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Abstract

Here we used native mass spectrometry (native MS) to probe a SARS-CoV protease, PLpro, which
plays critical roles in coronavirus disease by affecting viral protein production and antagonizing host
antiviral responses. Ultraviolet photodissociation (UVPD) and variable temperature electrospray
ionization (vT ESI) were used to localize binding sites of PLpro inhibitors and revealed the stabilizing effects
of inhibitors on protein tertiary structure. We compared PLpro from SARS-CoV-1 and SARS-CoV-2 in terms
of inhibitor and ISG15 interactions to discern possible differences in protease function. A PLpro mutant
lacking a single cysteine was used to localize inhibitor binding, and thermodynamic measurements
revealed that inhibitor PR-619 stabilized the folded PLpro structure. These results will inform further
development of PLpro as a therapeutic target against SARS-CoV-2 and other emerging coronaviruses.
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Introduction:

As part of the non-structural protein 3 (nsp3)
protein of SARS-CoV-2,' Plpro is required for
generation of nspl-4 by proteolytic cleavage of the
orfla polyprotein. 2 PLpro is an approximately 36 kDa
domain within the much larger nsp3 protein.?® In
addition to generation of the nspl-4 proteins, SARS-
CoV-2 PLpro modulates host responses by antagonizing
the function of ISG15, an interferon-induced ubiquitin-
like protein. It does this by catalyzing the cleavage of
the isopeptide bond that links the C-terminus of ISG15
to the g-amino group of lysine side chains of host and
viral proteins.? Consistent with this dual role of PLpro,
the cleavage sites within the orfla polyprotein bear
striking amino acid similarity to the C-terminus of
ISG15. Thus, therapeutic inhibition of PLpro would be
expected to both disrupt viral protein production and
restore the anti-viral activities of ISG15.*

Given its importance in disease progression,
several avenues for PLpro inhibition have been
explored. The active site of PLpro (defined in part by
C111, H272, and D286 of the PLpro only domain) may
be occupied by small molecules that inhibit protease
activity, and several molecules such as GRL-0617° and
its derivatives® have been shown to bind and inhibit
PLpro, with x-ray crystal structures of the complexes
available in some cases. Structures with other
inhibitors, including rac5c and rac3k’ and several
nanomolar-affinity 2-phenylthiophenes compounds,
have also been determined.® Crystal structures of
PLproepeptide inhibitor complexes have also been
solved®, as well PLpro bound to ISG152 as well as
ubiquitin and dimeric ubiquitin.'® Other methods such
as nuclear magnetic resonance (NMR) have been used
for validation of crystal structures!! as well as to track
PLpro inhibitors that disrupt the interaction between
PLpro and ISG15.° Biological assays including in vitro
inhibition experiments have shown successful
inhibition of PLpro by many small molecule inhibitors
such as 6-thioguanine,'? PR-619'3 and many others.'4~
201Cso measurements based on monitoring cleavage of
the nsp domain site or a polyubiquitin protein in the
absence and presence of inhibitors have been widely
used to evaluate numerous inhibitors!¥?¥2% and
nanobodies.? As PLpro is a zinc binding protein, it may
also be inhibited allosterically by ejection of zinc thus
causing protein misfolding,?® and a recent study found
that several small molecule inhibitors can eject zinc
from PLpro.”’

Mass spectrometry (MS) has also emerged as
a powerful tool for analysis of proteases such as PLpro,

affording accurate masses of cleavage peptides and
intact proteins. Liquid chromatography mass
spectrometry analysis of tryptic digests of PLpro (i.e.,
bottom-up proteomics) has shown utility in assays for
detecting SARS-CoV-2 via identification of peptides
from the virus in complex matrices such as blood and
urine,?® and this method has also localized covalently
bound inhibitors to PLpro.?”?° Crosslinking mass
spectrometry revealed that interferon-induced 1SG15
protein binds in a different region of PLpro compared
to other ubiquitin and dimeric ubiquitin.3® Analysis of
intact, denatured PLpro (i.e. top-down proteomics) has
been used to differentiate non-covalent and covalently
bound inhibitors, especially when multiple inhibitors
molecules are bound.?” While these mass spectrometry
techniques involving denatured proteins have been
successful in characterizing covalently bound
inhibitors, non-covalent interactions are not preserved
under denaturing conditions and any information
about protein tertiary structure is lost.

