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ABSTRACT: Papain-like protease (PLpro) from SARS-CoV-2 plays essential roles in the %
replication cycle of the virus. In particular, it preferentially interacts with and cleaves human 3:
interferon-stimulated gene 15 (hISG1S) to suppress the innate immune response of the host. -

We used small-angle X-ray and neutron scattering combined with computational techniques
to study the mechanism of interaction of SARS-CoV-2 PLpro with hISG1S5. We showed that
hISG15 undergoes a transition from an extended to a compact state after binding to PLpro, a
conformation that has not been previously observed in complexes of SARS-CoV-2 PLpro with
ISG1S from other species. Furthermore, computational analysis showed significant
conformational flexibility in the ISG15 N-terminal domain, suggesting that it is weakly
bound to PLpro and supports a binding mechanism that is dominated by the C-terminal
ISG1S domain. This study fundamentally improves our understanding of the SARS-CoV-2 e
deISGylation complex that will help guide development of COVID-19 therapeutics targeting oor o
this complex.
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evere acute respiratory syndrome coronavirus 2 (SARS- While they have a sequence identity of 83%, these studies

CoV-2) is currently causing a worldwide pandemic,' showed that the deISGylating and deubiquitylating activities of
underscoring the need for an improved understanding of its PLpro from SARS-CoV and SARS-CoV-2 differ in their
replication machinery. Like earlier coronaviruses, MERS-CoV substrate preference. PLpro from SARS-CoV-2 was shown to
and SARS-CoV, this virus utilizes two cysteine proteases [the be more efficient at cleaving ISG15 than ubiquitin molecules,
main protease,”” also called nonstructural protein S, and the opposite of the result for PLpro from SARS-CoV.*” Not
papain-like protease (PLpro), which is a small domain of the unexpectedly, crystal structures of the mouse ISGS1S PLpro
larger nonstructural protein 3 (Nsp3)]* to generate a complex revealed that the mode of binding of ISG15 by SARS-
functional replicase complex that is required for the virus to CoV-2 PLpro and SARS-CoV PLpro was conserved.?
spread. SARS-CoV PLpro cleaves the viral polyprotein ppla at Mutation studies in the S2 helix binding site of the PLpro
three sites at the N-terminus (177LNGG | AVT183, from SARS-CoV-2 indicated that upon introduction of a

81SLKGG | API821, and 2737LKGG | KIV27§‘3) to release hydrophobic residue at position 76, the deubiquitylating
mature Nspl, Nsp2, and Nsp3, respectively.” PLpro also activity of PLpro from SARS-CoV-2 was increased compared

removes interferon-stimulated gene 15 protein (ISG1S) and to that of the wild-type enzyme. However, to date, there has
ubiquitin from host proteins to negatively impact the innate been a lack of structural information regarding SARS-CoV-2
immune response. In animals, the amino acid sequences of PLpro in complex with the full length, more clinically relevant
ISG1S exhibit significant diversity, with the amino acid human I1SG15,"" which shares 65.8% amino acid sequence
sequence identity ranging from 65.8% to 34.5% from human identity with mouse ISG15.° Human ISGIS is composed of

to mouse, and human to insect, ISG15, respectively.” The
addition of ubiquitin to lysine side chains is a common post-
translational modification that regulates protein activity, often
via targeted degradation. ISG1S is also conjugated to target
proteins in a process called ISGylation, a regulatory process
that targets the protein for proteasomal degradation.”
ISGylation and ubiquitination both play vital roles in the
regulation of the immune response to viral infection. Thus,
many viruses have developed strategies for disrupting these
pathways.

Recent biochemical and structural studies®” have compared
the activities of PLpro from SARS-CoV and SARS-CoV-2.

two ubiquitin-like domains connected by a flexible linker,
suggesting that the two domains may be able to move freely
and independently of each other.'” Earlier studies of PLpro
from SARS-CoV have shown that it contains two ubiquitin-like
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Figure 1. SAXS analysis of SARS-CoV-2 PLpro C111S and human ISGIS in solution. (A and B) SAXS and P(r) profiles for PLpro C111S (blue)
and hISGI15 (orange), respectively. The theoretical P(r) profiles of free hISG1S and PLpro C111S are shown as dashed lines using the same color
scheme as the experimental data. The SAXS curves are offset by a factor of 10 for the sake of clarity. The fit curves for the theoretical SAXS curves
calculated from the respective crystal structures are overlaid on SAXS curves as solid red and black lines. (C) PLpro C111S crystal structure (PDB
entry 7D6H) with the palm, thumb, zinc-finger, and ubiquitin-like (UBL) domains highlighted. (D) Crystal structure of hISG1S (PDB entry

1Z2M).

