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The high throughput YESS 2.0 platform was used to
screen a large library of SARS-CoV-2 MP™ variants in the presence
of nirmatrelvir. Of the 100 individual most prevalent mutations
identified in the screen and reported here, the most common were
E166V, L27V, N142S, A173V, and Y154N, along with their various
combinations. In vitro analysis revealed that resistance to
nirmatrelvir for these individual mutations, as well as all of the
combinations we analyzed, was accompanied by decreased catalytic
activity with the native substrate. Importantly, the mutations we
identified have not appeared as significantly enriched in SARS-
CoV-2 MP™ sequences isolated from COVID-19 patients following
the introduction of nirmatrelvir. We also analyzed three of the most
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common SARS-CoV-2 MP® mutations that have been seen in patients recently, and only a measured increase in nirmatrelvir
resistance was seen when the more recently appearing A285V is added to both P132H and K90R. Taken together, our results predict
that resistance to nirmatrelvir will be slower to develop than expected based on experience with other viral protease inhibitors,
perhaps due in part to the close structural correspondence between nirmatrelvir and SARS-CoV-2 MP™’s preferred substrates.
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The main protease in SARS-CoV-2, MP* (EC 3.4.22.69), is a
Cys protease from the coronavirus disease 2019 (COVID-19)
that is also known as the C30 endopeptidase or 3-chymotrypsin-
like Cys protease (3CLP™)." A programmed —1 ribosomal
frameshift in SARS-CoV-2 produces two overlapping reading
frames, ORF1a and ORF1b, leading to two polyproteins: ppla,
coding for nonstructural proteins 1—11 (nspl—nspll) and
pplb, coding for nspl—nspl0, nsplZ—nsplé.z’3 The poly-
proteins are cleaved by two proteases during the viral maturation
process, the papain-like protease (PLP™®)* and SARS-CoV-2
MP™° Ppla is cleaved by SARS-CoV-2 MP™ after nsp4—nsp10
while pplb is cleaved by SARS-CoV-2 MP™ after nsp4—nsp10
and after nsp12—nspl$, with a total of 11 unique sites in ppla/
pplb. We have recently completed a comprehensive substrate
specificity profile of SARS-CoV-2 MP™, revealing a modest
preference for Val at both P4 and P3, a stronger preference for
Leu at P2, an absolute preference for Gln at P1, and then a
preference for small side chains (Gly, Ala, Ser, Cys) in the P1’
position. No preferences were found for the P2'—P4’ positions
other than a strong preference against Pro at P2".°

Nirmatrelvir (also known as PF-07321332), in combination
with the potent CYP3A4 inhibitor ritonavir to slow metabolism,
is marketed as Paxlovid by Pfizer and presently serves as an
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effective front-line treatment for COVID-19 in several
countries.” Nirmatrelvir is a reversible covalent inhibitor that
targets MP® with a nitrile “warhead”. Nirmatrelvir was developed
as a second generation MF™ inhibitor specifically to treat
COVID-19 infections based on first generation MF™ inhib-
itors®” that were originally developed to target MF® of SARS-
CoV as well as other members of the Coronaviridae family of
viruses. Importantly, nirmatrelvir is a peptidomimetic that
resembles the P1—P3 side chains of native MP™ substrates.
Particularly noteworthy is the pyrrolidone group in nirmatrelvir
that serves as a conformationally restricted mimic of the
preferred P1 Gln substrate residue.”*™'" There are groups on
nirmatrelvir that target the P2 and P3 sites as well, resembling
the Leu and Val side chains, respectively, preferred as those sites
of the substrate. Because there are no known human Cys
proteases with a requirement for Gln at P1, the combination of
the nitrile warhead and Gln mimic at P1 is thought to ensure
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mutation screen overview. pYESS2 plasmid containing the protease

substrate of interest is transformed along with the protease library into yeast. The resistance mutation screen is carried out by sorting for the loss of the
HA/FITC signal in the presence of inhibitor. After several rounds of sorting with increased stringency, the DNA is extracted and sent for PacBio

sequencing, and data is analyzed to obtain heatmaps.

effective viral targeting in humans. Paxlovid was given an
emergency use authorization by the FDA in December of 2021.

Based on experience with protease inhibitors such as those
used to treat HIV,'"'?

possible emergence of drug resistance mutations that could

an obvious concern with Paxlovid is the

render it considerably less effective.'” A pattern seen with AIDS
protease inhibitors is that a primary initial mutation arises that
confers resistance, but that initial mutation often compromises
viral viability.'" Additional secondary mutations then accumu-
late that preserve the drug resistance but improve viral
viability."" A number of studies using a variety of platforms,
including passage through mammalian cells and also yeast,*'*
have recently been published exploring possible Paxlovid

. . 14-35
resistance mutations,
E166V"+15:1820-22,24,26,30,33

including an
mutation that confers drug resist-
ance but also compromises viral viability. Several other
mutations have been observed, including T21I, LSOF, S144A,
E166A, L167F, A173V, and T304L>"*%*%*73 and the number
of publications discussing possible Paxlovid resistance mutations
continues to increase. When analyzed, these mutations, alone
and in combinations, have generally been reported to provide
resistance to nirmatrelvir at the expense of enzymatic activity
with native peptide substrates.