Native MS, which involves analyzing proteins
in aqueous solutions of high ionic strength, is an
attractive alternative as non-covalent interactions may
be preserved as proteins are transported to the gas
phase by electrospray ionization, allowing retention of
protein conformations that resemble solution
structures.3'=33 The scope of problems that native MS
can solve has expanded with the emergence of other
auxiliary methods, including collision induced unfolding
(Clu) and collision cross  section (ccs)
measurements,3*34 variable temperature electrospray
ionization (vT-ESI),337 and alternative MS/MS
methods, such as ultraviolet photodissociation
(UVPD).3® VT-ESI allows determination of melting
temperatures of proteins and protein complexes3® and
measurement  of  thermodynamic  parameters
associated with ligand binding.3”:3® UVPD has been used
to localize inhibitor binding regions of proteins*® and
reveal unfolded/extended vs folded protein regions,*
thus providing deeper insight into protein tertiary
structure.

Native MS is well suited for examination of
interactions between PLpro and inhibitors, particularly
those that engage in non-covalent binding,*? in
addition to probing the interactions of PlLpro and
ISG15. Native MS has enabled the screening of many
inhibitors to another SARS-CoV-2 protease, Mpro,?243~
% and to measure their effect on the thermodynamic
parameters of Mpro.3° Here we showcase the use of
native MS to study interactions between PLpro, ISG15,
and nsp domain cleavage sites and decipher the effects
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that small molecule inhibitors have on PLpro activity
and tertiary structure stability.

Methods:
Materials

Equine  heart myoglobin, bovine ubiquitin,
dithiothreitol, iodoacetamide, and ammonium acetate
were purchased from Sigma-Aldrich (St. Louis, MO,
USA). LC-MS grade water and methanol was purchased
from Merck Millipore (Billerica, MA, USA). For
experiments involving native-like charge states,
proteins were diluted in a 100 mM ammonium acetate
buffer to a final concentration of 10 uM and desalted
with Micro Bio-Spin™ P-6 Gel Columns (Bio-Rad
Laboratories Inc., Hercules, CA). For experiments with
denaturing conditions, proteins were diluted in a
denaturing 1:1 water—methanol solution containing
0.1% formic acid to a final concentration of 10 uM
without further purification. Small molecule inhibitors
were purchased from Cayman Chemicals and used as
received. MS1 spectra, structures and masses are
shown in Figures S1-S2 and Tables S1-S2, and the
MS/MS spectrum of PR-619 is shown in Figure S3. For
inhibitor binding experiments, 100 uM of inhibitor was
added to 10 uM of PLpro in 100 mM ammonium
acetate and incubated for 30 minutes at room
temperature.

Protein expression and purification

All proteins were generated in house as previously
described, with some modifications.!> The PLpro
domain (residues 1-315) was defined as residues 1283
to 1597 of the SARS-CoV-2 ORF1la polyprotein which is
equivalent to residues 746 to 1060 of nsp3. The PLpro
domain of SARS-CoV-1 (residues 1-315) was defined as
residues 1541-1855 of that SARS-CoV-1 ORFla
polyprotein, which is equivalent to residues 723 to
1037 of nsp3. All amino acid numbering that follows
will be based on the isolated PLpro domains. SARs-CoV-
2 PLpro WT and C111S mutant, PLpro from SARS-CoV-
1, and Pro-ISG15-HA were purified as GST fusion
proteins in BL21 E. coli. Overnight cultures were grown
at 37 °C for all proteins. Cultures were diluted 1:20 and
cultured with shaking for 2 hours at 37 °C. Expression
of each protein was induced with 100 uM isopropyl B-
D-1-thiogalactopyranoside (IPTG) overnight at 16 °C for
all PLpro proteins and 3 hours at 30 °C for Pro-ISG15-
HA. Cells were pelleted by centrifugation, resuspended
in 10 mL PBS with 0.1% Triton X (Lysing Buffer), and
sonicated for 1.5 minutes in 30 second intervals for
lysing. Lysates were centrifuged at 10,000 x g for 10