Table 1. SAS Structural Parameters and Data Fitting

PLpro C111S PLpro C111S PLpro C111S in hISG1S in PLpro C111:hISGI1S
alone alone complex hISG1S alone  hISGI1S alone complex complex
SAS technique employed SEC-SAXS SANS SANS SEC-SAXS SANS SANS SEC-SAXS
protein concentration varies S.0 6.2 varies 3.1 2.9 varies
(mg mL™")
Guinier analysis
1(0) (ecm™) 2552 + 004 022 + 001 0.26 + 0.01 868 £ 003 004 +001 002+ 001 38.40 + 0.08
R, (A) 23.7 + 0.1 24.0 + 0.1 24.5 + 0.1 19.3 + 0.1 174 + 0.6 15.5 £ 0.5 249 + 0.1
QR range 0.49—-1.29 0.22—-1.23 0.26—1.23 0.34—1.28 0.12—1.30 0.48—1.26 0.65—1.29
P(r) analysis
1(0) (em™) 257 + 0.1 022 + 0.01 025 + 0.01 8.74 + 0.03°  0.04 + 003  0.02 + 0.01 38.6 + 0.1
R, (A) 243 + 0.1 245 + 02 247 + 0.1 19.3 £ 0.1 18.6 + 0.5 151 £ 0.3 252 + 0.1
Dpx (A) 80 80 78 62 60 44 79
Q range (A 0.02—-0.3 0.01-0.25 0.009-0.20 0.018—0.40 0.015-0.30 0.012—0.20 0.02—-0.3
7 1.6 39 1.8 <1 <1 1.5 1.9
molecular weight (M)
analysis
34.7 34.7 39.1 16.2 16.4 16.8 49.0

My from Porod
volume (kDa)

?I(0) from SEC-SAXS is not on an absolute scale. Theoretical molecular masses of PLpro C111S and hISG1S are 36.0 and 17.0 kDa, respectively.

domains that engage with the N-terminus of ISG15s.° Human
and mouse ISG1Ss possess similar secondary structures in the
two ubiquitin-like domains, but significant differences are
present in the tertiary structures of mouse ISG1S and human
ISG1S (Figure S1). Several studies have focused on developing
inhibitors that target the groove-like pocket of PLpro that
binds the C-terminus of human and mouse 1SG15s.%"" I silico
and in vitro studies identified molecules such as VIR250 and
VIR251,"* GRL-0617," and racSc'"'* that may be good
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candidates for preventing PLpro deISGylation activity by
binding in this pocket to prevent binding of ISG1S5.

To aid in our understanding of human ISG15 recognition by
SARS-CoV-2 PLpro, small-angle X-ray and small-angle
neutron scattering (SAXS and SANS, respectively) were used
to investigate their interaction in solution. These measure-
ments have allowed us to study the conformation of SARS-
CoV-2 PLpro and hISG1S5 independently and in complex with
each other to provide new insights into the relative orientation

https://doi.org/10.1021/acs.jpclett.1c00831
J. Phys. Chem. Lett. 2021, 12, 5608—5615
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Figure 2. Combined size exclusion chromatography and small-angle X-ray scattering analysis of the PLpro C111S:hISG1S complex. (A) SEC-
MALS elution profile of PLpro C111S and the PLpro C111S:hISG1S complex, shown with blue and red lines, respectively. (B) Experimental SAXS
profile of the PLpro C111S:hISG1S complex and theoretical SAXS curve for the PLpro:mISG1S complex (PDB entry 6YVA), shown as red circles
and black lines, respectively. (C) P(r) function of PLpro C111S alone (blue line) and PLpro C111S in complex with hISG1S (red line) and
theoretical P(r) function for the PLpro mISG1S complex (black dashed line).

