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The papain-like protease (PLpro) of SARS-CoV-2 is part of the multi-domain
nonstructural protein 3 (NSP3) and consists of two domains: a ubiquitin-like
domain 2 (Ubl2) and a protease domain. PLpro plays a crucial role in the
replication cycle of SARS-CoV-2, facilitating host immune-system evasion and
the formation of double-membrane vesicles where replication occurs. While the
function of the Ubl2 domain is still not clear, it is critical for the stability and the
functional efficiency of PLpro. Despite its predicted inherent flexibility, nearly
all SARS-CoV-1 and SARS-CoV-2 PLpro crystal structures deposited in the
Protein Data Bank show the Ubl2 domain in a highly similar, closed confor-
mation against the catalytic domain. Here, we present a crystal structure of
PLpro exhibiting Ubl2 in two distinct conformations: the well characterized
closed state, where UbI2 is positioned near the PLpro domain, and an as yet
uncharacterized open state, where UbI2 is displaced by 4 A from the PLpro core.
This conformational variability in our structure appears to be related to the
occupancy of a zinc ion within the zinc-finger domain. These results provide new
insights into the flexibility of Ubl2, suggesting potential avenues for targeting
and harnessing this dynamic behaviour for drug discovery.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), the virus responsible for the COVID-19 pandemic,
has infected over 770 million people and caused seven million
deaths from its first occurrence in 2019 until March 2026
(World Health Organization, 2026). While emerging variants
challenge the effectiveness of existing vaccines and antiviral
drugs such as Paxlovid, remdesivir and molnupiravir, they also
indicate an urgent need for the discovery of new effective
therapeutics, particularly for combinatorial treatments (Chan
et al., 2024). Addressing this challenge will require both de
novo antiviral drug discovery and systematic drug-repurposing
strategies (Du et al., 2026; Oktavianawati et al., 2023).
However, the development of novel therapies relies on a
thorough understanding of the viral assembly and life cycle, as
well as the exploration of several viral functional proteins as
potential therapeutic targets.

The life cycle of SARS-CoV-2 within the host cell starts with
its genome translation into two polyproteins, ppla and pplab,
which are subsequently cleaved by two viral proteases, the
main protease (Mpro) and the papain-like protease (PLpro),
into 16 nonstructural proteins (NSP1-NSP16). NSP3 is the
largest of these, with a molecular mass of approximately
200 kDa. As NSP3 is one of the few (poly)proteins which
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become functional at the start of the virus life cycle and as it is
highly conserved in all coronaviruses (Lei et al., 2018), NSP3
has been spotlighted as a key viral protein (Dable-Tupas &
Derecho, 2022; Chan et al., 2024). The intricate complexity of
NSP3, which consists of approximately 15 different domains,
gives the protein its versatile functions, including evasion of
the host immune system and involvement in different steps
of the viral replication cycle such as polyprotein maturation,
double-membrane vesicle (DMV) formation and pore crea-
tion in the DMVs (Lei ef al., 2018; Wolff, Limpens et al., 2020;
Wolff, Melia et al., 2020; Huang et al., 2024). However, this
complexity also poses challenges in obtaining high-resolution
structural information for the development of therapeutics.
Because the protease activity of the PLpro domain of NSP3 is
of central importance for many of its critical functions above
and because the PLpro domain is highly amenable for struc-
tural and fragment-binding studies compared with full-length
NSP3, the PLpro domain has emerged as a potential ther-
apeutic target.

PLpro and the adjacent ubiquitin-like domain 2 (Ubl2)
together are often considered as a single protein (von Soosten
et al., 2022). The Ubl2-PLpro protomer (referred to as PLpro
in this paper) is a 35 kDa papain-like cysteine protease that
includes UbI2 at its N-terminus followed by its catalytic core
(Supplementary Fig. S1), which itself consists of three sub-
domains (Osipiuk et al, 2021): an «-helical ‘thumb’, a
B-stranded ‘finger’ and a p-stranded ‘palm’. The fingers
subdomain contains a zinc-binding site coordinated by four
conserved cysteine residues (Cys189, Cys192, Cys224 and
Cys226; Gao et al., 2021) distributed within the loops between
the B-strands of the finger domain (Supplementary Fig. S1).
Mutational studies of SARS-CoV-1 have shown that the zinc-
finger loop residues are essential for proper folding and
solubility of the enzyme and for maintaining the integrity of
the active site (Barretto et al., 2005). The active centre is
located in the palm domain and comprises a catalytic triad
formed by the amino acids Cys111, His272 and Asp286 at the
interface between the thumb and palm subdomains (Gao et al.,
2021). Asp286 promotes the deprotonation of Cyslll by
His272, rendering it a more potent nucleophile (Osipiuk et al.,
2021). Cys111 then binds the substrate via a covalent thioether
linkage, followed by substrate (peptide) cleavage (Rut et al.,
2020). PLpro recognizes the target tetrapeptide motif
LXGG| XX by blocking loop 2, BL2, situated in the palm
domain between f-strands 11 and 12 (residues 267-271; Gao et
al., 2021).

