a constant flow
rate of 1.0 mL/min, and elution profiles were monitored at
280 nm. The column was calibrated using a Gel Filtration
Markers Kit for Protein Molecular Weights (12-200 kDa;
Sigma-Aldrich, St. Louis, USA). Calibration curves were
generated by plotting the logarithm of molecular mass
against the partition coefficient, calculated as (Ve — V0)/(Vt
— V0), where Ve is the elution volume, VO is the void
volume, and Vt is the total bed volume. Proteins of known
molecular mass were analyzed under identical conditions to
estimate the apparent molecular mass of 3CLpro-WT at
different salt concentrations, pH values, and protein
concentrations.

2.6. Construction of 3CLpro Zipper Mutant

The 3CL protease zipper mutant (3CLpro-ZM) was
generated by simultaneous substitution of alanine at position
7 and valine at position 125 with glycine, yielding the A7G
and V125G double mutant (Figure 1). Site-directed
mutagenesis was carried out using the KOD-Plus-
Mutagenesis Kit (Toyobo Co., Ltd., Osaka, Japan), which
employs a high-fidelity KOD DNA polymerase-based
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Figure 1. Construction of 3CLpro-ZM. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

inverse PCR strategy, according to the manufacturer’s
protocol with minor modifications. Inverse PCR was
performed using mutagenic primers (10 pmol each) designed
to introduce the desired nucleotide substitutions, with
approximately 50 ng of methylated parental plasmid as
template. Amplification was conducted using KOD-Plus
DNA polymerase (1 U per reaction; Toyobo Co., Ltd.,
Osaka, Japan) supplied in the kit. Following PCR, the
parental plasmid DNA was selectively removed by digestion
with Dpnl restriction enzyme (20 U per reaction; Toyobo
Co., Ltd., Osaka, Japan) at 37°C for 1 h. The resulting PCR
products were subsequently phosphorylated and self-ligated
using T4 polynucleotide kinase (5 U per reaction; Toyobo
Co., Ltd., Osaka, Japan) and T4 DNA ligase (provided as
ligation high mixture; Toyobo Co., Ltd., Osaka, Japan),
according to the kit instructions. The ligation products were
transformed into Escherichia coli competent cells, and
positive clones were selected and verified by DNA
sequencing to confirm the presence of the intended
mutations and the absence of secondary mutations. The
nucleotide sequences of the primers used are listed in Table
1.

The confirmed 3CLpro-ZM gene was subsequently
subcloned into the pMAL-p5X expression vector (New
England Biolabs, Ipswich, MA, USA) using the restriction
enzymes BamHI and HindIIl (10 U each per digestion;
Toyobo Co., Ltd., Osaka, Japan). The construct was
designed to encode an N-terminal Maltose-Binding Protein
(MBP) fusion to enhance protein expression and solubility,
followed by an engineered autocleavage sequence
(LINGDGAGLEVLSAVLQ) as in its wild type. This
configuration enabled removal of the MBP tag during
protein processing, yielding the untagged 3CLpro-ZM. A C-
terminal hexahistidine (6xHis) tag was retained to facilitate
affinity  purification and downstream  biochemical
characterization.

Table 1. Primers for site-directed mutagenesis.

Primer Sequence

Forward 5’-GAA GGT TGT ATG GTT CAG GTA ACC TGC
A7G GGC ACT-*3

Reverse 5’-AGA ACC GTT ATA GCA AGC CAG AAC GCT
A7G GAA GGT CTG AC-3

Forward 5’-CCG TCT GGT GGT TAC CAG TGC GCT ATG

V125G CGT-3

Reverse 5’-AGA ACC GTT ATA GCA AGC CAG AAC GCT

V125G GAA GGT CTG AC-3

2.7. Overexpression and Purification of 3CLpro-ZM

The expression vector encoding 3CLpro-ZM was
transformed into Escherichia coli BL21(DE3) cells (Sigma-
Aldrich, St. Louis, MO, USA) using a protocol analogous to
that employed for the wild-type protein. A 10 mL starter
culture of E. coli BL21(DE3) harboring the 3CLpro-ZM
plasmid was inoculated from a single colony on a freshly
streaked LB agar plate supplemented with 100 pg/mL
ampicillin (Sigma-Aldrich, St. Louis, MO, USA). Following
overnight incubation at 37°C with orbital shaking at 180
rpm, 2% (v/v) of the starter culture was transferred into a
larger volume of LB medium (BD Difco, Sparks, MD, USA)
containing the same antibiotic and incubated under identical
conditions.

Protein expression was induced by the addition of
isopropyl B-D-1-thiogalactopyranoside (IPTG; Sigma-
Aldrich, St. Louis, MO, USA) to a final concentration of 1
mM when the culture reached an ODggo of approximately
0.8, as measured using a UV-Vis spectrophotometer
(BioSpectrometer®, Eppendorf, Hamburg, Germany). The
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cultures were then incubated overnight at 18°C with shaking
at 180 rpm. Cells were harvested by centrifugation using a
refrigerated centrifuge (Avanti J-26 XP, Beckman Coulter,
Brea, CA, USA), lysed by sonication on ice using a probe
sonicator (Q125 Sonicator, Qsonica, Newtown, CT, USA),
and the recombinant protein was purified by Ni>*-NTA
affinity chromatography according to the method for
3CLpro-WT.