minutes and supernatants were incubated with 100 pL
of Glutathione Sepharose (GE Healthcare) and 1 mM
phenylmethylsulfonyl (PMSF; Tocris) overnight with
end-over-end rotation at 4 °C. Beads were washed
three times with Lysis Buffer and three times
subsequently with PC Buffer (50 mM Tris, 150 mM
NaCl, 0.1% Triton X). Proteins were subjected to site-
specific cleavage with PreScission Protease (GE
Healthcare) to remove the GST tag. Beads were
removed and the protein concentration in the
supernatant was quantified by SDS-PAGE and Western
blotting densitometry using a Licor Odyssey Imager.
Protein sequences and monoisotopic masses are given
in Table S3, and monoisotopic masses of expected
PLprol, PLpro2 and PLpro2 C111S complexes are
summarized in Table S4. Sequence alignment of
PLprol, PLpro2 and PLpro2 C111S is shown in Figure S4,
and MS1 spectra of native and denatured PlLpro is
shown in Figure S5.

Instrumentation

Most experiments were performed on a Thermo
Scientific™ Q Exactive™ HF-X quadrupole-Orbitrap
mass spectrometer (Bremen, Germany) with
Biopharma option, which was modified to perform
ultraviolet photodissociation (UVPD) in the HCD cell by
addition of a 500 Hz 193 nm Coherent® ExciStar
excimer laser (Santa Cruz, CA) as previously
described.*®*’ A variable temperature ESI source was
interfaced with the mass spectrometer as previously
described, allowing extraction of thermodynamic
parameters from van’'t Hoff plots created by
monitoring the variations in the distribution of protein
species as a function of solution temperature.3”*
Experiments involving some of the solutions containing
protein complexes were performed on a prototype Q
Exactive Plus Ultra High Mass Range (UHMR) Orbitrap
mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany), which was optimized for the preservation of
weak, non-covalent interactions. lons were generated
by nano electrospray ionization using Au/Pd-coated
borosilicate emitters fabricated in-house and using a
spray voltage of 0.8-1.2 kV. The C-trap gas pressure was
set to 0.5 to 1.0, corresponding to a UHV gauge reading
of around 1E-10 to 1.5E-10 mbar, respectively.
Throughout the course of this study, some variations in
charge state distributions were observed for different
solutions or when using the standard nanospray
emitters versus the variable temperature source.
Replicates of each category of experiment were
collected on the same day to minimize these variations.
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For MS1 and MS2 experiments, 7,500 and 240,000
resolution were used, respectively.

Tryptic digestion and LC-MS:

50 pg of apo Plpro2 was reduced with 5 mM
dithiothreitol for 30 minutes at 55 °C and then alkylated
with 15 mM iodoacetamide for 30 minutes at room
temperature. The reduced and alkylated apo PLpro2
and 50 pg of unreduced apo PlLpro2 were each
individually digested with 1 pg of trypsin overnight at
37 °C. Both samples were desalted with C18 spin
columns and analyzed using C18 chromatography on
Dionex UltiMate 3000 high-performance liquid
chromatograph (Thermo Fisher Scientific) coupled to a
Thermo Fisher Scientific Orbitrap Fusion Lumos Tribrid
mass spectrometer (San Jose, CA) with a data
independent CID method as previously described.®

Data Acquisition and Processing

Variable temperature ESI data was analyzed using a
custom MATLAB R2020a script as previously
described. UVPD mass spectra were deconvoluted
using Xtract in QualBrowser, and sequence coverage
maps and fragment abundance plots were generated
from the deconvoluted data using MS-TAFI.*® A custom
version of MS-TAFI was used to compare UVPD
replicate data so that only fragment ions identified in
at least two out of three replicates were retained and
10 ppm error tolerance was used. Crystal structures
were prepared using PyMol (PyMOL Molecular
Graphics System, version 2.4 Schrodinger, LLC). CIDso
values were determined by increasing the collisional
activation voltage applied to disassemble a
proteineinhibitor complex while monitoring the
abundances of the apo protein and surviving
proteineinhibitor complex. CIDso values were
calculated in  Origin(Pro), (2020b, OriginLab
Corporation, Northampton, MA, USA.) using a
Boltzmann sigmoidal function. LC-MS data was
processed using Byonic.

