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In addition to its essential role in viral polyprotein processing, the SARS-CoV-2
3C-like protease (3CLpro) can cleave human immune signaling proteins, like
NF-kB Essential Modulator (NEMO) and deregulate the host immune response.
Here, in vitro assays show that SARS-CoV-2 3CLpro cleaves NEMO with fine-
tuned efficiency. Analysis of the 2.50 A resolution crystal structure of 3CLpro
C145S bound to NEMO,,¢_»34 reveals subsites that tolerate a range of viral and
host substrates through main chain hydrogen bonds while also enforcing
specificity using side chain hydrogen bonds and hydrophobic contacts.
Machine learning- and physics-based computational methods predict that
variation in key binding residues of 3CLpro-NEMO helps explain the high fit-
ness of SARS-CoV-2 in humans. We posit that cleavage of NEMO is an impor-
tant piece of information to be accounted for, in the pathology of COVID-19.

As of April 2022, Severe Acute Respiratory Syndrome Coronavirus-2
(SARS-CoV-2) has caused over 507 million confirmed cases of
COVID-19, more than 6 million deaths (covid19.who.int/), and the
global economy to contract by 3.5% in 2020 Unlike previous
betacoronavirus outbreaks, SARS-CoV-2 has spread to every coun-
try, which has provided the urgency and impetus to develop and
rapidly distribute therapeutics to reduce the spread of the virus,
including RNA-based vaccines. However, many societal impedi-
ments, the emergence of variants with enhanced fitness and
breakthrough infections have prevented herd immunity from being
reached from vaccination coverage, and prove that SARS-CoV-2
eradication is challenging. Therefore, more broadly protective
vaccines and effective therapeutic approaches will need to be

implemented to steadily reduce the risk of severe illness and pre-
vent future zoonotic outbreaks.

Current strategies to inhibit viral transmission and to reduce the
severity of the disease include disrupting the lifecycle of the
pathogen®’. SARS-CoV-2 is an enveloped betacoronavirus with a single
stranded, positive-sense, 29 kb RNA genome that encodes several open
reading frames. ORFla and ORFIb encode the polyproteins that are
processed to generate the 15 nonstructural proteins of SARS-CoV-2.
These include the papain-like protease (PLpro) and the 3C-like pro-
tease (3CLpro), which are required to execute the viral life cycle and
inhibit the host immune response*”. These proteases therefore repre-
sent high-value targets for treatment of COVID19, which is supported
by the emergency use authorization granted by the Food and Drug
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Administration for Paxlovid™ that includes nirmatrelvir, a 3CLpro
inhibitor component of the drug.

The Protein Data Bank (RCSB PDB) is replete with structures of
wild-type (WT) SARS-CoV-2 3CLpro®’. 3CLpro WT homodimers are a
67.60 kDa, heart-shaped complex®*™°, Each 3CLpro chain consists of
three domains. Domain I (aa. 8-101) and Domain Il (aa. 102-184) have a
predominantly B-sheet structure, form the active site, and contribute
to dimerization. Domain IIl (aa. 201-303) is substantially a-helical and is
the primary determinant of dimerization®*", The active site of WT
3CLpro contains the catalytic dyad of His41 and Cys145. Prior to sub-
strate-binding, the 3CLpro active site is primed with protonated His41
and a thiolate anion on Cys145. After substrate-binding, the thiolate
anion prosecutes nucleophilic attack at the main chain carbonyl car-
bon of the P1 residue (immediately preceding the substrate scissile
bond)">" This leads to heterolytic fission of the scissile bond, followed
by active site regeneration.

Functionally, 3CLpro recognizes a hydrophobic substrate residue
at P2 (usually Phe or Leu), a GIn at P1, and Ser, Val, Asn, or Ala residues
at PI’. This recognition motif is found in multiple sites of the viral
polyproteins, which are cleaved by 3CLpro to form mature nsp5-16.
This consensus sequence is also present in proteins of the host innate
immune pathway and therefore 3CLpro may blunt the immediate
antiviral immune response via proteolysis. The NF-kB essential
modulator (NEMO)" is one of the immune proteins that can be cleaved
by 3CLpro™. NEMO has been shown to be cleaved by 3CLpro from
feline infectious peritonitis virus and porcine epidemic diarrhea
virus'®”. Recently, N-terminomics experiments also confirmed,
in vitro, the cleavage of NEMO by SARS-CoV-2 3CLpro™.

NEMO is necessary for activating NF-kB during the canonical NF-
kB response signaling pathway, which is a critical first response to viral
infection. A disrupted NF-kB pathway is a hallmark of chronic inflam-
matory diseases™, which suggests that NEMO cleavage by 3CLpro and
the downstream dysregulation of NF-kB could contribute to the
enhanced inflammatory response observed in COVID-19 patients®.
Remarkably, consistent with in vitro and in vivo data, Wenzel et al.
recently proposed that cleavage of host cell NEMO by 3CLpro is con-
nected to microvascular pathology observed in the brains of COVID-19
patients'. Therefore, understanding the molecular basis of NEMO
inactivation by 3CLpro can be a platform to develop therapeutic
strategies for alleviating symptoms of COVID-19 including pathology in
the central nervous system.

The structure of 3CLpro in complex with a NEMO-derived
heptapeptide substrate was previously solved for the Porcine Epi-
demic Diarrhea Virus, an alphacoronavirus®. Molecular docking and
comparative structural analyses suggest that NEMO similarly binds
to SARS-CoV-2 3CLpro in a pose that favors proteolysis”. However,
even a few differences in 3CLpro residues, for example, between
SARS-CoV and SARS-CoV-2 3CLpro, were shown to significantly
change substrate preferences, enforcing the importance of
obtaining a high resolution structure of SARS-CoV-2 3CLpro bound
to human NEMO and identifying non-conserved interactions. In this
work, we first showed that WT SARS-CoV-2 3CLpro can cleave the 33-
residue peptide substrate, NEMO,;5_247 Using in vitro assays. To
explore the molecular basis of this interaction, we solved a 2.50 A
crystal structure of a SARS-CoV-2 3CLpro active site cysteine
variant, C145S, in complex with the human decapeptide substrate
NEMOys6-235. This represents the first structure of SARS-CoV-2
3CLpro bound to a human substrate protein. Using this structure as
a starting point, extensive molecular dynamics simulations, quan-
tum mechanics calculations, and machine learning-based predic-
tions indicated that the few differences in NEMO and 3CLpro across
host species and human-infecting betacoronaviruses significantly
change the stability of the complex formed between these proteins.
Finally, we discuss how ablation of NEMO via proteolysis connects
with COVID-19 as a systemic disease.

Results

SARS-CoV-2 cleaves NEMO

NEMO is known to form a homodimer of two, 419 residue (49 kDa),
mostly a-helical protomers®>** and the overall domain architecture is
well characterized (Fig. 1a)*. Five 3CLpro recognition sites in human
NEMO (hNEMO) were identified at GIn83, GIn205, GIn231, GIn304, and
GIn313, where the listed GIn would act as the P1 residue in each case”
(Supplementary Fig. 1). 3CLpro enzyme was incubated with three
constructs of NEMO from mouse (mMNEMO), Mus musculus, with and
without a glutathione S-transferase (GST) tag, namely, amino acids
96-250, 221-250, 221-339, GST-96-250, GST-221-250, and GST-
221-339, and the products detected by SDS-PAGE were consistent with
cleavage following GIn231 (Supplementary Fig. 2). Cleavage at the
other potential recognition sites present in these constructs was not
detected, suggesting that the GIn231 is more susceptible for proteo-
lysis than the other glutamine sites. To assess the ability and efficiency
of 3CLpro to cleave hNEMO, we expressed and purified hNEMO trun-
cated to amino acids 215-247, which mostly contains the HIx2 domain,
where the GIn231 recognition site is located. Concentration-dependent
hNEMO,;5-,47 cleavage at the site reported for other coronaviruses (aa.
231-232) was detected via high performance liquid chromatography-
mass spectrometry (HPLC-MS, Fig. 1b). Multiple sequence alignment
showing the identified 3CLpro cleavage site at GIn231 and the 3CLpro
cleavage sites in the viral polyprotein is shown (Fig. 1c).

Coiled-coil propensity analysis of the NEMO dimer

Analysis of coiled-coil parameters of the hNEMO;9¢_,5; dimer extracted
from PDB entry 3CL3 using TWISTER?* shows an abrupt increase in the
coiled-coil local pitch right after residue 241, suggesting a coiled-coil
interruption in the region, which may be advantageous for dimer dis-
sociation prior to proteolysis by 3CLpro (Fig. 1d). In other words, this
local pitch increase and the resulting increase in interhelical distance
lead to an unstable hydrophobic core and a more exposed single helix,
which supports the idea that 3CLpro could access the target sequence.
The crystal structure used for this analysis does not correspond to
NEMO in the ligand-free state but is the coiled-coil part of NEMO
bound to the viral ks-vFLIP protein, which might have influenced the
TWISTER results. As an additional independent analysis, we used the
PAIRCOIL predictor®, which suggests a lower propensity for coiled-
coil formation at the same region, as well as near the other cleavage
sites in NEMO. In addition, ANCHOR? predicts molecular recognition
features (MoRFs) at this region of hNEMO, i.e., in aa. 233-244,
respectively (Fig. 1d, e). Based on the cleavage assay experiments and
coiled-coil propensity analyses, we decided to use hNEMOj-235
peptide for X-ray crystallographic structural analyses.

Structure of 3CLpro C145S bound to a hNEMO peptide at 2.50A
resolution

After extensive co-crystallization trials, we determined the structure of
the SARS-CoV-2 3CLpro C145S variant in complex with a decapeptide
from human NEMO at 2.50 A resolution (Fig. 2a). This structure shows
the Michaelis-like complex of SARS-CoV-2 3CLpro C145S and NEMO
poised for catalysis.

