SARS-CoV-2 MP™ responds to oxidation by forming disulfide and NOS/SONOS bonds
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Abstract

The main protease (MP™) of SARS-CoV-2 is critical for viral function and is a key drug target.
MP™ is only active when reduced; turnover ceases upon oxidation but is restored by re-
reduction. This suggests the system has evolved to survive periods in an oxidative
environment, but the mechanism of this protection has not been confirmed. Here, we report
a crystal structure of oxidized MP™ showing a disulfide bond between the active site cysteine,
C145, and a distal cysteine, C117. Previous work proposed this disulfide provides the
mechanism of protection from irreversible oxidation. MP™ forms an obligate homodimer, and
the C117-C145 structure shows disruption of interactions bridging the dimer interface,
implying a correlation between oxidation and dimerization. We confirmed dimer stability is
weakened in solution upon oxidation. Finally, we observed the protein’s crystallization
behavior is linked to its redox state. Oxidized MP™ spontaneously forms a new, more loosely
packed lattice. Seeding with crystals of this lattice yielded a structure with a novel oxidation
pattern incorporating one cysteine-lysine-cysteine (SONOS) and two lysine-cysteine (NOS)
bridges. These structures further our understanding of the oxidative regulation of MP™ and

the crystallization conditions necessary to study this structurally.

INTRODUCTION

During the COVID-19 pandemic, the SARS-CoV-2 main protease (MP™, nsp5 or 3CLP™)
emerged as a key antiviral target and focus of intense study?,2,3. MP™ plays a central role in
the SARS-CoV-2 replication cycle, as the viral genome codes for polyproteins that must be
cleaved into individual protein units to support viral function. MP™ processes at least 11
known sites along polyproteins 1a and 1ab, including its own N- and C-terminil, and is
therefore essential for viral replication. This key role in replication, along with the historical
success of viral protease inhibitors, the lack of any similar human protein, and prior work on
SARS MP™, has made SARS-CoV-2 MP™ the target of several drug discovery programs. These
efforts have already yielded an approved molecule, Nirmatrelvir®. Given the persistence of
the COVID-19 virus and the possible emergence of future pathogenic coronaviruses, it is

imperative we develop a deeper understanding of MP™ and its role in viral function.
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MP™’s activity is regulated by multiple mechanisms, though we have a poor understanding of
how these support viral fitness. Most prominently, at sufficiently high concentrations, the
enzyme forms a homodimer. Dimerization enhances the catalytic rate, effectively turning
MP™ from an inactive form into an active one>. Structural work suggests this concentration-
dependent regulation is not an evolutionary accident. Specifically, MP™ adopts a
chymotrypsin-like fold, but has a distinct dimerization domain at its C-terminus that many
other chymotrypsin-like enzymes lack®. Studies of the truncated enzyme lacking this domain,
as well as of the domain in isolation, have demonstrated it is both necessary and sufficient
for dimer formation’. This suggests that this dimerization domain, which is not present in
many similar proteases, enables regulation of MP™’s catalytic rate based on the concentration

of free enzyme in the cell.

In addition to regulation via dimerization, MP™ has been shown to be sensitive to the local
redox environment. Including the active site cysteine, the protein sequence contains 12
cysteine residues (~4% in total), an unusually high number®. Under mildly reductive conditions
all cysteines are reduced, and the protein’s catalytic rate is maximized, suggesting this is the
active form of the enzyme found in a cellular context®. Upon oxidation, a remarkable and
growing number of modifications have been reported by both structural and mass
spectrometry studies, including glutathionylated C300%°, a peroxy-C145, an N-ethylmaleimide
modified C145 and C156*!, a SONOS bridge between C22, C44 and K61'%13, and a disulfide
link between C145 and C117°.

Given the complexity of viral replication in human hosts, the prevalence or role of these
modifications in the natural viral cycle has remained unclear. Oxidative stress in the cell has
been shown to regulate the function of other viruses'#, most notably HIV!>"Y’, and early in the
pandemic oxidative stress was hypothesized to play a central role in COVID-19
pathogenesisi®. It has even been speculated that robustness to oxidative environments might
enable corona or other viruses to survive in bat hosts, which are known to exhibit unusual

oxidative cellular conditions?©.

