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The main protease (MP™) of SARS-CoV-2 is critical for viral function and 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 sur-
vive periods in an oxidative environment, but the mechanism of this protec-
tion 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 confirm dimer stability is weakened in solution upon oxi-
dation. Finally, we observe the protein’s crystallization behavior is linked to its
redox state. Oxidized MP™ spontaneously forms a distinct, more loosely
packed lattice. Seeding with crystals of this lattice yields a structure with an
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.

During the COVID-19 pandemic, the SARS-CoV-2 main protease (M,
nsp5 or 3CL™) emerged as a key antiviral target and focus of intense
study'. 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-termini', 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-CoV-1 MP, has made SARS-CoV-2 MP™ the target of several drug
discovery programs. These efforts have already yielded an
FDA 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.

MP™’s activity is regulated by multiple mechanisms, though we have
a poor understanding of how these support viral fitness. Most promi-
nently, 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 without 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 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% of
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 mod-
ifications have been reported by both structural and mass spectrometry
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Fig. 1| The redox state of MP* is linked to its crystallization behavior. A Reduced
protein under our crystallization conditions, containing TCEP, results in monoclinic
(C2) protein crystals (PDB ID: 7PXZ). In a separate batch crystallization experiment,
after oxidation by air and in the absence of reducing agent, the same protein
spontaneously forms crystals with an orthorhombic (P2,2,2;) lattice and exhibits a
disulfide link between C117 and C145 (PDB ID: 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, a structure with
reduced C117/C145 (PDB ID: 772K), and second, using the same reduced protein but
with the addition of a sulfonated calpeptin ligand, a structure exhibiting NOS and
SONOS crosslinks (PDB ID: 7Z3U, which is published in ref. 20). B Visualization of
the orthorhombic and monoclinic lattices, with the solvent content highlighted by
map-channels*. The packing and crystal contact patterns are substantially altered,
with the orthorhombic lattice exhibiting significantly larger solvent channels and
an overall higher solvent content.

studies, including glutathionylated C300°, a peroxy-Cl45, an
N-ethylmaleimide modified C145 and C156", a SONOS bridge between
C22, C44, and K61*®, and a disulfide link between Cl117 and C145°*.

Given the complexity of viral replication in human hosts, the
prevalence or role of these modifications in the viral replication cycle
has remained unclear. Oxidative stress in the cell has been shown to
regulate the function of other viruses®”, most notably HIV'*"™®, and early
in the pandemic oxidative stress was hypothesized to play a central
role in COVID-19 pathogenesis'”. 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™.

Among the known oxidative modifications of MP™, 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 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. Sup-
porting this, Tran et al. recently reported the structure of an oxidized
mutant of MP, the H163A variant, that contained a disulfide bond
linking C117 to C145™. The H163A modification inactivates the enzyme,
even under reducing conditions. Removal of the H163 sidechain dis-
rupts a m-stacking interaction with F140, which is part of the loop that
forms the transition state-stabilizing oxyanion hole. Disruption of the
oxyanion hole was observed in structures of both the oxidized (C117-
C145) and reduced (no disulfide) enzyme, explaining the loss in
activity. However, it was unclear how the C117-C145 disulfide in the
H163A variant related to the behavior of the wild type.

To address these questions, we determined the structure of MP™
with the C117-C145 disulfide modification under mildly oxidizing con-
ditions, providing a structural understanding of how this disulfide can
protect the enzyme from irreversible oxidation. We find that oxidized
protein only crystallizes in a more loosely packed, orthorhombic lat-
tice, whereas the reduced protein forms a monoclinic lattice under the
same crystallization conditions. Seeding with these orthorhombic
crystals enabled us to crystallize MP™ exhibiting a 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 (supplementary Table S1). The crystals
merged to determine these two structures were grown in two separate
batch crystallization experiments. In the first, the resulting structure was
fully reduced due to the presence of 1 mM TCEP during purification. In
the second experiment, TCEP was omitted, and MP* exposed to air over
time spontaneously crystallized into a different space group, despite
being crystallized under otherwise the same conditions (buffer, tem-
perature, concentrations). Specifically, our reduced-MP® 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 sub-
jected to oxidation by exposure to air exhibits a covalent disulfide bond
between C117 and C145 and forms crystals in space group P2;2;2;, 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, supplementary
Table S1). Both datasets were collected at room temperature.