of the proteins in the complex. We used the catalytically ISG1S is an interferon-a/f-induced, ubiquitin-like protein
inactive variant PLpro C111S (termed PLpro henceforth) to that is conjugated to a wide array of cellular proteins. The
allow the intact complex to be studied without unwanted hISG15 structure has the N- and C-terminal ubiquitin-like
proteolysis reactions for all measurements. The protiated and domains, each of which assumes a f-grasp fold structure that is
partially deuterated proteins were overexpressed and purified nearly identical to that found in ubiquitin (Figure 1D)."® SAXS

from Escherichia coli cultures as described in the Supporting anal):sis of hISGI1S yielded an R, and a D, of 19.2 + 0.1 and
Information. The mature form of hISG1S was obtained 62 A, respectively (Table 1). The SAXS-derived molecular

commercially (Bio-Techne, Minneapolis, MN, catalog no. mass was 16.2 kDa, indicating that it is a monomer in solution
UL-601). SAXS coupled with multiangle light scattering and and consistent with the molecular mass calculated from the
size exclusion chromatography (SEC-SAXS-MALS) experi- amino acid sequence (17.0 kDa) There was excellent
ments were performed at Advanced Light Source beamline agreement between the theoretical scattering curve of

12.3.1 at Lawrence Berkley National Laboratory."'® SANS hISG1S derived from its crystal structure (PDB entry 1Z2M)
studies were performed using the Bio-SANS instrument and th? experim'ental SAXS anq SANS data. ()(2 :_1'6 an'd 0.9,
located at the High Flux Isotope Reactor at Oak Ridge respectively) (Figure 1A and Figure S2B), indicating a similar
National Laboratory.”"® A detailed description of the data conformation of the protein in solution as observed in the
analysis approaches used is provided in the Supporting crystal structure (.PD B enFry‘lZ%M). The P(r) .ana.lysm of
Information. SEC-SAXS yielded a radius of gyration (Rg) hISG1S shows a bimodal distribution of interatomic distances
and a maximum dimension (D,..) of 23.6 + 0.1 and 80 A between two well-separated ubiquitin-like domains in the
max. . _— . ) . .
respectively (Figure 1A and Table 1). The molecular mass xp erimental and theoretical (PDB elglt.ry 1Z2M) proﬁle.s
calculated from SAXS (34 kDa) was within the accuracy range (Figure 1B). However, the peak at ~35 A in the P(r) profile is
calculated from the amino acid sequence (36.0 kDa) more prominent and shifted to longer distances compared to
indicating that the protein exists as a monomer in solutioni the theoretical profile, indicating that the two domains of

The pair distance distribution function [P(r)] curve of free hISG1S 1anohllt10n arle 20 sepzra}tled than in the cgys;al
PLpro supports the idea that it is in an extended conformation structure. Langley et a.. = compared human, mouse, anc bat
(F'p 1}])3% SANS d th SAXS d ieldi il ISG1S structures (PDB entries 1Z2M, STLA, and 6MDH,

gure 1 ) ata agrezwﬂ, ‘ ata, yle 1ngdsxm12r respectively) and showed a difference in the twist around the
structul'ra paramet‘ers [Rg and Dy, of 24.1 + 0.1 and 80 4, N- and C-terminal domains that could be attributed to
respectively (see Figure S2A and Table 1)]. The PLpro C111S differences in the flexible hinge region connecting the two
crystal structure [Protein Data Bank (PDB) entry 7D6H]

. domains. Calculation of the theoretical P(r) profiles of these
shows good agreement with the SAXS and SANS data (* = proteins also presents the expected bimodal distribution.

1‘? a.n'd 2‘8’. respectively), indicating .th?t. t}'1e CatalY.tiC However, the position of the second peak (~35 A) is shifted
ubiquitin-specific protease (USP) and ubiquitin-like domains among the curves supporting the crystallographic analysis

are in a similar conformation in solution as the crystal (Figure S6). Interestingly, the P(r) distributions of hISG1S
structures (Figure 1A and Figure S2A). The USP encompasses from SAXS and bat ISG15 are most similar, providing
thumb, palm, and zinc-finger subdomains (Figure 1C)."” additional evidence that the relative orientation of the domains
However, closer examination of the theoretical (PDB entry in hISG1S is different in the crystal structure and in solution.
7D6H) and experimental PLpro C111S P(r) curves shows a This suggests a conformational flexibility in hISG1S in solution
slight shift in the peak position from 22 to 25 A, suggesting that may be important for protein—protein interactions.

differences in the crystal and solution structures of the protein Size exclusion chromatography (SEC) showed that PLpro