The C117-C145 disulfide modification particularly is notable. Funk and colleagues recently

performed a systematic study of the behavior of MP™ under oxidative conditions and
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highlighted this modification as uniquely functional®. They produced single point cysteine-to-
serine mutants for each cysteine in MP™, Of all these mutants, they found C117S was the only
mutant that did not recover activity after being exposed to H,0; and then re-reduced with
DTT. This suggests C117 may have a special role in protecting the active site C145 from

oxidative damage, but a structural basis for this finding remained lacking.

We determined the structure of MP™ with the C117-C145 modification under mildly oxidizing
conditions, providing a structural understanding for how this disulfide can protect the enzyme
from irreversible oxidation. We found that oxidized protein only crystallized in a more loosely
packed, orthorhombic lattice, whereas the reduced protein formed a monoclinic lattice under
the same crystallization conditions. Seeding with these orthorhombic crystals enabled us to
crystallize MP™ exhibiting a previously unobserved set of NOS and SONOS oxidative

modifications.

RESULTS

An orthorhombic lattice is flexible enough to produce crystals with oxidative modifications
By delivering streams of microcrystals into the x-ray focus of the SPB/SFX instrument of the
European XFEL, we obtained diffraction data yielding two crystal structures of MP™, one
active/reduced structure and one inactive/oxidized structure (Table 1). MP™ oxidized by air
exposure spontaneously crystallized into a different space group and packing as compared to
reduced protein, despite being crystallized under the same conditions. Specifically, our
reduced crystals formed a monoclinic lattice with C2 symmetry. These crystals contain the
native homodimer, with a single protomer in the asymmetric unit and the dimer completed
by crystallographic symmetry. Protein subjected to oxidation by exposure to air exhibits a
covalent disulfide bond between C117 and C145 and forms crystals in space group P21212;,
with the asymmetric unit consisting of the entire homodimer (protomer A-to-B all atom
RMSD: 0.96 A). The orthorhombic lattice exhibits a looser overall packing and higher solvent

content (Fig. 1, Table 1). Both datasets were collected at room temperature.

While crystallization conditions for the oxidized and reduced crystals are the same, the
lattices obtained differ. This makes a direct comparison of reduced and oxidized structures

challenging, as we could not control for differences due to oxidation state vs. crystal packing.
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Therefore, we attempted to obtain a reduced structure in the orthorhombic lattice seen in
our oxidized crystals. By seeding reduced protein with crystals of the oxidized form, we were
successfully able to generate crystals of reduced protein in the orthorhombic lattice (Fig. 1).
As our XFEL beamtime had concluded by this time, data for these crystals were collected
under cryogenic conditions at PETRA Il beamline P11 (Table 1). The cryogenic conditions
cause a contraction of the lattice and reduction of the solvent content by 4-5% as compared
to room temperature collection (Table 1). The molecular structure of the enzyme in the
reduced state is similar in both the monoclinic (XFEL/RT) and the orthorhombic
(synchrotron/100K) lattices (all atom RMSD: 1.56 A). Both structures are used here as a basis

of comparison to elucidate changes due to oxidation.

A reduced reduced

C117-C145

seeding
—

NOS/SONOS

seeding &
S-calpeptin =
B
Orthorhombic Monoclinic
P2,2,2, / 50-56 % solvent C2 / 38 % solvent
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Figure 1. The redox state of MP™ is linked to its crystallization behavior. (A) Reduced protein under our
crystallization conditions results in monoclinic (C2) protein crystals (PDB 7PXZ), but after oxidation in air, the
same protein spontaneously forms crystals with an orthorhombic (P2,2;2;) lattice and exhibit a disulfide link
between C117 and C145 (PDB 7PZQ). By producing seed crystals from this oxidized protein, however, we were
able to obtain two further structures in the same orthorhombic lattice: first, using reduced protein, an
isomorphous structure with reduced C117/C145 (PDB 7Z2K), and second, using the same reduced protein but
with the addition of a sulfonated calpeptin ligand, a structure exhibiting NOS and SONQOS crosslinks (PDB 7Z3U).
(B) Visualization of the orthorhombic and monoclinic lattices, with the solvent content highlighted by map-
channels®. The packing and crystal contact pattern are substantially altered, with the orthorhombic lattice

exhibiting significantly larger solvent channels and an overall higher solvent content.