The enzymatic protease activity of PLpro is responsible for
the cleavage of the viral polyproteins ppla and pplab, leading
to the release of mature NSP1-NSP3 (von Soosten et al.,
2022). The rest of the polyprotein cleavage to produce NSP4-
NSP15 is performed by the main protease (MPro; Gao &
Zhang, 2025). PLpro harbours two distinct substrate-binding
sites, SUb1 and SUb2 (Supplementary Fig. S1), each with
unique specificity and activity (Bosken et al., 2020). Notably,
the SUDI site primarily interacts with ubiquitin, ubiquitin-like
proteins and ISG15, while the SUb2 site accommodates
polyubiquitin-linked chains (von Soosten et al., 2022). The

binding capability of PLpro to these proteins underscores its
direct involvement in evading the host immune response, a
mechanism shared with other coronaviruses such as Middle
East respiratory syndrome-related coronavirus (MERS-CoV)
(Bailey-Elkin et al., 2014; Clasman et al., 2020). Consequently,
these two sites emerge as promising targets for drug discovery.

In spite of the importance and technical accessibility of
PLpro for structural therapeutic studies, no clinically
approved drugs have been developed against it to date (Chan
et al., 2024). One important factor to consider is the accessi-
bility of its drug-binding sites in sifu. Although most crystal
structures of PLpro deposited in the Protein Data Bank show
the Ubl2 domain in a single, linearly aligned conformation,
molecular-dynamics  simulations indicate  considerable
intrinsic mobility of UbI2 and the adjacent loops, including the
BL2 and zinc-binding loops (Bosken et al., 2020; Baez-Santos
et al., 2015). Consistent with this, recent in situ cryo-electron
tomography of the NSP3-NSP4 pore reveals a markedly
different (~45° bent) Ubl2 orientation (Huang et al., 2024).
Although this orientation is distinct from the linear arrange-
ment seen in most isolated PLpro crystal structures, the
overall picture emerging from structural and computational
studies points to pronounced conformational plasticity of this
domain. In our 1.95 A resolution crystal structure of SARS-
CoV-2 PLpro, two protomers in the asymmetric unit adopt
different Ubl2 orientations, namely ‘closed’ and ‘open’. The
‘closed’ conformation corresponds to the canonical orienta-
tion described in most SARS-CoV PLpro structures, whereas
the ‘open’ conformation is rotated and features an ~4 A
displacement with respect to the closed form. Here, we present
a detailed analysis of this previously uncharacterized confor-
mation of PLpro from SARS-CoV-2 in comparison to the
closed state and provide an overview of all crystal structures
reported so far with respect to Ubl2 conformational varia-
bility. The diversity of Ubl2 positioning observed across
crystallographic and in situ structures underscores the intrinsic
mobility of the domain and suggests that PLpro can access
multiple conformational states depending on its molecular
context.

2. Materials and methods
2.1. PLpro recombinant protein production

The SARS-CoV-2 PLpro wild-type (WT) and CI111S
mutant Escherichia coli codon-optimized genes inserted into
a pET-28a(+) vector were synthesized by GenScript (https:/
www.genscript.com). The bacterial vector contains a C-terminal
TEV protease cleavage site and a Hisg polyhistidine tag
(Supplementary Fig. S1). Plasmids were amplified using the
E. coli MACHLI strain and were verified by DNA sequencing
at Eurofins (https://www.eurofinsus.com/genomic-services/
dna-sequencing). The final protein sequences are shown in
Table 1.