As of April 2024, three SARS-CoV-2 MP™ mutations (relative
to the very first clinical isolate) are commonly appearing
together in genome isolates from COVID-19 patients reported
in the GISAID database.’® P132H appeared in June 2020 and
was soon found commonly in clinical isolates. The combination
of P132H and K90R appeared in November 2020 and became
common throughout 2021. The combination of P132H, K90R,
and A285 V is currently common, having first appeared in May
2022 (following the approval of Paxlovid for emergency use),
although A285V first appeared in 2020.

The YESS 2.0 platform places both the protease and a substrate
in the yeast endoplasmic reticulum where they can interact, then
the substrate fusion is displayed on the yeast outer surface via the
well-known Agal—Aga2 interaction (Figure 1).*” Different
antibody binding epitopes flanking either side of the putative
protease substrate sequence are used to quantify the substrate
cleavage using fluorescence activated cell sorting (FACS) in the
presence of the appropriate labeled antibodies. Protease and
substrate expression is independently controlled using p-
estradiol and galactose, respectively, allowing for precise
optimization and reproducibility of reaction conditions.’”
Note that by sequestering the protease of interest, in this case
SARS-CoV-2 MP®, in the endoplasmic reticulum, toxicity is
eliminated, unlike other systems in which the protease is
expressed in the yeast cytoplasm.'* For this reason, our results
using YESS 2.0 are free of artifacts derived from host toxicity
concerns.

The YESS 2.0 system can be used to explore drug resistance
efficiently by sorting a large library (>10%) of protease variants
for activity in the presence of an inhibitor followed by PacBio
sequencing”® of the population of active and therefore resistant
clones (Figure 1).”” Analyzing the population of active variants
can identify different protease mutations that confer resistance.
Using PacBio sequencing makes possible the identification of
mutations that are functionally coupled with each other (i.e.,
epistatic) in a given variant, even when they are an extended
distance away in primary sequence. The important point to
emphasize is that YESS 2.0 is a very high throughput
methodology, exploring large segments of sequence space
capable of delivering well over a hundred individual selected
mutations.

Herein is reported the results of using YESS 2.0 with SARS-
CoV-2 MP* to carry out a comprehensive analysis of nirmatrelvir
resistance. In particular, screening of a variant library of SARS-
CoV-2 MP™, generated by error-prone PCR across the entire

https://doi.org/10.1021/acsbiomedchemau.4c00045
ACS Bio Med Chem Au XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsbiomedchemau.4c00045?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.4c00045?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.4c00045?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.4c00045?fig=fig1&ref=pdf
pubs.acs.org/biomedchemau?ref=pdf
https://doi.org/10.1021/acsbiomedchemau.4c00045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Amino acids
< _ZM<EOOANOZITIXAMOT

0.025
0.02
0.015
0.01

166: E>V

0.020 4

0.015 1 27: >V
a 142: N>S 173: ASV
S
= 151: N>
o 154: Y>N
@ 0.010- - 1a4: 48K Y>H
w 22: C>Y 80: H>L

3:F>L
85.6>S 117:C>S
63: N> 80:H
59: I>
%R 302: G>D
e 3: N>D 850 186: V>D
0.005 4 o T 194: ASV 0ol
. 8:F>S 79: GDy: 161:Y>F  1g6: v>A
44:C>S V>l 143 N3] 191: ASV
3:Fol 17 MBS ) 123: S>R 147 115 N>Y 169: T>S
A 5971>574. 9> 94 A>V B 163{5’3?&5 104: AT 244: Q>R
§ 47 Rg1: 85T _ P>S 104 245: DoE 288: E-BRGRD
0.000 1

0 100

Amino acid position

200 300

Figure 2. SARS-CoV-2 MP™ resistance mutation identified by screening in the presence of nirmatrelvir. (A) SARS-CoV-2 MP™ enriched mutations

heatmap. (B) SARS-CoV-2 MP* enriched mutations frequency plot.

gene, in the presence of nirmatrelvir produced a large collection
of resistant variants involving mutations such as E166V, L27V,
N142S, A173V, and Y154N as well as some specific
combinations. Several of the most prevalent individual
mutations and the most common combinations were charac-
terized in vitro, revealing that strong resistance to nirmatrelvir
comes at the expense of decreased catalytic activity with the
original substrates, which would be expected to compromise
viral replication. We also analyzed (alone and in combination)
the three SARS-CoV-2 MP™ mutations that commonly appear in
current patients, P132H, K90R, and A285V. P132H appears to
compromise the overall catalytic activity of SARS-CoV-2 MP™,
while K90R appears to restore it, perhaps above even the original

levels. A285V provides some modest resistance to nirmatrelvir
alone or in combination, but it does so at the expense of catalytic
efficiency by virtue of a significantly increased Ky value. Taken
together, our results predict that resistance to nirmatrelvir will be
relatively slow to develop, likely due in part to the close similarity
of the nirmatrelvir structure to that of the SARS-CoV-2 MF™
substrates.*’

Previously, we found that SARS-CoV-2 MP™ without an
attached ERS sequence showed strong substrate cleavage in
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Figure 3. Nirmatrelvir inhibition of combination mutation variants of SARS-CoV-2 MP™ heatmap. (A) Heatmap of the sequence population that
contains both E166V and Y154N shows enrichment for A285G. (B) Heatmap of the sequence population that contains both L27V and E166V shows
enrichment for F3L and H80L. (C) Heatmap of the sequence population that contains both L27V and N142S shows enrichment for G302D. (D)
Heatmap of the sequence population that contains both L27V and A173V shows enrichment for H64L and H80Q. White arrows indicate highly

enriched residues.