2.8. Oligomeric States of 3CLpro-ZM

The oligomerization states of 3CLpro-ZM proteins were
determined using a methodology analogous to that employed
for 3CLpro-WT using protein samples at concentrations of 4
and 2 mg/ml. A volume of 100 pl of each sample was
introduced into the chromatographic column, followed by
elution using a buffer solution at a flow rate of 1.0 ml/min,
and other technical parameters follow the wild type. The
SEC buffer composition for 3CLpro-ZM oligomerization
analysis consisted of 20 mM Tris-HCI and 150 mM NacCl,
adjusted to a pH of 8.0.

2.9. Far UV Circular Dichroism (CD) Spectra of 3CLpro-
WT and 3CLpro-ZM

Far UV CD spectra were measured using a J-725
automatic spectropolarimeter (JASCO, Tokyo, Japan) at
10°C. Purified proteins were dissolved in 20 mM sodium
phosphate (pH 8.0) at a concentration of 0.2 mg/ml, utilizing
a cell with an optical path length of 2 mm (Hellma Analytics,
Miillheim, Baden-Wiirttemberg, Germany). Prior to
measurement, protein samples were incubated at 10°C for 30
minutes. The far UV CD spectra were recorded from 190 nm
to 250 nm wavelengths. The mean residue ellipticity 0 (deg
cm’/dmol) was calculated using an average amino acid
molecular mass of 110 [14]. Secondary structure content was
estimated following Yang’s methodology [22, 23].

2.10. Protease activity of 3CLpro-WT and 3CLpro-ZM

The protease activity of the proteins was determined
based on the method described by Cheng et al. (2010) [24].
Activity was measured using a calorimetry-based peptide
cleavage assay with the 6-mer peptide substrate TSAVLQ-
para-nitroanilide (TQ6-pNA; Bachem, Bubendorf, Basel-
Landschaft, Switzerland), as previously prescribed [18].
TSAVLQ represents the nsp4|nsp5 cleavage sequence for
SARS and SARS-CoV-2 3CLpro [25]. The reaction mixture
was 100 pL and contained 10 mM phosphate buffer (pH
7.6), 25 uM TQO6-pNA substrate, and 0.5 uM of enzyme.
The enzyme was pre-incubated in the reaction buffer for 10
minutes at 30°C before substrate addition. The reaction was
initiated by the addition of substrate and allowed to proceed
for an additional 10 minutes. The release of p-nitroanilide
was quantified by measuring absorbance at 405 nm using a
Tecan Sunrise absorbance microplate reader (Tecan,
Morrisville, NC, USA). Product concentration was
calculated using a molar extinction coefficient of 9,800
M-'-cm. One unit of protease activity was defined as the
amount of enzyme required to produce 1 pmol of product per
minute under the assay conditions.
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2.11. Esterase activity of 3CLpro-WT and 3CLpro-ZM

The esterase activity of the proteins was determined
following the same general methodology as the protease
activity assay [18]. N-carbobenzoxyglycine p-nitrophenyl
ester (N-CBZ-Gly-pNP; Sigma-Aldrich, St. Louis, MO,
USA) was used as the substrate, in which cleavage of the
Gly-pNP bond releases free p-nitrophenol (pNP), resulting in
an increase in absorbance at 340 nm. Absorbance was
monitored using a Tecan Sunrise absorbance microplate
reader (Tecan, Mannedorf, Switzerland). The esterase assay
was performed in a 100 pL reaction cocktail composed of 10
mM phosphate buffer, pH 7.6, containing 25 pM N-CBZ-
Gly-pNP and 0.5 pM of enzyme, and the reaction was
carried out at 30°C for 10 minutes. Prior to substrate
addition, the enzyme was pre-incubated in buffer for 10
minutes at 30°C. Esterase activity was calculated using the
Beer—Lambert law, with a molar absorption coefficient of
6,320 M! cm™ at 340 nm. One unit of esterase activity was
defined as the amount of enzyme required to produce 1 pmol
of product per minute.

2.12. Data Analysis

Quantitative data are presented as the mean + standard
deviation of three independent biological replicates. Data
analysis was performed descriptively by comparing trends,
distributions, and relative differences among experimental
conditions.