In the hNEMO peptide-bound 3CLpro C145S structure, the asym-
metric unit contains two, mature 3CLpro C145S dimers (Fig. 2a, b). One
dimer forms between chains A and B, and the second dimer forms
between chains C and D (Fig. 2b). Chains B and C are each bound to the
hNEMO peptide (acetyl-KLAQLQVAYH-amide; aa. 226-235) (Fig. 2a, b,
¢). Within the asymmetric unit, the C-terminal tail (Ser301-GIn306) of
chain A inserts into the substrate-binding site of chain D (Fig. 2b, d).
This connects the two dimers to each other in the asymmetric unit.
Additionally, the substrate-binding site of chain A is bound by the
C-terminal tail of chain D from a neighboring symmetry equivalent
dimer. This C-terminal tail-binding contributes to crystal lattice for-
mation by connecting chains A and D to each other throughout the
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Fig. 1| Truncated NF-kB essential modulator (NEMO) is cleaved by 3CLpro in
enzymatic assays. a NEMO includes the a-helical domain 1 (HIx1), the coiled-coil
domain 1 (CC1), the a-helical domain 2 (HIx2), the coiled-coil domain (CC2), a
leucine zipper (LZ) domain, and the C-terminal zinc-finger (ZF). Human NEMO
(hNEMO) truncated at site 215 and 247 was used in enzymatic assays with 3CLpro. A
recognition site of cleavage is found at GIn231. b Cleavage of hNEMO,;5-,47 at
0.053 pg/plL (<13 uM) by 3CLpro at two concentrations. Reactions were incubated
at 25°C and aliquots were quenched at different times for analysis. The extent of
proteolysis was quantified by LC-MS/MS. Apparent % cleavage was calculated by
dividing the product peak area by the sum of the substrate and product peak areas.
Error bars represent the range of duplicate enzymatic reactions. Statistics have
been derived for n =2 biologically independent experiments. ¢ Multiple sequence
alignment of peptide sequences of SARS-CoV-2 polyprotein and hNEMO. P1 site

Residue number

glutamine residues are shown in red. The peptide (P6 to P4’) used in the crystal
structure is indicated beneath the sequences. d Coiled-coil pitch per residue
computed with TWISTER?* for NEMO in the PDB structures 6MI3 (region 1)**, 3CL3
(region I1)*, and 6YEK (region I1)” is shown. Dashed lines indicate the regions I-Ill
corresponding to these structures. The cleavage sites GIn83, GIn205, GIn 231,
GIn304, and GIn313 are indicated with red arrows. The region corresponding to
hNEMO,6-235, used in our X-ray structure determination is pointed out (violet
arrow). e PAIRCOIL” prediction of coiled-coil propensity per residue for human
and mouse NEMO (mNEMO). Lower P-scores implies greater likelihood of coiled-
coil. Potential disordered binding regions predicted by ANCHOR?® are shown in
brown. The cleavage sites are depicted as in d. The region corresponding to
hNEMO,6-235 used in our X-ray structure is depicted as in d.

crystal (Fig. 2a, b). This was also observed in our crystal structure of
3CLpro C145S without NEMO. Finally, the C-terminal tails of chains B
and C bind at sites found at the dimerization interfaces of their
respective dimers (Fig. 2e). Similar C-terminal tail contributions to the
crystal contacts and the dimerization interface were reported for the
C145A mutant of SARS-CoV-2 3CLpro”. The hNEMO peptides bind in
an extended conformation, similar to an anti-parallel -sheet with
3CLpro residues GIn189-Ala191 and His163-Pro168. In chains B and C,
there is density for residues KLAQLQVAY (aa. 226-234) and, the entire
peptide, KLAQLQVAYH (aa. 226-235), respectively (Supplementary
Fig. 3a, b), where Lys226 is P6, His235 is P4’, GIn231 is P1 and Val232 is
P1’ (Fig. 2¢). His235 may be disordered in the structure, does not have
any density and is therefore not modeled in the hNEMO,5¢-234 bound
into chain B. We have focused on chain B and bound hNEMO,2¢ 234
rather than chain C and bound hNEMO,,¢ »35, because chain B has a
lower B-factor (33.4 A2) than chain C (45.6 A% and the electron density
for hNEMO;56-234 bound into chain B is higher quality than for
hNEMO,;,¢-235 bound into chain C. The N-acetyl and C-amide caps are
not resolved in either hNEMO molecule. The electron density in the
substrate-binding sites of chains B and C is unequivocally assigned as
the hNEMO peptide, rather than as the C-terminal tail from a

neighboring monomer, since the density on either the N-terminal or
C-terminal end of the peptide does not connect to the protein chains
near the substrate-binding sites, but projects into the bulk solvent. The
peptide density in chains B and C is also too long to be assigned as the
C-terminal tail from a monomer in the neighboring dimer, continuing
beyond Serl45 in the substrate-binding site (unlike the density for the
C-terminal tails in chains A and D). Finally, the positions of all
C-terminal tails in the asymmetric unit are accounted for, and the
shape of the density in chains B and C around residues P2, P3, P5, and
P6 is consistent with the hNEMO sequence. The subsites in the
substrate-binding site of 3CLpro are identified as S4 to S4’, corre-
sponding to peptide residue positions P4 to P4’, where S4 binds to P4
and S4' binds to P4’ (Table 1).

Thr26 and Thr190 of 3CLpro pin the NEMO peptide into 3CLpro
Thr190 and Thr26 of 3CLpro use hydrogen bonds (H-bonds) to pin the
ends of the hNEMO peptide into the substrate-binding site, causing
conformational changes in the site. Thr26 and Thr190 form H-bonds
with Ala233 (P2’) and Ala228 (P4) of the hNEMO peptide, respectively.
This causes the distance between the C, atoms of Thr26 and Thr190 to
decrease. This distance decreases from 21.7 A, in our reported 1.45 A
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a
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1 Domainlli
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Domainlll ¢ /4

Fig. 2 | Structure of the hNEMO-bound 3CLpro C145S homodimer. a The
hNEMO,56-234-bound 3CLpro dimer. N- (NH3 +) and C-termini (COO-) are labeled.
hNEMO,56-234 (NEMO B - orange) binds into chain B (purple) and is surrounded by
an omit map of electron density (1.0 o contour level and 1.9 A carving radius).
Acetylated Lys226 and Tyr234 at the N- and C-termini of the hNEMO,,6-234 peptide,
respectively, are labeled. The C-terminal tail of chain D (teal) from a crystal-
lographic symmetry equivalent binds into the substrate-binding site of chain A
(light pink). Domains I, Il and Ill are labeled. b Structure of the ANEMO-bound C145S
variant asymmetric unit. The C-terminal tail of chain A (pink) binds into the
substrate-binding site of chain D (teal). hNEMO peptides bound into chain B
(purple) (NEMO B - orange) and chain C (light blue) (NEMO C - wheat) are super-
imposed with an omit map (1.0 ¢ contour level and 1.9 A carving radius) of their
electron density. ¢ Interactions of hNEMO,,-34 With the substrate-binding groove
of 3CLpro C145S. hNEMO26-234 is colored orange. Residues Lys226 to Tyr234 are
fully labeled. The surface of chain B (purple) is shown. Substrate-binding residues in

Chain DC-terminal tail in

b D

Symmetry equivalent Chain D
C-terminal tail in

d H163

G143

Water 109

chain B are portrayed as sticks and labeled. Catalytically relevant residues are
labeled in bold. Hydrogen bonds are depicted as dashed yellow lines. The hydrogen
bond predicted to form between Cys145 (in WT) or Ser145 (in C145S) and His41 is
depicted as a dashed green line. d Interactions of the C-terminal tail of chain A with
the substrate-binding groove of 3CLpro C145S. The C-terminal tail of chain A is
colored light pink. Residues Ser301 to GIn306 are fully labeled. The surface of chain
D (teal) is shown. Interacting residues and their interactions are portrayed as in c.
The oxygen atom of water 109 is depicted (red sphere). e The C-terminal tail at the
3CLpro dimer interface. The C-terminal tail of chain B (purple) is depicted as sticks,
juxtaposed over its cartoon representation. Density from the omit map (1.0 o
contour level and 1.9 A carving radius) is shown around the C-terminal tail. Arg298
to Phe305 and residues that interact with the C-terminal tail of chain B are labeled.
Inset, schematic of chains A and B, showing the position of the C-terminal tail at the
3CLpro dimer interface.
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Table 1| Interactions of SARS-CoV-2 3CLpro C145S with both bound hNEMO,,6_»34 and bound C-terminal tail in the crystal

structure
3CLpro hNEMO C-terminus
Subsite/ Residue Interaction Residue Interaction Residue
Substrate (moiety) (distance) (moiety) (distance) (moiety)
S6/P6 Q192 (main_N-H) HB (3.0 A) $301 (main_C=0)
Q192 (main_C=0) HB (2.9 A) S301 (yOH)
N.A. N.A. K226
S5/P5 N.A. N.A. 1227 N.A. G302
S4/P4A T190 (main_C=0) HB (2.9 A) A228 (main_N-H)
M165 (side) HC V303 (side)
Q189 (side_Ng2) HB (2.6 A) V303 (main_C=0)
S3/P3 E166 (main_C=0) HB (3.0 A) Q229 (main_N-H) HB (3.14) T304 (main_N-H)
E166 (main_N-H) HB (2.9 A) Q229 (main_C=0) HB (3.1A) T304 (main_C=0)
S2/P2 Q189 (side_Og1) HB (3.2A) 1230 (main_N-H)
M49 (side) HC L230 (side) HC F305 (side)
M165 (side) HC 1230 (side) HC F305 (side)
Water 109 HB (2.8 A) F305 (main_C=0)
S1/P1 H164 (main_C=0) HB (3.2 A) Q231 (main_N-H)
5145 (main_N-H) HB (3.0 A) Q231 (main_C=0) HB (3.0 A) Q306 (main_OXT)
G143 (main_N-H) HB (2.8 A) Q231 (main_C=0) HB (2.7 A) Q306 (main_OXT)
$145 (yOH) HB (3.0 A) Q231 (main_C=0) HB (2.6 A) Q306 (main_C=0)
S144 (yOH) HB (3.0) Q231 (side_O¢1) HB (3.2A) Q306 (side_Og1)
H163 (side_Ng2) HB (2.4 A) Q231 (side_O¢1) HB (2.5) A) Q306 (side_Oe2)
Water 109 HB (2.5 A) Q306 (main_C=0)
$145 (YOH) HB (3.14) Q306 (main_OXT)
E166 (side_Ogl) HB (2.6 A) Q306 (side_Ne1)
ST/P1 127 (side) HC V232 (side)
S2'/P2’ T26 (main_C=0) HB (3.0 A) A233 (main_N-H)
T26 (main_N-H) HB (3.2 A) A233 (main_C=0)
S3'/P3’ N.A. N.A. Y234

The hydrogen bond (HB) interactions involving side chain or main chain atoms and hydrophobic contacts (HC) formed in each subsite of 3CLpro are shown.

resolution WT SARS-CoV-2 3CLpro structure as well as 21.5 and 21.3 A,
in chains B and C respectively, in our reported 2.47 A resolution
3CLpro C145S structure without NEMO, to 20.5 and 20.3 A in chains B
and C, respectively, in our ANEMO,5¢-535 peptide-bound 3CLpro C145S
structure (Supplementary Fig. 3c). Comparison to several substrate-
free and substrate-bound SARS-CoV-2 3CLpro crystal structures indi-
cates that this conformational change is associated with hydrogen
bonds being formed between a substrate and both Thr190 and Thr26
in the S4 and S2’ subsites of 3CLpro, respectively (Supplementary
Table 1).

Eight 3CLpro subsites underpin substrate-binding and
selectivity

Our structure of 3CLpro C145S bound to a hNEMO,,4 234 peptide
identifies key structural sites required for substrate-binding in 3CLpro.
The substrate-binding site of 3CLpro consists of a groove made by four
groups of consecutive residues, GIn189-Ala191, His163-Pro168, Phel40-
Ser145, and Thr24-Leu27, as well as His41 and Met49. GIn189-Ala191
and His163-Prol68 run adjacent to each other, bind the P2-P4 residues
of the hNEMO peptide and position P1 in the active site. In the active
site, Phel40-Ser145 and His163 form a tight S1 subsite for binding P1.
Following the active site, Thr24-Leu27 binds the P1'-P3’ residues. His41
is involved in catalysis and Met49 interacts with P2.

Table 1 indicates that the preference for main chain H-bond
interactions with the substrate retains substrate versatility in the S4-S2
and S1’-S3’ subsites. This supports the versatility of 3CLpro in cleaving
the viral polyprotein at multiple sites and its activity towards several

host proteins (Fig. 1¢)'*". There are no S5 and Sé6 subsites in our NEMO-
bound 3CLpro structure for P5 and P6 substrate residues, respectively.

