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ABSTRACT The SARS-CoV-2 main protease (MP®) is essential for viral replication and
is a primary target for COVID-19 antivirals. Direct-acting antivirals such as nirmatrelvir,
the active component of Paxlovid, target the MP® active site to block viral polyprotein
cleavage and thus replication. However, drug resistance mutations at the active site
residue Glu166 (E166) have emerged during in vitro selection studies, raising concerns
about the durability of current antiviral strategies. Here, we investigate the molecular
basis of drug resistance conferred by E166A and E166V mutations against nirmatrelvir
and the related PF-00835231, individually and in combination with the distal mutation
L50F. We found that E166 mutations reduce nirmatrelvir potency by up to 3,000-fold
while preserving substrate cleavage, with catalytic efficiency reduced by only up to
twofold. This loss of catalytic efficiency was compensated for by the addition of L50F in
the double-mutant variants. We have determined three cocrystal structures of the E166
variants (E166A, E166V, and E166V/L50F) bound to PF-00835231. Comparison of these
structures with wild-type enzyme demonstrated that E166 is crucial for dimerization
and for shaping the substrate-binding S1 pocket. Our findings highlight the mutability
of E166, a prime site for resistance for inhibitors that leverage direct interactions with
this position, and the potential emergence of highly resistant and active variants in
combination with the compensatory mutation L50F. These insights support the design of
inhibitors that target conserved protease features and avoid E166 side-chain interactions
to minimize susceptibility to resistance.

IMPORTANCE Drug resistance remains a great challenge to modern medicine. This
study investigates SARS-CoV-2 main protease variants E166A and E166V which confer
nirmatrelvir resistance. These variants can retain considerable enzymatic activity through
combination with the compensatory mutation L50F. For single- and double-mutant
variant enzymes, we assessed catalytic efficiency, measured loss in potency for
nirmatrelvir and its analog PF-00835231, and cocrystallized with inhibitors to investigate
drug resistance caused by these mutations. Our results contribute toward understanding
of molecular mechanisms of resistance and combinations of mutations, which pushes
toward resistance-thwarting inhibitor design. These principles also apply broadly to
many quickly evolving drug targets in infectious diseases.

KEYWORDS drug resistance mechanisms, protein structure-function, protease
inhibitors, antiviral agents, proteolytic enzymes, crystal structure, resistance mutations

he main protease (MP°) of SARS-CoV-2 is essential to the viral life cycle and has
been a target for small-molecule drug development for the treatment of COVID-19.
Paxlovid, composed of the direct-acting antiviral nirmatrelvir (PF-07321332; a reversible
covalent inhibitor of MP™) and ritonavir, remains the primary treatment for moderate
cases of COVID-19 in the United States. Various other MP® inhibitors, including the
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nirmatrelvir analog PF-00835231 (1, 2), have been explored in preclinical or clinical
evaluations. Viral protease inhibitors have historically been susceptible to drug
resistance mutations. Since the US FDA issued an Emergency Use Authorization for
Paxlovid in 2021, drug-resistant MP° variants have been observed during in vitro
resistance selection experiments (3-5). In addition, the E166V mutation was observed
in three Paxlovid-treated patients in the EPIC-HR trial, though the live virus was not
recovered from these samples, and none of these patients experienced hospitalization or
death (5).

Residue 166 of MP®, although highly evolutionarily conserved in coronaviruses, is
proposed to be one of the critical sites for drug resistance in SARS-CoV-2 MP° (6, 7),
with E166 variants showing the largest decreases in potency against nirmatrelvir (6).
Mutations at this position have been observed in two of the three nirmatrelvir in vitro
selection studies performed using SARS-CoV-2 (3-5). In agreement with this, we have
previously found that evolutionary conservation of a position does not correlate with
susceptibility to resistance mutations and that E166 can tolerate a variety of substitutions
(8, 9). E166 variants including E166A/G/H/I/K/L/V/Y have been reported to cause a small
to moderate reduction in catalytic efficiency (kcat/Kp) while conferring high levels of
nirmatrelvir resistance (6). The molecular mechanisms underlying drug resistance caused
by these mutations remain elusive.