3. RESULTS AND DISCUSSIONS
3.1. Production of 3CLpro-WT

Figure 2 shows the expression of 3CLpro-WT analyzed
by 15% SDS-PAGE using E. coli BL21(DE3) as the host
cell. The results indicate that the protein was successfully
expressed heterologously in this system. This is evidenced
by the appearance of a distinct band at approximately 35
kDa, which corresponds well to the theoretical molecular
mass of 3CLpro-WT with a C-terminal 6xHis tag and
without the MBP fusion tag, observed in the cell fraction
after IPTG induction. No band of similar size was detected
before IPTG induction, clearly confirming that this band
represents the expressed target protein. The 3CLpro-WT
band also showed much higher intensity compared to
endogenous E. coli proteins, indicating strong
overexpression and substantial accumulation of the
recombinant protein. Notably, the observed molecular mass
did not match the expected size of the full MBP-3CLpro-
WT-6xHis fusion protein, which is approximately 77 kDa.
This difference suggests that the MBP tag was autocleaved
during expression, producing a free MBP band at around 42
kDa and a separate 3CLpro-WT-6xHis band at
approximately 37 kDa. Consistent with this, Figure 2 shows
a prominent band near 42 kDa, which likely corresponds to
the cleaved MBP. As a result, the mature 3CLpro-WT was
obtained with a free N-terminus and only a minimal C-
terminal His tag. This expression strategy ensures that the
biochemical properties and oligomerization behavior
observed for 3CLpro-WT reflect the intrinsic characteristics
of the mature protease, rather than effects caused by fusion
partners. Furthermore, Figure 2 shows that the 3CLpro-WT
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band was present only in the soluble fraction and not in the
insoluble (pellet) fraction. This indicates that the expressed
protein was fully soluble. These results are consistent with a
previous report showing that the MBP fusion strategy is
effective for producing soluble 3CLpro-WT in heterologous
expression systems [18].

Protein
marker 1 2 3 4

97.0 kDa
66.0 kDa

45.0 kDa

31.0 kDa

20.1 kDa —
14.4kDa -

Figure 2 Expression check of 3CLpro-WT visualized under 15%
SDS-PAGE. Lane 1: Before IPTG induction; Lane 2: After IPTG
induction; Lane 3: Soluble fraction obtained after the sonication;
Lane 4: Insoluble fraction obtained after the sonication. The red box
highlights the location of the recombinant proteins. (4 higher
resolution / colour version of this figure is available in the
electronic copy of the article).

The subsequent step of purification of this protein was
implemented using Ni*'-NTA affinity chromatography after
the successful completion of fully soluble expression. The
single bands were obtained following this chromatography
stage, as illustrated in Figure (3), indicating that 3CLpro-WT
was successfully purified under a single chromatography
step. The SDS-PAGE did not reveal any visible
contaminants, indicating that the protein was of high purity.
This is advantageous for subsequent analysis. It is important
to note that the chromatography technique chosen was based
on the expression design of the protein, which includes a
6xHis-tag at the N-terminus.

Protein

marker
97.0KDA
66.0 kDa e

45.0kDa e

_*—-
310 kDa

20.1 kDa

14,4 kDa s

Figure 3. Purification checks of 3CLpro-WT visualized under 15%
SDS-PAGE after Ni*'-NTA chromatography. (4 higher resolution /
colour version of this figure is available in the electronic copy of
the article).
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3.2. Oligomeric state of 3CLpro WT: Effect of NaCl and
pH

The dimeric structure of SARS-CoV-2 3CLpro is
necessary for it to work as a catalyst. Consequently, a
thorough comprehension of the factors that affect or
destabilize this dimeric structure is essential, as these
disruptions directly influence the enzyme's ability to process
viral polyproteins and so serve as prospective targets for
antiviral inhibitors. For this purpose, the effects of different
ionic strengths, pH levels, and protein concentrations on the
oligomeric state of 3CLpro-WT in solution were
meticulously analyzed using Size-Exclusion Chromato-
graphy (SEC).

The oligomerization investigation of 3CLpro-WT,
conducted at an initial protein concentration of 2 mg/ml,
yielded essential insights into its behavior in solution. Figure
4 shows how the protein's oligomeric state changes with the
amount of salt. Even though the NaCl concentrations
increased from 150 mM to 500 mM, the dimeric structure of
3CLpro-WT stayed the same, with only small changes in the
elution profiles. In these settings, 3CLpro-WT always eluted
at an elution volume of about 79 mL, which is about 72 kDa
in apparent molecular mass. This result is about twice the
theoretical molecular mass of the monomer (35 kDa), which
indicates that under these conditions, the protein mostly
existed as a stable dimer. It is important to note that SEC
analysis was conducted under lower ionic strength
conditions (<150 mM) in this study. Therefore, while the
data suggest that dimer stability is preserved at moderate to
high salt concentrations, additional investigations at lower
ionic strength would be beneficial to comprehensively
elucidate the role of electrostatic interactions in 3CLpro
dimerization. This data clearly indicates that ionic strength
exerts an insignificant influence on the stability of the
3CLpro dimer. It is interesting to note that raising the ionic
strength from 150 to 500 mM NaCl did not change the
elution volume in a significant way. This shows that strong
electrostatic interactions are not likely to be the main
mechanism that keeps 3CLpro dimerization stable under
these conditions. Nonetheless, this does not preclude the
influence of electrostatic interactions entirely. Residual ionic
interactions may still work locally at the dimer interface and
be functionally important, especially when the ionic strength
is low or in physiological settings. So, the current data
support the idea that hydrophobic interactions are the most
important, while also suggesting that electrostatics probably
play a secondary or modulatory role instead of being
completely absent.