YESS 2.0. Using this construct, we were able to develop a high-
resolution profile of SARS-CoV-2 MP™ substrate specificity.’ In
order to identify resistance mutations, yeast containing the WT
SARS-CoV-2 MP and the AVLQ|SGFR substrate sequence
was analyzed by FACS after incubation with increasing
concentrations of nirmatrelvir, and a corresponding decrease
in substrate cleavage was observed (Figure S1), verifying
penetration of the drug into the yeast ER. A SARS-CoV-2
MP™ library containing ~2 X 10° variants was constructed by
using error-prone PCR and cloned into the YESS 2.0 system.
The library was screened against increasing concentrations of
nirmatrelvir over 7 rounds of sorting, the point at which the
population was no longer shifting toward greater substrate
cleavage (see Figure S2). Increasing the nirmatrelvir concen-
tration over 7 rounds of sorting was intended to increase
stringency, while making sure to include the entire population of
even rare resistant clones in the early rounds.

DNA from the final sorted round (round 7) population of
yeast was isolated and sequenced using PacBio so that the
different mutations across each individual SARS-CoV-2 MF®
gene could be correlated with each other, and the different
isolated genes compared across the population. A heatmap of
the enriched residue mutations is seen in Figure 2A, and the
most frequent mutations are shown as a frequency versus
position plot in Figure 2B. By far, the most common mutation
identified in the screen was E166V, followed by L27V, N142S,
and A173V to round out the top four. The other most common
mutations listed in the descending order of frequency are N151I,
Y154N, Y154H, S144A, H801, C22Y, F3L, C85S, C117S, HSOR,
N63Y, 139N, G15D, M171, G302D, C85Y, N53D, V186D,
A194V, and I59T. The 10 most common mutations (E116V,
L27V, N142S, A173V, N1511, Y154N, H8OL, S3011, C117S,
and N53D) were examined individually by FACS for inhibition,
and all 10 displayed more activity in the presence of nirmatrelvir
compared to the original SARS-CoV-2 MP™ (Figure S3). Table
S1 lists the nucleotide changes responsible for the 100 most
common mutations identified in our screen, with observed

counts ranging from 34130 counts for the most common
mutation E166V to 2547 counts for the 100th most common
mutation Q256R. Of these 100 most common mutations, it is
noteworthy that the vast majority are present in the GISAID
database at very low levels. Those few mutations present in the
largest numbers of sequences, M17I, T169S, A94V, T93],
F223L, and M17V, first appeared before Paxlovid was in
widespread use and do not appear to be increasing in prevalence
now that Paxlovid has become a frontline treatment.

Taking advantage of the PacBio sequencing that provides the
sequence of entire variant enzyme genes, all of the sequences
containing some of the most common mutations were examined
to identify any mutations that are overrepresented in those
populations, suggesting possible synergistic function (see
Figures 3 and S4). In particular, when examining all of the
sequences that contain the most common mutation E166V, the
mutation Y154N is also found to be enriched. When looking at
only those sequences containing both E166V and Y154N, the
mutation A285G is also found to be significantly enriched
(E166V, Y154N, and A285G are called V1, Figures 3A and
S4A). When examining all of the sequences that contain the
second most common mutation, L27V, both E166V and L142S
are also found to be highly enriched. When looking only at the
sequences that contain both L27V and E166V, the mutations
F3L and H80L were also found to be enriched (L27V, E166V,
F3L, and H8OL are called V2, Figures 3B and S4B). Similarly,
when examining only those sequences that contain both L27V
and N142S, the mutation G302D was also found to be enriched
(L27V, N142S, and G302D are called V3, Figures 3C and S4C).
Finally, examining only those sequences containing A173V, the
mutations L27V, H64L, and H80Q were found to be also
enriched (A173V, H64L, and H80Q are called V4, Figures 3D
and S$4D).

A total of 11 different single mutation variants and the 4
combination mutation variants V1—V4 were cloned, expressed,
purified, and evaluated using a FRET-based in vitro assay with an
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Table 1. Kinetic Parameters of SARS-CoV-2 MP™“

Kot/ Kyt (Ki/Kyp) * ey GISAID
variant mutations apparent K; (uM) Ky (uM) kg, (min™") (uM'min™") (min™* counts

WT - 0.002 + 0.0004 16 + 1.6 200 + 5.7 12.5 0.02 -

VI Y154N_E166V_A285G 63 +353 200 + 30 74 + 8 0.4 22.7 -
Y154N_E166V 43 +34 160 + 38 33+£853 0.2 8.8 -
Y154N 0.016 + 0 003 21 +34 240 + 13 11.3 0.2 3
E166V 73+ S 270 + 67 35+69 0.1 9.6 56
A285G 0.009 + 0002 65+ 13 27 £2.8 0.4 0.004 37