Protein expression was performed in E. coli BL21(DE3)
cells. Cell cultures were grown at 37°C until the optical density
at 600 nm (ODgqo) reached 0.6. Expression was induced
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by adding isopropyl B-bp-1-thiogalactopyranoside to a final
concentration of 1 mM and ZnSOy, to 0.1 mM, followed by a
temperature decrease to 18°C for ~20h. The cells were
harvested via centrifugation at 5000g at 4°C. The cell pellets
were resuspended in lysis buffer [SO mM HEPES pH 7.5,
500 mM NaCl, 5mM B-mercaptoethanol (B-ME), 10 uM
ZnCl,, 5% glycerol, 0.5% Tween, lysozyme and a complete
protease-inhibitor EDTA-free tablet (Roche)] and lysed by
sonication on ice. The lysate was centrifuged for 20 min at
40 000g at 4°C. The supernatant was loaded onto a 5 ml
HisTrap column (GE Healthcare) for affinity-chromatography
purification at 4°C. The target protein was eluted from the
column with elution buffer (50 mM HEPES pH 7.5, 500 mM
NaCl, 5mM B-ME, 10 uM ZnCl,, 500 mM imidazole). TEV
protease was added in a 1:20(w/w) ratio to the protein for
His-tag cleavage and dialysed overnight at 4°C into 50 mM
HEPES pH 7.5, 300 mM NaCl, 5 mM B-ME, 10 pM ZnCl,. A
second HisTrap run was performed and the flowthrough
containing the His-tag-cleaved protein was collected and
dialysed again overnight at 4°C with 50 mM HEPES pH 7.5,
150 mM NaCl, 5 mM B-ME, 10 uM ZnCl,. The protein was
then further purified by size-exclusion chromatography using
a Superdex 75 10/300 GL column (Cytiva) at 4°C with final
buffer consisting of 50 mM HEPES pH 7.5, 150 mM NadCl,
1 mM TCEP, 10 pM ZnCl,. Protein-containing elution peaks
were pooled and concentrated using a centrifugal filter unit
(Amicon Ultra-4, 3.5 kDa molecular-weight cutoff) to around
10 mg ml . Concentrated proteins were flash-frozen using
liquid nitrogen and stored at —80°C, ready to be used for
crystallization or other downstream experiments.

2.2. Crystallization

The purified protein was used in crystallization trials at a
concentration of 10 mg ml~". Initial intergrown crystals were
obtained for the PLpro“""'® mutant using Grid Screen Salt
(Hampton Research) in a condition consisting of 0.1 M bicine
pH 9, 1.6 M ammonium sulfate in sitting drops set up by the
EMBL Grenoble HTX crystallization facility (Dimasi et al.,
2007, Marquez & Cipriani, 2014). Single crystals of the
PLpro“"''S mutant were obtained by refining the starting
condition to 0.1 M bicine pH 8, 1.45 M ammonium sulfate,
10% glycerol in 24-well plates and performing micro-seeding
(Table 2). Seeds were made from crystals of the PLpro“!!s
mutant using the Hampton Research seed bead kit following
the manufacturer’s protocol. Seed stock was prepared by
crushing crystals in one crystallization drop and transferring
this solution to a reaction tube with one seed bead and 50 pl
reservoir solution. The tube was vortexed for 3 min, stopping
every 30 s to cool the solution on ice for 20 s. New drops were
set up with a dilution series of the seed stock ranging from
a 50-fold to 1500-fold dilution in reservoir buffer. PLpro" ©
crystals were obtained by cross-seeding with previously
obtained PLpro“"''S crystals in a hanging-drop vapour-
diffusion setup. The reservoir volume was 500 pl with a drop
size of 2.5 pl (1 pl protein solution, 1 pl reservoir solution and
0.5 pl seed solution).

Table 1

Amino-acid sequences of PLproWT and PLproClllS

constructs.

In the amino-acid sequences, His-tag sites and TEV protease cleavage sites are
indicated by underlined and bold characters, respectively. Residues in italics
are derived from the cloning vector.

Complete amino-acid sequence
of the PLproWT construct
produced

MGEVRTIKVFTTVDNINLHTQVVDMSMT
YGQQFGPTYLDGADVTKIKPHNSHEGK
TEFYVLPNDDTLRVEAFEYYHTTDPSFEFL
GRYMSALNHTKKWKYPQVNGLTSIKWA
DNNCYLATALLTLQQIELKFNPPALQD
AYYRARAGEAANFCALILAYCNKTVGE
LGDVRETMSYLFQHANLDSCKRVLNVV
CKTCGQQOQTTLKGVEAVMYMGTLSYEQ
FKKGVQIPCTCGKQATKYLVQQESPFV
MMSAPPAQYELKHGTFTCASEYTGNYQ
CGHYKHITSKETLYCIDGALLTKSSEY
KGPITDVFYKENSYTTTIKPENLYFQG
LEHHHHHH

MGEVRTIKVFTTVDNINLHTQVVDMSMT
YGOQFGPTYLDGADVTKIKPHNSHEGK
TEFYVLPNDDTLRVEAFEYYHTTDPSFL
GRYMSALNHTKKWKYPQVNGLTSIKWA
DNNSYLATALLTLQQIELKFNPPALQD
AYYRARAGEAANFCALILAYCNKTVGE
LGDVRETMSYLFQHANLDSCKRVLNVV
CKTCGQQQTTLKGVEAVMYMGTLSYEQ
FKKGVQIPCTCGKQATKYLVQQESPFV
MMSAPPAQYELKHGTFTCASEYTGNYQ
CGHYKHITSKETLYCIDGALLTKSSEY
KGPITDVEFYKENSYTTTIKPENLYFQG
LEHHHHHH

Complete amino-acid sequence
of the PLpro“"® construct
produced

Table 2
Crystallization of PLpro™ ' and PLproClllS constructs.