Viral passaging (3, 4, 10, 11), in vitro (6, 8, 12, 13), and in silico (14) experiments have
specifically highlighted nirmatrelvir-resistant MP* variants E166A and E166V. Although
these two variant enzymes are highly drug resistant, their activities are reported to be
extremely deficient, which may explain their low prevalence in patient populations (4,
6). In SARS-CoV-2 MP™, resistance mutations such as E166V have resulted in an adverse
effect on the fitness of the virus (3, 4). In other drug-resistant enzymes such as HIV-1
protease, mutations often accumulate in complex combinations to reach significant
levels of resistance while retaining fitness (15). Primary mutations close to the active
site typically weaken inhibitor binding, causing drug resistance. Mutations distal to
the active site can either contribute to resistance by weakening inhibitor binding or
facilitate compensation for a variant enzyme’s compromised catalytic function (15). Many
MP™ drug resistance mutations are proximal to the inhibitor binding site, including
substitutions at E166; in contrast, the nonresistant, compensatory mutation L50F is distal
(Fig. 1). The distal L50F mutation alone results in a hyperactive variant in biochemical
assays that does not seem to display resistance against nirmatrelvir (16, 17). L50F has
been reported to co-occur with E166 mutations to possibly compensate for the loss in
enzymatic activity and therefore has been suggested as a background mutation that can
accelerate resistance selection (3, 6, 10). In viral passaging experiments, the particularly
compromised E166A and E166V MP variants evolve the hyperactivating and compensa-
tory mutation L50F either shortly before or after the occurrence of the major E166 drug
resistance mutation (3, 4, 10).

The combination of the highly drug-resistant but catalytically compromised E166A or
E166V variants with the compensatory L50F mutation poses a threat against the current
COVID-19 direct-acting antivirals, including nirmatrelvir. The mechanism of resistance
conferred by E166 mutations and the role of hyperactivating or compensatory mutations
such as L50F in combination with these highly drug-resistant variants need to be
explored to counter this threat that can render antivirals ineffective and obsolete. By
analyzing the combination of emerging drug-resistant and compensatory variants of
SARS-CoV-2 MP®, we can better elucidate MP® resistance mechanisms to inform drug
design in response to these common mutations. Here, we determined cocrystal struc-
tures of E166A and E166V variants of SARS-CoV-2 MP°, as well as the double-mutant
variant E166V/L50F. To complement these structures, we also assessed single- and
double-mutant variant enzyme catalytic efficiencies, protein dimerization, protein
thermostability, and inhibition by nirmatrelvir and PF-00835231, all of which we compare
to wild-type (WT) MP™,
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FIG1 Overview of SARS-CoV-2 MP® structure (PDB ID: 8DSU). (A) The dimeric M crystal structure shown in semitransparent surface and cartoon representation
with each protomer in a shade of gray. (B) Close-up view of the active site where the dark gray dashed lines represent the hydrogen bonds between
PF-00835231, E166, and other residues involved in dimerization. In both panels, the catalytic residues (H41 and C145) are in yellow, the two sites of mutation (L50
and E166) are colored magenta, and the inhibitor covalently bound at the active site is depicted as orange sticks (PDB ID: 8DSU). (C) Nirmatrelvir bound to the
active site of WT MP™ (PDB ID: 7RFS). (D) 2D chemical structures of PF-00835231 and nirmatrelvir.

We found that the drug-resistant variants we assessed here are defective in catalytic
efficiency and dimerization but are highly resistant to nirmatrelvir. Our structures
allowed us to hypothesize that the primary molecular mechanism of resistance due to
E166 mutations is the loss of three essential hydrogen bonds made by E166 to shape the
essential and conserved P1 glutamine binding pocket at the active site. Our findings also
point to L50F as a compensatory mutation, as compounding evidence suggests, even in
the background of a highly defective and drug-resistant enzyme variant. Our work thus
characterizes the molecular basis for drug resistance against nirmatrelvir and motivates
the development of inhibitors that do not rely on interactions with E166 side-chain
atoms.

RESULTS

Potencies of nirmatrelvir and PF-00835231 are reduced against E166A and
E166V MP™ variants

To study the impact of mutations at E166, we engineered a series of five MP® variants
(L50F, E166A, E166V, E166A/L50F, and E166V/L50F). We expressed and purified these
enzymes as described in Materials and Methods. To investigate the level of drug
resistance they confer, we measured the potencies of both reversibly covalent com-
pounds nirmatrelvir and PF-00835231 (a chemically similar analog from Pfizer that can
only be dosed intravenously) against each E166 variant (Table 1) using a fluorescence-
based enzymatic assay. We quantified drug resistance as the fold change of inhibitor
potency between the WT and variant MP° enzymes.

In inhibition assays with nirmatrelvir, the E166A variant of SARS-CoV-2 MP™ resulted in
moderate resistance, with about 30-fold potency loss relative to WT (Table 1). The E166V
variant resulted in severe nirmatrelvir resistance at a 2,700-fold potency decrease relative
to WT. E166A/L50F and E166V/L50F variants demonstrated 10- and 950-fold potency
loss, respectively. Intriguingly, the addition of the L50F mutation to the single-mutant
variants resulted in a partial restoration of potency, by about threefold for both cases.