V2 F3L_127V_HS80L_E166V 18 + 3.6 12+1 15 +04 1.3 22.8 -
L27V_El66V 20 +94 88 + 19 10+13 0.1 2.2 -
F3L 0.003 + 0.001 53+12 59 +25 11.2 0.03 82
L27V 0.01 + 0.004 3.7+02 10.0 + 0.12 2.7 0.02 25
HS8O0L. 0002 + 0 0008 6+12 130 £ 5.5 21.7 0.04 6
E166V 73+ S 270 + 67 35+69 0.1 9.6 -

V3 L27V_N142S_G302D 0.019 + 0.005 33+04 17.0 + 0.3 5.1 0.1 -
L27V 0.01 + 0.004 3.7+02 10.0 £ 0 12 4.5 0.03 25
N142S 0.004 + 0.001 27 £ 5.7 230 + 18 8.7 0.03 255
G302D 0.006 +0.001 17 + 4.7 36 +3 2.1 0.01 3

V4 A173V_127V_H64L_H80Q 042 +003 16 + 1.7 193+ 0.6 1.2 0.45 -
L27V 0.01 + 0 004 3.7+02 10.0 + 0.12 4.5 0.03 25
H64L 0.009 + 0.001 19+52 220 + 19 11.6 0.1 10
H80Q 0.00S + 0.002 23 +4.7 140 + 9.9 6.3 0.03 33
Al173V 0.007 + 0.002 20 + 2.1 142 + 4.7 7.2 0.05 296

GISAID K90R 0.001 + 0.0001 28 +49 130 + 8.7 5.0 0.005 221707

mutations’ P132H 0.002 + 0.0007 17 +13 65+ 15 39 0.01 9110789

A285V 0.06 + 0 006 73 + 1§ 54 + 5.8 0.7 0.04 8320
K90R-P132H 0.003 + 0.0006 25 +£23 290 +9 11.6 0.03 58449
K90R-P132H-A285V 0.02 + 0.003 87 +£9.3 170 + 10.7 2.0 0.04 2214

“All kinetic analyses were carried out in triplicate. “Mutations identified in the GISAID database as of July, 2024.">

(Abz)AVLQ|SGFR(K-DNP) substrate (Table 1). The 11
single mutation variants chosen represent all of the individual
mutations seen in the combination variants analyzed and include
the most abundant mutations seen in the population of
mutations selected in the presence of nirmatrelvir. In addition,
2 double mutation variants were analyzed (Y154N, E166V and
L27V, E166V) because these combinations were so prevalent in
the selected variant pool. Apparent K| values are listed in Table 1
along with the catalytic parameters for the (Abz)AVLQJ
SGFR(K-DNP) substrate. The K, values listed in Table 1 are
referred to as “apparent K;” values because of the reversible,
covalent nature of nirmatrelvir binding that introduces bond-
making and bond-breaking rate constants that must be
considered along with the individual noncovalent on-rates and
off-rates (only the latter two would define a proper K; value).*'

As seen in Table 1, E166V was the most effective resistance
mutation identified in our study and was over 35000-fold more
resistant to nirmatrelvir compared to the original SARS-CoV-2
MP™, Importantly, however, for E166V, the reaction with the
AVLQ/JSGEFR itself was also around 150-fold compromised
(comparing k.,./Ky values) compared to the original SARS-
CoV-2 MP™, Relative to E166V, the other individual mutations
selected most often in our screen showed significantly more
modest levels of resistance, exhibiting an apparent K; that is only
between 2- and 4-fold higher than the original SARS-CoV-2
MP™, These changes displayed a range of consequences for the
reaction with the substrate. For example, of the single amino acid
variants we identified, H8OL was noteworthy in that due to a
significantly lower Ky; value (6 mM), it displayed a catalytic
efficiency (k./Ky) value with AVLQJSGFR that was even
higher than the original SARS-CoV-2 MF®. The H64L and

Y154N variants displayed both k., and Ky, values (and therefore
a catalytic efficiency) similar to those of the original SARS-CoV-
2 MP™. On the other hand, although both the F3L and N142S
variants also exhibited catalytic efficiency (k.,./Ky;) values about
the same as the original SARS-CoV-2 MP®, both their Ky and
k... values were somewhat lower. The H80Q and A173V variants
had a somewhat lower k,, value and similar Ky, value compared
to those of the original SARS-CoV-2 MP. The L27V variant
displayed a lower Ky value along with a very compromised k_,
value compared to the original SARS-CoV-2 MP™, while G302D
and A285G displayed k,./Ky; values that were even lower, also
the result of compromised k., values. Both double mutation
variants that contain E166V (Y154N, E166V, and L27V,
E166V) were a little less resistant than E166V alone, but both
also displayed a lower Kj; value with the AVLQJ/SGFR
substrate.

The four combination variants V1—V4 were also analyzed
using the FRET-based peptide cleavage assay. Note that a FACS
analysis using the YESS 2.0 constructs indicated that V1-V4
were all qualitatively more resistant to nirmatrelvir compared to
the original SARS-CoV-2 MP™ (Figures SS and S6). From the in
vitro FRET peptide cleavage data (Table 1), the combination
mutations that displayed the most resistance to nirmatrelvir
inhibition compared to the original SARS-CoV-2 MP™, termed
V1 and V2, both contained the highly resistant E166V mutation.
While V1 was about as resistant to nirmatrelvir inhibition as
E166V alone, V1 was around 3-fold more efficient as k,./Ky
when reacting with the AVLQJSGFR substrate compared to
E166V. Compared to E166V alone, V2 was about 4-fold less
resistant to nirmatrelvir inhibition, but it was 9-fold more
efficient as k_./Ky reacting with the AVLQ/SGFR substrate.