Results and Discussion:

SARS-CoV-1 and SARS-CoV-2 PLpro display different
affinities for cellular targets but not inhibitors

We used native MS to investigate the effects
of inhibitors on PLpro and compare the outcomes for
PLpro in SARS-CoV-1 (PLprol) to SARS-CoV-2 (PLpro2).
Under native conditions, all three variants of PLpro
(PLprol, PLpro2, and PLpro2 C111S) retained one zinc
atom. PLprol has been shown to preferentially target
ubiquitin chains, while PLpro2 targets the ubiquitin-like

interferon-stimulated gene 15 protein (ISG15).2 Both
PLprol and PLpro2 bound monomeric ubiquitin with
very low affinity (Figures S6-S7). Along with causing
proteolysis of the interferon-induced ubiquitin-like
precursor ProlSG15 to ISG15 (Figure S8), PLpro2 also
bound ISG15 with high affinity (Figure S7), whereas
PLprol showed no binding to ISG15 (Figure S6). These
results agree with prior reports that PLprol has lower
affinity for ISG15 than does PLpro2*° and that PLpro2
binds ISG15 with higher affinity than ubiquitin as ISG15
also interacts via a secondary site on PLpro2.3° PLpro
has 86% sequence conservation between SARS-CoV-1
and SARS-CoV-2 as shown in the sequence alignment in
Figure S4, and while the catalytic site is conserved
between the two viruses, differences emerge in the
secondary binding site of ISG15 which accounts for its
lower affinity for PLpro1l.

The interaction of PLpro2 and ISG15 was
localized by undertaking UVPD of the PLpro2eISG15
complex, a method which has previously been show to
map protein-ligand interactions based on variations in
the abundances of fragment ions produced by apo
versus holo proteins.** In essence, ligand binding
results in formation of non-covalent interactions not
present for the apo protein, typically leading to
suppression of fragmentation of regions involved in the
new interactions of the holo protein. Non-covalent
interactions are preserved upon UVPD of the holo
protein, preventing separation and release of fragment
ions even if individual backbone bonds are cleaved.
UVPD of the PLpro2eISG15 complex (14+) resulted in
an array of PLpro2 sequence ions as well as ejection of
ISG15 (Figure S9a). There is a broad decrease in
abundances of sequence ions corresponding to
backbone cleavages near the N- and C- termini of
PLpro2 upon UVPD of PLpro2eISG15 relative to apo
PLpro2 (Figure S9b-d). As the active site residues reside
near both the N (C111) and C termini (H272, D286),
these results agree with the crystal structure of
PLpro2eISG15 (Figure S9e), in which ISG15 binds
around the active site.

Although previous studies have extensively
evaluated interactions of PLprol and Plpro2 with
ubiquitin, ubiquitin-like proteins,3**° and various small
molecule drug candidates,>'”?* few studies have
compared binding of small molecules to both PLprol
and PLpro2. We selected seven potential inhibitors and
evaluated them for binding to PLpro2. Solutions
containing PLpro2 and each of the small molecule
ligands were screened by native MS, and four exhibited
low or no binding to PLpro2 (Figure $S10) and were thus
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discarded from further analysis. Complexes between
PLpro2 and three of the small molecules (GRL-0617,
HY-17542, and PR-619) were detected as seen by mass
shifts added to PLpro2 in the MS1 spectra (Figure 1a-d,
$11-S12). These same small molecules also bound to
PLprol. Prior studies have reported no PLpro inhibition,
lower ICso values, and/or only partial inhibition for the
low binding inhibitors (SJB2-043, YM-155, K777, Jun9-
72-2) versus the high binding inhibitors (GRL-0617, HY-
17542, PR-619) (Tables $1-52).>13215152 The similarity
in binding trends for PLprol and PLpro2 seems
reasonable given that the catalytic \triad (C111, H272
and D286) of the active site of PLpro is conserved
between the two viruses, and these small molecules
are not expected to bind secondary sites on the
protein.