In contrast to nirmatrelvir, all variants tested here displayed much lower potency
shifts against PF-00835231 (Table 1). Each of the variants lost similar, low levels of
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TABLE 1 Potencies of nirmatrelvir and PF-00835231 against E166 MP™ variants®

MP™ variant Nirmatrelvir Nirmatrelvir fold PF-00835231 PF-00835231 fold
Kj (uM) £ SEM change in potency K (uM) + SEM change in potency

WT 0.003 = 0.001 1 0.0008 £0.0003 1

L50F 0.0026 £+ 0.0003 ~1 <0.0008° <1

E166A 0.082 = 0.006 30 0.007 £ 0.001 10

E166V 82+04 2,700 <0.008° <10

E166A/L50F 0.025 +0.003 10 0.0035 £0.0006 <10

E166V/L50F 2.83+£0.08 950 0.010 £ 0.002 10

“Inhibition was too potent to measure a reliable Kj and thus reached the assay’s limit of detection.

®The inhibition constants (K;) are reported as the mean and SEM from at least three measurements. Fold change
in potency was calculated by dividing the potency of the inhibitor against the variant by the potency against WT
Mmpre,

potency against PF-00835231, only as much as 10-fold for any variant relative to the WT
enzyme.

In summary, we found that the valine variants of MP°, E166V and E166V/L50F,
showed very large potency losses against nirmatrelvir, while potency losses for the
analog PF-00835231 were much smaller. Alanine variants had less potency loss for both
inhibitors but still lost between 10- and 30-fold potency relative to WT.

Enzymatic activity of E166 variants is significantly reduced, and L50F is
compensatory

We next tested whether conferring resistance came at the cost of losing enzymatic
activity for these variants. The efficiency of cleaving a peptide corresponding to the
natural nsp4-nsp5 cleavage site processed by MP° was measured for E166A, E166V,
E166A/L50F, and E166V/L50F variants. Peptide cleavage was highly compromised
across all variants, with less than 40% of the WT catalytic efficiency (kcat/Ky) (Table
2; Fig. 2A). The enzymatic assays revealed that most of the loss in catalytic efficiency
resulted from a reduction in ket rather than a significant change in Ky, which only
varied by at most twofold. In contrast, the catalytic efficiency for the E166 variants
varied from 6% to 38% compared to WT (Table 2). The E166A variant maintained
15% of WT catalytic efficiency, while the E166V variant had only 6%. L50F alone
was hyperactive as we observed previously (16) with 133% of WT catalytic efficiency.
Additionally, a combination of L50F with the E166 variants partially rescued catalytic
activity. When L50F was added to E166V, the double-mutant variant E166V/L50F had
increased catalytic activity which was boosted by 185% relative to its single-mutant
variant and from just 6% to 11% of WT. The double-mutant variant E166A/L50F also
demonstrated an increased catalytic efficiency of 255% relative to its single-mutant
variant enzyme from 15% to 38% of WT. Thus, in complement to reports that
observed increased viral fitness of E166V/L50F mutant viruses compared to E166V
mutant viruses (3, 4, 10), our biochemical assessment of double-mutant variant E166
enzymes demonstrates that L50F acts as a compensatory mutation that increases the
enzymatic activity of compromised MP*-resistant variants.

TABLE 2 Enzyme kinetic parameters for E166 variants and WT MP™. Relative catalytic efficiency (kcat/Ky)
was calculated relative to WT.

MP* variant Ky (M) Vimax (MM/s) keat (1/s) keat/Km Relative k¢qt/Km
(1/[pMs])

WT 23+2 0.90 +£0.03 120+04 0.52+£0.05 100%

L50F 20+3 1.40 £0.06 13.8+£0.6 0.69+£0.10 133%

E166A 47 +3 0.75+£0.02 3.75+£0.08 0.080 + 0.005 15%

E166V 42+ 4 0.65 +£0.02 1.30£0.04 0.031 £0.003 6%

E166A/L50F 37+3 1.83 £0.06 7.33+£0.22 0.20 £0.02 38%

E166V/L50F 46+3 1.05+£0.03 2,63 £0.07 0.057 +0.005 11%
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FIG 2 Enzymatic activity, dimerization, and stability of M”* variants compared to WT enzyme. (A) Fraction of catalytic efficiency (kcat/Ky) relative to WT. (B) The
percentage of M”® that is dimerized at a concentration of 5 uM detected by native mass spectrometry. (C) Shift in the melting temperature (AT,y,) relative to WT
enzyme in the apo and inhibitor-bound state for each variant. (D) Melting curves for M*® variants in the apo, PF-00835231, and nirmatrelvir bound state. The T,

was determined as the temperature where half of the enzyme was unfolded (see Materials and Methods).