Finally, in conjunction with our ongoing work to develop MP™ inhibitors, we employed our
oxidized orthorhombic seeds in a co-crystallization experiment with MP™ bound to a
sulfonated calpeptin derivative?°. Unexpectedly, the resulting structure exhibits a rich pattern
of oxidative modifications. Protomer A contains a SONOS bridge involving C22, C44 and K61,
whereas protomer B shows only a NOS bridge involving C22 and K61 at the same site. Both
modifications are consistent with previous reports'®!3, In addition, 2mF,-DF. maps
unambiguously show a NOS bridge between K102 and C156 in protomer B, not previously
described in the literature, and suggest partial occupancy of the same modification in

protomer A.
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Table 1. Data collection and refinement statistics

Mo Reduced Oxidized (S-S) Reduced ?JSQ;ESNOS)
Monoclinic* Orthorhombict Orthorhombic .

Orthorhombic

Data collection 7PXZ 7PZQ 772K 7Z3U°

Data collection

Source EuXFEL EuXFEL PETRA-III PETRA-III

Temperature 297 K 297 K 100 K 100 K

Space group C2 P212121 P212121 P212121

Cell dimensions

ab,c (A) 115.054.045.0 104.4 104.4 68.7 67.8 101.0 103.9 67.7 99.6 103.261

a, b, g(°) 90 102.090 909090 909090 909090
Solvent Content (%) 38.1 56.04 51.34 50.34
Resolution (A) 31.62-1.75 24.61-2.25 67.76-1.65 49.22-1.72

(1.81-1.75) (2.33-2.25) (1.71-1.65) (1.782-1.72)
Reym?, Rspiit® 0.071(1.195)0  0.169 (3.117)2 0.047 (0.576)! 0.039 (0.828)!
1/sl 11.44 (0.72) 7.41 (0.04) 23.40 (1.26) 12.54 (0.95)
Completeness (%) 99.52 (95.52) 99.88 (99.86) 99.34 (98.46) 99.70 (98.31)
Redundancy 946.0 (24.0) 355.6 (5.4) 6.9 (6.6) 7.5(7.7)
Refinement
Resolution (A) 31.62-1.75 24.61-2.25 67.76-1.65 49.22-1.72
(1.813-1.75) (2.33-2.25) (1.71-1-65) (1.782-1.72)

No. reflections 27225 (2602) 36330 (3592) 85170 (1993) 74542 (7273)
Rwork / Riree 0.1752/0.2047 0.1774/0.2388 0.1890/0.2180 0.1865/0.2157
No. atoms 2742 5063 5635 5442

Protein 2498 4819 4966 4911

Ligand/ion 1 12 51 94

Water 729 232 618 437
B-factors

Protein (A2%) 39.23 37.58 28.68 40.85

Ligand/ion (A2) 28.14 55.23 46.56 53.36

Water (A2) 55.27 41.22 35.56 44.02
r.m.s. deviations

Bond lengths (A) 0.017 0.008 0.011 0.006

Bond angles (°) 1.90 0.96 1.22 0.92

* Number of crystals merged (serial): 214 954
T Number of crystals merged (serial): 41 771
t As reported in 2°
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Figure 2. Long-range structural changes correlated with C117-C145 disulfide formation disrupt the dimer
interface. (A) aligned overlay of reduced (orange: monoclinic/room temperature and yellow: orthorhombic/100
K) and oxidized (cyan: orthorhombic/room temperature) structures, with one monomer of the MP™ dimer shown
as surface. Oxidation of the active site cysteine, C145, results in (B) disulfide bridge formation with C117 and
displacement of N28 (density: oxidized 2mF,-DF. at 1 RMSD). Colocalization of C117 and C145 requires (C)
displacement of C-terminal residues 301-306 from the dimer interface and is correlated with (D) a shift of the
dimerization domain and disruption of the stabilizing interactions between the two protomers. (E) MSA showing
N28, C117, and C145 are conserved across related coronaviruses. N28 and C145 are absolutely conserved in the
set studied. C117 is partially conserved, but where it is not, another cysteine is present in either position 116 or

142 (magenta) that could conceivably fulfill the same role.
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By oxidizing MP™ via air exposure, we obtained structures with a disulfide bond between C117
and C145. To understand the structural changes that occur upon formation of the C117-C145
disulfide bond (Fig. 2), we determined two reduced reference structures. The first was
obtained at room temperature with XFEL radiation, identical to the data collection conditions
of our C117-C145 structure, but crystallized in a different space group (C2). The second
reference structure is in the same space group as the C117-C145 structure (P212121), following

seeding with crushed oxidized crystals and was obtained at 100 K.