On the other hand, changes in pH had a pronounced
effect on the equilibrium of protein oligomerization, as
shown in Figure (5). The effects of extreme pH conditions
were particularly notable. At pH 10.0, the SEC
chromatogram exhibited a peak eluting in the void volume
(<10 mL), indicating partial aggregation of 3CLpro-WT.
This behavior is consistent with previous studies reporting
that aggregated proteins typically elute in the void volume of
SEC columns, as their large size prevents entry into the resin
pores [26]. Protein aggregation under extreme pH conditions
is a well-documented phenomenon, arising from alterations
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Figure 4. SEC chromatogram profile of 3CLpro-WT injected at a concentration of 2 mg/ml. The chromatogram depicts the elution of the
protein in buffers with varying salt concentrations: 150 mM NaCl (dotted line), 300 mM NaCl (dashed line), and 500 mM NaCl (solid line).
(A4 higher resolution / colour version of this figure is available in the electronic copy of the article).
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Figure 5. SEC chromatogram profile of 3CLpro-WT injected at a concentration of 2 mg/ml. The chromatogram displays the protein eluted
with different pH buffers: pH 5.0 (dotted line), pH 8.0 (dashed line), and pH 10.0 (solid line). (4 higher resolution / colour version of this

figure is available in the electronic copy of the article).

in amino acid charge states that destabilize the native fold
and promote non-specific hydrophobic interactions [27].

At pH 10.0, the elution profile also showed a distinct
peak at approximately 50 mL, corresponding to an estimated
molecular mass of ~150 kDa. This value is nearly fivefold
higher than the theoretical monomeric mass of 3CLpro-WT
(35 kDa). However, this could suggest the formation of a
pentameric species; such a stable oligomeric state has not
been reported for 3CLpro-WT. Therefore, it is more likely
that this apparent pentameric species represents a transient
and unstable oligomeric form that subsequently progresses
toward aggregation, ultimately eluting in the void volume.

Collectively, these observations suggest that under
alkaline conditions, 3CLpro-WT is unable to maintain its
stable dimeric form, leading to structural destabilization,
formation of higher-order oligomers, and eventual

aggregation. A smaller peak was also observed at an elution
volume of approximately 83 mL, corresponding to a
molecular mass of ~40 kDa, which is close to the theoretical
monomeric mass of 3CLpro-WT (35 kDa) [10]. This
indicates that while the majority of the protein undergoes
conformational changes and aggregation at pH 10.0, a minor
fraction remains in the monomeric state. Taken together,
these findings highlight that alkaline pH disrupts the dimeric
interface of 3CLpro-WT, promoting transient monomer
formation followed by higher-order oligomerization and
aggregation. This confirms that 3CLpro-WT is structurally
unstable upon dimer dissociation under alkaline conditions.

At a pH of 5.0, the elution profile demonstrated a notable
shift towards a size approximating the monomeric form
(about 38 kDa, elution volume of 85 mL). This evident
change in elution time further substantiates that severe pH
circumstances can destabilize the dimeric interface,
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propelling the protein into a monomeric form. Significantly,
in contrast to pH 10.0, the interruption of oligomerization at
pH 5.0 did not lead to detectable aggregation, suggesting that
the monomeric form of 3CLpro-WT is not intrinsically
unstable at these conditions. The stability of the monomeric
form at pH 5.0, even under severe pH conditions, contrasts
with instances when monomeric forms are susceptible to
rapid aggregation [3]. The persistent existence of the
monomeric form of 3CLpro-WT at pH 5.0 reinforces the
idea that the dimeric interface of this protein is considerably
affected by ionic interactions between the two monomers.
The divergent impacts of salt concentration and pH on the
behavior of 3CLpro-WT in SEC profiles yield significant
insights into the characteristics of its dimeric interface. The
negligible effect of elevated salt concentrations (150-500
mM NaCl) on the elution profiles clearly corroborates the
notion of the predominance of hydrophobic interactions in
stabilizing the dimeric state. Hydrophobic interactions are
often less affected by changes in ionic strength compared to
electrostatic interactions [25, 28, 29]. The minimal impact of
salt on dimerization indicates that hydrogen bonding, while
possibly influential, has a comparatively insignificant role in
preserving the overall stability of the dimeric structure [30].

In contrast, the notable impact of pH fluctuations on
elution durations, especially at pH 5.0 and 10.0, suggests
considerable structural alterations likely caused by
protonation and deprotonation processes. The transition from
a dimeric to a monomeric form under different pH
circumstances validates the substantial role of ionic
interactions at the dimeric interface. The aggregation noted
at pH 10.0, along with the exclusive shift to a stable
monomeric state at pH 5.0 without aggregation, potentially
indicates a greater involvement of basic amino acids in the
formation and stabilization of the dimeric interface, rather
than acidic amino acids. At pH 10.0, which is considerably
higher than the pKa values of most acidic residues (Asp
~3.65, Glu ~4.25) and approaching or exceeding the pKa of
histidine (~6.0), yet remaining below that of lysine (~10.53)
and arginine (~12.48), numerous basic residues would
commence deprotonation. The reduction of positive charge
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resulting in protein destabilization and aggregation due to the
exposure of hydrophobic regions [6, 12].