E166 variants have defective dimerization but WT-like thermostability

We utilized native mass spectrometry (nMS) to determine the fraction of dimeric
versus monomeric M in the absence of a ligand. Measurements of dimerization were
performed at 5 uM protein in ammonium acetate buffer (see Materials and Methods for
details). WT MP at 5 uM was 90% dimerized (Fig. 2B). Monomeric MP® is known to be
inactive (18), and the monomer does not bind substrate with high affinity (19). We have
estimated the Ky for dimerization of WT MP to be 0.35 uM, which agrees with previous
estimates from SAXS (18), using a dilution nMS approach (Fig. S1).

Dimerization in the absence of any ligand was quite reduced (47%-66%; P <0.0001,
n = 3) in all E166 variants (Fig. 2B). The L50F single-mutant variant also dimerized more
poorly than WT enzyme (66%-89%; P <0.0001, n = 3). The double- and single-mutant
E166 variants displayed similarly reduced dimerization relative to WT with no notable
significant difference among them (P >0.01).

To assess the thermostability of the MP™ variants, we performed differential scanning
fluorimetry in the presence and absence of inhibitors. In the absence of inhibitors, the
thermostabilities of these variants were roughly the same as WT MP™ (melting tempera-
ture Ty, within 2°C; Fig. 2C and D). This indicates that the E166 variants are stable despite
defunct dimerization.

Next, we tested the thermostability in the presence of saturating concentration
of inhibitors (see Materials and Methods). The enzyme variants were incubated with
excess inhibitor to ensure complete binding and ligand-induced dimerization (Fig. S2).
As expected, inhibitor binding substantially increased the T,, of WT enzyme by 15-
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20°C for both nirmatrelvir and PF-00835231, indicating stabilization of WT MP™ by the
bound inhibitor. In the presence of inhibitors, all variants were more thermostable than
their comparable apo enzyme by at least 8°C. However, the E166 variants displayed
reduced stability compared to WT enzyme. In the presence of PF-00835231, T,, was
lower (by more than 7°C) for the variants than that for WT (Fig. 2C and E; Table S1).
Against PF-00835231, these E166 variants had similar, low fold changes in potency
(<10-fold; Table 1), and the enzyme is expected to be fully inhibitor bound under
the conditions tested. Analogous with their similar levels of drug resistance against
PF-00835231, the E166 variants had similar thermostabilities (T, within 3°C to one
another) when bound to saturating amounts of PF-00835231. Unlike the E166 variants,
the single-mutant variant L50F was an exception with a WT-like thermostability when
bound to PF-00835231.

We found that drug-resistant E166 variants had highly deficient thermostabilities
compared to WT when treated with a saturating concentration of nirmatrelvir (Fig.
2GC; Fig. S2; Table S1). Considering nirmatrelvir resistance, the T, of the four variants
inversely correlates with the level of potency loss we measured. The E166A variant, which
shows a smaller 30-fold loss of nirmatrelvir potency relative to WT, yields a smaller 9.2°C
decrease in T,,, compared to WT. The E166V variant has the largest amount of nirmatrel-
vir resistance (~2,700-fold) and accordingly shows a staggering 19.3°C decrease in Ty,
compared to WT (Fig. 2C and F). All nirmatrelvir-bound enzymes were more thermosta-
ble than their comparable apo enzymes. The most resistant E166V and E166V/L50F had a
T increase of a modest 3°C—4°C when nirmatrelvir-bound. In contrast, the less resistant
variants had at least 13°Cincrease in their T,,, when complexed with nirmatrelvir.

Alanine variants E166A and E166A/L50F show lower levels of nirmatrelvir resistance
and lower ATy, whereas highly resistant valine variants E166V and E166V/L50F show
high levels of nirmatrelvir fold change in potency and a larger AT,,. With PF-00835231,
each variant we tested had similar, low levels of fold change in potency (<10-fold), and,
accordingly, each variant had similar degrees of thermostability loss. For nirmatrelvir
and PF-00835231 binding, our results suggest that fold change in potency and inhibitor-
bound thermostabilities are inversely correlated.

Crystal structures of E166 MP™ variants reveal alternative conformation of the
N-terminus

We determined the cocrystal structures of SARS-CoV-2 MP™ E166A, E166V, and E166V/
L50F variants in complex with PF-00835231 to sub-1.9 A resolution (Table S2). We
performed cocrystallization trials with both nirmatrelvir and PF-00835231 for each of
these MP variants; however, PF-00835231 complexes formed better-diffracting crystals
with each variant. Nirmatrelvir cocrystallization trials with these variants resulted in small,
non-diffracting crystals. The E166A/L50F variant also failed to produce diffraction-quality
cocrystals with PF-00835231. The E166 variants cocrystallized as homodimers with two
monomers in the asymmetric unit, in the P27 space group. R-work for our structures
ranges from 15% to 17%, and R-free values range from 20% to 22% (Table S2). Both active
sites were inhibitor-bound in every structure, and the inhibitor occupied subsites S4 to
S1; as seen in our previous cocrystal structure of WT MP® in complex with PF-00835231
(PDB ID: 8DSU). In each of our determined structures, PF-00835231 was bound in the
expected conformation (2) with strong electron density observed for the covalent bond
between Cys145 and the carbonyl of the hydroxymethyl ketone warhead of the inhibitor.
In all the active sites, the carbinol of the hemithioketal is in a typical position oriented
between catalytic residues His41 and Cys145.