In the reduced form, the catalytically active cysteine C145 sits on a loop in the active site
pocket, while C117 forms part of a B-hairpin about 8 A away (Co-to-Cy). Oxidative cross-linking
of these residues relocates both to a location approximately in the middle of their reduced
positions (5.1 A Co-to-Cq). This disrupts the B-hairpin motif containing C117 and displaces the
conserved N28, which in the reduced structure sits between C145 and C117 but in the
oxidized structure undergoes a rotamer shift to make space for the disulfide bridge (Fig. 2).
This residue was identified as essential for dimerization and enzymatic activity in SARS-CoV-1
MP©21 The rotameric change of N28 was predicted by MD simulations performed by Funk et
al. and is confirmed by our structures®. Disulfide formation partially buries the active site
cysteine, which has a solvent exposed area of 24.3 AZin the reduced structure but 17.5 A2and
13.9 A2 for the two molecules in the asymmetric unit, A and B respectively, in the oxidized

structure.

In protomer A of our oxidized structure, C145 shows residual population at the same position
it occupies in the reduced structure. The electron density of this residual population was
sufficient to model, resulting in a refined structure with 55% occupancy of the disulfide
conformer and 45% population of the reduced conformation. In protomer B, the reduced
conformation is insufficiently populated to generate a confident model, and our structure
contains a fully occupied disulfide. No evidence of other oxidative modifications was observed

in our electron density maps.

The structural rearrangements required to bring C117 and C145 together require a series of
long-range structural changes that disrupt the dimer interface (Fig. 2). In the reduced state,

the C-termini form part of the dimer interface adjacent to the B-hairpin containing C117, but
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upon cross-linking of C117 and C145, C-terminal residues 301-306 become disordered due to

the loop rearrangements necessary to bring the two cysteines together.

This ejection of the C-termini from the dimer interface is accompanied by a shift in the entire
dimerization domain, which contains contacts that bridge the two protomers. As a result, the
entire dimer interface is less well packed in the oxidized structure as compared to its reduced
counterpart. The surface area that forms the dimer interface is estimated to be 1301 A? and
1283 A2 for protomers A and B, in the orthorhombic reduced structure respectively. This
interfacial area decreases to 1198 A2 and 1259 A? in the disulfide-containing structure.
Notably, the loop formed by residues S284, A285, and L286, which packs tightly with the same
residues on the symmetric protomer in the reduced state, is disrupted in the oxidized
structure (Fig. 3). In the reduced structure, this loop forms a tight zipper-like packing interface
with the opposite protomer, but in the oxidized structure this zipper is out of register and
does not form a tight interface (Fig. 3). This disruption of the dimer interface suggests MP™’s

dimer affinity is weakened upon oxidation, as recently suggested by Funk et al.°.

Figure 3. Disruption of the $284/A285/L286 dimerization interface in the disulfide containing structure. Shown
is the region where the loop containing S284, A285 and L286 forms a hydrophobic zipper with the same residues
on the opposite dimer-forming protomer. All four structures reported are drawn, (A) reduced/C2 (orange),
reduced/P212121 (yellow), NOS/SONOS (purple) and (B) C117-C145 (teal). Only the C117-C145 structure shows
a disruption of this dimer interface. For these three residues, the buried surface area decreases from ~110 A2
for the structures in (A) to 87 and 85 A2 for molecules A and B of the C117-C145 structure shown in (B),
respectively. Structures were aligned by minimizing all heavy atom RMSD prior to visualization. Surfaces are the
solvent accessible (Connolly) surface computed with the PyMOL Molecular Graphics System (2.0, Schrédinger

LLC)22.
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Analytical Size Exclusion Chromatography Confirms Weakened Dimer Affinity