Conversely, at pH 5.0, acidic residues would primarily be
protonated (neutral), whereas basic residues would generally
stay protonated (positively charged). This modified charge
distribution may result in electrostatic repulsion among
monomers, leading to dissociation into stable, non-
aggregating monomers. This thorough research, including
the effects of pH and salt content, substantiates the claim that
both hydrophobic and ionic interactions primarily facilitate
the dimeric interface of 3CLpro-WT (Figure 6). This study
offers the first experimental validation of the critical contacts
that facilitate dimerization, building on the precise residue
profiles established by prior X-ray crystallography research
[31]. This study unveils new opportunities for investigating
alternate druggable locations within the interface, presenting
interesting targets for rational drug design. Targeting
hydrophobic, acidic, and basic residues for disruption could
be an exceptionally effective method. The monomeric form
of 3CLpro is known to lack catalytic activity. This study did
not explicitly evaluate the catalytic activity of the isolated
monomeric fraction; however, it is plausible to deduce,
based on previous findings, that these monomers are
enzymatically inactive [32].

3.3. Oligomeric
Concentration

state of 3CLpro WT: Effect of

The results of the SEC analysis also examined the impact
of protein concentration on the oligomeric states of 3CLpro-
WT. 3CLpro-WT demonstrated a distinct, albeit modest,
peak that corresponded to the dimeric form at a protein
concentration of 0.2 mg/ml, as illustrated in Figure (7). This
discovery is in stark contrast to a previous investigation of
SARS 3CLpro, which indicated that the compound existed
exclusively in monomeric form at the same concentration
[33]. Nevertheless, a separate investigation of SARS 3CLpro
revealed a significant dimeric peak that corresponded with
the present chromatogram. This indicates that the behavior
of proteins at specific concentrations can be influenced by
environmental factors [34]. The principal peak consistently

may interfere with beneficial electrostatic interactions,
NORMAL IN THE PRESENCE OF HIGH IN BUFFER pH 5.0 IN BUFFER pH 8.0 IN BUFFER pH 10.0
NaCl CONCENTRATION
Protomer A Protomer B Protomer A Protomer B Protomer A Protomer B Protomer A Protomer B Protomer A Protomer B
—— Hydrophobic —— Hydrophobic
--------- Non-hydrophobic
* Hydrophobic and * Electrostatic interactions « The protein split into * The protein is stable at its (\_(U\ (\_(U\
electrostatic interactions are disrupted, but the monomer. dimeric form. Unfolded protein Unfolded protein
maintain the dimeric hydrophobic interactions * There is possibility the \ /
structure. still exist. monomer will aggregate
* Hydrophobic interaction ¢ The protein remains stable further.
being more dominant. as a dimer. Aggregated protein

Figure 6. Hypothetical mechanism depicting the influence of salt and pH on the dimerization of 3CLpro-WT. (4 higher resolution / colour

version of this figure is available in the electronic copy of the article).
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corresponded to the dimeric size of the protein (elution
volume of 79 mL, with a size of 72 kDa), and the observed
trend persisted at elevated concentrations of 2 mg/ml and 4
mg/ml. This consistency indicates that SARS-CoV-2 3CLpro
has a higher propensity to form dimers and is not
substantially influenced by its concentration, demonstrating
Concentration-Independent ~ Oligomerization (CIO). In
biologically dimeric proteins, CIO is a common
characteristic, indicating that they form stable dimers in their
natural biological environment rather than solely under
artificial in vitro conditions [14]. This behavior is in stark
contrast to concentration-dependent oligomerization, in
which molecular crowding is typically responsible for the
formation of oligomeric structures [35]. The association of
protein subunits into dimers is presumably driven by factors
such as conformational changes or specific binding events in
3CLpro, regardless of their overall concentration [36-39].
This understanding has substantial implications for drug
discovery, particularly in the context of the development of
pharmaceuticals that disrupt dimerization. Strategies to
prevent dimerization could target two stages, as a result of its
biological dimeric nature: (1) early translation, which
involves interfering with protein folding to prevent proper
dimerization, and (2) post-translation, where medications
target the properly folded dimeric form of 3CLpro.

3.4. Production of 3CLpro-ZM

Although the aforementioned experiments effectively
identified the types of interactions that are essential for
maintaining the stability of the 3CLpro dimeric structure, it
is still imperative to identify specific target sites for
disrupting this dimeric form in order to conduct focused drug
discovery research. The significance of identifying a single
or a limited number of specific sites for intervention is
underscored by the significant complexity that is introduced
by targeting multiple disruption sites. The structural feature
that has been identified in 3CLpro is the Alanine-Valine
knot, which is situated at the dimeric interface. This knot is
particularly intriguing. A unique "zipper" arrangement with
an approximate distance of 4.1 between the amino acids is
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formed by the hydrophobic interactions between Ala7 and
Vall25 of one monomer and Vall25 and Ala7 of the
opposing monomer within this knot. It is important to note
that hydrophobic zippers are extensively documented in the
literature, typically involving residues such as Leucine or
Valine. However, the presence of an Alanine-Valine zipper
is less frequently emphasized [14, 15]. Nevertheless, it is
well-established that aliphatic hydrophobic residues, such as
Alanine and Valine, are essential for protein dimerization
[15]. Due to this, the Val/Ala zipper in 3CLpro probably
plays a substantial role in its dimerization, rendering it a
prospective target for impeding 3CLpro dimerization.