While crystallization conditions for the oxidized and reduced
crystals are the same, the lattices and crystal morphologies obtained
differ (Fig. 1, supplementary Fig. S1). 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. 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-IIl beamline P11 (sup-
plementary Table S1). The cryogenic conditions cause a contraction of
the lattice and reduction of the solvent content by 4-5% as compared
to room temperature collection (supplementary Table S1). The mole-
cular structure of the enzyme in the reduced state is similar in both the
monoclinic (XFEL/RT) and the orthorhombic (synchrotron/100 K) lat-
tices (all-atom RMSD: 1.56 A). Both structures are used here as a basis
of comparison to elucidate changes due to oxidation.
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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. The resulting structure was reported in a paper describing
the ligand binding pose?. Unexpectedly, the same structure exhibits a
rich pattern of oxidative modifications, which we discuss here. Pro-
tomer A contains a SONOS bridge involving C22, C44, and Kél,
whereas protomer B shows only a NOS bridge involving C22 and K61 at
the same site. Both modifications are consistent with previous
reports'®. In addition, 2mF,-DF. maps unambiguously show a NOS
bridge between K102 and C156 in protomer B, not previously descri-
bed in the literature, and suggest partial occupancy of the same
modification in protomer A.

Disulfide formation in MP™ precludes catalysis and disrupts the
dimer interface

By oxidizing MP™ via air exposure, we obtained structures with a dis-
ulfide 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-Cl45 structure (P2,2,2;), following
seeding with crushed oxidized crystals, and was obtained at 100 K.

In the reduced form, the catalytically active cysteine C145 sitson a
loop in the active site pocket, while C117 forms part of a B-hairpin
about 8 A away (Cqto-Cy). Oxidative crosslinking of these residues
relocates both to a location approximately in the middle of their
reduced positions (5.1 A Cyto-Cg). This disrupts the B-hairpin motif
containing C117 and displaces the conserved N28, which in the reduced
structure sits between C145 and Cl17 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® ?. The rotameric change
of N28 was predicted by MD simulations performed by Funk et al. and
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Fig. 2 | Long-range structural changes correlated with C117-C145 disulfide for-
mation disrupt the dimer interface. A aligned overlay of reduced (orange:
monoclinic/room temperature, PDB ID: 7PXZ; yellow: orthorhombic/100 K, PDB ID:
772K) and oxidized (cyan: orthorhombic/room temperature, PDB ID: 7PZQ)
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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Fig. 3 | Disruption of the S284/A285/1L286 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,
Areduced/C2 (orange, PDB ID: 7PXZ), reduced/P2,2,2, (yellow, PDB ID: 772K), NOS/
SONOS (purple, PDB ID: 7Z3U), and B C117-C145 (teal, PDB ID: 7PZQ). Only the C117-
C145 structure shows a disruption of this dimer interface. For these three residues,
the buried surface area decreases from -110 A% for the structures in A to 87 and 85 A
for molecules A and B of the C117-C145 structure shown in B, respectively. Struc-
tures 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)*.

is confirmed by our structures’. Moreover, the position of
the loop containing the active cysteine, spanning S139-S147, rear-
ranges upon disulfide formation (supplementary Fig. S2). Finally, dis-
ulfide formation partially buries the active site cysteine, which has a
solvent-exposed area of 24.3 A2in the reduced structure but 17.5 A>and
13.9 A2 for the two molecules in the asymmetric unit, A and B respec-
tively, in the oxidized structure.

In protomer A of our oxidized structure, C145 shows the residual
population at the same position it occupies in the reduced structure.
The electron density of this residual population was sufficient to model
an alternative conformation, 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 upon crosslinking 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 com-
pared 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, respectively, in the orthorhombic reduced structure. This
interfacial area decreases to 1198 A% 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 reported by
Funk et al.’.

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 (Fig. 4). Freshly
purified protein, exposed to air for only a few hours, exhibited a
dimerization dissociation constant (Kp) of 2.3 uM. Addition of 1 mM TCEP
in the running buffer produced no significant change, with an estimated
Kp of 21uM. However, incubating the protein in 1mM hydrogen per-
oxide prior to injection significantly decreased the dimer stability,
resulting in an order of magnitude increase of the measured Kp to 19 uM.
Further, upon exposure to peroxide, the observed monomer peak elutes
notably earlier, at approximately 0.49 column volumes vs. 0.47, sug-
gesting oxidation has produced a less compact monomer species.
Our results agree with analytical ultracentrifugation performed by
Zhang et al. (Kp-2.5uM, reduced)” and the SAXS measurements of Sil-
vestrini et al. (Kp-7 uM, reduced)?. They are qualitatively consistent with
the analytical centrifugation measurements performed by Funk et al.’,
who determined absolute Kp, values that are a factor of 10 smaller, but
with the same relative order of magnitude decrease upon oxidation.