To test if the disruption of the dimer interface observed in our C117-C145 structure translates
into a reduction of the dimerization affinity, we performed analytical size exclusion
chromatography. In the presence of air, we determined a dimerization dissociation constant
(Kp) of 39 uM. The addition of 1 mM TCEP in the running buffer resulted in a higher affinity of
3.5 uM, and conversely incubating the protein in 5 mM hydrogen peroxide prior to injection
increased the measured Kp to 97 uM, implying that oxidizing conditions decrease the
dimerization affinity by an order of magnitude. This agrees with analytical ultracentrifugation
performed by Zhang et al. (Ko ~2.5 uM, reduced)? the SAXS measurements of Silvestrini et al.
(Ko ~7 uM, reduced)?® and is qualitatively consistent with analytical ultracentrifugation
experiments by Funk et al.’, who determined absolute Kp values that are a factor of 10

smaller, but with the same order of magnitude change relative change upon oxidation.

1.0 1 =

0.8 A

0.6

0.4 - -
@ native

02+ @ +TCEP
@ +peroxide

[monomer] [ [Total]

0.0 T ALY | T LR T T T T CEETIY
10-1 100 101 102 10°

[total protein] (M)

Figure 4. Dimer affinity evaluated by analytical size exclusion chromatography. Size exclusion measurements
show that oxidation of MP™ by either air (black, Kp 39 +/- 16 puM) or 5 mM peroxide (teal, Kp 97 +/- 43 uM)
exhibits significantly weakens the dimer interface as compared to fully reduced protein (blue, Kp of 3.5 +/- 1.1
UM, 1 mM TCEP in the running buffer). Errors reported are 95% Cls assuming a Gaussian error model. The x-axis

reports the total concentration of single MP™ protein chains. The y-axis reports the fraction of monomeric chains.

Observation of NOS and SONOS modifications upon co-crystallization with a sulfonated

calpeptin ligand
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During our ongoing structural studies of MP™ ligands, we sought to obtain a structure of MP™
bound to a ligand of interest, a sulfonated calpeptin derivative that binds covalently to the
reactive cysteine in MP™, Co-crystallization attempts of this ligand with reduced, monoclinic
seeds failed to yield a high-resolution structure in our hands, instead forming small clusters
of crystals that diffracted to low resolution (~5 A) and could not be indexed. We hypothesized
that the looser packing of the orthorhombic lattice provided by our oxidized seeds might
better accommodate structural rearrangements caused by ligand binding. Subsequently, we
attempted crystallization with our orthorhombic, oxidized seeds and obtained a high-
resolution structure clearly showing bound ligand, which we refined against data up to 1.72
A. Ligand density consistent with full occupancy was present in the active site of both
monomers. Unexpectedly, however, the structure shows multiple NOS and SONOS

modifications (Fig. 5).
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chain A
C22-K61-C44 SONOS

S-calpeptin chain A chain B
K102-C156 NOS K102-C156 NOS

F Virus UniProt 22 44 61 102 156
HCoV 229E POCGU2 p— RV'YGNT ... HVIASNT ... YSIMRLH ... PRHSFRT ... VFGVNMR ...
HCoV NL63 POCGUG ol RV.YGST ... HVIAPST ... YSTMRLH ... PKHVFKT ... VFGVNLR ...
PEDV POCEY4 & e RVIYGNM ... HVIASST ... LSVLRLH ... PKYTYRT ... VYGVNMR ...
TGEV POCeY5 ... RVSYGNN ... HVIASDT ... MSSVRLH ... PEHKFKS w.. VYGVNMR ...
FIPV Q98VG9 ... RVAYGNN ... HVIASDT ... LSSVRLH ... PEHKFKS ... VYGVNMR ...
1BV POC6Y2 ... SVSYRGN ... HVLGKF- ... LNLANNH ... PKYKFIK ... LYPVIMR ...
BCV alpaca POCeX0 ... SVTYGNM ... HVICSAS ... LCRVTSS ... PKYTFGV ... AFHVTMR ...
HCoV 0C43 POC6EX6 ... SVTYGNM ... HVICSAS ... LCRVTSS ... PKRKYTFGV ... AFHVTMR ...
HCoV HKU1 POCeEX2 ... SVTYGSM ... HVICSSS ... LCRVTLG ... PKYTFGN ... AFHVTMR ...
MHV A59 POC6X9 ... SVTYGNM ... HVICSSA ... LCRVTSS ... PKYSFGV ... AFHVTLR ...
bat CoV POC6W3 ... QUTCGSM ... HIMCPAD ... LISKTNH ... PAYTFST ... VFTVNLR ...
SARS-CoV POC6X7 ... QVTCGTT ... HVICTAE ... LIRKSNH ... PKYKFVR ... VYQCAMR ...
SARS-CoV-2 PODTC1 ... QVICGTT ... HVICTSE ... LIRKSNH ... PKYKEVR ... VYQCAMR ...