cat
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Even so, V2 is still more than 15-fold compromised reacting with
the AVLQJSGFR substrate compared to the original SARS-
CoV-2 MP™. The V3 variant displayed an apparent K; value that
was significantly lesser than that of the combination variants that
contained E166V (V1 and V2). Nevertheless, V3 is more
resistant than any of the individual mutations it contains and is
still 5-fold more resistant to nirmatrelvir compared to the
original SARS-CoV-2 MP™. Even though the V3 resistance to
nirmatrelvir is modest, it still displayed a roughly 4-fold
compromised catalytic efficiency with the AVLQJSGFR
substrate. Like V3, the V4 combination was more resistant to
nirmatrelvir than either the original SARS-CoV-2 MP™ or any of
its four mutations measured individually. However, V4 is also
significantly less efficient at catalyzing the cleavage of the
AVLQJSGFR substrate compared to any of its mutations
measured individually or the original SARS-CoV-2 MF™.

All of the individual mutations and mutation combinations
listed in Table 1 were checked for their presence in the GISAID
database,>® and the number of occurrences is listed in the last
column of Table 1. The GISAID database, with over 16.8 million
sequences deposited to date, compiles SARS-CoV-2 virus
sequences reported since the beginning of the COVID-19
pandemic. None of the mutation combinations (V1—V4) were
found in any sequence deposited in GISAID. The A173V and
N1428 mutations have both been reported about 250 times. The
F3L mutation has been reported 82 times, and all of the other
mutations we identified are present in fewer than 50 deposited
sequences.
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The three SARS-CoV-2 MP™ mutations commonly seen in
current COVID-19 patients, P132H, K90R, and A285V, were
characterized alone and in combination using the AVLQ|SGFR
substrate in a FRET assay in the presence and absence of
nirmatrelvir as well as a FACS screen (Table 1, Figure S7). The
P132H variant demonstrated no increased resistance to
nirmatrelvir but did display a more than 3-fold lower catalytic
efficiency with the substrate, largely due to a decreased k_,, value.
The K90R variant was slightly more sensitive to nirmatrelvir
compared to either the original SARS-CoV-2 MP* or the P132H
variant, yet K9OR was still about 2-fold less eflicient reacting with
the substrate. Interestingly, the P132H, K90R double variant
recovered the original SARS-CoV-2 MP™ level of catalytic
efficiency with the AVLQ| SGFR substrate, displaying similarly
higher overall Ky; and k_,, values. Nevertheless, the P132H and
K90R variants were as sensitive to nirmatrelvir as the original
SARS-CoV-2 MP™. The variant with the A285V mutation alone
was over 10-fold more resistant to nirmatrelvir compared to the
original SARS-CoV-2 MF* but was about 10-fold less efficient as
a catalyst with the AVLQJSGFR substrate. The triple mutation
variant, P132H, K90R, and A285V, the variant that is currently
seen commonly among clinical COVID-19 isolates, displayed a
greater than 20-fold decrease in sensitivity to nirmatrelvir but is
still about 6-fold compromised in catalytic activity with the
AVLQ/JSGEFR substrate when compared to the original SARS-
CoV-2 MP™,

As Paxlovid continues to be used as a frontline treatment for
COVID-19, concern is naturally increasing about the emergence
of SARS-CoV-2 MP™ resistance mutations that might inhibit
nirmatrelvir binding while retaining polyprotein cleavage

activity' '™ and therefore viral viability. When our yeast

containing SARS-CoV-2 MP* and the AVLQ|SGEFR substrate
in YESS 2.0 were incubated with nirmatrelvir, substrate cleavage
was inhibited, indicating that nirmatrelvir successfully crosses
into the yeast ER. Following error-prone mutagenesis of the
entire SARS-CoV-2 MP™ gene and multiple rounds of
increasingly stringent FACS sorting, hundreds of mutations
were enriched as presented in Figure 2. In theory, selected
mutations could inhibit nirmatrelvir binding, enhance overall
catalytic efficiency with the AVLQJ SGFR substrate, or do both
simultaneously. By using PacBio sequencing to allow for
accurate identification of multiple mutations within the same
variant, we examined the possibility of synergistic or even
epistatic mutation patterns.

The most prevalent mutation to appear in our final sorted
library was E166V, a mutation that has a%peared in several other
nirmatrelvir resistance studies' > %207*524293933 yging SARS-
CoV-2 MP™, In our peptide cleavage assay, E166V was found to
have a nirmatrelvir apparent K; of 73 yM. On the other hand, the
E166V variant was found to be about 150-fold less efficient (k.,./
Ky at catalyzing the cleavage of the AVLQJ/SGFR substrate
compared to the original SARS-CoV-2 MF™, raising questions
about the viability of this mutation to support viral replication.
The fact that E166V simultaneously disrupts nirmatrelvir
binding as well as substrate cleavage is not surprising, because
in the SARS-CoV-2 MP™ active site, Glu 166 makes key
hydrogen bonds to the pyrrolidone group of nirmatrelvir'® as
well as important hydrogen bonds with the P1 Gln side chain of
the substrate.*>** This is not a coincidence as the nirmatrelvir
pyrrolidone can be viewed as a structural mimic of the P1 Gln
side chain”~” (see Figure 4). It is interesting to note that the Glu
166 side chain also interacts with the Ser 1 of the other subunit of
the active SARS-CoV-2 MP® dimer.*’ Losing this interchain
interaction could thus further disrupt enzymatic activity with the
substrate. The E166V mutation has only appeared in 56 entries
of the GISAID COVID-19 genome sequence database to date,
indicating that it is not yet an emerging resistance mutation, no
doubt due to its compromised viral viability. We note that
E166Q has appeared over 4500 times; however, it first appeared
in 2020 and previous studies reported similar catalytic activity
compared to wild-type SARS-CoV-2 MF™ and no significant
resistance to nirmatrelvir,”*