To experimentally investigate the functional role of this
Ala7-Vall25 zipper in the dimerization process and to
determine if disrupting this knot could dissociate the
homodimeric structure into monomers, a zipper mutant
protein (3CLpro-ZM) was constructed. In this mutant,
Alanine7 and Valinel25 were simultaneously replaced by
Glycine. This A7G/V125G mutation was hypothesized to
substantially reduce the stability of the dimer interface, not
only by removing the specific Ala-Val knot interactions but
also by potentially introducing increased flexibility or
unfavorable interactions at the interface due to Glycine's
unique properties. Glycine, which contains a small H atom
of the side chain, should exhibit greater conformational
freedom compared to alanine or valine, which can destabilize
helical structures or hydrophobic packing if introduced into
specific structural contexts. The primary structure of this
mutant protein is schematically shown in Figure (8), with the
location of zipper residues illustrated in Figure (9).

The recombinant 3CLpro-ZM, which was fused with a
6xHis-tag at its C-terminal, was effectively expressed in a
soluble form under the E. coli BL21(DE3) host cell. This
was demonstrated by the presence of a distinct thick band in
the supernatant following cell lysis (Figure 10).
Nevertheless, the mutant's overall protein level following
expression was significantly lower than that of the wild-type
enzyme, which indicated that the mutations may be
destabilizing the protein and resulting in a more rapid

[ 20 40
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Figure 7. SEC chromatogram profiles of 3CLpro-WT injected at different concentrations: 0.2 mg/ml (dotted line), 2 mg/ml (dashed line),
and 4 mg/ml (solid line). (4 higher resolution / colour version of this figure is available in the electronic copy of the article).
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Figure 8. Schematic representation of the primary structure of 3CLpro-ZM. The o-helices and B-strands are represented by black boxes and
arrows, respectively. This secondary structure is arranged based on the tertiary model of SARS-CoV-2 3CLpro (PDB ID: 6MO03). The
location of the mutated residues is also shown. (4 higher resolution / colour version of this figure is available in the electronic copy of the

article).
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Figure 9. Three-dimensional structure of 3CLpro. The amino acid residues that make hydrophobic interactions at the dimer interface are
indicated by stick models. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

degradation. This observation is consistent with other
investigations that have reported reduced expression levels
and instability of mutant proteins [40]. It is also important to
note that the apparent molecular mass of the zipper mutant
(3CLpro-ZM) was significantly lower than the cumulative
size anticipated for the MBP-3CLpro fusion construct. This
observation suggests that the zipper mutant maintained
autocatalytic activity that was adequate to facilitate the
cleavage of the MBP tag and linker sequence during
expression. Consequently, the 3CLpro-ZM protein that was
the subject of subsequent experiments also exhibited a free
N-terminus and a minimal C-terminal His tag.
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Figure 10. Expression check of 3CLpro-ZM visualized under 15%
SDS-PAGE. Lane 1: Before IPTG induction; Lane 2: After IPTG
induction; Lane 3: Soluble fraction obtained after the sonication;
Lane 4: Insoluble fraction obtained after the sonication. The red box
highlights the location of the recombinant proteins. (4 higher
resolution / colour version of this figure is available in the
electronic copy of the article).

Further, the recombinant zipper mutant protein was
effectively purified by a single-step Ni2+-NTA affinity
chromatography, following a purification strategy that was
substantially similar to that of 3CLpro-WT. A single band,
which corresponds to its theoretical size of 35 kDa, was
observed on a 15% SDS-PAGE gel, as illustrated in Figure
11. No notable contaminant bands were observed. It is
important to note that the purified 3CLpro-ZM's apparent
size was consistent with the molar mass of SARS-CoV-2
3CLpro, which was determined from its amino acid
sequence.
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Figure 11. Purification checks of 3CLpro-ZM visualized under
15% SDS-PAGE after Ni*'-NTA chromatography. (4 higher
resolution / colour version of this figure is available in the
electronic copy of the article).
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3.5. Far-UV Circular Dichroism (CD) Spectroscopy

The secondary structures and folding properties of the
recombinant 3CLpro-ZM protein were evaluated using far-
UV CD spectroscopy. The 3CLpro-ZM spectrum still
exhibited characteristic minima at approximately 222 nm
and a shoulder around 208 nm, despite the fact that its depth
was shallower than that of the wild-type (Figure 12). These
characteristics suggest an a-helical content, which is
estimated to contain approximately 49% a-helix, 14% pB-
sheet, and other structures, based on Yang’s method [22, 23].
The shallower depth of the spectrum indicates that the
mutation induced subtle yet significant conformational
changes, despite the fact that the protein adopted a folded
conformation. The mutated zip knot's critical role in the
preservation of the overall protein architecture is likely the
cause of these changes, which is consistent with the
disruption of the pleated sheet structure. This result is
particularly compelling, as the introduction of mutations in
only two residues (A7G/V125G) had such a profound
structural effect, indicating that the overall structure of this
protein is heavily reliant on the integrity of the Val/Ala
helix.
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Figure 12. Far-UV CD spectra comparison between 3CLpro-WT
(solid line) and 3CLpro-ZM (dashed line) was conducted at room
temperature. (4 higher resolution / colour version of this figure is
available in the electronic copy of the article).