To modulate substrate-selectivity, hydrophobic contacts select
for hydrophobic side chains at P2, and occasionally at P4 and P1.
Furthermore, in the S1 subsite, main chain interactions from His164, as
well as Glyl43 and Serl45 of the oxyanion hole, combine with side
chain interactions from His163 to select for glutamine at P1. These
interactions position the main chain carbonyl carbon of GIn231 for
nucleophilic attack during catalysis and stabilize the tetrahedral anion
intermediate during heterolytic fission. The side chain of Ser145 forms
H-bonds with the main chain carbonyl of GIn231.

C-terminal tail versus hNEMO-binding in the substrate-

binding site

Comparison of our ANEMO3y6-234 and C-terminal tail-bound structures
identifies that the S1, S2, S4 and Sé6 subsites contribute to substrate
versatility in 3CLpro and that the S3 subsite interactions with P3 resi-
dues are conserved between substrates. Unlike the C-terminal tail,
there are no interactions between 3CLpro and the P6 residue of
hNEMO,5¢ 534. Furthermore, hNEMO,5 >34 forms a H-bond with
Thr190 in the S4 subsite (Table 1), while in the C-terminal tail, the side
chains of GIn189 and Metl65 respectively form a H-bond and hydro-
phobic contact in the S4 subsite. Additionally, in the S2 subsite,
hNEMO,56 34 forms a H-bond with GInl89, compared to the
C-terminal tail, which forms a H-bond with water 109. The S4 and
S2 subsites therefore engage different interactions to bind
hNEMO,,6 34 P4 and P2 residues respectively while S6 does not
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interact with hNEMO;6-534 at all. Finally, C-terminal P2 (Phe305) and
P1 (GIn306) form H-bonds with water 109. This water is deacylating
during 3CLpro catalysis?, 3.1 A from the C-terminal carboxyl carbon
and has a Biirgi-Donitz angle of 132° (Fig. 2d). In the hNEMO peptide-
bound structure, it is displaced by a hydrophobic side chain of P1". Our
C145S construct terminates at the P1 position (GIn306) and so lacks the
residues corresponding to P1' to P3’. The structure of 3CLpro bound to
a longer C-terminal tail with residues P1' to P3’ would help identify
interactions in the SI-S3’ subsites of 3CLpro that contribute to
substrate-binding versatility.

C-terminal tails bind at two distinct sites of the 3CLpro dimer
An alternative binding site for the C-terminal tail is found in a groove
formed at the dimerization interface (Fig. 2e). Here, the C-terminal tail
is sandwiched between the two [B-strands from Gly109-Tyr118 and
Ser121-Argl31 in the neighboring chain in the dimer and both the Serl-
Glyl11 loop and the Asp153-Cys156 turn in the same chain. Specifically,
in chain B, a C-terminal a-helix positions residues 300-305 at the dimer
interface via H-bonds. The side chain methyl group of Thr304 forms
hydrophobic contacts with the side chain of Tyrl118 in chain A. Addi-
tionally, the side chain of Phe305 forms hydrophobic contacts with a
hydrophobic pocket consisting of the side chains of Phe8, lle152 and
Val303 in chain B. Residues in chain A also form H-bonds with
C-terminal residues in chain B. Specifically, the main chain amide of
Phe305 forms a H-bond with the main chain carbonyl of Pro122 and the
YOH groups of Ser123 and Ser139 form H-bonds with the main chain
carbonyl of Val303 and GIn299 Ogl, respectively. Finally, GIn299 Oel
and Ne2 respectively form H-bonds with the main chain amide and
carbonyl of Arg4 in chain B. It is possible that this interfacial site has a
role in positioning substrates and cleavage products prior to and fol-
lowing catalysis, respectively.

Interfacial C-terminus may attenuate self-inhibition in

3CLpro dimer

Estimation of the binding affinity by rigid re-docking of a C-terminus-
like peptide (Cys300-GIn306) to the two alternative C-terminal bind-
ing sites predicts stronger binding to the catalytic site compared to the
dimer interface, with AutoDock Vina binding energies of -14.5 vs.
-12.8 kcal/mol, respectively. The good ranking power of AutoDock
Vina®® and the presence of both states in our crystallographic structure
of SARS-CoV-2 3CLpro suggest comparable binding affinities in
vitro between the two binding sites. Therefore, the conformational
change of the C-terminal tail between alternative binding sites is a
plausible hypothetical mechanism of modulating 3CLpro inhibition by
the C-terminal tail upon homodimerization. In line with that and with
the hNEMO-cleavage detected in vitro, the interaction with the
C-terminal tail at the active groove is predicted to be less effective
compared to hNEMO;,;_,34-binding (-19.8 kcal/mol).

Molecular dynamics simulations of the WT 3CLpro bound to the
NEMO peptide

Five independent runs of the WT 3CLpro dimer (chains A and B, car-
rying catalytic Cys145) bound to hNEMO,,7-534, UsSing our crystal
structure as the initial configuration, show that the H-bonds identified
in the static structure persist (Supplementary Table 2, Fig. 3a). Addi-
tional H-bonds are formed between the residue pairs Ala228-GIn189,
GIn231-Cysl45, and Val232-Asnl42, in hNEMOg,;-534 and 3CLpro,
respectively, appearing during about 20-30% of the simulation time.
The H-bond pair Leu230-GIn189 appears less than 7% of the time.
Several other residues in the binding site of 3CLpro form stable con-
tacts with hNEMO,,7-,34 (Fig. 3a). Finally, using the crystal structure as
input (chain B, NEMO B), the machine learning (ML)-based predictor,
KFC2%*° indicates that hot spots, i.e., residues likely accounting for
most of the binding affinity, coincide with those forming persistent
contacts between 3CLpro and hNEMO,,;_,34 (Fig. 3a).

Predicted NEMO binding affinity differs among host and virus
species

The binding core of NEMO is highly conserved among different species
(Fig. 3b), but amongst mammals, the predicted hot spot at P’ is a
Val232 in hNEMO whereas it is an Ala232 in mNEMO and golden
hamster (Mesocricetus auratus) NEMO. In order to understand the
relative contributions of the P1’ residues in human and mouse, we then
carried out other MD simulations for hNEMO,,; 534 and
MNEMO,;7-534. Like in hNEMO, the distance between the catalytic S in
3CLpro Cysl45 and the carbonyl C in mNEMO GIn231 remains around
5.0 A (Fig. 3c). However, the simulations show a decrease in the aver-
age number of contacts between mNEMO (49 +4) and 3CLpro com-
pared to hNEMO (54 +4), and the C, root-mean-square deviation
(RMSD) of mNEMO (1.9 + 0.6 A) relative to the initial position is larger
than that of hNEMO (1.4 + 0.4 A). We hypothesize that the impact of
V232A may become more pronounced with a longer construct of
NEMO in the dimeric form, as competing interactions within the NEMO
dimer may more effectively destabilize mNEMO than hNEMO, which
appears to be more strongly bound to the catalytic site of 3CLpro.
NEMO dimerizes at the HIx2 region forming hydrophobic contacts
between the pairs of Tyr234, Leu230, and Leu227 in each protomer?,
and Tyr234 forms H-bonds with Glu240 in the neighboring protomer.
In agreement, PAIRCOIL predicts higher coiled-coil propensity near
the GIn231 cleavage site for mNEMO compared to hNEMO (Fig. 1e),
which could be a result of the higher helix-formation propensity of
alanine compared to valine.

The viral counterpart, 3CLpro, is also highly conserved among
species, but structural differences between human-infecting betacor-
onaviruses underpin differences in their predicted interactions with
NEMO. Specifically, in HCoV-HKU1, MERS-CoV, SARS-CoV, and SARS-
CoV-2, the predicted hot spots, Met49, Hisl64, and Metl65, are not
fully conserved, and the loop/a-helix formed by aa. 41-53 in Domain I of
3CLpro, which skirts the substrate-binding site, harbors most of the
other differences. MD simulations of these proteins bound to
hNEMO,;7-234 show that 3CLpro from MERS-CoV (43 +4) and SARS-
CoV (46 = 7) exhibit a lower average number of contacts than SARS-
CoV-2 (52+3) and HCoV-HKU1 (53 +2) (Fig. 4a-d). Particularly, this
corroborates the hypothesis, detailed in Discussion, that the S46A
substitution between SARS-CoV-2 and SARS-CoV 3CLpro significantly
impacts interactions with hNEMO,,7_»34. Unsurprisingly, given the
proximity of S/A46, the hot spot Met49 is one of the affected contacts.
Simulations of these enzymes in the ligand-free state show that the aa.
41-53 in 3CLpro exhibit slightly different flexibility, with SARS-CoV
3CLpro displaying root-mean squared fluctuations of 2.2 and 2.3 A in
each chain of the dimer and SARS-CoV-2 3CLpro, 2.3 and 2.5 A. Addi-
tionally, essential C, cross-correlation analysis suggests that SARS-
CoV-2 3CLpro dimer has significantly more residue pairs exhibiting
synchronized motions along the same or opposite directions than
SARS-CoV 3CLpro. This may reflect a tighter dimeric packing (38,183
vs. 22,513 pairs and 35,707 vs. 17,567 pairs, respectively; cutoff is a
correlation modulus of 0.85; Supplementary Fig. 4). More synchro-
nized pairs are also found when the starting configuration is our ori-
ginally ligand-bound structure of SARS-CoV-2 3CLpro (chains A and B)
with the NEMO peptide excluded, i.e., 37,128 and 29,955 positively and
negatively correlated pairs, respectively.

Finally, for a quantitative assessment of relative hNEMO-binding
affinities, quantum mechanics (QM)- and molecular dynamics/
machine learning (MD/ML)-based predictions were carried out. In the
QM calculations, the fragment molecular orbital density-functional
tight-binding (FMO-DFTB) method**? was used. For the MD/ML-based
approach, five different models were trained. The rankings from the
weakest to the strongest binding enzyme were nearly consistent
between the two approaches (Fig. 4e and Supplementary Table 3). The
exception is the relative position of SARS-CoV 3CLpro swapped with
HCoV-HKULI in the ranking of the FMO-DFTB method. A possible
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the binding site is shown as solid and transparent surfaces, respectively.

b Sequence Logo generated with WebLogo’ of NEMO (aa. 216-253) across 535
animal sequences, including those from placentals, bats, marsupials, birds, rodents,
and primates. Clustal Omega’® was used for the multiple sequence alignment and as
an input for the WebLogo analysis. ¢ Time evolution of the distance between the
catalytic S” in 3CLpro Cys145 and the carbonyl C of GIn231 in hNEMO,5,7-534 and
MNEMO,5;_,34 computed from MD simulations.

explanation, further explored in Discussion, is that the few differences
between SARS-CoV and SARS-CoV-2 3CLpro affect the conformational
flexibility of the binding site, which may be captured in the MD/ML but
not in the QM approach.

It is not fully clear to which extent the use of a crystal structure
only for the hNEMO-peptide bound SARS-CoV-2 3CLpro impacts these
predictions. However, we find evidence that suggests the robustness
of our predictions and encourage future binding assays to evaluate
them. For example, the highest predicted binding affinity of the NEMO
peptide to SARS-CoV-2 3CLpro could be thought of as a biased result
from using a crystal structure as the starting point for this case.
However, we find that energy minimized-only structures, which are
much less perturbed than those used in the MD/ML protocol, do not
provide consistent results like our methods and do not confirm this
bias, with SARS-CoV-2 3CLpro presenting lower relative binding affi-
nity to the hNEMO peptide compared to other coronaviruses’ 3CLpro
(Supplementary Table 4).