(Figure 1B). It was previously shown that the ubiquitin-like and hISGI1S form a 1:1 complex (Figure S3A). In addition,
domain of SARS-CoV-1 PLpro can adopt at least two different sodium dodecyl sulfate—polyacrylamide gel electrophoresis

conformations that could explain the differences in the P(r) analysis confirmed that there is no proteolysis of either PLpro
profiles observed here.’ or ISG15 (Figure S3B). SEC-SAXS determined that the R, and
5610 https://doi.org/10.1021/acs.jpclett.1c00831
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Figure 3. SANS analysis of the PLpro C111S:hISG1S complex. (A) P(r) curves for free PLpro C111S (blue), deuterated PLpro C111S in the
complex (red), free hISGIS in solution (black), and hISG1S in the complex (magenta). (B) Contrast-matched SANS profiles for bound PLpro
C1118 (red circles) in 42% D,O. The fit curve calculated from the PLpro C111S crystal structure (PDB entry 7D6H) is shown as a black line. (C)
Bound hISG15 (pink circles) in 100% D,O. The theoretical SANS curves calculated for hISG15 conformers C1—C3 obtained from BILBOMD are
shown as light blue lines. The insets show the fit of hISG15 conformers C2 and C3, while the main plot shows the fit of conformer C1.

Dy Of the PLpro:hISG1S complex were 24.3 + 0.4 and 79 A,
respectively (Figure 2A and Table 1). Interestingly, these
values are remarkably similar to the structural parameters of
PLpro alone (25.6 + 0.1 and 80 A, respectively). However, the
shape of the P(r) curve for the complex is more symmetrical,
and the peak is shifted to longer distances, suggesting that the
complex has a more globular shape compared to that of PLpro
alone, which is more elongated (Figure 2C). Unexpectedly, the
scattering curve predicted from the recently published crystal
structure of the PLpro:mouse ISG1S (mISGLS) complex
(PDB entry 6YVA) does not fit the data well (y* = 4.9),
indicating differences in how PLpro interacts with hISG15
(Figure 2B).

To better understand the structural differences between the
PLpro:mISG15 and PLpro:hISG1S complexes, we performed
SANS with contrast matching to selectively highlight the
individual components in the complex. Deuterated PLpro was
prepared as described in the Supporting Information. SANS
measurements were performed in 42% and 100% D,O buffers
to selectively highlight the scattering contribution of
deuterated PLpro and protiated hISG1S, respectively, while
minimizing the scattering from its binding partner in the
complex.

In the case of PLpro, the P(r) profiles of the free and bound
proteins are similar, indicating that its conformation remains
largely unchanged when bound to hISG1S (Figure 3A). The
small differences are more readily observed by representing the
data as a normalized Kratky plot (Figure S4A). The profiles are
similar over the measured Q range except for a slight deviation
at larger scattering angles (0.09 A™' < Q < 0.24 A™"). The
shape of the profile is typical for a well-folded protein showing
a peak that decays with an increase in Q. The sharper decrease
in the slope in the high-Q region for the bound protein
indicates that PLpro has a more compact conformation than
the free protein. A fit of free PLpro (PDB entry 7D6H) to the
SANS data of the bound protein shows good agreement over
the measured Q range. However, the fit deviates in the mid-Q
region (~0.0S to 0.2 A™'), supporting differences in the
arrangement of the individual domains between the free and
bound protein (y* = 6.7) (Figure 3B). Furthermore, a fit of the
bound PLpro structure from the PLpro:mISG15 complex with
the SANS data also deviates in the mid-Q range, suggesting
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that the PLpro in complex with hISG1S is different from when
it is bound to mISG1S [y* = 8.5 (Figure SS)].

Analysis of the hISG15 SANS data tells a very different story.
As described above, the P(r) profile of free hISG1S is bimodal,
consistent with well-separated ubiquitin-like domains (Figure
1B). However, when hISG1S is bound to PLpro, the P(r)
profile undergoes a transition to a single symmetrical peak, and
the D, is decreased from ~62 to ~44 A, indicating the
overall conformation of ISG1S is now more compact (Figure
3A). In addition, SANS analysis of bound hISG1S yielded an
R, (15.5+ 0.5 A) that was much smaller than that of the free
protein (19.2 + 0.1 A). Furthermore, Kratky analysis shows
that the free hISG15 profile plateaus at a high Q, which is
characteristic of a flexible, dynamic protein.”’ In contrast, the
bound protein has a well-defined bell-shaped profile of a
compact globular protein (Figure S4B).*” The theoretical P(r)
profile of mISG15 bound to PLpro (PDB entry 6YVA) retains
its bimodal shape observed for its unbound counterpart. It has
a longer D, (~55 A) compared to that of bound hISG1S
(~44 A), demonstrating that the interactions of mISG1S and
hISG1S with PLpro are significantly different (Figure S6).