Method Hanging-drop vapour diffusion

Temperature (K) 291

Protein concentration (mg ml™") 10

Buffer composition of protein 50 mM HEPES pH 7.5, 150 mM NaCl,
solution 1 mM TCEP, 10 pM ZnCl,

Composition of reservoir solution  1.45 M (NH,),SOy, 0.1 M bicine pH 8,

10% glycerol
Volume and ratio of drop (C111S) 2.0 pl drop (1:1 protein:reservoir)
Volume and ratio of drop (WT) 2.5 pl drop (2:2:1 protein:reservoir:seed)

2.3. X-ray diffraction data collection and processing

Crystals originally grown without any glycerol in the crys-
tallization buffer were screened for a suitable cryoprotectant.
However, all cryoprotectants tested reduced the diffraction
quality and the diffraction limit of the crystals. This was ulti-
mately overcome by crystallizing the protein in the presence
of 10% glycerol in the crystallization buffer, followed by
directly flash-cooling the crystals in liquid nitrogen.

Diffraction data from three different crystal types were
collected: PLpro™" and PLpro“'"'S, both of which were
harvested two months after the drops were set up, and
PLpro™"-2¢® which was harvested eight months after crys-
tallization setup. X-ray diffraction data were collected on
beamline ID30B (McCarthy et al, 2018) at the European
Synchrotron Radiation Facility (ESRF), Grenoble, France,
using an EIGER2 X 9M detector at 100 K at a wavelength
of 0.873 A for PLpro™" and PLpro“'' and 1282 A for
PLpro™'-2¢® (Table 3). Data processing was performed
using autoPROC and STARANISO (Vonrhein et al., 2011,
2024).
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Table 3
X-ray data-collection and processing statistics.

Values in parentheses are for the outer shell.

PLpro“'!'S PLpro™" PLproV"-2eed
PDB code 9hhh 9hhg 9hhi
Wavelength (A) 0.873 0.873 1282
Rotation angle per image (°) 0.2 0.1 0.2
Total rotation range (°) 180 180 360
Exposure time per image (s) 0.02 0.05 0.01
Space group P22:2 P2,2:2 P2,2,2
a, b, c (A) 98.4, 106.3, 100.1, 106.5,  99.7, 106.7,
72.0 72.3 71.8
Solvent content (%) 52.4 53.8 53.1
Mosaicity (°) 0.15 0.2 0.2
Resolution range (A) 72.21-1.63 72.90-1.82 72.87-2.29
(1.84-1.63) (1.94-1.82) (2.59-2.29)

Total No. of reflections
No. of unique reflections
Completeness

423584 (22142) 408638 (21944) 326646 (15180)
62300 (3115) 59988 (2999) 24306 (1215)

Spherical (%) 65.5 (10.9) 85.4 (24.9) 69.4 (11.6)

Ellipsoidal (%) 95.4 (70.5) 94.9 (57.1) 93.9 (56.3)
Multiplicity 6.8 (7.1) 6.8 (7.3) 13.4 (12.5)
(Ilo(1)) 6.7 (1.7) 6.6 (1.3) 9.6 (1.5)
CCyp 0.996 (0.595) 0.967 (0.810)  0.997 (0.591)
Rieas (all I+ and 1—) 0.162 (1.687)  0.171 (2.057)  0.232 (1.930)
Overall B factorofrom 18.1 25.4 41.6

Wilson plot (A?%)

2.4. Structure solution and refinement

The structure-solution and refinement statistics are listed in
Table 4. All structures were solved by molecular replacement
using Phenix (Liebschner et al., 2019). The search model for
the C111S mutant structure was the PLpro structure from
SARS-CoV-2 (PDB entry 7d7k; Zhao et al., 2021). The WT
structures were solved using the C111S mutant structure
reported here as a search model. Model refinement was
performed using Coot and phenix.refine (Emsley et al., 2010;
Liebschner et al., 2019). Experimental phases using the
anomalous scattering contribution of zinc at an energy of
9.67 keV of the PLpro™ —2¢Y" crystal were calculated with
SFALL, merged with the MTZ file using CAD and the
anomalous difference Fourier map was subsequently gener-
ated with fast Fourier transform (all as part of the CCP4 suite;
Agarwal, 1978; Immirzi, 1966; Potterton et al., 2003; Agirre et
al., 2023; Ten Eyck, 1973; Read & Schierbeek, 1988).