SARS-CoV-2 MP™ substrate sequences universally feature a conserved glutamine
residue at the P1 position. In WT MP™ complexed with either PF-00835231 or nirmatrelvir,
which share identical P1 moieties, the inhibitor’s y-lactam ring acts as a glutamine
surrogate, mimicking substrate interactions with the protease. The inhibitor y-lactam’s
polar atoms hydrogen bond to Phe140 and His163 like in substrate binding (20). In the
active site of WT MP™, the S1 glutamine binding pocket is completed by the N-terminus
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connection with the loop spanning residues 160-170. In complex with PF-00835231 or
nirmatrelvir, Glu166 makes three key hydrogen bonds to form the S1 subsite: between
Glu166:0E2 and Ser1:0G, between Glu166:0E1 and Ser1:N, and between Glu166:0E1
and the nitrogen of the y-lactam ring. However, in each of the inhibitor-bound Glu166
variant structures presented here, all three of these hydrogen bond interactions that
define the S1 pocket are absent (Fig. 3). These hydrogen bonding alterations, caused by
mutations at residue 166, validate the critical role of E166 in completing and stabilizing
the MP™ active site.

In the WT PF-00835231-bound structure (PDB ID: 8DSU), the N-terminus is canonically
positioned with Ser1 situated to form the S1 subsite. In contrast, these E166 MP* variants
show an alternative conformation of Ser1. Compared to the analogous PF-00835231-
bound WT structure, the N-terminus of the Glu166 variants leans toward the inhibitor
y-lactam ring to fill the space normally occupied by Glu166 side-chain atoms (Fig.
3A). Both E166A and E166V variant structures demonstrate this alternative N-terminus
conformation. While the single-mutant variant L50F structure (PDB ID: 8E5C) retains
WT-like positioning of the N-terminus, the double-mutant variant, E166V/L50F, displays
the same alternative conformation of its N-terminus as the other two single-mutant
variant E166 enzymes. The alternative conformation of the N-terminus, which has been
discovered previously (13), allows Ser1 to partially recapitulate the S1 site and complete
the active site without the interactions from Glu166 side-chain atoms.

Our structures of E166A, E166V, and E166V/L50F MP® variants demonstrate two
N-terminus hydrogen bonds absent in the WT complex: between Ser1:0G hydrogen and

E166V
L50

mBio

E166V/L50F

FIG 3 The active sites of the two protomers (A and B) in the cocrystal structures of M™ variants with the inhibitor PF-00835231. The inhibitor is shown as pale

indigo sticks in each panel. The sites of mutations, residues 166 and 50, are highlighted as spheres and colored cyan. Monomers of each respective chain are

distinguishable by color shade. Water molecules are shown as red spheres, and the hydrogen bonds are indicated by dashed lines.
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Phe140:0 and between Ser1:0G hydrogen and the nitrogen atom of the y-lactam ring
(Fig. 3A). These hydrogen bonds are neither WT-like nor substrate mimicking. Despite the
alternative N-terminus conformation, residues Gly2 and Phe3 retain WT-like positioning,
and F140 maintains its WT-like conformation, forming direct hydrogen bonds to atoms of
the y-lactam ring.

In one monomer, the N-terminus is fully ordered in our electron density maps
(Fig. 3A), while in the other monomer, the N-terminal residues are either disordered,
unresolved, or adopt an alternative conformation (Fig. 3B). The differences highlight how
E166 mutations might be disrupting the local structure of the active site. In the E166A
variant structure, both active sites showed a resolved N-terminus in the same noncanoni-
cal position. The less ordered electron density in one monomer causes the appearance of
an incomplete S1 pocket for E166V, with residues Ser1 and Gly2 unresolved (Fig. 3B). The
N-terminus of E166V/L50F was well-resolved in an atypical position, folded away from
the active site (Fig. 3B). One other crystal structure of E166V MP* bound to ensitrelvir
demonstrated a similar conformation wherein the N-terminus was folded far away from
the S1 site at only one monomer of the dimer (13).