Next, we sought to investigate the relative orientation of
hISG15 when bound to PLpro. As a starting point, we built a
model of hISG15 bound to PLpro with MODELER™ using
the mouse complex (PDB entry 6YVA) as a template. In
previous crystal structures of ISG15:PLpro complexes from
MERS (PDB entry 6BI8), SARS-CoV (PDB entry 6YVA), and
most recently SARS-CoV-2 (PDB entry 6XA9), the orientation
of the C-terminal domain of ISGIS in the complex is
conserved, interacting exclusively with the thumb and palm
domains of PLpro (Figure S7). Therefore, we constrained the
orientation of the C-terminal domain (spanning residues L82—
G157) in complex with PLpro and used BILBOMD** to
search for conformational states of the ISG15 N-terminal
domain that would satisfy the SAXS data of the complex.
PLpro, the C-terminal domain (L82—G157), and the N-
terminal domain (M1-L73) of ISG1S were kept as rigid
bodies, while the residues spanning the linker between the two
ubiquitin domains (V74—P81) were allowed to be flexible in
the simulation. The best fit to the SAXS (y* = 1.15) was
obtained from a mixture of three ISG1S5:PLpro conformers,
indicating that the two domains are flexible and can move
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Figure 4. SEC-SAXS analysis of the PLpro C111S:hISG1S complex. (A) Comparison of the SAXS profile of the PLpro C111S:hISG1S complex
and the theoretical SAXS curve for the ensemble of conformers in compact and extended conformations of the PLpro:ISG1S complex determined
in the BILBOMD analysis, shown as red circles and a solid blue line, respectively. (B) Structural models of hISG1S conformers obtained from
BILBOMD in complex with PLpro. The values represent the fraction that each conformer contributes to the overall fit to the SAXS of the
PLpro:hISG1S complex shown in panel A. (C) Conformers C1 (purple), C2 (orange), and C3 (blue) were superposed with the ISG1S crystal
structure (PDB entry 1Z2M, green). The twist angle of the N-terminal domain in each conformer was determined by the displacement of the Ser22
relative to Pro81, as it was presented by Langley et al.>® The twist angle (82°) between C2 and free ISG15 was omitted for better visualization.

Table 2. Structural Distances of Free and Bound ISG1S§

hISG1S alone (PDB entry mISGI1S alone (PDB entry mISG1S bound (PDB entry conformer  conformer conformer

1Z2M) STLA) 6YVA) C1 2 C3

UBL—UBL center of mass 29.8 29.8 29.2 27.8 29.1 34.8
distance (A)“

end-to-end distance (A)” 45.5 50.3 43.7 45.0 583 57.4

“The centroid coordinates of the N- and C-terminal domains of ISG1S were defined using residues M1—V74 and L82—G157, respectively. The
distance between the two centroids was defined as the distance of the center of mass of the two UBL domains using Chimera.”’ ®The end-to-end
distance was determined from the distance from M1 to G157 of hISG1S, or the last residue present in each atomic structure.

relative to each other (Figure 4A). The three conformers, mISG1S and PLpro:hISG15 complexes observed here. In
designated C1—C3, contribute 57%, 24%, and 19%, addition, a conserved Pro39 present in most ISG1S3s is

respectively, to the overall scattering profile (Table 2 and replaced by a histidine in the hISG1S, which could result in
Figure 4B). A closer inspection of the ISG1S conformers that steric and electrostatic factors that limit the conformations that
are overlaid using the residues comprising the C-terminal ISG15 can adopt in different species.””® These studies
domain reveals that the N-terminal domains are twisted by highlight the importance of the flexibility in the linker region