2.5. SAXS data collection, processing and modelling

SEC-SAXS measurements were carried out on BM29 at
the ESRF (Tully et al., 2023); in brief, 100 pl of 10 mg ml~"
PLpro“'"' was loaded onto a Superdex 75 10/300 column
(Cytiva) pre-equilibrated with five column volumes of running
buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP,
10 uM ZnCl,). SAXS data were collected using X-rays of
wavelength 0.9919 A (12.5keV) and a sample-to-detector
distance of 2.81 m, corresponding to a g-range of 0.007—
0.5 A~%. 1400 frames were collected at 2's per frame. Data
were initially processed using the BM29 automated software
pipeline FreeSAS (Kieffer et al., 2022) with additional post-
processing using ScatterIV (Tully et al., 2021). Flexibility was
measured using BilboMD (Pelikan et al., 2009), in which
molecular-dynamics (MD) simulations are used to explore

Table 4
Structure-solution and refinement statistics.

The resolution of the datasets has been lowered in refinement compared with
the initially processed datasets in order to achieve a completeness of >80% for
the high-resolution shell. Values in parentheses are for the outer shell.

PLpro“"S  PLpro™" PLpro" -2
Resolution range (A) 72.21-1.98 72.94-1.95 72.87-2.70
(2.02-1.98)  (1.98-1.95) (2.84-2.70)

Completeness (%) 98.48 (80.93) 98.08 (82.35)
No. of reflections, working set 52496 (2359) 55966 (2291) 21404 (2737)
No. of reflections, test set 2458 (122) 2756 (127) 1024 (140)
Final Ry 0.179 (0.231) 0.187 (0.2538) 0.224 (0.3119)

98.57 (89.94)

Final Ryree 0.215 (0.267) 0.221 (0.3453) 0.284 (0.3459)
No. of non-H atoms
Total 5599 5667 5208
Protein 5099 5070 5016
Ligand 40 16 18
Water 460 581 174
Total 5599 5667 5208
R.m.s. deviations
Bond lengths (A) 0.009 0.007 0.002
Angles (°) 0.90 0.82 0.43
Average B factors (A%)
Overall 26.01 30.8 593
Protein 254 30.3 59.6
Ligand 43.0 48.8 49.4
Water 31.0 347 521
Ramachandran plot
Most favoured (%) 97.0 96.7 96.2
Allowed (%) 3.0 33 3.8

conformational space and provide an ensemble of molecular
models from which a SAXS curve is calculated and compared
with the experimental curve. Residues 57-60 of PLpro“'''®
were allowed to be flexible between two rigid bodies.

3. Results and discussion

3.1. Crystallization and X-ray diffraction of PLpro WT and
the active-site mutant C111S

Both PLpro protein constructs, PLpro" ' and PLpro“'''®,

were expressed as a C-terminal His-tag fusion protein. The
His-tag was subsequently cleaved by TEV protease prior to
crystallization. During expression of the protein, 100 mM
ZnSO,4 was added to the cell culture and 10 mM ZnCl, was
added to each purification buffer, which led to an increase in
protein yields. Both PLpro™ " and PLpro“'''S proteins eluted
as monomers in size-exclusion chromatography (SEC; Fig. 1a).
However, analytical ultracentrifugation (AUC) also showed a
small population of <2% with a molecular weight of 70.2 £
2.5 kDa, corresponding to a PLpro dimer (71.4 kDa; Supple-
mentary Fig. S2). In spite of the similar behaviour of both
constructs in SEC and AUC, only the C111S mutant crystal-
lized readily. However, the initial crystals only diffracted to
approximately 4 A resolution. We were able to optimize the
mutant crystals by micro-seeding using crystals obtained from
an initial crystallization screen. Crystallization of the WT
protein was achieved through cross-seeding, starting from a
seed stock prepared from the optimized mutant crystals. While
these crystals diffracted to below 3 A resolution when directly
flash-cooled in liquid nitrogen, they showed considerably
degraded diffraction quality upon the addition of cryo-
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Figure 1

(@) SEC elution purification profile of PLpro™ " showing a single peak corresponding to the monomeric size and SDS—-PAGE confirming the purity of the
target protein. (b) Ribbon-diagram representation of the asymmetric unit containing two protomers. Protomer A is represented in orange and protomer
B in blue. The thumb, finger, palm and Ubl2 domains are marked. (¢) Cartoon-diagram representation of differences between protomer A and B [using
the same colour scheme as shown in (b)] of the asymmetric unit, showing the differences in two different insets for the zinc-finger and the Ubl2 domain
(from left to right). (d) Electron density of the protomer A zinc finger showing the coordination of the ion by the four cysteine residues and an inset
showing the density around the zinc ion present at a contour level of 10 r.m.s.d.. (¢) Interactions between the protomer A zinc-finger and protomer B
UbI2 domain. Amino acids involved in hydrogen bonds are labelled and the hydrogen bonds are marked as black dashed lines.
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protectants. This limitation was overcome by incorporating
10% glycerol in the crystallization buffer, followed by direct
flash-cooling of the obtained crystals in liquid nitrogen. Under
these conditions, the crystals consistently diffracted to better
than 2 A resolution and the structures of PLpro™" and
PLpro“'"'S were resolved in the orthorhombic space group
P2,2,2 with very similar unit-cell dimensions (Table 3). Each
structure contains two molecules in the asymmetric unit, with
Matthews coefficients of 2.66 and 2.58 A® Da~" for PLpro™"
and PLpro“'''S, respectively, indicating solvent contents of
54% and 52% in the crystals.