Interestingly, beyond E166V, each of the other three most
common mutations isolated in our screen either contacts the
substrate/nirmatrelvir directly (L27V, N1428S) or is in the active
site second shell (A173V) (see the red side chains in Figure SA).
Like E166V, the influence of these three mutations on inhibitor
binding and substrate reactivity is therefore likely to be due to
direct interactions. The somewhat less common, but still
relatively prevalent, mutations that we identified and studied
(F3L, H64L, H80L, Y154N, G302D, violet side chains in Figure
SA) are all well outside of the active site. These latter mutations
likely influence nirmatrelvir binding and substrate reactivity
through interactions that are more indirect in nature.

In order to investigate possible synergy or epistasis between
multiple mutations in the same variant, our sorted population
was filtered to identify the most highly enriched mutation
combinations. For example, in the E166V-containing population
of selected variant sequences, Y154N is the most significantly
coenriched. We therefore filtered the selected population to
obtain only those sequences with both E166V and Y154N,
leading to the strong coenrichment of A285G (see Figure 3A).
This E166V, Y154N, A285G triple mutation variant, called V1
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Figure 4. Comparison of the SARS-CoV-2 MP™ preferred substrate
with the structure of nirmatrelvir. (A) A preferred substrate for SARS-
CoV-2 MP™ identified from high-resolution substrate proﬁling6 with
atoms homologous to the nirmatrelvir structure in red. (B) The
structure of nirmatrelvir with homologous atoms from the preferred
substrate is traced in red. The location of the nucleophilic attack by the
enzyme is indicated by an arrow in both structures.

(see Figure S4A), was expressed and analyzed in vitro along with
the E166V, Y154N, and A285G single mutation variants
individually as well as the E166V, Y154N double mutation
variant. V1 mostly retained strong resistance to nirmatrelvir
binding of the E166V mutation. In addition, AVLQ|SGFR
substrate cleavage activity of V1 was better than the E166V
variant, but only by 3-fold, apparently enough to show up as an
enriched combination in our sorted population, but likely not
enough to rescue any significant viral activity in patients. When
comparing V1 to the E166V, Y154N double mutation variant,
the addition of A285G increased resistance to nirmatrelvir
somewhat, while overall catalytic efficiency increased almost 2-
fold. It is worth noting that although the A285G mutation has
only appeared in the GISAID database 37 times so far, the
A285V mutation (not enriched in our sorted population) is
showing up commonly in the most recent sequences in the
database, having been deposited over 8000 times so far, and
climbing.*® This compares to the other two most common
SARS-CoV-2 MP™ mutations, P132H and K90R, that have
appeared just over 9 million times and over 220000 times,
respectively.’® Neither of these two latter mutations appeared as
enriched in our sorted population.

Further analyses of the most highly enriched mutations in our
sorted population found enrichment linkages that we refer to as
V2—V4 in Table 1 as well as in Figures 3 and S4 . For V2, there
was lower overall resistance to nirmatrelvir, but a 9-fold increase
in catalytic activity with the substrate compared to its most
resistant individual mutation that is once again E166V. The
higher overall catalytic activity of V2 with the substrate is

presumably why it was present as an enriched combination in
our sorted population. It is worth noting that when analyzed
alone, the H80L mutation identified as part of V2, displayed a
higher catalytic efficiency (k./Ky) with the AVLQJSGFR
substrate (mostly due to a lower Ky;) compared to that of the
original SARS-CoV-2 MP™. Both V3 and V4 displayed higher
resistance to nirmatrelvir binding compared to their most
resistant individual mutations, L27V and H64L, respectively.
Despite being overall the least resistant of the enriched mutation
combinations we studied, V3 displayed the highest catalytic
efficiency with the AVLQJSGFR substrate compared to the
other combination variants V1, V2, and V4. Although V3's
higher overall catalytic activity with the substrate likely explains
why it was enriched as a combination in our sorted population,
the original SARS-CoV-2 MP™ is still S-fold more active with the
AVLQJSGEFR substrate. By way of contrast, compared to V3, V4
displayed 40-fold higher resistance to nirmatrelvir but around S-
fold lower catalytic activity with the AVLQ|SGFR substrate
(still 30-fold lower activity compared to the original SARS-CoV-
2 MP),

We analyzed three SARS-CoV-2 MP mutations, P132H,
K90R, and A285 V, that are currently appearing commonly in
viral isolates from patients with COVID-19. The P132H
mutation displays a 3-fold compromised catalytic activity with
the AVLQJSGFR substrate compared to the original SARS-
CoV-2 MP™. Our results alone do not provide a clear explanation
for why the P132H mutation became common after appearing
very early in the COVID-19 pandemic. On the other hand, the
addition of the K9OR mutation along with P132H restores
catalytic efficiency to that seen for the original SARS-CoV-2
MP™, likely revealing that selective pressure for restored catalytic
efficiency was present as the pandemic continued. These two
mutations appeared before nirmatrelvir was introduced, so it is
not surprising that neither one alone nor the combination
increases resistance.