Figure 5. NOS/SONOS crosslinking observed upon co-crystallization with sulfonated calpeptin in the
orthorhombic space group. Oxidative NOS and SONOS bridges are seen at four sites in the (A) two dimeric
protomers that form both the asymmetric and biological unit (all panels, purple: oxidized NOS/SONOQS structure
in P212:24, yellow: reduced reference in P212,2;). (B) Protomer A exhibits a SONOS linkage between C22, K61,
and C44 that distorts the structure from the reduced form. In contrast, (C) protomer B shows only a NOS linkage
between C22 and K61 at this site, with the overall structure differing little from the reduced reference. The (D)
electron density on protomer A between K102 and C156 is ambiguous, consistent with but not conclusively
showing a NOS linkage at partial occupancy. In contrast, (E) the density at the same site on protomer B clearly
shows a NOS bond at partial occupancy. (F) None of the residues participating in these linkages are strongly
conserved besides C44. Densities shown as blue volumes are the 2mF,-DF. map at 1 RMSD. The same 2mF,-DF.
map at 0.5 RMSD is overlaid as a light mesh for the K102-C156 NOS figures, to show partial occupancies more

clearly.
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The NOS and SONOS modifications exhibit a distinct asymmetry between the monomers that
form the dimer in the asymmetric unit. Protomer A shows a SONOS linkage between C22,
K61, and C44 (Fig. 5), which has been previously reported!?*3, This modification results in a
shift of the a-helix between E55 and K61 and disrupting the position of a loop between C44
and Y54, which is ordered in the reduced structure but becomes disordered upon SONOS
formation. This disorder may be in part because the shifted loop can no longer form a
backbone H-bonding contact between M49 and Q189, the latter of which sits on a flexible
domain-connecting loop consisting of the residues V186 to G195. This loop is shifted as a

result, displaced from its position in the reduced structure.

In contrast, protomer B much more closely resembles the reduced structure. It exhibits a NOS
bridge between C22 and K61 (Fig. 5). The effect of this modification is less dramatic, with C22
and K61 separated by 7.2 A in the reduced structure (Co-to-Cq) but only 7.4 A with the NOS

bridge present.

Both protomers A and B show evidence for a NOS-bridge between K102 and C156 that
connects neighboring B-sheets (Fig. 5). This modification is clear in the density for protomer
B, while the density in protomer A is ambiguous but consistent with a NOS bridge at low
occupancy. The NOS modification at this site induces essentially no deviation from the

reduced structure in the same space group, where K102 and C156 are in close proximity.

DISCUSSION

MP™ appears to exhibit an unusually rich set of oxidation modifications, which have been
revealed by structural and biochemical methods. While a response to oxidative stress has
been implicated in virus biology in general, the possible physiological relevance of each of the

observed oxidized states of MP™ remains a topic of ongoing investigation.

Our structure of C117-C145 modified MP™ provides a mechanistic model for several key
observations regarding MP™’s behavior upon change of redox state. Most notably, our
structures provide a simple explanation as to why MP™’s dimer affinity decreases by about an

order of magnitude upon oxidation®. Our structure further confirms a key role of N28, which
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rotates to allow space for the C117-C145 disulfide bridge. N28 is highly conserved (Fig. 1),
suggesting asparagine at this position is essential for viral fitness?!. We assume that the small
volume and hydrophilic nature of the carboxamide sidechain facilitates this conformational

change, enabling MP™’s ability to toggle between reduced and oxidized states.