DISCUSSION

In this study, we aimed to investigate how mutations at the E166 residue in SARS-
CoV-2 MP™ impact drug resistance and enzymatic function, focusing on E166A and
E166V variants with or without the addition of L50F, a compensatory mutation. These
variants demonstrated reduced potencies of antiviral drug nirmatrelvir and the analog
PF-00835231 at the cost of significantly compromised catalytic efficiency. Resistance
against nirmatrelvir was modest to high, but resistance to PF-00835231 was relatively
limited. The distal L50F mutation exhibited a compensatory effect, partially restoring
the loss in enzymatic activity for drug-resistant MP® variants. Our results highlight
the critical role of E166 in stabilizing inhibitor interactions and fully forming the
active site, supported by apo versus inhibitor-bound thermostability and dimerization
measurements. Our cocrystal structures of E166A, E166V, and E166V/L50F MP* variants
in complex with PF-00835231 revealed that interactions between the S1 pocket and the
E166 side chain are essential for both active site completion and dimerization.

We have shown that the addition of L50F to drug-resistant SARS-CoV-2 MP*° E166
variants compensates for defective enzymatic activities. The compensatory mutation
L50F has been discovered in vitro (10, 11, 16) and by viral passaging (3-5); this mutation
on its own enhances enzymatic activity relative to WT MP resulting in hyperactivity (16).
Our results agree with this effect of L50F, as we found that this mutation partially restores
the catalytic efficiency in drug-resistant, activity-compromised variants E166A and E166V.
This compensation is a crucial mechanism in enabling drug resistance to emerge since
drug-resistant enzymes often show compromised activity that critically diminishes viral
fitness. Furthermore, the L50 position of MP™ has been subject to numerous single amino
acid substitutions and/or deletions in its evolutionary history across divergent genera
of coronaviruses (Fig. S3). This variability highlights the adaptability of coronavirus
MP™ suggesting that the residue substitutions at this position may serve as adaptive
pathways for these viruses to navigate antiviral selective pressures. Understanding the
role of L50F in rescuing or enhancing enzymatic activity may be critical for developing
strategies to combat emerging drug resistance in coronaviruses.

Drug resistance mutations at E166 in MP* significantly reduce affinity for nirmatrel-
vir but preserve substrate cleavage. For example, the E166V mutation reduced nirma-
trelvir potency by about 2,700-fold, but the Ky was increased by only twofold. This
discrepancy highlights a crucial aspect of E166 drug resistance: the mutations specifi-
cally disrupt interactions critical for the inhibitor without severely impairing substrate
binding or processing. Previously, our comparison of the substrate envelope with the
crystal structures of WT MP® in complex with PF-00835231 and nirmatrelvir indicated
that residue E166 is among those vulnerable to drug resistance mutations (20). Both
inhibitors protrude from the substrate envelope at the P3 and P4 sites and interact
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with E166. These contacts made outside of the substrate envelope render E166 a
key potential site for resistance against both inhibitors, but the relative flexibility of
PF-00835231 might allow better accommodation of E166 mutations. The mutability of
E166 under selective pressure emphasizes the need for therapeutic strategies that avoid
such vulnerability and address the adaptive elasticity of viral proteases.

We hypothesize that structural waters may serve a key function in the more ordered
and well-resolved active sites of drug-resistant MP° E166 variants. Certain structural
waters differ between WT and drug-resistant MP* variants. In the E166V and E166V/
L50F variant structures, water molecules are positioned to substitute for the OE1 atom
of Glu166, facilitating interactions with Phe140 and the inhibitor. A water molecule
also recreates the hydrogen bond between Serl and Phel40, stabilizing Phe140’s
position, which is critical for binding substrate and inhibitors. These conserved structural
waters suggest that the S1 site can be transiently completed by solvent molecules in
the absence of side chain polar atoms from Glu166, allowing E166 variants to transi-
ently bind and cleave substrates while being deficient in stable inhibitor binding. For
nirmatrelvir binding, the transient substitution of E166 atoms with water molecules may
contribute to the variants’ increased drug resistance and our inability to cocrystallize
them with established nirmatrelvir cocrystallization conditions. We suppose based on
our cocrystal structures that the interactions lost from the missing E166 atoms can be
somewhat rescued by structural waters, which may be essential for E166A and E166V
variants to complete a functional MP™ active site, to bind ligands, or to stably dimerize.