The more recent surge of the A285V mutation in combination
with both P132H and K90R has come after the introduction of
nirmatrelvir as a frontline treatment for COVID-19. It is
therefore reasonable to expect that A285V might provide
resistance to nirmatrelvir. Our results indicate that this is true to
some extent. The P132H, K90R, A285V triple mutation variant
was indeed greater than 20-fold more resistant to nirmatrelvir
compared to the original SARS-CoV-2 MF® or the P132H,
K90R double mutation variant. However, once again, just like
we observed with the mutations isolated in our YESS 2.0 screens,
the increased nirmatrelvir resistance seen with the P132H,
K90R, A282V triple mutation variant comes at the expense of a
6-fold loss of catalytic efficiency with the AVLQJSGFR
substrate. It is worth pointing out that crystallographic analysis
confirms that P132H, K90R, and A285V are not located near the
SARS-CoV-2 MP™ active site, so any influence on catalytic
activity is likely to be indirect (see the violet side chains in Figure
SB). Interestingly, A28S is part of the SARS-CoV-2 MP dimer
interface, as the A28S5 side chain methyl groups of each
monomer are in contact with each other in the native dimer
structure, possibly indicating that the details of dimerization are
somehow related to the activity changes seen with the A285V
variant.

Any change in SARS-CoV-2 MF™ protease specificity, even a
subtle change, would likely require a compensatory change in
the COVID-19 viral polyprotein cleavage sequences. This also
likely explains why so few SARS-CoV-2 MP™ mutations have
shown up in the GISAID data thus far in the pandemic. The
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Mutation group Number Residue
1 K90R

GISAID mutations 2 P132H

3 A285V

Mutation group | Number Residue
1 L27V
Highest frequency 2 N142S
mutations 3 E166V
4 A173V
5 F3L
6 H64L
Non-contact 7 H80L/H80Q
residues 8 Y154N
9 A285G
10 G302D

Figure S. Locations of the highest frequency mutations and GISAID mutations in SARS CoV-2 MP® (PDB entry 8B2T). Yellow spheres are bound
nirmatrelvir. Blue (monomer chain 1) and light orange (monomer chain 2) are used to trace the backbones of the two SARS-CoV-2 MP* monomers
that combine to make a functional dimeric enzyme. (A) The highest frequency mutations identified in our SARS-CoV-2 MP™ resistance screen are
shown in red spheres for residues that contact the inhibitor and violet for noncontact residues. (B) The three highest frequency SARS-CoV-2 MP™

mutations in the GISAID database.
present work adds to a growing list of mutations'*~ that have
been isolated in vitro and are known to decrease nirmatrelvir
binding to SARS-CoV-2 MP™. In fact, the extremely high
throughput nature of our screen has added 100 possible mutations
to that list (Table S1). Importantly, within the list of the most
common mutations we found are the most prominent mutations
identified using other methodologies, especially E166V, A173V,
S144A, and H172Q,'*'®!820725242630333% Other reported
mutations of note that we did not find in large numbers or at all
from our screen include T21I, L50F, E166A, L176F, Q192R,
and T3041°77%*%*9°033 (Table S2). Possible explanations
include the stochastic nature of the library construction process
that cannot cover all of the sequence space as well as the different
selection strategies that might favor different mutations. In
particular, the YESS 2.0 system selects for resistance against a
background of cleaving only a single preferred substrate, unlike
screens based on viral replication that are likely to be sensitive to
the various other polyprotein cleavage sequences needed to
assemble a functional virus. It is worth emphasizing that of the
100 mutations we identified, none appear to have been increasing
in the GISAID database after the introduction of Paxlovid as a
front-line treatment (Table S1), although we note that E166A/
V was reported after prolonged treatment with nirmatrelvir and
other drugs in a highly immunocompromised COVID patient.*’
The overall results with the most common mutations isolated
using our YESS 2.0 system indicate that resistance to
nirmatrelvir binding comes at the expense of lower catalytic
efficiency with the substrate. This was true for the most enriched
individual mutation variants and the most enriched combination
mutation variants we isolated in our YESS 2.0 screens, as well as the

P132H, K90R, A282V triple mutation variant that is currently
commonly appearing in the GISAID database. A similar finding
was reported for the LSOF, E166A, and L176F individual
mutations as well as the combination.”””" This trade-off should
not come as a surprise, perhaps, because the nirmatrelvir
structure can be viewed as a rigidified yet faithful mimic of the
Val-Leu-GIn sequence for P3—P1, exactly the sequence we
determined to be the most highly enriched in our SARS-CoV
MF® and SARS-CoV-2 MP™ substrate specificity profiling
experiments’ (see Figure 4). Because of this structural similarity,
the majority of SARS-CoV-2 MP™ mutations, individually or in
combinations, that disrupts binding to nirmatrelvir will therefore
also be expected to compromise substrate recognition and
cleavage.*” We note that mimicking P1—P3 with an attached
warhead is a common strategy in protease inhibitor design."”**
SARS-CoV-2 MP™ might be especially sensitive to even small
alterations in substrate interactions because of the subtle
recognition involved during cleavage of the 11 different sites
in the polyprotein with different specific relative rates that are
presumably finely tuned by evolution to facilitate efficient viral
assembly. It is worth noting that a lack of emerging resistance to
nirmatrelvir might also be due in part to the short treatment
duration commonly used; only 5 days are recommended,
perhaps limiting the opportunity for resistance to emerge in any
one patient.