Our crystals containing the C117-C145 disulfide were studied using XFEL light. We speculate
this may have allowed us to observe this modification clearly via “radiation damage free” data
collection, as the x-ray exposure (~100 fs) is much more rapid than the nuclear motions
required for the two cysteine sidechains to adopt significantly different positions following x-

ray induced reduction?4-2,

Funk and colleagues reported that MP™ C117S was the only C-to-S mutant that failed to
recover activity after exposure to oxidative conditions followed by reduction. Our structures
illustrate how, upon oxidation, the catalytic C145 moves from a solvent exposed
conformation to a buried, disulfide conformation. Our structure, alongside these previous
findings and the conserved nature of cysteines at positions 117 and 145, implicate this
modification in a regulatory response to an oxidative environment. We speculate the C117-
C145 disulfide provides a protective mechanism against oxidative damage by making harsher,

irreversible oxidation to sulfinic and sulfonic acids impossible.?’

Seeding with crystals containing the C117-C145 disulfide enables kinetic control over the
crystallization lattice, allowing us to obtain a novel ligand-bound structure that shows NOS
and SONOS bridges. We considered the hypothesis that ligand binding might facilitate these
modifications. Yang and colleagues, however recently presented nine MP™ structures
exhibiting the C22-K61-C44 SONOS bond. Five contain bound inhibitor but four show no
ligand of interest!3, demonstrating that ligand binding is not necessary to observe SONOS
modifications in MP™ crystals. Further, the NOS bond at K102-C156, which has not been
reported previously, is far from the active site and seems unlikely to be influenced by the
binding of a ligand in that pocket. As no oxidizing agents were added to the crystallization
experiment, we attribute NOS/SONOS formation to molecular oxygen introduced by air
exposure. The frequency and diversity of NOS/SONOS modifications observed in Mpro

suggest these crosslinks may have a functional role in regulating the enzyme’s function in
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oxidative environments. The possible contribution of these modifications to coronavirus

fitness warrants further investigation.

CONCLUSIONS

MP™ is a linchpin of coronavirus biology and the premier target for anti-COVID-19 small
molecule therapeutics. The enzyme’s function has been shown to be regulated via both
dimerization and oxidation; further, these regulatory mechanisms are biophysically
correlated. While our structures provide mechanistic insight into these properties of MP™®, we
must now understand how regulation based on oxidative stress or protein concentration
impact viral fitness. This will provide deeper insight into viral biology and hopefully open new

opportunities to disrupt that biology with life-preserving medicines.
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Methods

Protein production and purification. The protein was overexpressed in E. coli and purified for subsequent
crystallization using previously published protocols and plasmid constructs?. Briefly, cell pellets containing
overexpressed protein were lysed in 20 mM TRIS buffer, pH 7.8, supplemented with 150 mM NaCl and 10 mM
imidazole using a homogenizer. After removal of insoluble cell matter by ultracentrifugation, a nickel NTA
column was used to purify the MP™ -histidine-tag fusion protein. Following imidazole elution, the protein buffer
was changed to 20 mM TRIS, pH 7.8, 150 mM NaCl, 1 mM TCEP using a PD10 column and the histidine tag was
cleaved by 3C protease overnight. Subsequently, the histidine tag and the 3C protease were removed using a
nickel NTA column. For the reduced form of MP™ a final size exclusion chromatography was performed with an
$200 Superdex column using 20 mM TRIS, pH 7.8, 150 mM NaCl, 1 mM TCEP and 1 mM EDTA, while for the
oxidized form TCEP was omitted.

Crystallization experiments. MP™ microcrystals were grown using seeded batch crystallization in the XBI
laboratories of the European XFEL?. The initial seed stock was produced by adding MP™ protein crystals to a
reaction tube containing a glass bead (Beads-for-Seeds, Jena Bioscience) and vortexing periodically for 5 seconds
with subsequent incubation at room temperature. For the microcrystal batch crystallization, a volume of 250 pL
glass seed beads were used in a 1.5 mL reaction tube. 900 pL precipitant solution (25 % PEG1500, 0.1 M MIB
buffer pH 7.5, 5 % DMSO) were mixed with 100 pL seed stock and 100 pL MP™ protein solution (35 mg/ml).
Crystals were grown in a shaker at 18°C at 900 rpm overnight. Resulting crystals were thin plates with a size
ranging from 3-15 um. Crystal concentration was adjusted by allowing the crystals to settle overnight and
removing supernatant accordingly. Final crystal slurry was filtered through a 30 um mesh gravity filter (Sysmex
CellTrics) before injection.