Discussion

SARS-CoV-2 3CLpro binds Lys226-Tyr234 of the a-helical HIx2 domain
of one hNEMO protomer in an extended conformation. In agreement,
the QM calculations predict favorable energetics for hNEMO-binding
to 3CLpro in such an extended conformation. SARS-CoV-2 3CLpro

therefore either makes use of a transient partially unwound state of
HIx2 for proteolysis or it actively outcompetes hNEMO dimer inter-
actions and unwinds the a-helix of one protomer. Specifically, 3CLpro
forms two hydrophobic contacts as well as H-bonds with Leu230. This
outcompetes the hydrophobic contacts formed by Leu230 in the
hNEMO dimer partner. Additionally, 3CLpro forms H-bonds with
hNEMO at Ala233, next to Tyr234, outcompeting the H-bond formed
between Tyr234 and Glu240 in the hNEMO dimer.

ANCHOR-predicted disorder-to-order transition upon binding
(Fig. 1d) seems consistent with the extended conformation of the
NEMO peptide bound to 3CLpro observed in our crystal structure
(Fig. 2c). We speculate that the overlap between the relatively low
propensity to form coiled-coil structure and the predicted MoRF may
partially explain a higher susceptibility to proteolysis at site GIn231
compared to other cleavage sites (Supplementary Fig. 2). However, the
precision of these analyses are limited to the use of predictors and to
NEMO structures that may not accurately represent the state preced-
ing its binding to 3CLpro, i.e., in PDB ID 3CL3*, NEMO interacts with
other proteins and in PDB ID 6MI3* it is fused to N- and C-terminal
ideal coiled-coil adapters.

NEMO homodimers are proposed to form three cellular struc-
tures, i.e., homodimers, higher-order lattices, and signalosome-
proximal aggregates®. The higher-order lattice forms when the

Nature Communications | (2022)13:5285



Article

https://doi.org/10.1038/s41467-022-32922-9

a SARS-CoV-2 b SARS-CoV
~ H172 Bre g MEE
uﬁf ;ﬁ % g N 7
- e N P168
P168
H16
S144 3 \E166 7@ o vmes E166 T
{ 9 P1 ‘ L167
‘_Nm o 5 Y Ao N142 g
2 0145\ NS a192 o P2 0145\ "“64<n aig
M165] & 7 P/ Q L
f 55 PO - A191
F’1 1 Vs = iL27 U i RO =
A -, 189 ot = _l
T26. = b
hav = ;\,w T197 Y \ Q P2" [ /7989T190 9
=/ =& 187 P Dis7 N\ ):
T24 f;?( S46 77 119 Fﬁa‘ T4 T2 A6 5 W =
\ M49 R188
A\ £
o s
C MmEeRs-cov - d ucov-hkut |
N
L1% Iﬁ 0 A171 L;ﬂt F140 S168
S 1 166 167, 3144 ! H163 166
éy a9, N~ \L170 |-1G7
% P1 P3 N119
N122 C145 e 0142 / \\ =
= Q167 P 'a1ee Q192
" < Q195
Pf \0148 2 168 N/ V/\ /CQMA y L165r=~l\’r
L27 Pips HAT SR a Q192 H194 o P1*  H41 \\ \
T26)_JJ e S T26>,Sl s 1 QfeY
f,a P2 L \ ,,‘ P V190
J V193 | A N
Jany, . D190 \ \/\° 7 D187 A188
NV .2 < 2z
§24  M25 0 pge ST \L49 ey soa M5 A
/&é K197\ 2458 A\~ ‘
b £ < (
e
MD/ML QM
" Unscaled
Ranking
SVM BT RF BT RF FMO-DFTB
1° SARS2 SARS2 SARS2 SARS2 SARS2 SARS2
2° HKU1 HKU1 HKU1 HKU1 HKU1 SARS1
3> SARS1 SARSH1 SARS1 SARS1 SARS1 HKU1
4° MERS MERS MERS MERS MERS MERS

Fig. 4 | Comparative analysis of 3CLpro from human-infecting betacor-
onaviruses bound to NEMO. a-d Substrate-binding site of human-infecting beta-
coronaviruses with hANEMO357-34. Contacts that persist for more than 70% of the
simulation time are labeled in bold. e Ranking of predicted hNEMO,,;-,34-binding
affinities to 3CLpro from betacoronaviruses computed with quantum mechanics
(QM) and molecular dynamics/machine learning (MD/ML) approaches. SARS-CoV-
2, SARS-CoV, HCoV-HKU]1, and MERS-CoV are abbreviated as SARS2, SARSI, HKU]I,
and MERS, respectively. In the MD/ML approach, five machine learning methods
were used to train the model, namely, support-vector machine (SVM), gradient-

boosted trees (BT; scaled and unscaled*), and random forest (RF; scaled and
unscaled*). The ranking displayed was consistent for nine of the five cases using MD
conformers (five ML models applied to either all MD conformers or the three
lowest-energy MD conformers). The exception was a boosted tree model trained on
unnormalized features that yielded a ranking of SARS-CoV < MERS-CoV < HKUI-
CoV < SARS-CoV-2 when considering just the conformers with the lowest energy of
interaction with 3CLpro computed from MD simulations. *Unscaled refers to the
fact that unscaled, or unnormalized, features were used in the training.

ubiquitin binding domain of one NEMO homodimer binds a linear-
ubiquitin chain on another homodimer and two IKKo/3 domains form
a head-to-head hetero tetramer, thus bringing two sets of IKKa/[3-
NEMO complexes together®. These NEMO lattices compact to form
the signalosome-proximal aggregates during NF-kB signaling stimula-
tion by interleukin-1 (IL-1)*. Higher-order structures cooperatively
enhance NF-kB signaling. Cleavage at GIn231 in the hNEMO homo-
dimer would separate the NEMO kinase-binding site from the ubiqui-
tylation and ubiquitin-binding sites, preventing IKKa/p activation, IKK
assembly, and thus lattice formation, which all ultimately ablate the
NF-kB signaling. It is unknown if and to what extent GIn231 is accessible
to 3CLpro in the hNEMO aggregates. Future characterization of the
different structural levels of NEMO as well as how they interchange in
equilibrium would help to answer this question.

Comparison of our hNEMO peptide-bound structure solved under
cryo-conditions with the room-temperature crystal structure of SARS-
CoV-2 3CLpro Cl45A bound to a peptide of its N-terminal

autoprocessing sequence, acetyl-SAVLQSGF-amide (PDB ID 7N89)°
identifies specific interactions engaged by 3CLpro to bind either the
N-terminal or hNEMO substrate, as well as conserved interactions
between the two structures (Fig. 5a). Regardless of differences in
interactions between the two structures, the overall binding poses of
N-terminal and hNEMO,,¢_,34 substrates are conserved (Fig. 5b).

In 7N89, the S5 subsite recruits a water molecule and main chain
H-bonds from Pro252 and Gly251 to bind N-terminal P5 (Ser). This is not
observed in our hNEMO,5¢_>34-bound structure. The S4 subsites in
both hNEMO- and N-terminal-bound structures share conserved
enzyme-substrate interactions. In the S3 subsite, the main chain
H-bonds formed with Glul66 are conserved when binding both sub-
strates. However, 3CLpro recruits an additional hydrophobic contact
between the alkyl moiety of Glul66 and N-terminal P3 (Val). The
S2 subsite conserves all interactions observed between 3CLpro and the
hNEMO peptide but engages an additional main chain H-bond with
water476 that stabilizes N-terminal P2 (Leu) in its subsite. 7N89
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found only in 7N89 are labeled in green. Water molecules are portrayed as red
spheres and are exclusive to 7N89. Leu27 forms a hydrophobic contact with P1’ of
hNEMO,,6-234 Oonly. Met49 forms a hydrophobic contact with the P2 residues of
both hNEMOy,¢-234 and the N-terminal peptide, but also forms a hydrophobic
contact with P3’ of the N-terminal sequence. b Comparison of bound hNEMO 6234
from our structure with bound N-terminal peptide from 7N89 shows a conserved
substrate pose. ANEMO,y¢-234 is colored as in Fig. 2c. The N-terminal peptide car-
bons in 7N89 are colored dark brown and the oxygens and nitrogens are colored as
in panel a. Substrate residues are labeled P6-P3'.

identifies extra interactions that strengthen the specificity for P1(GIn).
In 7N89, the side chain of P1 (GIn) forms an additional H-bond with
water472 as well as the side chain of Glul66 and the main chain of
Phel40. The Serl44 y-hydroxyl group in 3CLpro C145S forms an
additional H-bond with the carbonyl group of GIn P1 in the
hNEMO,,¢234-bound structure. The SI” subsite is flexible. It forms no
interactions with the N-terminal substrate but engages a hydrophobic
contact from the side chain of Leu27 to bind hNEMOy5¢-534. The S2’
subsite interactions are conserved between the hNEMO peptide- and
N-terminal-bound structures, indicating a requirement for Thr26
peptide-nonspecific main chain interactions at this subsite. Finally,
3CLpro engages a hydrophobic contact between Met49 and Thr24 to
bind N-terminal P3’ (Phe) but not ANEMO,56_534 P3".

A broader comparison with peptide-bound 3CLpro structures
(Supplementary Table 5) reveals substrate-binding groove plasticity
underlying the substrate versatility of this enzyme. This plasticity
encompasses the addition or removal of a few H-bonds and hydro-
phobic interactions, entire subsites and, finally, interactions with
structural water molecules. For example, in the structure of SARS-CoV-
2 3CLpro C145A bound to the C-terminal autoprocessing sequence
(PDB ID 7JOY)¥, not only are several different specific interactions
formed, but an additional subsite, S6, is also defined. In turn, this
comparison also reveals that many interactions are conserved between
different substrates. Specifically, the interactions in S3 are highly
conserved, even in the structure of the SARS-CoV 3CLpro H41A mutant
bound to the N-terminal autoprocessing sequence (PDB ID 2Q6G)”.
This conservation of main chain H-bonds in the S3 subsite highlights
the importance of the S3 subsite in versatile substrate-binding by
3CLpro.

Subtle structural differences between otherwise highly conserved
betacoronavirus 3CLpro enzymes are predicted to have substantial
effects on NEMO-binding. Our computational analyses suggest that the
substitution at residue 46 in the substrate-binding site from serine to
alanine in SARS-CoV-2 and SARS-CoV 3CLpro, respectively, increases
local rigidity. Small differences in interaction profiles and molecular
rigidity observed in MD simulations of intrinsically disordered proteins
were demonstrated to predict significant differences in proteolytic
efficiency’®. Similarly, we hypothesize that this substitution in 3CLpro
impairs conformational changes that optimize the interactions with
NEMO®. Alanine has significantly higher a-helical propensity than
serine® and, indeed, Ala46 is part of an a-helix while Ser46 is at a turn in
ligand-free SARS-CoV*® and SARS-CoV-2 3Clpro structures,

respectively. MERS-CoV 3CLpro has Ala46 and Pro45, both known to
increase local rigidity*”, and HCoV-HKUI lacks such rigidifying resi-
dues. This is consistent with the predicted decrease in NEMO affinity
from SARS-CoV-2 through HCoV-HKU1, SARS-CoV, and MERS-CoV.
This may also explain why an N-terminomics analysis identified more
substrates for SARS-CoV-2 3CLpro than for SARS-CoV 3CLpro despite
96% identity"* and why FRET experiments did not capture any activity
of SARS-CoV 3CLpro on NEMOV.