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

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 reacts covalently with the catalytic cysteine in
MP™, Co-crystallization attempts of this ligand with reduced, mono-
clinic seeds failed to yield a high-resolution structure in our hands,
instead forming small clusters of crystals that diffracted to low reso-
lution (-5A) 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 struc-
ture 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).

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”™. This modification results in a
shift of the a-helix between E55 and K61 and disrupts 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.

In contrast, protomer B more closely resembles the reduced
structure. It exhibits a NOS bridge between C22 and Ké1 (Fig. 5). The
effect of this modification is less dramatic, with C22 and K61 separated
by 7.2 A in the reduced structure (Cq-to-Cy) but only 7.4 A with the NOS
bridge present.

Finally, both protomers A and B show evidence for a NOS bridge
between K102 and C156 that connects neighboring (3-sheets (Fig. 5, see
supplementary Fig. S3 for supporting OMIT and isomorphous differ-
ence maps). 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.
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Fig. 4 | Size exclusion measurements show a shift in monomer-dimer equili-
brium upon oxidation. A MP* dimerization was analyzed under three conditions:
first, immediately after purification, without oxidizing or reducing agent (native,
top); second, in the presence of 1 mM TCEP in the running buffer (middle), or after
the protein was incubated with 1 mM peroxide for 5h (bottom). Protein was loga-
rithmically diluted between 100 uM and 780 nM and assayed by size exclusion. SEC
traces are normalized by protein concentration so that they appear on the same
scale; lower concentrations therefore exhibit visible baseline drift and noise. Dis-
tinct monomer and dimer peaks are seen for each sample/concentration combi-
nation, eluting at approximately 0.48 and 0.43 column volumes, respectively. The
concentration of these species was estimated by the peak height at the positions
indicated by vertical dashed lines. The peroxide-exposed monomer (middle dashed
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line) elutes earlier than the monomer peaks for native and TCEP-exposed protein
(rightmost dashed line), suggesting this species is modified and may be structurally
less compact than fully reduced monomer. B The monomer and dimer con-
centrations from A were fit to a two-state equilibrium model, 2M =D (solid lines),
with a single parameter, the Kp. The determined Kp parameters show that oxidation
of MP™ by 1 mM peroxide (teal, Kp 19 +14.8 uM) significantly weakens the dimer
interface as compared to reduced protein (blue, Kp of 2.1+ 0.50 uM, 1 mM TCEP in
the running buffer) or freshly purified “native” protein in the absence of exogenous
reducing or oxidizing agents (black, Kp 2.3 + 0.63 uM). Errors reported are 95%
confidence intervals 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 as determined from the traces in (A).

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 (Fig. 4)°. Our structure further confirms a
key role of N28, which 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.

While we have been able to grow large single crystals from air-
oxidized protein in the orthorhombic space group (supplementary
Fig. S1) and have studied these with synchrotron radiation, we have not
observed clear C117-C145 disulfide density in those studies. In contrast,
the diffraction of XFEL light from microcrystals clearly shows the C117-
C145 disulfide. We considered the hypothesis that XFEL radiation may
have allowed us to observe this modification 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 side-
chains to adopt significantly different positions following x-ray
induced reduction® %, In this model, structures obtained at the syn-
chrotron would appear fully reduced, because during data collection
at the synchrotron, x-ray-induced cleavage of the disulfide would
reverse the structural changes that accompany C117-C145 crosslinking.
This would require an implausibly large rearrangement of the struc-
ture under cryogenic conditions. The success of Tran et al. in capturing
this disulfide with synchrotron radiation in the H163A variant" is fur-
ther evidence against this model. Their ability to obtain a structure

clearly showing the C117-C145 disulfide suggests that this modification
is not uniquely sensitive to reduction by X-rays.

Alternatively, it may be that the large crystals containing sig-
nificant C117-C145 population are less well-ordered than their micro-
crystalline counterparts, and XFEL radiation allowed us to study such
microcrystals. Our data only show that XFEL radiation is sufficient to
observe the C117-C145 disulfide in wild-type MP™, but we cannot con-
clude that such radiation is necessary to preserve the C117-C145
modification.