Unless specified, all descriptions given here are for the
PLpro™" crystals. The two protomers in the asymmetric unit
are organized in an almost dimeric arrangement (Fig. 1b). For
protomer A, residues 3-322 were modelled into the electron
density, while protomer B showed clearly interpretable elec-
tron density for residues 1-315 of the total 322 residues.
Globally, the two protomers show almost identical structures
(r.m.s.d. of 0.36 A for all C* atoms in common). However,
local differences are visible, especially in the two functionally
important regions known for their dynamic nature: the Ubl2
domain and the zinc-binding loop (Frieman et al., 2009;
Bosken et al., 2020; Baez-Santos et al., 2015).

3.2. Open and closed conformations of the Ubl2 domain

The UbI2 domain is a ubiquitous domain associated with
all coronavirus PLpro proteins and has been shown to be
essential for the stability and catalytic efficiency of PLpro
in SARS-CoV-1, SARS-CoV-2 and murine hepatitis virus
(Frieman et al., 2009; Mielech et al., 2015; Arya et al., 2025). It
is a small domain comprising approximately 60 amino acids
attached to the ridge helix (residues 61-68) of the thumb
domain of PLpro. In both the PLpro™" and PLpro“*''s
structures reported here, we observe distinct conformations of
the Ubl2 domain in the two protomers. The Ubl2 domain of
protomer B has undergone a rotation and is in a different
position relative to the ‘ridge’ helix (Asp62-His73) compared

with protomer A (Fig. 1c, Ubl2 inset). This rotation places the
UDbI2 domain of chain B spatially further away from the PLpro
domain, defining what we refer as the ‘open’ conformation.
A maximum displacement of 3.9 A is observed between the
two protomers at around residue Ala39 (C%), highlighting a
notable structural rearrangement that distinguishes protomer
B from protomer A. This positioning of the Ubl2 domain in
protomer B cannot be attributed to crystal packing as the Ubl2
domain does not engage in lattice interactions, except for the
N-terminal tip, which contacts a short loop (residues 293-297)
of a symmetry-related molecule (Supplementary Fig. S3).
Moreover, the UbI2 residues of this monomer show higher
B-factor values than those of protomer A (Fig. 2 and
Supplementary Fig. S4). To investigate flexibility in the solu-
tion state, SAXS measurements were taken. The SAXS results
from PLpro“"''s show a monomeric globular protein with a
radius of gyratlon (Ry) of 24.98 A and a maximum dimension
(Dpax) of 98 A (Supplementary Fig. S5). To explore any
flexibility, the BilboMD software (Pelikan et al., 2009) was
used to create an ensemble of molecular models that confor-
mationally sample the molecular space. An initial fit to the
monomeric PLpro“""'S structure was taken (x> = 2.33), the
linker region between the Ubl2 domain was then allowed
freedom to move and the resulting ensemble of models
generated indicate that the Ubl2 domain does have movement
about the linker region (Supplementary Fig. S6); a three-state
model gave the best fit (x> = 1.40). Thus, this supports the
proposal that localized flexibility may arise from the UbI2
domain about a relatively rigid PLPro core domain. Impor-
tantly, the SAXS data are well described by monomeric
models, supporting that the observed flexibility in the Ubl2
domain reflects intrinsic conformational variability rather than
intermolecular interactions as in the crystal.

The conformation observed in protomer A, which we refer
to as ‘closed’, has been commonly observed, with slight
variations, in several SARS-CoV-1 and SARS-CoV-2 PLpro
structures deposited in the Protein Data Bank (PDB entry

Protomer

Protofner B

Protomer B

% Zn-finger domain
Figure 2

10 A2 -33 150 A2

Representation of B factors in a rainbow colour spectrum (ranging from 10 to 150 AZ) of all three structures for protomer A and protomer B. Higher B

factors can be observed for protomer B zinc-finger regions, especially for the PLpro

WIaged gtructure that has no zinc bound.
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Table 5

B factors (A?) of zinc ions in the zinc-binding loop, the cysteine residues in the loop and the overall structure for different structures deposited in the
PDB as well as for the three structures presented in this article (PLpro™ PLproClllS and PLpro™ "~ aged ).