Differences distal to the binding site may also have a significant
functional impact. For example, the presence of Thr285 in the Domain
III of SARS-CoV 3CLpro is associated with a looser dimer and slightly
lower catalytic efficiency compared to SARS-CoV-2 3CLpro, which has
Ala285'. Essential C, cross-correlation analysis of molecular dynamics
simulations shows that this difference in dimerization was captured in
our trajectories. Although a causal relationship is not obvious, our
results reinforce the importance of accounting for molecular differ-
ences in the entire proteome for a complete understanding of
pathogenesis.

Similarly, we predict that the substitution V232A in NEMO from
human to mouse affects NEMO-binding to 3CLpro. Intriguingly, in
contrast to the low cleavage efficiency in the HPLC-MS assay with
hNEMO,;s-»47 (Fig. 1), we found a relatively fast reaction completion of
20 min with mNEMO,,;-550 in the PAGE assay (Supplementary Fig. 2).
However, systematic cleavage assays, i.e., using the same experimental
conditions, are essential to determine the change in cleavage effi-
ciency. Residue 232 is variable in other relevant host species of SARS-
CoV-2 and may have implications in the disease tolerance (Supple-
mentary Table 6)*2. Therefore, animal models incorporating multiple
elements of the human immune system, as in mice transplanted with
human immune cells*>, may be a way of accounting for the impact of
apparently subtle differences in pathogenesis.

The interaction of 3CLpro with host proteins that are part of the
innate immune response appears to be finely tuned to avoid compe-
tition with its role of processing the viral polyproteins and to maintain
functional cells for production of virions**. Wenzel et al. determined an
apparent catalytic efficiency at GIn231 in a hNEMO peptide by 3CLpro
of about 43 s M and pointed out that this is in the range reported for
the cleavage between nsp4 and nsp5“*. This may not be simply
extrapolated to the cell environment, where other factors can sig-
nificantly influence reaction rates (e.g., attenuated diffusion rates)*.
Our enzymatic assays indicate that cleavage of NEMO is a slow process
and likely not impactful in the first hours of infection®’. Similarly, it was
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demonstrated that SARS-CoV-2 infection of different cell lines requires
24-48 h to cause a dramatic reduction in the levels of host proteins
cleaved by PLpro and 3CLpro”. These observations and the cleavage of
multiple host proteins detected with N-terminomics suggest that the
cleavage of NEMO is one component of a number of mechanisms that
SARS-CoV-2 combines to counteract the host immune response'.
However, certain traits of COVID-19 are remarkably consistent with
known effects caused by NEMO ablation, suggesting its particular
relevance in the pathophysiology. Mutations in the NEMO gene in the
genetic disease incontinentia pigmenti are typically lethal in males and
cause skewed X-inactivation patterns in females, selecting for the
normal allele, as NEMO resides on the X-chromosome®. Similarly,
males seem to develop more severe COVID-19*. Additionally, deletion
of NEMO leads to rarefaction of brain microvessels® and increased
vascular permeability in the brain is observed in COVID-19 patients
with neurological symptoms®, which resembles those of incontinentia
pigmenti*’. Finally, evidence of the biological relevance of this study is
provided in Wenzel et al., which demonstrated that, by cleaving NEMO,
3CLpro induces the death of human brain endothelial cells”.

NEMO lies at the nexus of the antiviral response driven by the
mitochondrial antiviral-signaling protein (MAVS) that results in the
activation of both NF-kB and type I interferons. The NF-kB pathway is
targeted by diverse viruses® and its suppression contributes to an
imbalance in the renin-angiotensin system, which is proposed to result
in severe COVID-19 outcomes®. Our results suggest that SARS-CoV-2
weakens innate immunity by cleaving NEMO using 3CLpro. In addition
to directly countering the immunosuppressive effects from NEMO
cleavage, inactivating 3CLpro as a therapeutic strategy would impair
viral replication and reduce the production of proteins that intervene
downstream from MAVS, such as nsp6, and nsp13>.

Future avenues for research will involve defining the link between
the binding affinity of 3CLpro to NEMO and the observed proteolytic
rate via enzymatic assays. We expect that our results motivate site-
directed mutagenesis experiments to quantify the contribution to
proteolytic efficiency of the few non-conserved amino acids in 3CLpro
and NEMO across virus and host species, respectively. Finally, semi-
quantitative analysis of accumulation of 3CLpro and the products of
NEMO-cleavage in human cells from different tissues infected with
SARS-CoV-2 will help to unravel the specific pathogenesis traits
derived from ablation of NEMO.

Methods

NEMO peptide expression and purification

The constructs of Human NEMO (residues 215-247) and mouse NEMO
(residues 221-250) cloned into a pGEX-6p-1 vector were transformed
into BL21 (DE3) cells and selected using ampicillin-enriched LB media.
Cells were grown to OD600 of 0.6-0.8 and induced with 0.25 mM IPTG
overnight at 25°C. Cells were harvested, resuspended in phosphate
buffered saline (PBS) and lysed on ice using a sonicator (QSonica).
Insoluble material was pelleted using centrifugation and the lysate was
incubated with Glutathione Sepharose 4B (GS4B, Cytiva) for 2h on a
rotating platform at 4 °C. The beads with the GST-tagged protein were
separated using a gravity column and washed with PBS to remove any
unbound protein. The GST tag was cleaved on-column using Prescis-
sion protease and incubating overnight at 4 °C. Cleavage was con-
firmed by SDS-PAGE and the cleaved protein was eluted using PBS. The
protein was further purified by size-exclusion chromatography on a
Superdex 75 16/60 column using 20 mM Tris-HCI, pH 8.0 and 150 mM
NaCl as the running buffer.

3CLpro expression and purification

3CLpro WT enzyme for assays was prepared independently from a
clone of the SARS-CoV-2 NSP5 gene in pD451-SR (Atum, Newark, CA)
according to published procedure®. To make the authentic N-termi-
nus, the protease sequence is preceded by maltose binding protein

followed by the 3 CLpro autoprocessing site between nsp4 and nsp5
(SAVLQ V SGFRK, arrow indicates the cleavage site). Authentic
C-terminus is achieved by a sequence of a human rhinovirus 3C (HRV-
3C) cleavage site (SGVTFQV GP) connected to a His6 tag. The
N-terminal flanking sequence is autoprocessed during expression in
E. coli (BL21 DE3), whereas the C-terminal flanking sequence is
removed by the treatment with HRV-3C protease (Millipore Sigma, St.
Louis, MO) in-between two rounds of Ni-NTA affinity
chromatography.

Human NEMO cleavage assay

70 pL reactions of substrate hNEMO 215-247 (0.053 pg/pL) and WT
3CLpro (0, 1, or 5pM) were prepared in duplicate using a reaction
buffer of 20 mM Tris-HCI, pH 7.35, 100 mM sodium chloride, 1 mM
EDTA, and reduced 2 mM glutathione. Reactions were incubated at
25 °C with gentle shaking and 5 pL aliquots were quenched by diluting
into 95 pL of 1.63% formic acid in water at 4°C at 15, 30, 60, and
120 min. 2 uL of quenched reactions were injected onto an Agilent
EclipsePlusC18 1.8 uM, 2.1 x 50 mm chromatography column, and
eluted using a gradient elution of 2-80% buffer B (0.1% formic acid in
acetonitrile) against buffer A (0.1% formic acid in water) over 8.5 mins.
Samples were introduced into mass spectrometers, and molecular
masses of the substrate [M+2H]+2 ion with m/z 1486.5 and the
C-terminal fragment VAYHQLFQEYDNHIKS [M+H]+ion with m/z
1675.5 were detected using positive mode ionization, a capillary vol-
tage of 4000V, a nozzle voltage of 1500V, an MS2 scan of
830-1490 m/z over a 330 ms scan time, a fragmentor voltage of 300V,
and a cell accelerator voltage of 3 V. Substrate and product peak areas
were determined by integrating the extracted ion chromatograms.

Mouse NEMO cleavage assay

NEMO peptides (0.2 mg/mL stocks) and 3CLpro (0.5 pM stocks) are in
the same assay buffer as described for the human NEMO cleavage
assay. Assays were initiated by adding 5pL enzyme (or buffer for
negative controls) to 5 pL peptides. Reactions were incubated at 37 °C
in a thermocycler for 30 min and quenched by adding 10 pL quench
buffer (50% v/v NUPAGE™ 4x LDS buffer, 20% v/v 0.5 M dithiothreitol,
30% v/v water) and heating at 37 °C in a thermocycler for 20 min. Final
reaction concentrations of enzyme and substrate were 0.25 M and
0.1mg/mL, respectively. A NUPAGE™ 4-12%, Bis-Tris, 1.0 mm, Mini
Protein Gel, 12-well, was loaded with 10 pL/lane and 8 pL SeeBluePlus2
ladder, and proteins were separated with 200V electrophoresis for
35min with MES buffer. Bands were visualized with BullDog Bio
Acquastain.

3CLpro WT expression, purification, and crystallization
BL21(DE3) cells were transformed with pMCSG53 pDNA containing a
3CLpro WT insert with an autoprocessing-sensitive N-terminal Maltose
Binding Protein tag and a PreScission protease-sensitive C-terminal
His¢ tag (provided by Andrzej Joachimiak). Transformants were
selected using ampicillin-enriched LB media, grown to OD600 of
0.6-0.8, induced over 10 h with 0.5mM IPTG (GoldBio, USA), and
harvested. Cell pellets were resuspended in 50 mM HEPES pH 7.2,
150 mM NacCl, 5% glycerol, 20 mM Imidazole, 10 mM 2-mercaptoetha-
nol, and lysed by sonication. Insoluble material was pelleted by cen-
trifugation and the lysate loaded onto a Ni** column, equilibrated with
50 mM HEPES pH 7.2, 150mM NaCl, 5% glycerol, 10 mM Imidazole,
10 mM 2-mercaptoethanol. The column was washed using 50 mM
HEPES pH 7.2, 150 mM Nacl, 5% glycerol, 50 mM Imidazole, 10 mM 2-
mercaptoethanol, and eluted using 50 mM HEPES pH 7.2, 150 mM
NaCl, 5% glycerol, 500 mM Imidazole, 10 mM 2-mercaptoethanol. The
C-terminal His, tag was cleaved using 1 mg of PreScission to 500 mg of
3CLpro WT at 4 °C, before being flowed through a second Ni?** column,
and buffer-exchanged into crystallization buffer 1 (20 mM Tris-HCL pH
8.0, 150 mM NaCl, 1 mM TCEP).
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Platelike crystal clusters were produced by adding 10 uL of 3CLpro
WT at 5 mg/mL to 10 pL of crystallization matrix (30% PEG 3350, 0.1 M
Bis-tris propane pH 7.0) well solution in a hanging-drop vapor diffusion
setup at 18 °C. Microseeds were generated from clusters using Seed-
Beads (Hampton Research, USA). Single crystals were produced by
setting up hanging drop crystallization wells at 18 °C with 10 uL of
3CLpro WT and 10 uL of 1:500 dilution microseeds, using 20% PEG
3350, 0.1 M Bis-tris propane pH 7.0 and 4 mg/mL 3CLpro WT protein
concentration, and 20% PEG 3350/0.1M Bis-tris pH 6.5, 5mg/mL
3CLpro WT protein concentration.