Inhibitor binding strength is commonly
evaluated via ICso values, and we note a substantial
degree of variability among reported ICso values for
PLpro inhibitors. For example, the reported ICso values
for PR-619 in inhibition of PLpro2 vary between 1.83
UM to 6.1 uM?Z, thus making it critical to use a single
uniform assay for comparisons of PLpro inhibitors.
Instead of measuring ICso values, we measured CIDso
values for each of the high binding inhibitors. As

derived from energy-variable collisional activation, the
CIDso value corresponds to the collision energy at which
50% of the Plproeinhibitor complexes have
dissociated, thus providing insight into the relative
stabilities of the complexes in the gas phase.>>*
Complexes containing GRL-0617 exhibited lower CIDso
values than complexes containing HY-17542,
suggesting that GRL-0917 is more weakly bound (Figure
2). The CIDso values for PLprolePR-619 and PLpro2ePR-
619 were unmeasurable as PR-619 remained bound all
voltages, characteristic of a covalent binding mode. The
CIDso values were similar for complexes containing
PLprol or PLpro2, indicating no significant difference
based on the sequences and structures adopted by
these two PLpro proteins.

Next, we aimed to evaluate the inhibitor
binding location and binding mode to PLpro2. The
binding site of the most commonly studied inhibitor,
GRL-0617, has been localized near the active site of
PLpro2 based on several previously solved crystal
structures,® and HY-17542 is expected to bind PLpro in
a manner similar to GRL-0617 owing to their nearly
identical structures (Table S1). Both GRL-0617 and HY-
17542 resulted in a mass shift equal to the mass of the
ligand (Figure 1b,c) prominence of the PLpro2eligand
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Figure 1. Deconvoluted mass spectra obtained for solutions containing 10 uM PLprol, PLpro2, PLpro2 C111S (a)
alone or with 100 uM inhibitor including (b) GRL-0617, (c) HY-17542, or (d) PR-619 in 100 mM ammonium acetate.
In parts a-d, PLprol, PLpro2, and PLpro2 C111S are shown in the upper, middle, and lower panels, respectively. Non-

deconvoluted MS1 spectra are shown in Figures S11-13.
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Figure 2. Energy-variable CID curves are shown for
PLproeinhibitor complexes containing PR-619, GRL-
0617 or HY-17542 for (a) PLprol and (b) PLpro2. The
derived CIDso values (+1 V) are summarized in the
legend.

complexes relative to apo PLpro2 in the MS1 spectra.
For PR-619, PLpro2 (and PLpro1l) displayed a mass shift
of 170 Da (Figure 1d) rather than the mass of the intact
ligand (223 Da). PR-619 has a unique structural motif
containing two thiocyanate groups. Collisional induced
dissociation of PR-619 yields fragment ions
corresponding to the loss of one or two cyano groups
from the thiocyanate motifs, resulting in ions of m/z
196 and 170 (Figure S3). These results led us to
postulate that PR-619 forms one or two disulfide bonds
with one or two cysteine residues in PLpro2, in each
case releasing one cyano group per new disulfide bond.
Formation of two disulfide bonds with PLpro2 would
correspond to a type of crosslinking.

While two previous studies evaluated
interactions of PR-619 with PLpro2 and many others
have used PR-619 for inhibition of related proteases,
such as ubiquitin-specific proteases involved in cancer
progression,>>*® to our knowledge, no study has
investigated the binding mechanism or location of PR-
619 for deubiquitinating proteases. One important
clue is obtained by examination of binding of PR-619
and the C111S mutant of PLpro2. This single point
variant lacks the critical C111 in the active site triad, a
site that is anticipated to be readily oxidized based on
prior crystallographic evidence.® This C111S mutant
alleviates the question of whether C111 is oxidized or
reduced in PLpro2 and removes C111 as a binding site.
PLpro2 C111S exhibits a mass shift equal to the mass of

the inhibitor upon binding to GRL-0617 and HY-17542
(Figure 1b-c, Figure S13). The mass shift induced by PR-
619 binding to PLpro2 C111S corresponds to 196 Da,
not 170 Da as observed upon PR-619 binding to PLprol
or PLpro2. The mass shift of 196 Da corresponds to the
loss of a single cyano group from PR-619 (Figure 1d,
Figure S13). Because PR-619 loses both cyano groups
when binding to PLprol and PLpro2, we suspect that
PR-619 forms disulfide bonds to two Cys (C111 and
C146), both in close proximity (11 A%) in the crystal
structure of PLpro (Figure S14). Zinc remains bound to
all complexes, suggesting that the four cysteines (C189,
C192, C224, C226) that are known to bind zinc are not
involved in binding to PR-619. We attempted to
confirm the PR-619 binding sites on PLpro using
conventional bottom-up proteomics after tryptic
digestion of PlLproePR-619 without and with
reduction/alkylation (the latter a common step in
bottom-up proteolysis to enhance digestion efficiency).
While we obtained coverage of the putative PR-619
binding sites (C111 and C146) after alkylation and
reduction of PLpro2 (Figure S15a), no peptides that
contained these two residues were detected without
reduction and alkylation of PlLpro2 (Figure S15b).
Moreover, since PR-619 is expected to be coordinated
to PLpro via two disulfides bonds, disulfide reduction
should cleave the inhibitor and prevent its localization
on the tryptic peptides. Given these impediments using
a standard bottom-up approach, we focused on
additional native MS experiments to confirm the
binding location and mode of PR-619.