The optimistic conclusion from our work, as well as from
monitoring emerging SARS-CoV-2 viral sequen-
ces, 13202723435 ¢ that Paxlovid could be a useful frontline
treatment for COVID-19 significantly longer than might have
been expected based on experience with other viral protease
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inhibitors such as those used to treat HIV infections. Based on
the remarkable similarity between the MP™ enzyme targets, the
same should be true if nirmatrelvir or a close derivative is ever
used to treat a future outbreak of SARS. Future work will reveal if
the close structural correspondence between an inhibitor (such
as nirmatrelvir) and its target’s preferred substrate will indeed
represent a powerful general strategy to limit the emergence of
resistance during viral infections.

6

Inhibition Screen in YESS 2.0. Clones were picked from the
transformed pYESS2-SARS-CoV-2 MPF™ substrate and incubated
overnight in YNB-CAA-glucose liquid media at 30 °C. The saturated
culture was reinoculated at an OD of 1 and incubated at 30 °C until an
OD of 2—5 was reached. This was induced in a concentration range of
nirmatrelvir (S—1000 xM)-YNB-CAA-galactose at 25 °C for 14—16 h
and +2 uM f-estradiol for positive and negative controls, respectively.
The cells were washed in ice-cold PBS + 0.5% BSA and labeled in ice-
cold PBS + 0.5% BSA with anti-FLAG-PE (BioLegend, 0.25 uL/10’
cells) and anti-HA-FITC (GenScript, 0.5 uL/107 cells) antibodies at a
concentration of 10° cells/uL and incubated on ice, in the dark, for 1 h.
The cells were then washed in PBS + 0.5% BSA and screened by FACS
BD Aria.

Library Sorting and Screen. The library was induced using YNB-
CAA-galactose at 25 °C for 14—16 h in the presence of f-estradiol and
nirmatrelvir for the first sort round and 10X the size of the library was
labeled using anti-Flag-PE and anti-HA-FITC. The population
displaying loss of HA-FITC fluorophore while maintaining FLAG-PE
was sorted using FACS. The collected cells were added to an ample
volume of YNB-CAA-glucose and recovered at 30 °C then reinoculated
atan OD of 1 and induced at an OD of 2—S5 using YNB-CAA-galactose
at 25 °C for 14—16 h + f-estradiol with increasing concentration of
nirmatrelvir. The cells were then labeled with anti-Flag-PE and anti-
HA-FITC, and the enriched population was sorted. Several rounds of
sorting were needed to reach a 90—95% shift of the population for loss
of the HA-FITC signal. This was followed by a screening process to
confirm the population enrichment. After being sorted, the cells were
plated on YNB-CAA-glucose plates, and individual colonies were
sequenced and screened using FACS. -

PacBio Analysis. The raw data for both the naive and the sorted
were filtered to remove any stop codon in the substrate cassette, and
sequence enrichment was made by comparing the number of sequences
in the naive library and the sorted library. The heatmap and frequency
table were generated. Residue, dimer, and combination enrichment
were also determined. This bioinformatic analysis was performed by the
Center for Biomedical Research Support at the University of Texas at
Austin.

Expression and Purification of SARS-CoV2MP™, As described in
4930 SARS-CoV-2 MP™ the original and the variants fused to a 6xHis
tag were cloned into pET21(+)b using Ndel and BamHI sites. Then,
they were transformed into E. coli BL21(DE)-pLysS (Thermofisher
Scientific). Several colonies were grown in 2xYT-ampicillin/chlor-
amphenicol media at 37 °C and induced in 1 mM IPTG for 16—20 h.
The bacterial cultures were pelleted and lysed in lysis buffer (50 mM
Tris, 0.5 M NaCl, 1 mM DTT, 20 mM imidazole, and 10% glycerol).
The purification was carried out on a Ni-NTA column eluted with 250
mM imidazole, dialyzed, and stored in storage buffer (50 mM Tris, 0.1
M NaCl, 1 mM DTT, 10% glycerol). The purified enzyme was snap-
frozen in liquid N, and stored at —80 °C.

In Vitro Inhibition Assay. As described in 7, serial dilutions of
nirmatrelvir were made with a final concentration range between 1 mM
and 0.01 nM in the activity assay buffer (20 mM Tris-HCL, pH 7.3, 100
mM NaCl, 1 mM EDTA, 5 mM TCEP). The inhibitor was incubated
with the enzyme for 20 min at 37 °C followed by the addition of 4 mM

of the substrate (Abz-AVLQSGFR-Lys(Dnp)), and the reaction
progress was monitored at Ex/Em of 320 nm/420 nm using an HT-
Synergy plate reader at 30 °C. Reactions at each concentration were run
in triplicate. The data was analyzed and fitted using GraphPad Prism
software (version 9.1.2).
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