3CLpro C145S expression, purification, and crystallization
BL21(DE3) cells were transformed with pMCSG53 pDNA containing a
3CLpro insert (provided by Andrzej Joachimiak) with a TEV-sensitive N-
terminal Hise tag. Transformation, expression and harvesting was
performed as with WT 3CLpro. Initial Ni** column purification was
performed as with WT 3CLpro. Elution fractions with highest 3CLpro
Cl145S concentration were combined and dialyzed overnight against
2L of dialysis buffer (50 mM HEPES pH 7.2, 25 mM NacCl, 5% glycerol,
10 mM 2-mercaptoethanol). 48-hour TEV digestion was initiated by
adding 25 ug of TEV per pg of 3CLpro C145S. The solution after clea-
vage reaction was passed through a second, 6 ml, pre-equilibrated
nickel column. The flowthrough from this column was collected and
buffer-exchanged using 10,000 MWCO centrifugal concentrators
(EMD Millipore, USA) into crystallization buffer 2 (20 mM HEPES pH
7.2,150 mM NacCl, 2 mM DTT).

3CLpro C145S was incubated overnight with a 0.01-fold molar
ratio of Human NEMO capped peptide and incubated overnight at
4 °C. No precipitation was observed. TOP96 (Rigaku Reagents, Japan),
BCS (Molecular Dimensions, UK) and GRAS2 (Hampton Research, USA)
screens were run using a Gryphon (Art Robbins Instruments, USA).
0.2 uL of protein solution at 6.5 mg/mL was added to 0.2 uL of crys-
tallization matrix in a sitting-drop vapor diffusion setup at 18 °C. BCS
screen condition A9 (0.1M MES pH 6.5, 20% v/v PEG Smear High)
produced needle-like crystal clusters of 3CLpro C145S.

3CLpro C145S-NEMO co-crystallization

Human NEMO capped peptide (residues 226-235, acetyl-KLAQLQ-
VAYH-amide, synthesized by Thermo Scientific) was dissolved to 2 mM
in peptide buffer (20 mM HEPES, 150 mM NaCl, pH 7.2) and DMSO
(5.67%). Peptides were then added to 3CLpro C145S at a 20-fold molar
excess, before overnight incubation at 4 °C. The mixture was cen-
trifuged to remove precipitants, and the supernatant was con-
centrated to 6.5 mg/mL for crystallization screens.

TOP96 (Rigaku Reagents, Japan), BCS (Molecular Dimensions, UK)
and GRAS2 (Hampton Research, USA) screens were run using a Gry-
phon (Art Robbins Instruments, USA). 0.2 uL of protein solution at
6.5mg/mL was added to 0.2 uL of crystallization matrix in a sitting-
drop vapor diffusion setup at 18C. GRAS2 screen condition F11 (0.1 M
Sodium phosphate dibasic dihydrate, pH 9.3, 10 mM Calcium chloride,
20% w/v Polyethylene glycol 3,350), yielded platelike single crystals.
These crystals were isolated, cryoprotected by supplementation with
20% glycerol, mounted into ALS style, 0.05-0.1 mm loops (Hampton
Research, USA) and flash frozen in liquid nitrogen.

Data collection and structural determination and refinement

The diffraction data for 3CLpro WT and C145S with and without NEMO
were collected at 100 °K at BL12-2 of the Stanford Synchrotron Light
Source, using Pilatus 6M detectors and Blu-Ice software*®. Crystals of
3CLpro WT and NEMO-bound 3CLpro C145S were cryo cooled using
their specific mother liquor well solutions supplemented with 30% PEG
3350. Crystals of the C145S were cryo cooled using its mother liquor
well solution supplemented with 20% glycerol. WT 3CLpro, NEMO-
bound 3CLpro C145S, and 3CLpro C145S data sets were each collected
from multiple parts of the crystals. 3CLpro WT and C145S data sets

were successfully merged and processed with XDS”. 3CLpro WT was
phased with MOLREP*®, using the coordinates of 3CLpro bound to
Telaprevir (PDB ID 7K6D)*°. 3CLpro C145S was also phased using
MOLREP, using our 3CLpro WT coordinates. Iterative rounds of man-
ual fitting using COOT®® and refinements with REFMAC® were per-
formed for both structures. Final rounds of refinement for 3CLpro WT
and Cl145S structures resulted in the 1.45A and 2.47 A resolution
structures respectively. However, initial data analysis of individual
single datasets and combined multiple data sets from NEMO-bound
3CLpro C145S crystals did not yield structure solutions of sufficient
quality. Hence, BLEND software®® was used to merge the best two
datasets to 2.50 A resolution. Next, the structure was solved by mole-
cular replacement with MOLREP, using our 3CLpro WT coordinates.
The electron density map showed clear density for the NEMO peptide
in two monomers. The active sites for the other two monomers were
occupied by the C-terminal tails of neighboring monomers. The NEMO
peptides and the C-terminal tails were manually built into the electron
density. Several cycles of manual building and refinement were carried
out to incorporate other changes in the structure. We next located the
water molecules and refined the structure using Phenix 1.20.1%°. The
details of data collection and refinement are given in Supplementary
Table 7.

Preparation NEMO-bound models of 3CLpro from different
betacoronaviruses

Chains A and B from the crystallographic structure described here
were used as the starting configuration for the simulations of the
NEMO-bound dimeric SARS-CoV-2 3CLpro. Along with that, structures
of 3CLpro from SARS-CoV (PDB_ID 5B60), MERS-CoV (PDB_ID 5C3N),
and HKU1-CoV (PDB_ID 3D23) were used*®***, After structural align-
ment, the coordinates from NEMO (aa. 227-234) from the X-ray
structure of the NEMO-bound SARS-CoV-2 3CLpro C145S variant were
used to build the models of NEMO-bound SARS-CoV, MERS-CoV, and
HKU1-CoV 3CLpro dimers. In SARS-CoV-2 3CLpro, Val232 was replaced
by Ala232 to also study the interactions in the binding site of 3CLpro
with mouse NEMO,,7_,34. For the simulations of ligand-free SARS-CoV
3CLpro, PDB_ID 2DUC* was used as the starting structure and simu-
lations of ligand-free SARS-CoV-2 3CLpro that were performed prior to
generating our crystal structures used PDB_ID 7JUN" as the starting
structure. NEMO N- and C-termini were capped with acetyl and N-
methylamide, respectively. More details about system preparation are
described in the Supplementary Methods.

Molecular dynamics simulations and conformation selection for
binding affinity predictions
Different protocols of simulation were conducted for 3CLpro-
NEMOy;,7-234 and 3CLpro-NEMO;gp-270 Systems, as the former was
used both for traditional MD analysis and to select conformations for
binding affinity predictions (Supplementary Methods). For the
3CLpro-NEMOy,7-,34 Systems, which were mostly generated in silico,
we applied a strategy of MD simulations that aims structural refine-
ment and sampling conformations that visit key interactions. Snap-
shots selected from these simulations were used as input for machine
learning-based binding affinity prediction (MD/ML approach). Similar
to the method of protein structure refinement described in Heo et al.*¢,
sampling was accelerated in a controlled manner by applying a fairly
high temperature and weak position restraint potentials that com-
pensate for the high thermal energy, which could drastically propagate
the effects of any local molecular distortions or bad contacts. The
applied position restraints are much weaker than the energy range of
typical non-covalent interactions and conformational changes so that
sampling is minimally biased while unrealistic states are easily escaped.
For the MD/ML approach, five independent conformational
sampling runs were performed for 224 ns, recording coordinates
every 40 ps. Supplementary Methods and Supplementary Table 8
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summarizes this MD-based protocol of sampling for conformation
selection. The conformations generated from the restrained MD
simulations were grouped via a root-mean-square deviation-based
algorithm®’. Considering only C, atoms of NEMO and residues in the
Domains I and Il of the of 3CLpro (aa. 16-198), the RMSD of atom-
pair distances was computed applying the 1.0 A cutoff as parameter
for clustering. The interaction energy between 3CLpro and the
NEMO-peptide was computed using the energy plugin within
GROMACS®. For each system, three structures with the lowest
interaction energy were selected from different conformation
clusters within the 20 most populated and used as input for ML-
based binding affinity prediction.

In parallel, for classical molecular dynamics analysis, the equili-
bration phase was fully performed at 310.15K and five independent
production unrestrained runs of 112 ns were carried out. In particular,
to check if longer simulations would capture a complete detachment
of the NEMO peptide and compare binding stability, the unrestrained
MD simulations of SARS-CoV-2 3CLpro bound to mouse and human
NEMOy,7_,34 Were extended to 192 ns. Please see the Supplementary
Methods for more details about the simulation parameters and Sup-
plementary Tables 8, 9, which summarize the steps used for classical
MD simulations.

Binding affinity from quantum mechanics calculations

The inclusion of QM or ML in high-throughput drug screening to
narrow down the list of promising inhibitor candidates has emerged
as a very promising protocol. Recently, we illustrated an encoura-
ging application of QM to refine the binding affinity of classical
docking results of COVID-19 spike protein inhibitor drugs®. In this
work, we employed a similar strategy to evaluate the binding affinity
of NEMO with different 3CLPro targets. For the QM-based predic-
tion, we employed the linear-scaling FMO-DFTB*** method to pre-
dict binding affinities of NEMO with the four 3CLPro targets. In
addition, the polarizable continuum model (PCM) was used to
include solvent effects. The PCM was used to describe interactions
with solvent, and the empirical D3 dispersion correction was used to
improve the accuracy in describing non-covalent interactions. For
the PCM calculations, the cavity was calculated using newly cali-
brated atomic radii to improve accuracy in predicting solvation free
energy of DFTB in an aqueous solvent. The details of the atomic
radii optimization will be published elsewhere. For each target, the
FMO-DFTB/PCM method was used to re-optimize structures of
NEMO model systems in bound and unbound states, while the tar-
get’s structure was fixed. Partial re-optimization of the target did
not significantly alter the result. The internal binding energy is
defined as the difference in internal energy between the complex
and its corresponding unbound NEMO and unbound 3CLPro. We
note that QM-calculated internal binding energies can be sig-
nificantly larger than experimental binding free energies due to the
lack of entropy contributions (Supplementary Table 3). Thus, the
QM-based binding energies should not be considered an absolute
measure of binding affinity but instead a scoring function to rank
relative binding affinities™.