3.6. Enzymatic activity and Oligomeric State of 3CLpro-
™M

Consequently, the catalytic activity of 3CLpro-ZM was
assessed to investigate enzymatic function. Protease activity
was evaluated by utilizing a pNA substrate, specifically the
6-mer peptide TSAVLQ-pNA, which is cleaved by 3CLpro
at the designated site (Gln-pNA) to liberate free pNA,
resulting in an increase in absorbance at 405 nm [41]. The
results demonstrated a substantial reduction in the enzymatic
activity of 3CLpro-ZM in comparison to 3CLpro-WT (Table
2). The wild-type enzyme exhibited a significantly higher
specific activity than 3CLpro-ZM, which was determined to
be 8.244 x 10-4 U/mg. In the same vein, the results of the
esterase activity assessment using N-CBZ-Gly-pNP
indicated that the catalytic activities of the two enzymes
were highly comparable. 3CLpro-ZM exhibited a specific
activity of 7.801 x 10-6 U/mg, which was significantly lower
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than the wild-type's 4.692 x 10-5 U/mg. The cleavage of
both substrates was confirmed by the yellow color observed
in the presence of the protein, which led to the production of
free chromogenic pNA and pNP moieties [18].

Table 2. Specific activity comparison between 3CLpro-WT and

3CLpro-ZM.
Specific activity of | Specific activity of
Substrate 3CLpro-WT 3CLpro-ZM
(U/mg) (U/mg)
TSALVQ-pNA 1.955x 10° 8.244x 10*
N-carbobenzoxyglycine 4692 10° 7.801 x 10°
p-nitrophenyl ester

3.7. Oligomeric State of 3CLpro-ZM

Furthermore, the oligomeric state of 3CLpro-ZM was
analyzed by Size-Exclusion Chromatography (SEC) in the
same manner as the wild-type protein, as shown in Figure
13. At a protein concentration of 4 mg/mL, 3CLpro-ZM
eluted at approximately 78 mL, which is comparable to the
elution volume of 3CLpro-WT, indicating that both proteins
predominantly exist in a dimeric form under these
conditions. However, when the protein concentration was
reduced to 2 mg/mL, the elution volume of 3CLpro-ZM
shifted to approximately 83 mL, corresponding to an
apparent molecular mass of ~40 kDa, which is close to the
theoretical monomeric mass of 3CLpro (~35 kDa) (Figure
13). This behavior contrasts with that of 3CLpro-WT, which
remains predominantly dimeric across the tested
concentration range.
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Figure 13. SEC chromatogram profiles of 3CLpro-ZM injected at
different concentrations: 2 mg/ml (dashed line) and 4 mg/ml (solid
line). (4 higher resolution / colour version of this figure is available
in the electronic copy of the article).

This concentration-dependent dissociation hypothetically
suggests that disruption of the Ala7-Vall25 zipper motif
weakens the hydrophobic packing and inter-monomer
contacts that stabilize the dimeric interface. At higher protein
concentrations, mass action likely compensates for the
reduced interfacial affinity, allowing transient dimer
formation. In contrast, at lower concentrations, the weakened
interface is insufficient to sustain stable dimerization,
resulting in dissociation into monomers. These findings
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indicate that the zipper motif plays a critical role in
conferring concentration-independent dimer stability to
3CLpro, and its disruption shifts the equilibrium toward
monomeric species under dilute conditions.

The reduction in catalytic activity of 3CLpro-ZM is
likely explained by the observed shift in the monomer—dimer
equilibrium, which is likely a key factor in conjunction with
the enzymatic activity data. The A7G/V125G mutation
disrupts the correct conformational state, particularly the
formation of a stable dimer, which has been demonstrated to
be essential for full protease activity, despite the fact that it
does not completely abolish the overall folded structure of
the protein [12]. The precise alignment of residues necessary
to form a competent substrate-binding cleavage is likely
impaired by destabilization of the dimeric interface, which
substantially reduces enzymatic efficiency despite the
preservation of a largely folded monomeric structure.

Notably, the dimeric structure of 3CLpro was previously
reported to be crucial for the establishment of a precise
substrate-binding cleavage between the two monomers [42].
The catalytic inactivity of monomeric 3CLpro has been
consistently demonstrated, with the protein's functional state
being the homodimer [32, 10]. Consequently, the
A7G/V125G substitution appears to be a critical factor in the
reduction of enzyme activity by disrupting the dimeric
interface, despite the fact that it is not located at the catalytic
site. This perturbation has the potential to impact the virus's
pathogenicity and replication potency by reducing the
protease's capacity to process viral polyproteins.