Protein crystals for single crystal rotation experiments were produced as previously reported®®, using
orthorhombic seeds and reduced protein at 6.25 mg/mL. For the ligand free and S-Calpeptin containing
crystallization experiments, the same reduced protein batch was used. The S-Calpeptin compound was dried in
the well prior to crystallization mixture addition, yielding a maximum concentration of 5 mM.

Instrumentation. SFX experiments (7PXZ, 7PZQ) were performed at the SPB/SFX instrument3® in April 2021 as a
part of proposal 2696. The size of the mirror-focused focal spot in the interaction region was estimated to be
4 x 4 um? FWHM diameter based on optical imaging of single shots using a 20 um thick Ce:YAG screen. The x-
ray pulse energy was in the range of 1.2 - 3.5 mJ at 9.3 keV. Diffraction from the sample was measured using an
AGIPD3! of 1 megapixel located 117.7-118.6 mm downstream of the sample interaction region, with the unused
direct beam passing through a central hole in the detector to a beam stop further downstream. The resolution
at the edge of the AGIPD was 1.8 A, and 1.6-A data were obtained by integrating Bragg reflections into the
detector corner. Experiment control was provided by Karabo3?.

We used double-flow focusing nozzles (DFFN) for sample delivery333*. The DFFN had an inner diameter of 75 pm
and a liquid jet was established by applying 35 mg/min helium flow, 25 pl/min ethanol flow and 15 - 20 pl/min
sample flow. We measured the jet diameter to be about 4.5 um, with a flow rate of 40 - 45 pl/min under identical
conditions to those used for the experiment. This translates into a jet speed of approximately 43 m/s>°. During
injection, sample was at room temperature, approximately 20°C.

Rotation experiments (722K, 723U) were performed at PETRA-IIl beamline P11, delivering a 100 um beam of 12
keV x-rays focused by a paired KB mirror system exhibiting 30% transmission®. Crystals were mounted
robotically on a single-axis goniometer and held at 100 K using a cryojet (Oxford). During data collection, samples
were rotated 200 degrees with frames read out from a DECTRIS Eiger detector at a distance of 200 mm every
0.2 degrees, for a total of 1000 images per crystal. Total dose per collection was approximately 1.05 MGy as
determined by a calibrated diode measurement of x-ray flux (0.7¢10'? ph/s at 100% transmission).

Data analysis. During SFX experiments, online monitoring of the running experiment was performed with
Karabo®? and OnDA¥. The AGIPD geometry was refined against lysozyme data taken at the beginning and end
of every shift. Preprocessing of images was performed with Cheetah3® and subsequent crystallographic analysis
was done with CrystFEL v0.9.1%°. MOSFLM was used for preliminary indexing’, but all reported results used
xgandalf*l. Serial data merging was performed with partialator using the unity model. Data from rotation
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experiments with single crystals were processed with XDS*2. All surface area calculations were performed with
PISA®,

Structure determination. Structures were determined by iterative rounds of model building in Coot* and
refinement with phenix.refine*®, after molecular replacement using PDB ID 7AR6 as a search model. Disulfide,
NOS, and SONOS bonds were generated with phenix using refinement geometry restraints.

Analytical SEC. MP™ was prepared in 20 mM Tris (pH 7.8) buffer supplemented with 150 mM NaCl and 1 mM
EDTA, and for reduced samples, 1 mM TCEP. Compounds were added to a final concentration of 5 mM and 5%
DMSO and incubated for 5 hours. Then, protein solutions were spun down at 16,000 g for 5 minutes and applied
to a Cytiva Superdex 75 10/300 increase column using a AKTA Pure system from Cytiva. Two peaks are observed
in the resulting chromatograms at elution volumes consistent with dimer and monomer species. Relative
populations were quantified by fitting a Gaussian to each and integrating the area under the curve.

Code availability. The versions of Cheetah and CrystFEL used in this work are available from the respective
websites: https://www.desy.de/~barty/cheetah and https://www.desy.de/~twhite/crystfel.

Data availability. Structural models, structure factor data, and associated metadata are available from the
Protein DataBank under PDB IDs 7PXZ, 7PZQ, 722K & 7Z3U. Raw data and processing scripts available upon
request.
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