SARS-CoV-2 remains a healthcare concern with the potential emergence of drug
resistance in MP°, and E166 is a key site of mutation under the selection pressure of
nirmatrelvir. Drug resistance mutations at E166, such as E166A and E166V, significantly
reduce inhibitor potency while preserving substrate binding, making this conserved
residue a focal point for resistance studies (4, 6, 7, 10, 11). However, these variants
have severely reduced catalytic efficiency, which would impact viral fitness in agreement
with their absence from clinical samples. Despite its conservation across all coronavirus
clades (Fig. S3), mutational scanning shows that Glu at the 166 position is not necessa-
rily essential (8), highlighting its mutability and susceptibility to resistance mutations.
Zoonotic transmission events documented in recent history highlight that coronaviruses
such as SARS-CoV-2 and MERS-CoV can be transmitted from animals to humans with
significant health consequences, and as viral spillovers continue, future coronavirus
outbreaks are likely. Given E166's shared vulnerability across coronaviral strains, resistant
variants observed in SARS-CoV-2, including E166A and E166V, could similarly arise in
newly emergent coronaviruses—particularly since nirmatrelvir would likely be repur-
posed as a first-line antiviral option.

Compensatory mutations, such as L50F, further complicate the resistance landscape
by restoring catalytic efficiency in E166 variants. The double-mutant variants E166A/L50F
and E166V/L50F investigated here revealed that compensatory mutations can mitigate
the functional deficits caused by primary resistance mutations. Understanding viral
adaptive mechanisms is critical for designing inhibitors that counteract both resistance
and compensation, offering strategies to combat current and future coronavirus threats.

MATERIALS AND METHODS
Protein purification

Wild-type and variant MP™ proteins were expressed with an N-terminal polyhistidine-
SUMO tag and purified as described previously (9, 16, 20, 21). The point mutations were
introduced into the pETite expression plasmid using site-directed mutagenesis.

Crystallization

For cocrystallization, complexes with PF-00835231 were assembled by incubating
6 mg/mL of each MP™ with a 10-fold molar excess of inhibitor for 1 hour at room
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temperature. The solutions were spun down at 10,000 x g for 10 minutes to remove
any insoluble compound or protein aggregates. Protein crystals were obtained with
10%-20% (wt/vol) PEG 3350, 0.2 M NaCl, and 0.1 M Bis-Tris methane (pH 5.5) by hanging
drop vapor diffusion at room temperature in pre-greased VDX trays (Hampton Research,
Aliso Viejo, CA, USA). Varying the protein-to-mother liquor ratios (1 pL:2 uL, 2 pL:2 pL,
3 pL:2 pL) helped obtain large, diffraction-quality crystals. To limit vibrational stress,
crystallization trays were placed on foam padding. Cocrystals of MP® variants with
PF-00835231 appeared overnight and grew fully within 2 weeks.

Data collection and structure determination

Crystals were sent for data collection at the Brookhaven National Laboratory NSLS-II
Beamline 17-ID-2 (FMX). X-ray diffraction data were collected at 100 K. Cocrystals were
soaked in cryogenic solutions made by supplementing the exact precipitant solutions
with 25% glycerol and then looped and frozen in liquid nitrogen. At NSLS-II, the collected
diffraction intensities were automatically indexed, integrated, and scaled using XDS
(22). Prior to molecular replacement, the model was modified by removing all water,
buffer, and cryogenic molecules as well as the small molecule inhibitor in the active
site. All structures were determined using molecular replacement with PHASER (23). The
reference model used was PDB ID: 8DSU. To minimize reference model bias, 5% of the
data were reserved to calculate Rgee (24). Before fitting inhibitor atoms into the electron
density, inhibitor geometry was optimized in Gaussview 6 using Gaussian 16 with the
basis set: DFT B3LYP 6-311++G (d,p). Model building and refinement were performed
using Coot (25) and Phenix (26). X-ray data collection parameters and refinement
statistics are presented in Table S2.

Structural analysis

Each of the cocrystal structures contained an MP* dimer in the asymmetric unit. All
structural figures were generated and analyses performed in PyMOL by Schrodinger,
LLC (27). Key residues which are stubbed in the cocrystal structures were added to
the structural figures; the side chains of key stubbed residues are shown, but in these
cases, the residue label is placed within parentheses, e.g., (F50). Hydrogen bonds were
determined using the show_contacts PyMOL plugin with default parameters where the
bond angle is between 63 and 180 degrees and the distance less than 4.0 A for any and
3.6 A for an ideal hydrogen bond between the proton and heavy atom.