The Alanine-Valine knot, which is a critical structural
determinant of 3CLpro, is present at the dimer interface.
This knot is formed when the A7 and V125 of one monomer
interact with the V125 and A7 of the other to form a zipper.
Although the precise mechanism by which the A7G and
V125G substitutions reduce 3CLpro-ZM enzyme activity is
complex, it is strongly recommended that the mutation of
these zipper amino acids impedes stable dimer formation and
may impart local rigidity changes or alter hydrophobic
packing at the interface. The smallest amino acid, glycine,
incorporates substantial flexibility into protein structures.
However, this flexibility can be destabilizing if it disrupts
critical packing interactions or alters the conformational
landscape necessary for stable dimerization. The substitution
of larger, hydrophobic residues such as Alanine and Valine
with Glycine would eliminate critical hydrophobic contacts
and potentially introduce backbone flexibility that is
incompatible with the precise geometry necessary for stable
dimerization. It is crucial to emphasize that the Wild-type
and mutant enzymes were both equipped with 6xHis tags at
their C-terminus, which have been previously shown not
disrupt the enzyme's dimeric structure or influence its
activity [43, 41].

This investigation has revealed a highly promising
approach to antiviral drug discovery: the inhibition of these
specific residues. The Val/Ala knot's critical function in
maintaining the overall protein architecture is emphasized by
the significant conformational changes that are induced by
the observed disruption of the interaction between these
residues, which particularly affect the pleated sheet structure.
This structural perturbation, in turn, considerably impedes
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the protein's capacity to dimerize effectively, thereby
rendering it catalytically inactive. This mutation is spatially
separated from the enzyme's direct catalytic site; however, it
presents a viable and potentially highly effective approach to
drug development when therapeutic efforts are directed
toward the knot region. This allosteric approach has the
potential to obstruct the virus's replicative capabilities,
providing a novel and potent method to combat its
proliferation and surmount the challenges associated with
active-site inhibitors, such as drug resistance. It is important
to acknowledge that the interface mutagenesis of 3CLpro, as
reported in previous studies, has primarily focused on
residues that are directly involved in hydrogen bonding,
electrostatic interactions, or substrate-induced dimerization,
particularly those that are proximate to the catalytic pocket.
These investigations did not investigate whether minimal
hydrophobic motifs constituted of small aliphatic residues
could serve as critical structural anchors for dimer stability,
despite the fact that they demonstrated that disruption of
dimerization compromises enzymatic activity. The present
findings contribute to this body of work by illustrating that
the Ala7/Vall25 zipper is crucial for the preservation of the
enzyme's catalytic competence and conformational integrity,
despite its spatial separation from the catalytic dyad. This
underscores an allosteric vulnerability that was previously
overlooked in the 3CLpro dimer interface. The mechanistic
insights obtained in this investigation offer a clear
framework for the rational development of antiviral agents
targeting SARS-CoV-2 3CLpro from a translational
perspective. In particular, the structure-guided design of
small molecules or peptides that selectively disrupt this
interface is made possible by the identification of the Ala7—
Vall25 zipper as a critical determinant of dimer stability. In
this manner, these dimerization inhibitors could allosterically
inactivate 3CLpro without directly engaging the catalytic
site, thereby complementing the current active-site
inhibitors. This approach has the potential to offer broad-
spectrum antiviral activity against current and emerging
SARS-CoV-2 variants and reduce the likelihood of
resistance development, as the dimer interface is highly
conserved across coronaviruses.

CONCLUSION

This study demonstrates that SARS-CoV-2 3CLpro
predominantly exists as a stable homodimer in solution, with
dimer stability largely maintained by hydrophobic
interactions and modulated by pH-sensitive ionic
contributions. Disruption of the Ala7—Vall25 zipper through
A7G/V125G mutation reduced protein stability, altered
secondary structure, and significantly decreased protease and
esterase activities, despite the mutant remaining folded.
These findings indicate that the Ala7-Vall25 interface is
functionally important for maintaining the catalytically
active dimeric state of 3CLpro. While no inhibitor studies
were performed, the results support the dimer interface as a
structurally relevant element that may be explored in future
structure-guided antiviral design. In addition, unlike earlier
interface mutagenesis studies that emphasized charged or
substrate-binding residues, this work identifies a minimal
alanine—valine hydrophobic zipper as a critical determinant
of 3CLpro dimer stability and enzymatic function, revealing
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a viable allosteric target for antiviral intervention.
Nevertheless, despite providing important mechanistic
insights into the role of the Ala7-Vall25 zipper in 3CLpro
dimer stability and activity, this study has several limitations.
First, the assessment of 3CLpro oligomerization primarily
relied on size-exclusion chromatography, which provides
indirect estimates of molecular states and may not fully
resolve transient or  heterogeneous assemblies;
complementary techniques such as analytical
ultracentrifugation and native mass spectrometry would
enable more definitive quantification of monomer—dimer
equilibria. Second, only a single double mutant
(A7G/V125G) was examined, limiting broader conclusions
regarding the contributions of surrounding residues at the
dimer interface. Third, although enzymatic assays
demonstrated functional impairment, no direct inhibitor-
binding studies or cellular validation were performed,
leaving the physiological relevance and druggability of the
Ala7-Vall25 interface to be addressed in future work.
Nevertheless, this study provides a solid foundation for
subsequent future investigations, and the integration of
structural, biophysical, and cell-based approaches will be
essential to fully evaluate the therapeutic potential of
targeting this allosteric interface.
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