By studying the H163A MP™ mutant, Tran and colleagues were able
to crystallographically observe the same C117-C145 disulfide bond we
found in wild-type MP™ ™, In that work, they observed that the loss of
the imidazole sidechain in H163 removed a favorable m-stacking
interaction with F140, resulting in displacement of a mobile loop
containing F140 (supplementary Fig. S2). Further, this loop motion
displaces the N and C termini, resulting in dimer interface disruption.
Importantly, the loop containing F140 forms the oxyanion hole, which
stabilizes the transition state during proteolysis. In our disulfide-
containing structure, the F140 loop does not reach the same extreme
position as observed by Tran et al. but is disrupted from its con-
formation in the corresponding reduced structures (supplementary
Fig. S2). Our work therefore supports the hypothesis of Tran et al., that
Cl117-C145 can formin a similar fashion in both the wild type and H163A
enzymes but demonstrates that the extensive remodeling of the F140
loop in the H163A structure is particular to that variant.

Complementing these structures of the C117-C145 disulfide, Funk
et al. 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, dis-
ulfide conformation. Our structure, alongside these previous findings
and the conserved nature of cysteines at positions 117 and 145,
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PEDV POC6Y4 .. RVBYGNM ... HVIASST ... LSVLRLH ... PKYTYRT ... VYGUNMR ...
TGEV POC6Y5 .. RVSYGNN ... HVIASDT ... MSSVRLH ... PEHKFKS ... VYGUNMR ...
FIPV 098VGY .. RVAYGNN ... HVIASDT ... LSSVRLH ... PEHKFKS ... VYGUNMR ...
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HCoV 0C43 POC6X6 .. SVIYGNM ... HVICSAS ... LCRVTSS ... PKYTFGV ... AFHVIMR ...
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SARS-CoV POC6X7 .. OQVICGIT ... HVICTAE ... LIRKSNH ... PKYKFVR ... VYQCAMR ...
SARS-CoV-2  PODIC1 . QVICGTT ... HVICTSE ... LIRKSNH ... PKYKFVR ... VYQCAMR ...

Fig. 5| NOS/SONOS crosslinking observed upon co-crystallization with sulfo-
nated 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/SONOS structure
in P2;2,2;, PDB ID: 7Z3U, published in citation 21; yellow: reduced reference in
P2,2,2, PDB ID: 7Z2K). 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. D The electron density on
protomer A between K102 and C156 is ambiguous, consistent with but not con-
clusively 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.

implicate this modification in a regulatory response to an oxidative
environment. Our results support the idea that the C117-C145 disulfide
provides a protective mechanism against oxidative damage by making
harsher, irreversible oxidation of the catalytic C145 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
ligand-bound structure that shows NOS and SONOS bridges. We con-
sidered 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 inhibitors but four show no ligand of interest”, 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
MPr suggest these crosslinks may have a functional role in regulating
the enzyme’s function in oxidative environments.

The fact that MP is the premier target for anti-COVID-19 small
molecule therapeutics warrants further investigation into the possible
impact of these oxidative modifications on viral fitness. While our
structures provide mechanistic insight into the regulation of the
enzyme by oxidation and dimerization, we must now understand how
regulation based on oxidative stress or protein concentration impacts
the viral lifecycle in vivo. Such work will provide deeper insight into
viral biology and - hopefully - open new opportunities to disrupt that
biology with life-preserving medicines.

Methods

Protein production and purification

The gene encoding MP™ was overexpressed in E. coli and purified for
subsequent crystallization using previously published protocols and
plasmid constructs® Specifically, cell pellets containing recombinant
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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. Fol-
lowing 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 chroma-
tography was performed with an S200 Superdex column using 20 mM
TRIS, pH 7.8, 150 mM NacCl, 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?. Seed crystals were grown
from protein purified in the presence of 0.5 mM TCEP, using a sitting
drop geometry by combining 250 nL MP™ protein solution (6.25 mg/
ml) and 250 nL precipitant (25% PEG1500, 0.1 M MIB buffer pH 7.5, 5%
DMSO0), as reported previously”. A seed stock was produced by adding
the resulting MP™ crystals to a reaction tube containing a glass bead
(Beads-for-Seeds, Jena Bioscience) and vortexing periodically for 5s
with subsequent incubation at room temperature. For the microcrystal
batch crystallization, 250 pL glass seed beads were added to a 1.5mL
reaction tube, which was then filled with 900 pL precipitant solution
(25% PEG1500, 0.1 M MIB buffer pH 7.5, 5% DMSO) mixed with 100 pL
seed stock and 100 pL MP™ protein solution (35 mg/ml). Subsequently,
crystals were grown in a shaker at 18 °C at 900 rpm overnight. The
reduced and oxidized forms were crystallized separately. Resulting
crystals were thin plates with a size ranging from 3-15 pm. 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 pro-
duced 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 concentra-
tion of 5 mM.