Binding affinity from machine learning-based rescoring

Machine-learned models dedicated to predicting binding affinities
(Demerdash, 2022, in press) were trained on a large database of
protein-small molecule complexes with both experimental binding
affinities and X-ray crystal complexes known as PDBbind”, followed
by testing on an independent data set, the CASF-2013 benchmark”,
that was not used in the training. For each complex a set of seven
features were calculated, where each feature is itself a predicted
affinity or free energy calculated under very different physical
assumptions (Supplementary Methods). Models were trained using
either support-vector machines, gradient-boosted trees, or random

forest. For each of these three methods, models were trained using
normalized, or scaled, features. For the gradient-boosted tree and
random forest method, models were additionally trained on the
raw, unscaled features. For each betacoronavirus 3CLpro, the
models were applied to the energy minimized complexes and to the
set of MD-generated conformers. Separately, the full set of MD
conformers with the lowest molecular mechanics (MM) energy of
interaction were considered for each system. The average predicted
affinity was obtained considering the full set of MD conformers
(Fig. 4e and Supplementary Table 3). Noticeably, the ML models
applied to energy minimized complexes (conformers prior to MD
simulations) did not provide consistent results among the rankings
(Supplementary Table 4). These structures have appreciably higher
MM energy than the MD structures, suggesting that the consistent
rankings of the MD structures reflect more native-like structures,
and that the MD protocol of confirmation selection is effective to
account for the conformational flexibility of the receptor. The
values of the predicted affinities (Supplementary Table 3) are unit-
less, as they are expressed as -log(Ky). It should be noted that,
similarly to the QM predictions, the ML-predicted affinities are used
for rankings and the absolute affinities may not be directly com-
parable with experimental values. The reason for this is that the
training database consists largely of proteins bound to relatively
small, drug-like ligands. The NEMO peptide is, in general, much
larger than the ligands found in PDBbind. Therefore, the predicted
affinities of NEMO binding are incommensurate with the binding
affinities of the training data. Nonetheless, the physicochemical
space covered by PDBbind is vast and is representative of that found
at the NEMO-3CLpro binding interface.

Molecular re-docking of 3CLpro C-terminus

Chains A and B from the crystallographic structure of SARS-CoV-2
3CLpro-NEMO described in this study were used to estimate the con-
tributions of local interactions to the binding affinity of the C-terminus
to the dimer interfacial site. The C-terminus of chain B sits between
Domains I in the dimer formed with chain A. Chains A and D were used
as receptor and ligand, respectively, to estimate the contributions of
local interactions to the binding affinity of the C-terminus to a catalytic
site in a neighboring dimer. For the calculations of C-terminus at the
interfacial and catalytic binding sites, a peptide comprising residues
302-306 was defined from the C-terminus of chain B and D, respec-
tively, detaching it from the rest of the protein by deleting residues
300 and 301. N- and C-termini of these peptides were capped with
acetyl and N-methylamide, respectively. Molecular re-docking of the
C-terminus peptides was performed using AutoDock Vina™. All bonds
of the peptide were kept rigid as the goal was to preserve the initial
conformation and compute the binding free energy using the Auto-
Dock Vina scoring function.

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

Data availability

The data that support this study are available from the corresponding
author upon request. Structural data that support the findings of this
study have been deposited in RCSB PDB with PDB accession codes:
7T2T, 7T2U, 7T2V. Input and output files of the AutoDock Vina calcu-
lations, the energy minimized structures used as input in QM and ML
calculations, the DFTB-geometry optimized output structures, the
molecular dynamics snapshots selected using the MD/ML protocol,
the inputs to MD simulations, the table of features used in the ML
calculations, and the unaveraged binding affinity predictions are pro-
vided in Supplementary Data 1. Source data are provided with
this paper.

Nature Communications | (2022)13:5285

12


https://doi.org/10.2210/pdb7T2T/pdb
https://doi.org/10.2210/pdb7T2U/pdb
https://doi.org/10.2210/pdb7T2V/pdb

Article

https://doi.org/10.1038/s41467-022-32922-9

References

1.

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Yeyati, E. L. & Filippini, F. Social and economic impact of COVID-
19. (2021).

Arts, E. J. & Hazuda, D. J. HIV-1 antiretroviral drug therapy. Cold
Spring Harb. Perspect. Med. 2, a007161 (2012).

Hammond, J. et al. Oral nirmatrelvir for high-risk, nonhospitalized
adults with Covid-19. N. Engl. J. Med. https://doi.org/10.1056/
NEJMoa2118542 (2022).

Woo, P. C. Y., Huang, Y., Lau, S. K. P. & Yuen, K.-Y. Coronavirus
genomics and bioinformatics analysis. Viruses 2, 1804-1820 (2010).
Perlman, S. & Netland, J. Coronaviruses post-SARS: update on
replication and pathogenesis. Nat. Rev. Microbiol. 7,

439-450 (20009).

Jin, Z. et al. Structure of M from SARS-CoV-2 and discovery of its
inhibitors. Nature 582, 289-293 (2020).

Jaskolski, M. et al. Crystallographic models of SARS-CoV-2 3CL: in-
depth assessment of structure quality and validation. IUCrJ 8,
238-256 (2021).

Kneller, D. W., Phillips, G., Kovalevsky, A. & Coates, L. Room-
temperature neutron and X-ray data collection of 3CL M from SARS-
CoV-2. Acta Crystallogr. Sect. F. Struct. Biol. Cryst. Commun. 76,
483-487 (2020).

Kneller, D. W. et al. Structural plasticity of SARS-CoV-2 3CL Mpro
active site cavity revealed by room temperature X-ray crystal-
lography. Nat. Commun. 11, 3202 (2020).

Zhang, L. et al. Crystal structure of SARS-CoV-2 main protease
provides a basis for design of improved a-ketoamide inhibitors.
Science 368, 409-412 (2020).

Goyal, B. & Goyal, D. Targeting the dimerization of the main pro-
tease of coronaviruses: a potential broad-spectrum therapeutic
strategy. ACS Comb. Sci. 22, 297-305 (2020).

Ramos-Guzman, C. A., Ruiz-Pernia, J. J. & Tuion, I. Unraveling the
SARS-CoV-2 main protease mechanism using multiscale methods.
ACS Catal. 10, 12544-12554 (2020).

Kneller, D. W. et al. Unusual zwitterionic catalytic site of SARS-CoV-
2 main protease revealed by neutron crystallography. J. Biol. Chem.
295, 17365-17373 (2020).

Koudelka, T. et al. N-terminomics for the identification of in vitro
substrates and cleavage site specificity of the SARS-CoV-2 main
protease. Proteomics 21, 2000246 (2021).

Moustaqil, M. et al. SARS-CoV-2 proteases PLpro and 3CLpro cleave
IRF3 and critical modulators of inflammatory pathways (NLRP12 and
TAB1): implications for disease presentation across species. Emerg.
Microbes Infect. 10, 178-195 (2021).

Chen, S. et al. Feline infectious peritonitis virus Nsp5 inhibits type i
interferon production by cleaving NEMO at multiple sites. Viruses
12, 43 (2019).

Ye, G. et al. Structural basis for the dimerization and substrate
recoghnition specificity of porcine epidemic diarrhea virus 3C-like
protease. Virology 494, 225-235 (2016).

Liu, T., Zhang, L., Joo, D. & Sun, S.-C. NF-kB signaling in inflamma-
tion. Signal Transduct. Target Ther. 2, 17023 (2017).

Wenzel, J. et al. The SARS-CoV-2 main protease Mpro causes
microvascular brain pathology by cleaving NEMO in brain endo-
thelial cells. Nat. Neurosci. 24, 1522-1533 (2021).

Wang, D. et al. Porcine epidemic diarrhea virus 3C-Like protease
regulates its interferon antagonism by cleaving NEMO. J. Virol. 90,
2090-2101 (2016).

Prates, E. T. et al. Potential pathogenicity determinants identi-
fied from structural proteomics of SARS-CoV and SARS-CoV-2.
Mol. Biol. Evol. https://doi.org/10.1093/molbev/
msaa231(2020).

Bagnéris, C. et al. Crystal Structure of a vFlip-IKKy complex: insights
into viral activation of the IKK signalosome. Mol. Cell 30,

620-631 (2008).

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Rushe, M. et al. Structure of a NEMO/IKK-associating domain
reveals architecture of the interaction site. Structure 16,

798-808 (2008).

Strelkov, S. V. & Burkhard, P. Analysis of alpha-helical coiled coils
with the program TWISTER reveals a structural mechanism for
stutter compensation. J. Struct. Biol. 137, 54-64 (2002).

Berger, B. et al. Predicting coiled coils by use of pairwise residue
correlations. Proc. Natl Acad. Sci. USA 92, 8259-8263 (1995).
Dosztanyi, Z., Mészaros, B. & Simon, I. ANCHOR: web server for
predicting protein binding regions in disordered proteins. Bioin-
formatics 25, 2745-2746 (2009).

Lee, J. et al. Crystallographic structure of wild-type SARS-CoV-2
main protease acyl-enzyme intermediate with physiological
C-terminal autoprocessing site. Nat. Commun. 11, 5877 (2020).
Gaillard, T. Evaluation of AutoDock and AutoDock Vina on the CASF-
2013 benchmark. J. Chem. Inform. Model. 58, 1697-1706 (2018).
Darnell, S. J., Page, D. & Mitchell, J. C. An automated decision-tree
approach to predicting protein interaction hot spots. Proteins 68,
813-823 (2007).

Zhu, X. & Mitchell, J. C. KFC2: a knowledge-based hot spot pre-
diction method based on interface solvation, atomic density, and
plasticity features. Proteins 79, 2671-2683 (2011).

Nishimoto, Y., Fedorov, D. G. & Irle, S. Density-functional tight-
binding combined with the fragment molecular orbital method. J.
Chem. Theory Comput. 10, 4801-4812 (2014).

Nishimoto, Y., Fedorov, D. G. &Irle, S. Third-order density-functional
tight-binding combined with the fragment molecular orbital
method. Chem. Phys. Lett. 636, 90-96 (2015).

Bagnéris, C. et al. Crystal structure of a vFlip-IKK gamma complex:
insights into viral activation of the IKK signalosome. Mol. Cell 30,
620-631 (2008).

Barczewski, A. H., Ragusa, M. J., Mierke, D. F. & Pellegrini, M. The
IKK-binding domain of NEMO is an irregular coiled coil with a
dynamic binding interface. Sci. Rep. 9, 2950 (2019).

Scholefield, J. et al. Super-resolution microscopy reveals a pre-
formed NEMO lattice structure that is collapsed in incontinentia
pigmenti. Nat. Commun. 7, 12629 (2016).

Kneller, D. W., Zhang, Q., Coates, L., Louis, J. M. & Kovalevsky, A.
Michaelis-like complex of SARS-CoV-2 main protease visualized by
room-temperature X-ray crystallography. IUCrJ 8, 973-979 (2021).
Xue, X. et al. Structures of two coronavirus main proteases: impli-
cations for substrate binding and antiviral drug design. J. Virol. 82,
2515-2527 (2008).

Prates, E. T. et al. The impact of O-glycan chemistry on the stability
of intrinsically disordered proteins. Chem. Sci. 9, 3710-3715 (2018).
Fujiwara, K., Toda, H. & lkeguchi, M. Dependence of a-helical and [3-
sheet amino acid propensities on the overall protein fold type. BMC
Struct. Biol. 12, 18 (2012).

Muramatsu, T. et al. SARS-CoV 3CL protease cleaves its C-terminal
autoprocessing site by novel subsite cooperativity. Proc. Natl Acad.
Sci. USA 113, 12997-13002 (2016).

Jacob, J., Duclohier, H. & Cafiso, D. S. The role of proline and glycine
in determining the backbone flexibility of a channel-forming pep-
tide. Biophys. J. 76, 1367-1376 (1999).

Goh, G. et al. Complementary regulation of caspase-1 and IL-18
reveals additional mechanisms of dampened inflammation in bats.
Proc. Natl Acad. Sci. USA 117, 28939-28949 (2020).