9.2°, 52.2°, and 27.0° in C1—C3, respectively, compared to the in orienting the N-terminal domain of hISG1S in binding
free protein, supporting the idea that hISG1S adopts a events, and also key N-terminal residues (Phe40 and His39)

significantly different conformation when bound to PLpro. that play a role in the variability in the interdomain
Interestingly, in the asymmetric unit of a USP18:mISG1S arrangement in all species.
crystal structure, two different conformations for bound ISG15 The ISG1S conformers fit the contrast-matched PLpro-
were identified in which the N-terminal domains were located bound ISG15 SANS data well (y* = 2.1 and 2.4, respectively),
either 8 or 18 A from the USP18 thumb domain, supporting while the extended conformer yielded a relatively poor fit to
conformational flexibility in ISG1S5 binding similar to what was the data, supporting the idea that a majority of the conformers
observed in this study.”® A recent study proposed that a are in the compact conformation when bound to PLpro
conserved hydrophobic region present in the interdomain (Figure 3C). Analysis of the binding interface of conformer C1
linker is important for interactions of ISG1Ss with binding shows that the N-terminal domain of ISG1S shifted toward the
partners. Residue variations in this region that are found in thumb subdomain and is accommodated in a hydrophobic
different species of ISG1Ss can lead to biochemical differences patch of PLpro (see a comparison in Figure S8A,B), and the
in ISG15—protein engagement.6’20 Comparison of human, compact ISG15 conformation is stabilized by electrostatic
mouse, and bat ISG15s showed differences in how a conserved interactions (Figure S8C). The total binding interface area is
Phe40 is buried within the interface in the hydrophobic 1295 A2, This area is ~26% larger than the contact area formed
patch® that may explain the differences between PLpro:- between mISG1S and PLpro C111S (PDB entry 6YVA)
5612 https://doi.org/10.1021/acs.jpclett.1c00831
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(1026.5 A?). Contact residue pairs in the PLpro thumb
subdomain and N-terminal domain of ISG15 with distances of
<3 A are E70 and S22, F69 and M23, T75 and E27, and Q174
and RS54, respectively (Figure S8D).

In summary, using a combination of experimental and
computational techniques, we have determined how the
binding of PLpro from SARS-CoV-2 induces conformational
changes in its substrate, hISG1S. Although the flexible linker
that connects the two ubiquitin-like domains in hISG1S
suggests that the two domains can move freely and
independently of each other, SAXS shows that the free
ISG15 predominately exists in a preferentially extended state
with the two ubiquitin domains spatially separated. Our
analysis of the interaction of PLpro with hISGI1S revealed two
important details. First, the flexibility in the linker region is
important in orienting the N-terminal domain in the complex.
This is supported by a recent combined crystallography and
isothermal calorimetry study of interactions of SARS-CoV-1
PLpro with ISG1S5s from different species that identified a
hydrophobic interface between the two ubiquitin-like domains
and revealed that ISG1S interdomain interactions play an
important role in binding between ISG15 and other proteins.*’
Second, conformational plasticity exists in the interaction of
the N-terminal domain when bound to PLpro that favors
compact conformations of ISG1S. This suggests that the N-
terminal domain may weakly interact with PLpro compared to
the C-terminal domain, which is known to bind tightly to
PLpro in crystal structures. A recent nuclear magnetic
resonance study also showed that the C-terminus of ISGIS
dominates interactions with PLpro, supporting the analysis
presented here."> In addition, an ovarian tumor (OTU)
domain protease was shown to accommodate the C-terminal
domain of ISG1S to facilitate its binding, supporting the idea
that the C-terminal domain of ISG15 also dominates the
interaction with other viral proteases.”® This is in contrast to
the interaction of PLpro with mouse ISG1S, where it retains its
extended conformation when bound to PLpro, and the
orientation of the N-terminal ISG1S domain is rotated by
almost 90° relative to the C-terminal domain (Figure S7).°
This supports biochemical studies that show differences in the
activity of PLpro with different species of ISG1S that on the
basis of this work can be related to differences in binding
interactions. This new knowledge is important for high-
resolution structural studies of SARS-CoV-2 PLpro:ISG15 and
approaches for drugs that target formation of this complex.
Several potential noncovalent therapeutic agents have been
developed to reduce the deISGylation activity of PLpro to
impede viral replication."***™** The potency of these and
future therapeutic compounds targeting the formation of the
PLpro:hISG15 complex could be increased by utilizing our
combination of X-ray crystallographic models, small-angle
scattering, and computation that we used to develop a new
model of the PLpro:hISG15 complex to optimize therapeutics
to inhibit COVID-19 via inhibiting the formation of the
PLpro:hISG15 complex.
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