Zn Cys189 Cys192 Cys224 Cys226 Overall Resolution (A)
PDB entry 7nfv 35 33 42 36 36 34 1.42
PDB entry 6wzu 41 41 50 43 43 39 1.79
PDB entry 7ybg 43 47 50 43 44 34 1.90
PDB entry 7d7k 45 47 65 68 75 47 1.90
PDB entry 7d47 94 82 76 93 80 40 1.97
PLpro™", protomer A 28 29 32 31 34 31 1.95
PLpro™", protomer B 111 88 96 100 110 1.95
PLpro”'!"> protomer A 26 26 29 28 29 26 1.98
PLpro“''s, protomer B 77 74 76 87 112 1.98
PLpro™™-¢"" protomer A - 97 125 83 111 59 2.70
PLproV"-¢% protomer B — 123 124 115 126 2.70

2fe8, Ratia et al., 2006; PDB entry 7nfv, Srinivasan et al., 2022).
Both Ubl2 conformations seem to exhibit hydrogen-bond
interactions with PLpro. In protomer A (the closed state),
hydrogen bonds are observed between Hisl7 and Glu67
3.1 A) and between Asp37 and Lys91 (2.8 A) In contrast, the
open conformation in protomer B maintains the hydrogen
bond between Hisl7 and Glu67 (2.8 A) but lacks the inter-
action between Asp37 and Lys91. Instead, a new hydrogen
bond forms between Gly38 and Lys91 (3.3 A). In SARS-CoV-1
(for example PDB entry 5y3e), equivalent hydrogen bonds
occur between His17 and Glu67 (2.8 A) and Asp37 and Lys91
(2.8 A), as observed in protomer A (Lin et al, 2018). The
presence of only two hydrogen bonds between the Ubl2 and
catalytic domains of PLpro may be considered weaker but is
perhaps necessary to accommodate the conformational flex-
ibility of the Ubl2 domain (Bosken et al., 2020; Baez-Santos et
al., 2015). Nevertheless, in both conformations residues
involved in SUb2, which is located proximal to the UbI2
domain, appear to be structurally conserved, suggesting that
the open conformation is unlikely to impact substrate binding
at this site.

The ‘closed’ conformation is prevalent across all known
SARS-CoV-2 PLpro apo structures (13 in total; PDB entries
6w9c, 6wrh, 6wzu, 6xg3, 7d47, 7d6h, 7d7k, 7cjd, Tnfv, 7ybg,
8fwn, 8fwo and 8vec), whether crystallized as monomers or as
dimers. However, to our knowledge, the ‘open’ conformation
observed in our structure has not been reported in any of
these structures. Interestingly, one SARS-CoV-2 PLpro
structure (PDB entry 7d7k; Zhao et al., 2021), crystallized in
space group P6522 with two molecules in the asymmetric unit,
reveals one protomer in the ‘closed’ conformation and the
other in an intermediate state positioned between the ‘open’
conformation observed in our protomer B and the ‘closed’
conformation (Supplementary Fig. S7). The observation of
these conformations across different space groups and
different protomer—protomer packings reduces the likelihood
that the observation is linked to crystal-packing artefacts and
confirms the existing notion of flexibility within the Ubl2
domain (Bosken et al., 2020).

3.3. Flexibility of the zinc-binding loop

Next, we analysed the flexibility of the zinc-binding loop
and its correlation to zinc occupancy in both protomers.

Interestingly, protomer A of PLpro" ' has a fully occupied zinc
ion coordinated by four conserved cysteine residues, Cys189,
Cys192, Cys224 and Cys226 (Fig. 1d and inset). The electron
density for the zinc ion is clearly visible at a contour level
exceeding 12 r.m.s.d., with a corresponding B factor of 28 A%
The surrounding loop residues in protomer A exhibit defined
electron density and low B factors (for example, the B factor
of Cys189 is 29 A? Table 5). In contrast, protomer B shows
only weak electron density for the zinc ion (disappearing at
contour levels of >3 r.m.s.d.) with a significantly higher B
factor of 110 A”. The associated zinc-binding loop residues in
protomer B also display elevated B factors (see Table 5). A
similar situation is observed in the PLpro“'S structure,
where the B factors of these residues in protomers A and B
remain comparable to those of PLpro" . In our hands, the
removal of bound zinc by EDTA in the purification buffer
resulted in protein precipitation, while addition of zinc to the
cell culture and the purification buffer increased the protein
yield (data not shown). These observations support the notion
that zinc binding to PLpro is essential for stabilizing the
flexibility of the zinc-binding loop and thereby maintaining the
structural integrity of the protein (Jiang et al., 2022).