To further investigate the inhibitor binding
modes, the survival of the complexes was examined by
denaturing the solutions containing PlLpro2 after
incubation with each inhibitor for 30 minutes and then
examining the resulting mass spectra (Figures S16 and
S17). As expected, both GRL-0617 and HY-17542 are
dislodged in the denaturing solutions (Figure S16),
consistent  with  their  non-covalent  binding
interactions. Some PR-619 remains bound to PLpro2 in
the denaturing solution, indicating it is covalently
bound (Figure S17). The overall abundance of
PLpro2ePR-619 to apo PLpro2 in Figure S17 suggests
that ~40% of the protein is unbound. As also seen in
Figure S17, the ratio of PLpro2ePR-619 to apo PLpro2
decreases for the higher charge states for the
denaturing solutions, indicating that strain from
charge-induced protein elongation may further disrupt
PR-619 binding despite the inhibitor being covalently
bound.

The impact of the inhibitors on the interaction
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of PLpro2 and ISG15 was also evaluated. Incubation of
PLpro2 with ISG15 results in abundant PLpro2eISG15
complexes (Figure 3, Figure S18). All three inhibitors
disrupt binding of ISG15 when added to the solutions
containing PLpro2 and ISG15 (Figure 3). Prior in vitro
results have reported inhibition of SARS-CoV-2 in the
presence of all three inhibitors including GRL-0617,5°°
HY-17542,%0 and PR-619.132! A previous NMR study also
reported that GRL-0617 out-competed ISG15 to bind to
PLpro2 when added to a solution containing
PLpro2eISG15.> Despite the differences in binding
location and affinity, each inhibitor appears to disrupt
binding of PLpro2 to ISG15.

Inhibitor PR-619 stabilizes PLpro tertiary structure.

To further probe the impact of inhibitor
binding on PLpro2, UVPD was used to generate
fragmentation patterns of apo PLpro2 and PLpro2e
inhibitor complexes. UVPD has been used previously to
reveal conformational variations in proteins, as
fragmentation is generally enhanced in more flexible
and less tightly organized regions. Ligand binding may
also contribute to modulation of protein
conformations because non-covalent interactions are
re-organized during ligand binding. Networks of non-
covalent interactions may suppress separation and
release of fragment ions, an effect observed as a
reduction in the abundances or number of fragment
ions upon UVPD. The two non-covalent inhibitors, GRL-

ISG15 Plpro2p 006 PLpro2eISG15

dimert 1" — jnhibitor

PLpro2 + ISG15 L
4]
2 PLpro2 + ISG15 + GRL-0617
35
c
3
°
g PlLpro2 +1SG15 + HY-17542
o |
2

PLpro2 + ISG15 + PR-619

35 40 45 50 55
Mass (kDa)
Figure 3. Deconvoluted mass spectra obtained for
solutions containing both PLpro2 (10 uM) and ISG15
(10 uM) without or with each inhibitor (100 uM) in 100
mM ammonium acetate. Non-deconvoluted spectra
are shown in Figure $19.