Differential scanning fluorimetry

Thermal shift assays were performed in final conditions of 2 uM MP°, 50 mM Tris (pH
8.0), 300 mM NaCl, and 2% DMSO, with and without each inhibitor, and with 5x Sypro
orange dye (Invitrogen 5,000x Sypro). Initial experiments with WT MP demonstrated
that 2 uM of MP™ produces optimal signal:noise ratio under our experimental conditions.
MP™ variants were mixed with inhibitor and incubated at room temperature for an hour.
Inhibitor concentration was determined to ensure complete saturation of all protease
variants according to the potency against the most resistant MP* variant; for example,
E166V requires 400 pM of nirmatrelvir to reach 0% activity, so 400 uM nirmatrelvir was
used for all MP* variants in the assay. To achieve apo protease melting curves, DMSO
was added to 2% in wells with no inhibitor. After 1 hour of incubation, 5,000x Sypro
orange dye was diluted to a final concentration of 5x on the plate and was added only
immediately before the assay began. Thermal denaturation spectra were run in a Thermo
Scientific AB-0700 96-well OCR plate using a Bio-Rad CFX real-time PCR thermocycler.
Temperatures during the melt ranged from 25°C to 95 °C, with intervals of 0.3°C every 12
seconds. The HEX channel was utilized to measure relative fluorescence units (RFU) for
each well at each temperature.

Data were normalized to values between 0 and 1 using the normalization equation:
Frorm = (F = Fmin)/(Fmax — Fmin)- Values were then truncated after three data points past
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the maximum value of 1. A Boltzmann sigmoidal model was fit to the normalized data
to calculate the melting temperature (Ty,). The equation AT, =Ty (inhibitor) = Tm (DMSO)
was used to calculate the thermal shift (AT,,). The T,, values are presented as mean
+ standard error (12 data points for each of the three replicates). The calculated T,
values were confirmed also by plotting the first derivative (dRFU/dT) vs temperature to
determine the temperature at which dRFU/dT is maximum. These values matched very
closely (within + 0.3°C) with the Ty, from Boltzmann fits.

Enzyme activity assays

To determine the enzyme kinetic parameters of MP® variants, 75 to 500 nM enzyme
was added to a series of 0-200 uM FRET substrate [Dabcyl-KTSAVLQSGFRKM-GIu(EDANS)
(GenScript)] in assay buffer (50 mM Tris [pH 7.5], 50 mM NaCl, 1 mM ethylenediaminete-
traacetic acid [EDTA], 1 mM dithiothreitol [DTT], and 4% dimethyl sulfoxide [DMSQ]).
The cleavage reaction was monitored using a PerkinElmer EnVision plate reader at room
temperature (340 nm excitation and 492 nm emission). Three or more replicates were
performed for each variant. The initial velocities (RFU/s) were plotted against substrate
concentrations and fit using GraphPad Prism 10% to the Michaelis-Menten equation. RFU
was converted to concentration using a linear fit of the calibration curve obtained with
different concentrations of substrate and the end point of cleavage product with WT
enzyme, which gave a factor of 6,000 RFU per uM under the assay conditions.

Enzyme inhibition assays

Inhibition assays were performed in the same assay buffer (50 mM Tris [pH 7.5], 50 mM
NaCl, T mM ethylenediaminetetraacetic acid [EDTA], 1 mM dithiothreitol [DTT]) but with
only 1% DMSO. To determine the inhibition constant Kj, enzyme was incubated at room
temperature with increasing concentrations of nirmatrelvir or PF-00835231 for 1 hour in
assay buffer. The enzymatic reaction was initiated with 40 uM protease FRET substrate
and monitored using a PerkinElmer EnVision plate reader. At least three replicates were
performed for each inhibitor concentration. The initial velocity for each reaction was
calculated by linear regression. The K; was calculated by plotting the initial velocity
(RFU/s) at each inhibitor concentration (uM) and then fit to the Morrison equation,
using each enzyme’s respective Ky, in GraphPad Prism 10% software. Enzyme levels were
adjusted according to the K; estimates from initial experiments to maintain [E]/K; <100 to
ensure confidence in K; determinations. In cases of very potent inhibition where the
enzyme concentration could not be decreased further due to loss of signal, [E]/100 is
reported as the upper estimate for K; as the assay detection limit.

Native mass spectrometry

Each protein was purified in SEC buffer (25 mM HEPES [pH 7.5], 150 mM NaCl, and 1 mM
TCEP) and then diluted to 2-4 mg/mL in 50-100 pL in the same buffer. The protein
was dialyzed for 3 hours into 200 mM ammonium acetate (pH 6.8) using a Slide-A-Lyzer
MINI Dialysis Device (0.5 mL; MWCO 20 kDa; Thermo Fisher Scientific) and then dialyzed
again overnight. After dialysis, the protein concentration was redetermined based on
absorbance at 280 nm. Each protein was diluted into ammonium acetate to 5 pM.
Native mass spectrometry analysis was performed on a QE-UHMR mass spectrometer
(Advion Interchim Scientific) with parameters as follows: positive mode; spray voltage,
1.5 kV; resolution, 12,500; and mass range (m/z), 2,000-8,000. The mass spectra were
analyzed using PMI-Byos Intact software (Protein Metrics Inc.). Each protein was analyzed
in triplicate.
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