Instrumentation

SFX experiments (7PXZ, 7PZQ) were performed at the SPB/SFX
instrument® 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 x4 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 1.2-3.5m]J at 9.3 keV. Diffraction from the sample was mea-
sured using an AGIPD* of 1 megapixel located 117.7-118.6 mm down-
stream 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 up to the
detector corner. Experiment control was provided by Karabo®.

We used double-flow focusing nozzles (DFFN) for sample
delivery***, The DFFN had an inner diameter of 75 um 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 pm, 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 (772K, 7Z3U) were performed at PETRA-III
beamline P11, delivering a 100 um beam of 12 keV x-rays focused by a

paired KB mirror system attenuated to 30% transmission®. Crystals
were mounted robotically on a single-axis goniometer and held at
100K 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+102 ph/s at 100% transmission).

Data analysis

During SFX experiments, online monitoring of the running experiment
was performed with Karabo® v2 and OnDA*® v22. The AGIPD geometry
was refined against lysozyme data taken at the beginning and end of
every shift using geoptimiser”. Preprocessing of images was per-
formed with Cheetah®® v2019.1 and subsequent crystallographic ana-
lysis was done with CrystFEL v0.9.1*. The MOSFLM algorithm was used
for preliminary indexing’®, but all reported results used xgandalf*.
Serial data merging was performed with partialator using the unity
model. Data from rotation experiments with single crystals were pro-
cessed with XDS* v10.01.2022. Prior to model building and refine-
ment, XFEL datasets were resolution-truncated when CC* fell below
0.5%; rotation datasets employed CC1/2>0.5 as a cutoff. Following
preliminary refinement, the resolution of 7PZQ was manually cut by an
additional ~0.1 A, which improved the resulting refinement statistics
and maps. All surface area calculations were performed with
PISA** v1.48.

Structure determination

Structures were determined by iterative rounds of model building in
Coot® v0.9 and refinement with phenix.refine*® v1.20.1, after mole-
cular replacement with search models 6YNQ (for 7PXZ & 7Z3U), 7AKU
(for 7PZQ) and 7ARS5 (for 7Z2K). Disulfide, NOS, and SONOS bonds
were enforced using bonding restraints generated by phenix. The
rotameric states of the catalytic His41 were chosen based analyzing
refined B factors of the sidechain in two possible conformations
(supplementary Fig. S4, supplementary Table S2). All structures were
refined with riding hydrogens.

Analytical SEC

MP™ was prepared in 20 mM Tris (pH 7.8) buffer supplemented with
150 mM NaCl and 1mM EDTA, and for the indicated sample, 1mM
TCEP. The peroxide sample was produced by incubating protein with
1mM hydrogen peroxide for 5h prior to injection. Subsequently,
protein solutions were spun down at 16,000 g for 5 min and applied to
a Cytiva Superdex 75 10/300 increase column using a AKTA Pure sys-
tem from Cytiva. Two peaks are observed in the resulting chromato-
grams at elution volumes consistent with dimer and monomer species.
Concentrations were estimated by peak height at the position of peak
maxima, and these were used to fit a two-state dimer dissociation
model by least-squares regression. Raw data and processing scripts
available upon request.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support this study are available from the corresponding
author upon request. Structural models, structure factor data, and
associated metadata are available from the Protein Data Bank under
PDB accession codes: 7PXZ (monoclinic XFEL reduced), 7PZQ
(orthorhombic XFEL disulfide), 7Z2K (orthorhombic synchrotron
reduced) & 7Z3U (orthorhombic synchrotron NOS/SONOS). Raw dif-
fraction data are available from EuXFEL [https://doi.org/10.22003/
XFEL.EU-DATA-002696-00]. Analytical SEC data and processing code
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are available via Zenodo [https://doi.org/10.5281/zenodo.10616060].
The source data underlying Fig. 4 is provided as a Source Data
file. Source data are provided with this paper.

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].
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