0617 and HY-17542, are released from PLpro2 during
transfer to the collision cell, thus information about
binding sites cannot be obtained by UVPD for
complexes containing these weakly bound inhibitors.
The UVPD mass spectra and sequence maps of PLpro2
and PLpro2ePR-619 are shown in Figures $19-20. The
number of fragment ions that originate from cleavages
PLpro2 and PLpro2ePR-619 without any supplemental
collisional activation (0 V), suggesting similar
structures. In-source collisional activation may be used
prior to UVPD to induce protein unfolding,®” and the
variation in fragmentation observed upon UVPD of
resulting fragmentation patterns can be monitored to
reveal regions of the protein that are disrupted.*! While
of different backbone positions for PlLpro2 and
PLpro2ePR-619 were counted and plotted as a function
of backbone position in Figure 4. There was little UVPD
of PLpro2ePR-619 after no or low in-source collision
activation resulted in insignificant differences in
fragmentation compared to apo PLpro2, fragmentation
increased for apo PLpro2 in the region spanning K105
to N144 after greater in-source collisional activation
(200 V). This region of enhanced fragmentation of apo
PLpro2 is demarcated on the sequence shown in Figure
4b and shaded on the crystal structure in Figure 4c. This
region encompasses the suspected binding site of
PLpro2ePR-619, suggesting that the suppression of
UVPD fragmentation of PLpro2ePR-619 relative to apo
PLpro2 indicates that PR-619 may stabilize the mid-
section of PLpro. The loss of sequence coverage for
PLpro2ePR-619 in the region between the C111 and the
second suspected binding cite (C146) further supports
C146 as the second PR-619 binding via a cross-linking
mode that impedes fragmentation.

Variable temperature ESI (VT-ESI) analysis of
apo PLpro2 and PLpro2ePR-619 was undertaken to
evaluate variations in the thermodynamic parameters
of PLpro2 upon PR-619 binding and probe any
structural stabilization imparted by inhibitor binding.
For this method, the charge state distributions of the
protein are monitored as a function of the temperature
of the solution (Figure 5a) and used to generate curves
(Figure 5b) and van’t Hoff plots (Figure $S21) from which
AG, AH, and AS are determined (Figure 5c). vT-ESI of
apo PLpro2 shows that the protein retains zinc even at
high temperatures, suggesting that zinc is strongly
bound (Figure 5a). Zinc is only lost when the protein is
sprayed from denaturing solutions (Figure S16, 17). The
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Figure 4. a) Mirror bar graphs showing the number of sequence ions originating from cleavages of each backbone
position of apo PLpro2 (10+) and PLpro2ePR-619 (10+) upon UVPD (1 pulse, 2.5 mJ) when using 0, 100, or 200 V of
in-source collisional activation. The light colored bars representing the fragmentation of PLpro2ePR-619 are shown
below the dark bars for apo PLpro2, allowing better visualization of those regions for which fragmentation of
PLpro2ePR-619 is suppressed relative to PLpro2. The backbone cleavage sites identified for apo PLpro2 that were
not found for PLpro2ePR-619 are b) marked with red dashes above the residues on the sequence map and c) shaded
in red on the crystal structure (PDB 6XA9), indicating regions where fragmentation is suppressed in the PLpro2ePR-
619 complex.

vT-ESI data shows that apo PLpro2 shifts to high charge
states as the temperature increases, consistent with
protein  elongation/unfolding  which  facilitate
protonation of more basic sites. In contrast, PLproePR-
619 shows less variation in its charge state distribution
as a function of solution temperature, indicative of
greater stability of the folded PLpro2ePR-619 complex
(Figure 5a,b). Thermodynamic analysis of apo PLpro2
vs PLpro2ePR-619 reveals that unfolding of apo PLpro2
is entropically favorable (based on a positive trend in

the entropy values), whereas unfolding of PLpro2ePR-
619 is enthalpically favorable (based on a negative
trend in the enthalpy values) (Figures 5c, S21).
Enthalpic favorability of the thermal denaturation of
PLpro2ePR-619 corresponds to an increase of
intermolecular interactions which outweighs the
restriction in entropy. These variable temperature ESI
results affirm that PR-619 stabilizes the tertiary
structure of Plpro2, which is congruent with a
crosslinking binding mode.
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Figure 5. a) MS1 spectra of solutions containing PLpro2 (10 uM in 100 mM ammonium acetate) or PLpro2ePR-619
(10 um protein and 100 pum ligand in 100 mM ammonium acetate) at 20, 35, and 50 °C, from which b) melting curves
for apo PLpro2 and PLpro2ePR-619. c) From the melting curves, van’t Hoff plots were determined (Figure S21) and
used to calculate thermodynamic values. The 10+ charge state was used as the reference for both apo PLpro2 and
PLpro2ePR-619.
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