Pujhari, S. & Rasgon, J. L. Mice with humanized-lungs and immune
system—an idealized model for COVID-19 and other respiratory ill-
ness. Virulence 11, 486-488 (2020).

Sender, R. et al. The total number and mass of SARS-CoV-2 virions.
Proc. Natl. Acad. Sci. USA 118, 2024815118 (2021).

Krichel, B., Falke, S., Hilgenfeld, R., Redecke, L. & Uetrecht, C.
Processing of the SARS-CoV ppla/ab nsp7-10 region. Biochem. J.
477, 1009-1019 (2020).

Nature Communications | (2022)13:5285

13


https://doi.org/10.1056/NEJMoa2118542
https://doi.org/10.1056/NEJMoa2118542
https://doi.org/10.1093/molbev/msaa231
https://doi.org/10.1093/molbev/msaa231

Article

https://doi.org/10.1038/s41467-022-32922-9

46. Zotter, A., Bauerle, F., Dey, D., Kiss, V. & Schreiber, G. Quantifying
enzyme activity in living cells. J. Biol. Chem. 292,

15838-15848 (2017).

47. Bar-On, Y. M., Flamholz, A., Phillips, R. & Milo, R. SARS-CoV-2
(COVID-19) by the numbers. eLife 9, 57309 (2020).

48. Fusco, F. et al. Molecular analysis of the genetic defect in a large
cohort of IP patients and identification of novel NEMO mutations
interfering with NF-kB activation. Hum. Mol. Genet. 13,

1763-1773 (2004).

49. Muhoz-Fontela, C. et al. Animal models for COVID-19. Nature 586,
509-515 (2020).

50. Ridder, D. A. et al. Brain endothelial TAK1 and NEMO safeguard the
neurovascular unit. J. Exp. Med. 212, 1529-1549 (2015).

51. Helms, J. et al. Neurologic features in Severe SARS-CoV-2 infection.
N. Engl. J. Med. 382, 2268-2270 (2020).

52. Mini¢, S., Trpinac, D. & Obradovi¢, M. Systematic review of central
nervous system anomalies in incontinentia pigmenti. Orphanet J.
Rare Dis. 8, 25 (2013).

53. Santoro, M. G., Rossi, A. & Amici, C. NF-kappaB and virus infection:
who controls whom. EMBO J. 22, 2552-2560 (2003).

54. Garvin, M. R. et al. A mechanistic model and therapeutic interven-
tions for COVID-19 involving a RAS-mediated bradykinin storm. Elife
9, 59177 (2020).

55. Xia, H. et al. Evasion of type | interferon by SARS-CoV-2. Cell Rep.
33, 108234 (2020).

56. McPhillips, T. M. et al. Blu-Ice and the Distributed Control System:
software for data acquisition and instrument control at macro-
molecular crystallography beamlines. J. Synchrotron Radiat. 9,
401-406 (2002).

57. Kabsch, W. XDS. Acta Crystallogr. D. Biol. Crystallogr. 66,

125-132 (2010).

58. Vagin, A. & Teplyakov, A. MOLREP: an automated program for
molecular replacement. J. Appl. Crystallogr. 30, 1022-1025 (1997).

59. Andi, B. et al. Hepatitis C virus NS3/4A inhibitors and other drug-like
compounds as covalent binders of SARS-CoV-2 main protease. Sci.
Rep. 12, 12197 (2022).

60. Emsley, P. & Cowtan, K. Coot: model-building tools for molecular
graphics. Acta Crystallogr. D. Biol. Crystallogr. 60,

2126-2132 (2004).

61. Murshudov, G. N., Vagin, A. A. & Dodson, E. J. Refinement of mac-
romolecular structures by the maximume-likelihood method. Acta
Crystallogr. D. Biol. Crystallogr. 53, 240-255 (1997).

62. Aller, P., Geng, T., Evans, G. & Foadi, J. Applications of the BLEND
software to crystallographic data from membrane proteins. in
The Next Generation in Membrane Protein Structure Determina-
tion (ed. Moraes, 1.) 119-135 (Springer International Publish-
ing, 2016).

63. Liebschner, D. et al. Macromolecular structure determination using
X-rays, neutrons and electrons: recent developments in Phenix.
Acta Crystallogr D. Struct. Biol. 75, 861-877 (2019).

64. Ho, B.-L. et al. Critical assessment of the important residues
involved in the dimerization and catalysis of MERS coronavirus main
protease. PLoS One 10, e0144865 (2015).

65. Zhao, Q. et al. Structure of the main protease from a global infec-
tious human coronavirus, HCoV-HKUT1. J. Virol. 82,

8647-8655 (2008).

66. Heo, L., Arbour, C. F., Janson, G. & Feig, M. Improved sampling
strategies for protein model refinement based on molecular
dynamics simulation. J. Chem. Theory Comput. 17,

1931-1943 (2021).

67. Daura, X. et al. Peptide folding: when simulation meets experiment.
Angew. Chem. Int. Ed. Engl. 38, 236-240 (1999).

68. Abraham, M. J. et al. GROMACS: high performance molecular
simulations through multi-level parallelism from laptops to super-
computers. SoftwareX 1-2, 19-25 (2015).

69. Acharya, A. et al. Supercomputer-based ensemble docking drug
discovery pipeline with application to Covid-19. J. Chem. Inform.
Model. 60, 5832-5852 (2020).

70. Pecina, A. et al. Ranking power of the SQM/COSMO scoring func-
tion on carbonic anhydrase II-Inhibitor complexes. Chemphyschem
19, 873-879 (2018).

71. Li, Y., Han, L., Liu, Z. & Wang, R. Comparative assessment of scoring
functions on an updated benchmark: 2. Evaluation methods and
general results. J. Chem. Inform. Model. 54, 1717-1736 (2014).

72. Trott, O. & Olson, A. J. AutoDock Vina: improving the speed and
accuracy of docking with a new scoring function, efficient optimi-
zation, and multithreading. J. Comput. Chem. 31, 455-461 (2010).

73. Maculins, T. et al. Discovery of protein-protein interaction inhibitors
by integrating protein engineering and chemical screening plat-
forms. Cell Chem. Biol. 27, 1441-1451.e7 (2020).

74. Crooks, G.E., Hon, G., Chandonia, J.-M. & Brenner, S. E. WebLogo: a
sequence logo generator. Genome Res. 14, 1188-1190 (2004).

75. Madeira, F. et al. The EMBL-EBI search and sequence analysis tools
APIs in 2019. Nucleic Acids Res. 47, W636-W641 (2019).

Acknowledgements

We would like to acknowledge funding from DOE Office of Science
through the National Virtual Biotechnology Laboratory, a consortium of
DOE national laboratories focused on response to COVID-19, with funding
provided by the Coronavirus CARES Act. This work was partially funded
from the Laboratory Directed Research and Development Program of Oak
Ridge National Laboratory, managed by UT-Battelle, LCC for the US
Department of Energy, LOIS:10074, which supported the conceptual
work on the NEMO cleavage in animal models for COVID-19 pathology.
Funding for human pathogenesis conceptualization was provided by the
National Institutes of Health grant 3RF1IAG053303-01S2. Use of the
Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator
Laboratory, was supported by the U.S. Department of Energy, Office of
Science, Office of Basic Energy Sciences under Contract No. DE-ACO2-
76SF00515. The SSRL Structural Molecular Biology Program is supported
by the DOE Office of Biological and Environmental Research, and by the
National Institutes of Health, National Institute of General Medical Sci-
ences (P30GM133894). The contents of this publication are solely the
responsibility of the authors and do not necessarily represent the official
views of NIGMS or NIH. We also thank Daniel Fernandez and the Macro-
molecular Structure Knowledge Center at Stanford for providing equip-
ment for protein crystallization. This research used resources of the Oak
Ridge Leadership Computing Facility, which is a DOE Office of Science
User Facility supported under Contract DE-AC05-000R22725. This
research also used resources at the Spallation Neutron Source and the
High Flux Isotope Reactor, which are DOE Office of Science User Facilities
operated by the Oak Ridge National Laboratory. The Office of Biological
and Environmental Research supported research at ORNL's Center for
Structural Molecular Biology, a DOE Office of Science User Facility. This
manuscript has been authored by UT-Battelle, LLC under Contract No.
DE-AC05-000R22725 with the U.S. Department of Energy. The United
States Government retains and the publisher, by accepting the article for
publication, acknowledges that the United States Government retains a
non-exclusive, paid-up, irrevocable, world-wide license to publish or
reproduce the published form of this manuscript, or allow others to do so,
for United States Government purposes. The Department of Energy will
provide public access to these results of federally sponsored research in
accordance with the DOE Public Access Plan (http://energy.gov/
downloads/doe-public-access-plan).

Author contributions

M.A.H. and I.I.LM. conducted the crystallography experiments; E.T.P.,
B.K.A., and M.B. conducted molecular dynamics simulations and mole-
cular docking; O.D. performed machine learning predictions; S.I. and V.-
Q.V. performed quantum mechanics calculations; M.Il. and S.R.

Nature Communications | (2022)13:5285

14


http://energy.gov/downloads/doe-public-access-plan
http://energy.gov/downloads/doe-public-access-plan

Article

https://doi.org/10.1038/s41467-022-32922-9

conducted protein expression experiments; D.W.K. and A.K. assisted
with crystallographic analysis; J.C.M. and E.T.P. performed protein hot
spot predictions; A.L. and S.G. conducted the cleavage assays and mass
spectrometry experiments; M.G. conceived the initial hypothesis;
M.AH., ET.P.,, LM, O.D., V.-Q.V, S.R., S.G., and M.G. wrote the manu-
script. S.W. and D.J. initiated the project and guided the entire work.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-32922-9.

Correspondence and requests for materials should be addressed to
Soichi Wakatsuki or Daniel Jacobson.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permission information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Nature Communications | (2022)13:5285

15


https://doi.org/10.1038/s41467-022-32922-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Structural and functional characterization of NEMO cleavage by SARS-CoV-2 3CLpro
	Results
	SARS-CoV-2 cleaves NEMO
	Coiled-coil propensity analysis of the NEMO dimer
	Structure of 3CLpro C145S bound to a hNEMO peptide at 2.50Å resolution
	Thr26 and Thr190 of 3CLpro pin the NEMO peptide into 3CLpro
	Eight 3CLpro subsites underpin substrate-binding and selectivity
	C-nobreakterminal tail versus hNEMO-binding in the substrate-binding site
	C-nobreakterminal tails bind at two distinct sites of the 3CLpro dimer
	Interfacial C-nobreakterminus may attenuate self-inhibition in 3CLpro dimer
	Molecular dynamics simulations of the WT 3CLpro bound to the NEMO peptide
	Predicted NEMO binding affinity differs among host and virus species

	Discussion
	Methods
	NEMO peptide expression and purification
	3CLpro expression and purification
	Human NEMO cleavage assay
	Mouse NEMO cleavage assay
	3CLpro WT expression, purification, and crystallization
	3CLpro C145S expression, purification, and crystallization
	3CLpro C145S-NEMO co-crystallization
	Data collection and structural determination and refinement
	Preparation NEMO-bound models of 3CLpro from different betacoronaviruses
	Molecular dynamics simulations and conformation selection for binding affinity predictions
	Binding affinity from quantum mechanics calculations
	Binding affinity from machine learning-based rescoring
	Molecular re-docking of 3CLpro C-nobreakterminus
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