We extended this analysis to explore whether zinc-ion
occupancy and zinc-binding loop stability contribute to the
conformational variability observed in the Ubl2 domain in
the asymmetric unit. In our structures, both protomers are
arranged such that the N-terminal region of one protomer is
positioned near the C-terminal region of the other, although
not symmetrically, forming a configuration reminiscent of a
‘yin—yang’ pattern. This arrangement positions the zinc-
binding loop of protomer A to interact with the Ubl2 domain
of protomer B (Fig. 1e). Specifically, there are hydrogen bonds
from the main-chain O atom of Thr191 (in the zinc-binding
loop) in protomer A to the OG1 atom of Thr26 and the NE2
atom of GIn29 in protomer B. Additionally, the main-chain O
atom of Lys190 (in the zinc-binding loop) in protomer A forms
a hydrogen bond to the NE2 atom of GIn29 in protomer B. In
contrast, the zinc-binding loop of protomer B does not form
any interactions with the Ubl2 domain of protomer A. This
suggests that the interaction with a stable zinc-binding loop
could lock the Ubl2 domain in this open conformation,
however in a specific environment such as our crystal packing.
This raised the question: would removal of the zinc ion from
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protomer A weaken its interaction with the Ubl2 domain of
protomer B, thereby inducing it to adopt a ‘closed’ confor-
mation? To answer this question, we examined PLpro“ '
crystals that were 7-8 months old, based on the fact that zinc
binding to proteins is pH-dependent (Kluska et al., 2018).
Over time, we noticed that the pH of our crystallization drops
shifted from basic to acidic (as measured with pH paper). To
assess the presence of zinc within these ‘aged’ crystals, we
performed X-ray anomalous scattering experiments slightly
above the zinc absorption edge (9.7 keV), which showed
no measurable anomalous signal at the zinc-binding site.
Diffraction data collected from several PLpro™ '~ ¢’ crystals
showed weak electron density at the zinc-binding site and ill-
defined electron density for zinc-binding-loop residues, with
elevated B factors for both protomers (Fig. 2 and Supple-
mentary Figs. S4, S8 and S9). As anticipated, the Ubl2 domain
of protomer B was no longer in an ‘open’ conformation in
this structure, but adopted an ‘intermediate’ conformation
between the open and the closed states (Supplementary Fig.
S8). Interestingly, the crystals remained intact despite a minor
reduction in the resolution obtained, implying that they can
tolerate the conformational variability of UbI2.

While this is the case within the asymmetric unit arrange-
ment, a detailed analysis of B factors within each protomer
reveals a trend; elevated B factors of the zinc-binding loop
residues correlate with higher B factors in the Ubl2 domain
of the same monomer. This is also confirmed across several
existing structures (Supplementary Figs. S4 and S10). The
potential allosteric link between zinc-binding loop flexibility
and UDbI2 conformational variability, along with the possibility
that zinc ion binding regulates this variability, warrant further
investigation.

3.4. Intrinsic conformational variability of Ubl2 in PLpro

To decipher whether the open form could be one of the
physiologically relevant states of PLpro, we expanded our
search to PLpro structures from other coronaviruses. Our
analyses showed that several MERS-CoV PLpro structures
(PDB entries 5v69, 4rna, 4pt5, 4pl6, 4rez and 4r3d) have
a conformation similar to our ‘open’ conformation
(Supplementary Figs. S1 and S11), highlighting the possibility
that the ‘open’ conformation represents an intrinsic state of
PLpro and may be relevant to consider in future inhibitor
studies. This is the first time that this conformation has been
characterized from crystallographic analyses for SARS-CoV-1
and SARS-CoV-2. Further supporting the physiological rele-
vance of UbI2 flexibility, a recent cryo-EM structure of the
NSP3-NSP4 pore complex manifested an altogether different
conformation for Ubl2, differing from the reported open or
closed states, which exhibited unanticipated interactions with
C-terminal domains of NSP3 (Y1-CoVG; Huang et al., 2024).
While the crystal and cryo-EM structures provide valuable
snapshots of Ubl2 conformational variability, they do not
capture its full dynamic behaviour. Additional approaches
such as molecular-dynamics simulations could further explore
the conformational landscape of the Ubl2 domain, particularly

in relation to ligand and substrate binding and its potential
allosteric coupling to the zinc-binding site.

Together, these findings show the essential nature of Ubl2
flexibility in the structural and functional integrity of the
papain-like protease of SARS-CoV-2. We believe that this
intrinsic flexibility of the Ubl2 domain of PLpro, which may
open up a pocket for potential inhibitors, could be exploited in
hit- and lead-finding campaigns to identify starting points for
antiviral drug development.

4. Related literature

The following reference is cited in the supporting information
for this article: Robert et al. (2025).
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